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Captivity affects diversity, abundance, and functional pathways
of gut microbiota in the northern grass lizard Takydromus
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Abstract
Animals in captivity undergo a range of environmental changes from wild animals. An
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increasing number of studies show that captivity significantly affects the abundance
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covering the central and southeastern parts of China. Nonetheless, little is known
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and community structure of gut microbiota. The northern grass lizard (Takydromus
septentrionalis) is an extensively studied lacertid lizard and has a distributional range
about the gut microbiota of this species, which may play a certain role in nutrient and
energy metabolism as well as immune homeostasis. Here, we examined the differences in the gut microbiota between two groups (wild and captive) of lizards through
16S rRNA sequencing using the Illumina HiSeq platform. The results demonstrated
that the dominant microbial components in both groups consisted of Proteobacteria,
Firmicutes, and Tenericutes. The two groups did not differ in the abundance of these
three phyla. Citrobacter was the most dominant genus in wild lizards, while Morganella
was the most dominant genus in captive lizards. Moreover, gene function predictions showed that genes at the KEGG pathway levels2 were more abundant in wild
lizards than in captive lizards but, at the KEGG pathway levels1, the differences in
gene abundances between wild and captive lizards were not significant. In summary,
captivity exerted a significant impact on the gut microbial community structure and
diversity in T. septentrionalis, and future work could usefully investigate the causes of
these changes using a comparative approach.
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1 | I NTRO D U C TI O N

In other words, the function of gut microbiota is mainly affected by

The coevolutionary relationship between hosts and their gut micro-

(Suzuki & Worobey, 2014). In humans, for example, the abundance of

the genetic background of hosts as well as the unique microhabitats
biota has become a research hotspot in recent years. Gut microbiota

Firmicutes is positively correlated with latitude, whereas the abun-

plays an important role in energy budget (Semova et al., 2012), nutri-

dance of Bacteroidetes is negatively correlated with the latitude

ent metabolism (Cani, 2016; Greer et al., 2016), immune homeostasis

(Suzuki & Worobey, 2014). Moreover, the gut microbiota similarity

(Dimitriu et al., 2013), foraging behavior (Heijtz et al., 2011), and re-

shows a strong negative correlation with the genetic distance be-

productive performance (Leftwich, Clarke, Hutchings, & Chapman,

tween hosts in the Adelie penguin Pygoscelis adeliae (Banks, Cary, &

2017). Numerous factors such as dietary structure, captivity, and

Hogg, 2009). Also, the different food resources in host microhabi-

host genetics can lead to changes in the gut microbial community

tats and captivity may affect the diversity and abundance of the gut

structure (Gupta et al., 2012; Jiang et al., 2017; Kormas, Meziti,

microbiota in hosts.

Mente, & Frentzos, 2014; Matsen, 2015; Rungrassamee et al., 2014).

Reptiles display immense diversities in their body size and

At present, the effects of ecological factors on the gut microbiota

shape, behavior, and life-history strategies (Feldman, Sabath, Pyron,

have been examined in a wide range of animal taxa, including mam-

Mayrose, & Meiri, 2016; Shine, 2005; Woltering, 2012). These diver-

mals (Zhao et al., 2018), birds (Hird, Sánchez, Carstens, & Brumfield,

sities will have an impact on the diversity and abundance of gut mi-

2015), reptiles (Zhang, Li, Tang, Liu, & Zhao, 2018), amphibians

croorganisms. Numerous studies on reptiles have revealed that the

(Vences et al., 2016), fish (Sullam et al., 2012), and invertebrates

gut microbiota is affected by the host habitats (Zhang et al., 2018),

(Rungrassamee et al., 2014). For instance, significant differences in

feeding habits (Campos, Guivernau, Prenafeta-Boldú, & Cardona,

the gut microbial community are discovered between wild crocodile

2018; Jiang et al., 2017), ontogeny (Price et al., 2017), captivity (Kohl

lizards (Shinisaurus crocodilurus) and captive conspecifics fed with

et al., 2017), and adaptive radiation (Ren, Kahrl, Wu, & Cox, 2016),

loaches (Jiang et al., 2017). Additionally, some similar bacterial char-

and that the gut microbiota also exerts a critical role in the health

acteristics are also found in the intestines between wild-caught and

and development of their hosts (Berry et al., 2012; Dimitriu et al.,

domesticated black tiger shrimps (Penaeus monodon) (Rungrassamee

2013). For instance, juvenile green turtles (Chelonia mydas) acquire

et al., 2014). In brief, environmental and ecological factors take vital

a polysaccharide fermenting gut microbiota quickly when they have

roles in the gut microbial community composition and abundance in

settled into the coastal habitats of Brazil (Campos et al., 2018). It is

animals (Sullam et al., 2012; Vences et al., 2016). However, further

necessary to investigate the gut microbial ecology of reptiles, es-

studies should be conducted to explore the impacts of these factors

pecially for those using different diets and microhabitats, and ad-

on the intestinal microbial characteristics, with the final goal of ob-

ditional basic experiments should be carried out on gut microbial

taining more general results on the relationship between hosts and

ecology in reptiles, to understand the coevolutionary relationship

their gut microbiota.

between gut microbiota and their hosts.

The structure and abundance of gut microbiota vary distinctly

The effects of environmental and ecological factors on the gut

among different hosts, yet, the dominant gut microorganisms at

microbiota have been extensively investigated (Benson et al., 2010;

the phylum level remain Firmicutes and Bacteroidetes in mammals,

Org et al., 2015; Spor, Koren, & Ley, 2011; Sullam et al., 2012; Yun

reptiles, and amphibians (Duncan et al., 2008; Kohl, Sadowska,

et al., 2014; Zhang et al., 2018; Zhao et al., 2018). The impact of

Rudolf, Dearing, & Koteja, 2016; Vