
Gut microbial ecology of lizards: insights into diversity
in the wild, effects of captivity, variation across gut
regions and transmission

KEVIN D. KOHL,*† ‡ ANTONIO BRUN,† ‡ MELISA MAGALLANES,† ‡
JOSHUA BRINKERHOFF,† ‡ ALEJANDRO LASPIUR,§ JUAN CARLOS ACOSTA,§
ENRIQUE CAVIEDES-VIDAL† ‡ and SETH R. BORDENSTEIN*¶
*Department of Biological Sciences, Vanderbilt University, 465 21st Ave South, Nashville, TN 37235, USA, †Laboratorio de

Biolog�ıa Integrativa, Instituto Multidisciplinario de Investigaciones Biol�ogicas de San Luis, Consejo Nacional de Investigaciones

Cient�ıficas y T�ecnicas, San Luis 5700, Argentina, ‡Departamento de Bioqu�ımica y Ciencias Biol�ogicas, Universidad Nacional de

San Luis, Chacabuco 917, San Luis 5700, Argentina, §Centro de Investigaciones de la Ge�osfera y la Bi�osfera (CIGEOBIO-

CONICET) – Departamento de Biolog�ıa, Facultad de Ciencias Exactas, F�ısicas y Naturales, Universidad Nacional de San Juan,

Av. Jos�e I. de la Roza 590 Oeste, J5402DCS, San Juan, Argentina, ¶Department of Pathology, Microbiology, and Immunology,

Vanderbilt University, 465 21st Ave South, Nashville, TN 37235, USA

Abstract

Animals maintain complex associations with a diverse microbiota living in their guts.

Our understanding of the ecology of these associations is extremely limited in reptiles.

Here, we report an in-depth study into the microbial ecology of gut communities in

three syntopic and viviparous lizard species (two omnivores: Liolaemus parvus and

Liolaemus ruibali and an herbivore: Phymaturus williamsi). Using 16S rRNA gene

sequencing to inventory various bacterial communities, we elucidate four major find-

ings: (i) closely related lizard species harbour distinct gut bacterial microbiota that

remain distinguishable in captivity; a considerable portion of gut bacterial diversity

(39.1%) in nature overlap with that found on plant material, (ii) captivity changes bac-

terial community composition, although host-specific communities are retained, (iii)

faecal samples are largely representative of the hindgut bacterial community and thus

represent acceptable sources for nondestructive sampling, and (iv) lizards born in cap-

tivity and separated from their mothers within 24 h shared 34.3% of their gut bacterial

diversity with their mothers, suggestive of maternal or environmental transmission.

Each of these findings represents the first time such a topic has been investigated in

lizard hosts. Taken together, our findings provide a foundation for comparative analy-

ses of the faecal and gastrointestinal microbiota of reptile hosts.
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Introduction

Animals maintain intimate and complex relationships

with communities of microorganisms living within their

gastrointestinal tracts (McFall-Ngai et al. 2013). These

gut microbes can influence the ecology and evolution of

their hosts through affecting behaviour (Archie & Theis

2011; Ezenwa et al. 2012), immune training (Hooper

et al. 2001), nutrition (Mackie 2002), and reproductive

isolation (Brucker & Bordenstein 2013; Shropshire &

Bordenstein 2016). We are only recently beginning to

understand the microbial ecology of these gut ecosys-

tems, and how factors such as diet, physiological status

or host genetics can interact to determine microbial

community structure (Ley et al. 2008; David et al. 2014;

Moeller et al. 2014; McKenney et al. 2015). Large-scale

inventories of microbial diversity have been conducted
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across mammals (Ley et al. 2008), birds (Hird et al.

2015), fishes (Sullam et al. 2012; Clements et al. 2014)

and to a lesser extent in amphibians (Vences et al.

2016). However, less than 10% of studies investigating

the gut microbial communities of vertebrates are con-

ducted on nonmammalian hosts (Colston & Jackson

2016). Reptiles represent a clade of vertebrate hosts that

has been largely overlooked in terms of their gut micro-

bial ecology.

Studying the gut microbial ecology of reptiles is

imperative to begin understanding generalized patterns

across vertebrate groups. Reptiles represent an ancient

group with approximately 10 000 extant species, of

which ~60% are within the clade Sauria, also known as

lizards (Uetz & Ho�sek 2016). Lizards have diverse eco-

logical, physiological and behavioural traits (Pianka &

Vitt 2003), which may impact the ecology of their gut

microbial communities. For example, the immune sys-

tem plays a large role in determining gut microbial

community structure, and several aspects of the reptil-

ian immune system vary from those of other vertebrate

classes (Zimmerman et al. 2010). Also, while herbivory

is rare in lizards (<4% of species; Pough 1973) com-

pared to mammals (~43% of species; Price et al. 2012),

there are some lizards that consume primarily plant

material (Espinoza et al. 2004). Do these herbivorous

reptiles harbour similar fermentative microbes as mam-

malian herbivores? Last, in mammals, vaginal birth and

maternal care are associated with transmitting the

microbiota from mother to offspring (Dominguez-Bello

et al. 2010; Funkhouser & Bordenstein 2013; Ardeshir

et al. 2014). Conversely, lizards exhibit variation in

birthing strategies from laying eggs (oviparity) to giving

live birth (viviparity) and do not exhibit extensive par-

ental care (Shine 1988), which may impact the fidelity

of maternal transmission. The effects of captivity and

maternal transmission on the gut microbiota may be of

critical importance given that lizards are experiencing

numerous population declines and extinctions (Sinervo

et al. 2010), resulting in captive breeding and release

programmes for some species (Alberts 2007; Connolly

& Cree 2008). Studies regarding the success of captive-

bred lizards in the wild have highlighted behavioural

and physiological differences between wild and captive

lizards (Alberts 2007; Connolly & Cree 2008). However,

differences in host-associated microbial communities

remain understudied, even though the gut microbiota

has been suggested to play a role in conservation efforts

(Redford et al. 2012). Overall, we still lack a basic

understanding of the gut microbial ecology of lizards.

To expand our understanding of the gut microbial

ecology of lizards, we performed a comprehensive set

of studies using three syntopic species of lizards in the

Southern Andes of Argentina, all within the family

Liolaemidae (Fig. 1). We conducted bacterial diversity

inventories on a large number of faecal and gut content

samples to address four themes relating to the gut

microbial ecology of lizards: (i) we collected faecal sam-

ples from three species in the wild over two seasons,

corresponding to reproductive and postreproductive

periods, as well as samples of plant material, inverte-

brate food items and soil. We investigated whether bac-

terial diversity varies across lizard species, sex and

across seasons. We also investigated whether the envi-

ronment (soil, food items) serves as a potential source

of bacteria found in the guts of lizards. (ii) Next, we

brought lizards into captivity and fed them laboratory

diets for a period of 8 weeks. We then compared wild-

collected samples to captive samples to understand the

effects of captivity on the lizard gut microbiota and

asked whether host-specific signatures are maintained.

(iii) We then dissected animals to compare bacterial

community structure across gut regions, which also

allowed us to investigate the suitability of faecal sam-

ples as an index for the community in other gut

regions. (iv) Finally, we collected samples from preg-

nant mothers and offspring born in captivity to under-

stand the potential for maternal transmission in live-

bearing lizard species. Independently, each of these

studies represents the first time such a question has

been investigated in lizard hosts. Collectively, these

studies elucidate major factors associated with the gut

microbial ecology of lizards.

Fig. 1 Focal lizard species of this study and details of their biol-

ogy. [Colour figure can be viewed at wileyonlinelibrary.com].
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Methods

Ethics statement

This study was carried out under permission of Secre-

tar�ıa de Medio Ambiente and Direcci�on de Conser-

vaci�on y �Areas Protegidas, Provincia de San Juan (Exp.:

13004047, JCA). All methods were approved by the

Institutional Committee of Animal Care and Use of the

Universidad Nacional de San Luis under protocol

#13185/14.

Animals maintenance and sample collection

Individuals of Liolaemus parvus, L. ruibali and Phymatu-

rus williamsi (Fig. 1) were collected using lassos from

Quebrada Vallecito, located in the Andes Mountains,

40 km W of Calingasta town, San Juan province,

Argentina (31°11021″S; 69°42015″W, ~3000 m above sea

level), in December 2014 (summer in the Southern

Hemisphere). To collect wild faecal samples, animals

were placed in individual, ethanol-sterilized plastic

tubs overnight. Faeces were collected, placed in RNA-

later and transported to the Universidad Nacional de

San Luis, Argentina, and frozen at �20 °C. A second

set of wild faecal samples was collected in March

2015 (autumn in the Southern Hemisphere), although

here animals were released back into the wild after

faecal samples were collected. We also collected six

soil samples from the field site, 11 invertebrate sam-

ples (ants, spiders, small lepidopterans) and foliage

from a number of plant species (three samples for

each species of Erodium cicutarium, Cerastium arvense,

Phacelia secunda, Acaena magellanica, Mimulus depressus,

Veronica anagallis-aquatica, Oenothera affinis, Adesmia

pinnifolia, Senecio spp., Bacharis tola), which are con-

sumed by the lizard species (Villavicencio et al. 2005;

Castro 2013; Castro et al. 2013; P�erez Mecado 2016).

These samples were collected opportunistically in

areas where lizards were captured (<20 m from point

of capture) using ethanol-sterilized forceps or spatu-

las, placed in RNAlater and transported to the

Universidad Nacional de San Luis, Argentina, and

frozen at �20 °C.
Lizards collected in December 2014 were transported

to the animal facility at the Universidad Nacional de

San Luis, Argentina, and housed individually. Upon

entering captivity, individuals of L. parvus and L. ruibali

were fed a ‘mixed’ diet with a 50:50 mixture (dry

weight/dry weight) of alfalfa-based rabbit chow and

ground mealworms (water was added to create a diet

of ~30% dry matter, 70% water). Lizards were kept in

small plastic cages with autoclaved soil and given

access to autoclaved water ad libitum. Further details for

housing and feeding of L. parvus and L. ruibali can be

found in Kohl et al. (2016). We fed Phymaturus williamsi

in the same manner as described in Kohl et al. (2016),

but used a diet of ground rabbit chow mixed with

water (approximately 30% rabbit chow: 70% water) and

an amount of ~9.8 mg dry food/gram body mass every

other day.

A number of the female lizards that were captured

were pregnant. Cages of pregnant females were

checked daily for offspring, which were then moved

into new cages. Thus, offspring were always removed

from their mothers within 24 h of birth. Offspring

lizards were also fed the same liquefied diets as adults

daily for a period of 3 weeks. Faeces were collected

daily, stored in RNAlater and frozen at �20 °C. Due to

the extremely small size of faecal samples from off-

spring lizards, and the issues that small biomass sam-

ples can bring to interpreting microbial inventories

(Salter et al. 2014), we pooled faecal samples over the

first 3 weeks of life for all lizards within each group of

siblings. Thus, each mother was an independent unit.

In February 2015, after approximately 8 weeks in cap-

tivity, lizards were again placed in individual, ethanol-

sterilized plastic tubs overnight. Faeces were collected,

placed in RNAlater and frozen at �20 °C. The following

day, lizards were euthanized using isoflurane. Lizards

were immediately dissected with stainless steel dissec-

tion tools, which were surface-sterilized with alcohol

and bleach between animals. The gastrointestinal tracts

of lizards were immediately opened, and the contents

of the stomach, small intestine and hindgut were

removed separately, stored in RNAlater and frozen at

�20 °C. Hereafter, ‘gut contents’ refers to the luminal

contents of the gut. We did not sample the mucosa-

adherent microbiota, which may differ in composition

(Dill-McFarland et al. 2014).

Microbial inventories

We extracted total DNA from all collected samples (fae-

ces, gut contents, soil, plants, insects) using a MoBio

PowerFecal DNA isolation kit. For invertebrate and

plant samples, we extracted DNA from individual sam-

ples. For invertebrates, we used the entire specimen,

and for plants, we measured a small amount of leaf

material (~0.25 g). We also conducted nine ‘blank’

extractions to correct for contaminants found in DNA

extraction kits (Salter et al. 2014). Extracted DNA was

sent to Argonne National Laboratory (U.S. Department

of Energy, Chicago, IL, USA) for amplification of the V4

region of the 16S rRNA gene with primers 515F and

806R and sequenced on the Illumina MiSeq platform

(Caporaso et al. 2012).

© 2016 John Wiley & Sons Ltd
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Microbial sequences were analysed using QIIME ver-

sion 1.9.1 (Caporaso et al. 2010). We grouped sequences

into operational taxonomic units (OTUs) using an open

reference method and a minimum sequence identity of

97% (He et al. 2015). Any OTUs present in the ‘blank

samples’ were considered contaminants and were

removed from all other samples (Salter et al. 2014).

More details regarding sequence analysis can be found

elsewhere (Kohl et al. 2016).

We compared several aspects of gut bacterial commu-

nity diversity and structure. First, we calculated several

measurements of alpha diversity: Faith’s phylogenetic

diversity (Faith 1992), the Shannon index, evenness and

the number of observed OTUs. For these diversity

indices, we calculated the mean of 20 iterations for a

subsampling of a determined number sequences

depending on the comparison. For comparing diversity

across species and seasons in the wild, as well as com-

paring wild samples to captive samples, we used 2000

sequences per sample. For comparisons across gut

regions, we used 1000 sequences per sample. Last, to

compare communities between mothers and offspring,

we used 670 sequences per sample. These differences

are due to variation in the number of sequences per

sample in different comparisons. These sequence depths

are sufficient for capturing differences in microbial com-

munities (Caporaso et al. 2012). Further, rarefaction

curves demonstrate that we captured a majority of

microbial diversity (Fig. S1, Supporting information).

Alpha diversity measurements were compared using

ANOVAS.

We also investigated the effects of experimental vari-

ables (species, season, captivity, etc.) on the relative

abundances of bacterial taxa across various groups. Rel-

ative abundances were transformed using a variance

stabilizing transformation of arcsin(abundance0.5)

(Shchipkova et al. 2010; Kumar et al. 2012). We did not

use rarefied data when comparing abundances of

bacterial taxa (McMurdie & Holmes 2014). We used

JMP�, version 12.0 (SAS Institute Inc., Cary, NC, USA)

to compare relative abundances of bacterial phyla and

genera using the response screening function with the

robust fit option to conduct multiple Student’s t-tests

and correct P-values with the Benjamini–Hochberg false

discovery rate (FDR) correction (Benjamini & Hochberg

1995). Sample sizes for all comparisons can be found in

the Appendix S1, Supporting information and in

Table 1.

Community membership and structure were com-

pared by conducting principal coordinates analysis

(PCoA) on unweighted and weighted UniFrac dis-

tances (Lozupone & Knight 2005). Distance matrices

and PCoA plots were made using the same number

of sequences as for measuring alpha diversity,

depending on the analysis. Comparisons across

groups were conducted using the adonis function in

R on the distance matrices with 999 permutations

(Clarke 1993). For the comparison across gut regions,

we were specifically interested in how similar various

gut regions were to each other, in order to test the

validity of using faecal samples for bacterial invento-

ries. We sampled 1000 random sequences per sample

and pooled these within a particular type of sample

(species and gut region). We then generated UPGMA

trees (unweighted pair group method with arithmetic

mean) of both unweighted and weighted UniFrac dis-

tance matrices using these pooled sequences.

Last, we used SourceTracker with default parameters

(Knights et al. 2011) to compare the proportion of the

faecal communities at the OTU level that were com-

posed of either exogenous sources (soil, plant material,

insects, food in captivity) or from the faecal microbiota

of mothers.

All 16S rRNA sequences have been deposited in the

Sequence Read Archive (SRA) under Accession nos

PRJNA293117 and PRJNA312520.

Table 1 Sample sizes for various comparisons. M and F designate male and female samples for those collected in spring. Sex was

not determined for samples collected from the wild in autumn

Liolaemus parvus Liolaemus ruibali Phymaturus williamsi

Summer Autumn Summer Autumn Summer Autumn

M F M F M F

N 10 11 10 7 8 8 11 18 4

Wild Captive Wild Captive Wild Captive

N 13 13 5 5 7 7

Stomach SI Hindgut Faeces Stomach SI Hindgut Faeces Stomach SI Hindgut Faeces

N 14 11 14 14 9 5 9 9 4 4 6 6

Mothers Offspring Mothers Offspring Mothers Offspring

N 4 4 5 5 2 2

© 2016 John Wiley & Sons Ltd
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Results

Gut bacterial diversity in wild lizards

We hypothesized that gut bacterial communities would

vary across host species, sex and season, with species

having the largest effect on discriminating the gut

microbiota. The basic reason is that although these

lizard species are syntopic and may exchange microbial

communities in close contact, they vary in their natural

diet and size. Liolaemus parvus and Liolaemus ruibali are

omnivores, whereas Phymaturus williamsi is a generalist

herbivore. As expected, there was a significant effect of

lizard species on faecal bacterial community member-

ship (the presence or absence of species; Fig. 2A; ado-

nis: R2 = 0.16, P < 0.001) and community structure

(which takes relative abundance into account; Fig. 2B;

adonis: species effect: R2 = 0.36, P < 0.001), with the

greatest differentiation observed between the omnivores

and generalist herbivore. Interestingly, the two omnivo-

rous species (L. parvus and L. ruibali) also differed in

bacterial community membership (adonis: R2 = 0.04,

P < 0.001) and structure (R2 = 0.05, P = 0.004), which

could be driven by host genetics, slightly different diets

or a combination of these factors. However, it should be

noted that only a small amount of variation was

explained by species when comparing L. parvus and

L. ruibali. In a variety of other comparisons, there were

no effects of season or sex on bacterial community

membership or structure (adonis: P > 0.05 for all) evalu-

ated in each lizard species. Moreover, there were no

significant effects of lizard species, sex or season on any

measurements of alpha diversity (Shannon index, num-

ber of observed OTUs, Faith’s phylogenetic diversity or

evenness).

The striking differences in community membership

and structure across syntopic lizard species were associ-

ated with variation in the underlying relative abun-

dances of bacterial taxa. For example, we identified 10

bacterial phyla (52.6% of the observed phyla) and 25

bacterial genera (25.0% of the observed genera) that dif-

fered significantly in abundance across lizard species

Fig. 2 Faecal microbial diversity in the wild. (A) Principal coordinates analysis of an unweighted UniFrac distance matrix. (B) Princi-

pal coordinates analysis of a weighted UniFrac distance matrix. (C) Source proportions for the faecal microbiota of wild lizards. Per-

centages and standard errors are placed over wedges. Overlap with invertebrate microbial communities was not detected in any

individuals of L. parvus and only in a single individual of L. ruibali (0.03% of the community for that individual).
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(Appendix S1, Supporting information). The phylum

Deferribacteres was present in the two omnivorous

lizard species, L. parvus and L. ruibali, but absent from

the herbivorous species, P. williamsi. Additionally, the

omnivorous species (L. parvus and L. ruibali) had lower

abundances of Firmicutes (~48%) when compared to the

herbivorous species (P. williamsi: 73% Firmicutes). At

the genus-level, the omnivorous lizard species exhibited

higher abundances of Rikenella and Helicobacter, while

the herbivore, P. williamsi, exhibited higher abundances

of Caldicoprobacter, Coprococcus and Treponema (among

others; Appendix S1, Supporting information). The two

omnivorous species (L. parvus and L. ruibali) exhibited

highly similar bacterial abundances for the most part,

with only three bacterial phyla (15.6% of observed bac-

terial phyla) and one bacterial genus (1.0% of observed

bacterial genera) exhibiting significant differences

between these two host species. The differential abun-

dances of these bacterial taxa across lizard species may

be adaptive for their various diets (see Discussion). We

detected a significant effect of season on the relative

abundances of four bacterial phyla, although these

phyla also exhibited significant species 9 season inter-

actions (Appendix S1, Supporting information). There

were no detectable effects of sex on the relative abun-

dances of any bacterial phyla or genera.

We also hypothesized that environmental sources

(soil, plant material, invertebrates) contribute to the bac-

terial diversity in the lizard gut. We found that the gut

communities of omnivorous species overlapped more

with communities found on plant surfaces (46%) than

the gut microbiota of the herbivorous species (26%;

ANOVA: P < 0.0001; Fig. 2C). Unexpectedly, the gut bac-

terial microbiota of the herbivorous species, P. williamsi,

overlapped significantly more with the microbiota from

invertebrate prey (3.4%; ANOVA: P = 0.0003; Fig. 2C). In

fact, 21 of the 34 P. williamsi faecal samples contained a

portion of the bacterial taxa that overlapped with inver-

tebrate bacterial taxa, while overlap was only detected

in one of 55 samples from omnivorous lizards. Soil bac-

teria did not overlap with a large portion of the faecal

bacterial microbiota in any lizard species. It is thought

that local exposure to local pools of microbial species

might underlie variation in the gut microbial communi-

ties of iguanas (Lankau et al. 2012).

Captivity significantly alters faecal bacterial
communities

After a period of 8 weeks, we detected significant

effects of captivity on both bacterial community mem-

bership (Fig. 3A,B; adonis: species effect: R2 = 0.15,

P < 0.001; captivity effect: R2 = 0.05, P < 0.001;

species 9 captivity effect: R2 = 0.04, P = 0.04) and

bacterial community structure (species effect: R2 = 0.22,

P < 0.001; captivity effect: R2 = 0.14, P < 0.001;

species 9 captivity effect: R2 = 0.06, P = 0.02). The

effects of captivity were more pronounced in the her-

bivorous species, P. williamsi, when compared to the

omnivorous lizards, as demonstrated by larger UniFrac

distances between wild and captive samples (ANOVA:

unweighted UniFrac distances: P = 0.03; weighted Uni-

Frac distances: P = 0.005; Fig. 3C,D). Notably, the

omnivorous lizards (L. parvus and L. ruibali) still main-

tained distinct bacterial community membership in cap-

tivity (R2 = 0.05, P < 0.001), although they did not

exhibit distinct bacterial community structure

(R2 = 0.07, P = 0.22).

Specifically, captivity resulted in changes in the rela-

tive abundances of three bacterial phyla (23.1% of

observed phyla; Fig. 3E–G) and 20 genera (25.3% of

observed genera; Appendix S1, Supporting informa-

tion). Captivity also corresponded with a loss of the

genera Butyrivibrio and Christensenella, as these genera

were not detected in any captive samples from any

lizard species (Appendix S1, Supporting information).

Additionally, captivity resulted in the introduction of

Enterobacter, Salmonella and Trabulsiella to the lizard gut

microbiota. These genera were not detected in any of

the wild-collected samples, but were each present in at

least 75% or more of the captive samples from all three

lizard hosts. Although captivity significantly altered

bacterial community membership, there were no differ-

ences in any measurements of alpha diversity between

wild and captive lizards (Shannon index, number of

observed OTUs, Faith’s phylogenetic diversity or even-

ness).

Importantly, a majority of the microbiota in captive

samples overlapped with those detected in the wild

(Fig. 3H), suggesting that lizards retain their natural

bacterial microbiota in captivity. However, this overlap

varied across lizard species, such that 70 � 1% of the

captive bacterial microbiota of omnivorous species

(L. parvus and L. ruibali) overlapped with the wild

microbiota, while only 60 � 4% of the captive bacterial

microbiota of P. williamsi overlapped with wild-col-

lected samples (ANOVA: P = 0.014). The bacteria present

in laboratory food did not compose a significant portion

of the captive faecal microbiota (<1%; Fig. 3H).

Bacterial diversity varies across gut regions

We hypothesized that gut bacterial communities would

vary across gut regions, given that different gut cham-

bers vary in their pH, nutrient composition and other

physiological characteristics. Measurements of Faith’s

phylogenetic diversity varied significantly across gut

regions (F3,93 = 68.50; P < 0.0001) such that the small
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Fig. 3 Effects of captivity on the lizard gut microbiota. (A) Principal coordinates analysis of an unweighted UniFrac distance matrix.

(B) Principal coordinates analysis of a weighted UniFrac distance matrix. (C) Mean � s.e.m. pairwise unweighted UniFrac distances

between wild and captive samples within a lizard individual. (D) Mean � s.e.m. pairwise weighted UniFrac distances between wild

and captive samples within a lizard individual. (E-G) Mean � s.e.m. relative abundances of microbial phyla in the faeces of lizards

in the wild and captivity. (H) Source proportions for the faecal microbial communities of captive lizards. Percentages and standard

errors are placed over wedges.
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intestine had the lowest measurement of phylogenetic

diversity (Fig. 4A). While phylogenetic diversity did not

vary across species (F2,93 = 0.53; P = 0.59), there was a

significant species 9 gut region interaction (F6,93 = 2.23,

P = 0.049). Other measurements of alpha diversity

(Shannon index, number of observed OTUs, evenness)

exhibited the same trends (Fig. S2, Supporting informa-

tion).

We also observed differential relative abundances of

several bacterial taxa across gut regions. Six bacterial

phyla exhibited differential abundances across gut

regions (26.1% of the observed phyla; Appendix S1,

Supporting information). For example, Actinobacteria

composed 13.7 � 3.5% of the small intestinal communi-

ties of L. parvus and L. ruibali, but only than 0.03% of

the hindgut communities. Additionally, we detected 49

bacterial genera that exhibited significant differences in

relative abundances across gut regions (44.9% of the

observed genera). For example, the genera Oscillospira

and Ruminococcus exhibited significant differences

across gut regions (Fig. 4B,C, Statistics in Appendix S1,

Supporting information). These differences across gut

regions may provide insight into the functions of the

bacterial communities in these regions (see Discussion).

We were also interested in whether faecal samples

were suitable as an index for the bacterial community

in other gut regions. The use of UPGMA clustering

revealed that faecal and hindgut communities clustered

within each species in terms of community membership

(Fig. 5A). Additionally, small intestinal samples all clus-

tered together, suggesting similar community member-

ship in this region across all three lizard species

(Fig. 5A). In terms of community structure, faeces and

hindgut samples clustered together for L. parvus and

L. ruibali, but not for P. williamsi (Fig. 5B). The bacterial

community membership and structure of hindgut and

faeces were not distinguishable within any lizard spe-

cies (ANOSIM: P > 0.05 for all three species). Instead,

most of the variation in community membership and

structure was driven by the individual lizard that sam-

ples were collected from (ANOSIM P < 0.01 for all

except community structure in P. williamsi, where

P > 0.1). Overall, it seems that faeces are representative

of the hindgut communities of lizards.

A portion of the gut microbiota is shared between
mother and offspring

Last, we hypothesized that live-bearing lizards would

transmit portions of their gut microbiota from mothers

to offspring. Consistent with maternal transmission or a

common rearing environment, a significant proportion

(34.3 � 5.6%) of the faecal bacterial communities of cap-

tive-born lizards overlapped with those of their mothers

(Fig. 6A). The majority of overlapping microbes were

identified as Enterobacteriaceae, particularly Trabulsiella

and Enterococcus, the former of which was notably

introduced into adults during captivity. However, there

were still some marked differences in the bacterial com-

munities of mothers and offspring. Lizard offspring

Fig. 4 Microbial diversity across gut regions. (A) Mean �
s.e.m. Faith’s phylogenetic across gut regions. (B+C) Mean �
s.e.m. relative abundances of microbial genera across gut

regions.
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harboured significantly less diverse bacterial communi-

ties than their mothers (e.g. 61.8% lower diversity in off-

spring compared to mothers as estimated by Faith’s

phylogenetic diversity; Fig. S3, Supporting information).

Additionally, we identified six bacterial phyla (50.0% of

observed phyla) and 11 bacterial genera (12.9% of

observed genera) that were present in differential abun-

dances between mothers and offspring (Appendix S1,

Supporting information). We also identified several

common genera that did not seem to be transmitted

from mothers to offspring. For example, the genera

Lawsonia and Desulfovibrio were detected in all adult

samples, but were only detected in one offspring sam-

ple from L. ruibali.

Thus, despite some maternal or environmental trans-

mission, the lower diversity and differential bacterial

abundances of lizard offspring caused these animals to

exhibit distinct community membership and commu-

nity structure from their mothers (Fig. 6B+C). While dif-

ferentiation between mothers and offspring was easily

visualized using principal coordinate 1 (Fig 6B+C),
there were similarities between mothers and offspring

within species when removing food samples from the

analysis and visualizing using principal coordinates 2

and 3, especially in terms of community membership

(Fig. 6D+E). Offspring of the two omnivorous lizard

species (L. parvus and L. ruibali) harboured bacterial

microbiota with distinct community membership

(R2 = 0.16, P = 0.015), but not different community

structure (R2 = 0.16, P = 0.14), suggesting that these off-

spring were inoculated with distinct bacterial

communities. However, it should also be noted that

some of the differences between mothers and offspring

are confounded by the fact that the offspring lizards in

our study were still young and developing. Their bacte-

rial communities may have stabilized towards a more

adult-like community later in life (see Discussion).

Discussion

The gut bacterial communities of our focal species var-

ied significantly across lizard species. The two omnivo-

rous species (Liolaemus parvus and Liolaemus ruibali)

exhibited more similar communities when compared to

the herbivorous species, Phymaturus williamsi. This find-

ing could be an effect of diet and/or evolutionary his-

tory, given that both of these factors influence the gut

microbial communities of mammals (Ley et al. 2008), or

the larger size of P. williamsi, given that body size can

influence microbial diversity (Godon et al. 2016). How-

ever, several of the bacterial taxa enriched in the herbiv-

orous species may be adaptations for digesting a high

fibre diet. For example, the xylanolytic genus Caldico-

probacter (Yokoyama et al. 2010) was only detected in

the faeces of P. williamsi. Additionally, the faeces of

P. williamsi were enriched in Treponema, which can

degrade plant polysaccharides (Paster & Canale-Parola

1985; Piknova et al. 2008) and enhance fibre fermenta-

tion by other cellulolytic bacteria (Kudo et al. 1987). The

independent evolution of herbivory is often associated

with unique metabolic machinery from distinct

microbes (Pope et al. 2010; Hong et al. 2015). Thus, it

Fig. 5 Microbial diversity across gut regions. (A) UPGMA tree of unweighted UniFrac distances. (B) UPGMA tree of weighted Uni-

Frac distances. Sequences were evenly pooled across individuals (1000 sequences per sample) within a sample type prior to analysis.
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would be interesting to further study the microbes that

permit herbivory in Phymaturus lizards.

The effects of sex and season on the gut microbiota

were less pronounced. We did not detect any effect of

sex on bacterial diversity or the relative abundances of

any taxa. Sex has been documented to influence the gut

microbiota of rodents (Maurice et al. 2015) and to some

extent in the striped plateau lizard (Sceloporus virgatus;

Martin et al. 2010). There were seasonal differences in

the relative abundances of several bacterial taxa in the

lizard gut, although all of these taxa also exhibited sig-

nificant species 9 season interactions. The gut microbial

communities of wild mice vary seasonally due to

changes in diet, reproductive status and other physio-

logical parameters (Maurice et al. 2015). The lizard spe-

cies studied here exhibit seasonal variation in diet

composition (Castro 2013; Lobo et al. 2013; P�erez

Mecado 2016), which may drive the species-specific sea-

sonal changes in relative abundances of microbial taxa.

Moreover, the lizards studied here live in the high

Andes and thus undergo periods of winter hibernation

(Cartes et al. 2010). Hibernating mammals exhibit

marked seasonal restructuring of the gut microbiota

(Dill-McFarland et al. 2014); in the future, one could

Fig. 6 Gut microbiota of mothers and offspring. (A) Source proportions for the gut microbial communities of lizards born in captiv-

ity. Percentages and standard errors are placed over wedges. (B+D) Principal coordinates analysis of an unweighted UniFrac distance

matrix. (C+E) Principal coordinates analysis of a weighted UniFrac distance matrix.
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compare the shifts in microbial community structure

that occur in hibernating mammals and herptiles.

We also investigated environmental sources that

might contribute to the gut microbial communities of

wild lizards. Soil bacteria did not contribute signifi-

cantly to the gut communities of lizards, even though

these lizards occupy a variety of microhabitats, such as

rocky outcrops, shrub patches, rock crevices and small

burrows dug in bare soil (Halloy et al. 2007). We found

that a significant amount of the lizard gut bacterial

communities overlapped with microbes found on or in

the plants that these animals consume. This result is

similar to a previous study in herbivorous desert wood

rats (Neotoma lepida), where there was substantial over-

lap between their gut microbiota and the phyllosphere

microbiota of their dietary plants (Kohl & Dearing

2014). The microbes of invertebrate diet items did not

contribute significantly to the gut bacterial microbiota

of lizards, similar to Burmese pythons (Python molurus),

where microbes from their rodent meal compose less

than 1% of their gut community (Costello et al. 2010). It

is unclear why phyllosphere microbes might occupy the

gut niche so well, while the insect microbiota do not. It

is also puzzling why the insect bacterial microbiota

seems to overlap more with the gut community of the

herbivorous lizard compared to the omnivorous hosts.

One potential explanation is that herbivores have poten-

tially less restrictive filters against consumed microbes

(Beasley et al. 2015) and the fact that many herbivores

are opportunistically carnivorous (Dudley et al. 2016).

Thus, the herbivorous P. williamsi may occasionally con-

sume insect prey items and become inoculated with an

insect microbiota. Further investigations into the ecol-

ogy of allochthonous microbes in various animals and

wild systems would provide insight into the assembly

of the gut microbiota.

A number of previous studies have documented that

the gut microbiota of captive animals differ from their

wild counterparts (Uenishi et al. 2007; Scupham et al.

2008; Villers et al. 2008; Xenoulis et al. 2010; Wiene-

mann et al. 2011; Nelson et al. 2013; Kohl & Dearing

2014). A recent study documented a shift in the gut

microbiota of insectivorous Anolis sagrei lizards

brought into captivity (Ren et al. 2016). Our current

work builds upon this study by investigating omnivo-

rous and herbivorous lizards and demonstrating that

species-specific bacterial signatures are retained in cap-

tivity. In our study, captive lizards retained a majority

of their wild bacterial microbiota (~65%), suggesting

that captive studies on the lizard gut microbiota may

still have ecological relevance. However, we found that

similar to other hosts, the bacterial microbiota of wild

and captive lizards differed significantly in member-

ship but not alpha diversity. This is in contrast to

other studies that document a loss of microbial diver-

sity as animals enter captivity (Kohl & Dearing 2014;

Kohl et al. 2014b). The herbivorous species, P. williamsi,

exhibited a larger shift in bacterial community mem-

bership and structure in captivity compared to the

omnivorous species. These differences could be due to

species-specific changes in diet and/or physiology in

captivity, such as stress or immune function. Captivity

resulted in the introduction of Enterobacter and Sal-

monella to the gut bacterial communities of lizards,

both of which are potentially pathogenic to reptiles

and zoonotic to humans (Schumacher 2006). Addition-

ally, SourceTracker revealed that ~32% of the bacterial

community of captive lizards came from ‘unknown’

sources. This result could be due to stochasticity in

sequencing, such that these ‘unknown’ microbes were

also present in the wild but not detected. Alterna-

tively, these ‘unknown’ microbes may have been intro-

duced into the gut from other environmental sources

that we did not inventory, such as animal care staff or

air. Overall, these changes in gut microbial communi-

ties upon entrance into captivity could have implica-

tions for animal health in captivity and potentially the

success of conservation efforts involving captive breed-

ing and release of threatened animals (Redford et al.

2012).

The various gut chambers of the vertebrate gastroin-

testinal tract vary in their pH, nutrient composition and

other physiological characteristics (Stevens & Hume

2004), which may impact microbial community struc-

ture. Two genera, Oscillospira and Ruminococcus, exhib-

ited highest abundances in the hindgut region,

especially in herbivorous P. williamsi. These genera are

associated with feeding on plant-rich diets and may aid

in fibre digestion (Mackie et al. 2003). Additionally, rela-

tive abundances of the genus Desulfovibrio also exhib-

ited significant differences across gut regions, largely

driven by high abundances in the small intestines of

the herbivorous species, P. williamsi. A controlled feed-

ing trial using L. ruibali demonstrated that the abun-

dance of Desulfovibrio in the small intestine was

correlated with whole-animal fibre digestibility (Kohl

et al. 2016). Further, the presence of Desulfovibrio may

be important for reducing the H2 by-products associ-

ated with anaerobic fermentation in herbivorous igua-

nas (Hong et al. 2011). Thus, this genus may be

important for herbivory in lizards.

We also compared bacterial communities across gut

regions to assess the validity of using faecal samples as

representatives of the gut communities. Understanding

these relationships is essential, as rodent studies have

demonstrated that faecal samples are not always repre-

sentative of other gut regions (Kohl et al. 2014a; Wirth

et al. 2014). Here, we found that faecal communities of

© 2016 John Wiley & Sons Ltd
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lizards were very similar to hindgut microbial commu-

nities, especially in terms of community membership,

and thus may be an acceptable indicator for microbial

diversity in this gut region. Other studies have demon-

strated the utility of using cloacal swabs for nondestruc-

tive sampling of the reptilian gut microbiota (Colston

et al. 2015). However, the communities of cloacal swabs

have distinct microbial community signatures from

large intestinal communities (Colston et al. 2015). A

comparison of faeces and cloacal swabs as representa-

tives for gut communities is warranted. Moreover, the

use of faeces has some additional caveats. Collection of

faecal samples in our study was conducted daily due to

the fact that reptiles often only defecate once per day.

Thus, some faecal samples had the potential to be ~24 h

old when collected. A recent controlled study docu-

mented that the microbial community structure of fae-

ces can change over a 24-h period under field

conditions (Hale et al. 2016). However, this study only

used a single pooled faecal sample and so it is unclear

whether the effects of time are larger or smaller than

variation across individuals. Another controlled study

with multiple individuals of wood rats found that indi-

vidual microbial signatures were highly retained

between fresh faeces and those collected from the floor

of Sherman traps after the rodent hosts spent a night in

the trap with cotton batting, apple slices and oatmeal

bait for ~10 h (Kohl et al. 2015). Thus, further investiga-

tions into the different types of microbial samples and

sources of variation are needed. Currently, researchers

should hesitate to extrapolate the results of faecal

inventories to other gut regions. However, it should be

noted that faecal inventories might still be useful for

repeated sampling or when researchers must collect

nonlethal samples.

It has been demonstrated that internal or external

transmission of microbes from mother to offspring is

common across animals (Funkhouser & Bordenstein

2013). In mammals, microbial transmission occurs dur-

ing the birthing process via exposure to vaginal and

faecal microbes (Dominguez-Bello et al. 2010). Given

that lizards have single urogenital opening, the cloaca,

we predicted that maternal transmission of the gut

microbiota should also occur in viviparous lizard spe-

cies, which give live birth through this opening. We

found that offspring had less diverse bacterial commu-

nities than their mothers, and these gut communities

were more similar to their food sources. However, we

did see some evidence of maternal or environmental

transmission of the gut bacterial microbiota. Offspring

clustered within their species when communities were

visualized using the second and third principal coordi-

nates (see Fig. 6). Also, the two omnivorous species

exhibited distinct microbial community membership,

which could be indicative of inoculation with a species-

specific microbiota at birth. Last, SourceTracker esti-

mated that ~35% of the gut microbiota of juvenile

lizards overlapped with their mothers. Across animals,

the microbial communities of juveniles are distinct from

that of adults and largely resemble environmental

sources (Dominguez-Bello et al. 2010; Burns et al. 2015).

These microbial communities then mature as the hosts

further develops over time (Trosvik et al. 2010; Burns

et al. 2015). Thus, we hypothesize that the microbial

‘seeding’ from lizard mothers may further mature over

time.

While lizards do not exhibit extensive parental care

(Shine 1988), there is evidence for some maternal pro-

tection of offspring in Liolaemus species (Halloy et al.

2007). Additionally, coprophagy, or the consumption of

adult faeces, is important for transmission of the gut

microbiota in green iguanas (Iguana iguana; Troyer 1982,

1984), and this behaviour has been observed in young

individuals of Phymaturus palluma (Vicenzi 2015) and

P. williamsi (Laspiur, personal observation). In this

study, we were primarily interested in microbial trans-

mission associated with the birth process. By removing

animals within 24 h, we are unable to investigate trans-

mission associated with coprophagy or other interac-

tions with adult animals. Further investigations into the

roles that these behaviours play in facilitating transmis-

sion of the gut microbiota across generations would be

interesting.

Collectively, this work represents a foundation for

understanding the gut microbial ecology of lizards and

constitutes a detailed account of the diversity and

dynamics of the microbiota inhabiting the guts of

Andean lizards. Overall, lizards exhibit many similari-

ties to other host taxa, such as species-specific micro-

bial communities, variation across gut regions and

maternal transmission or environmental sharing of

these communities to some extent. Two key findings

pave the way for further studies into the gut microbial

ecology of lizards: that lizards maintain host species-

specific microbial communities for at least 8 weeks in

captivity and the validity of using faecal samples for

microbial inventories. Future investigations will con-

tinue to reveal how gut microbial communities may be

impacting the ecology and evolution of lizard and rep-

tile hosts.
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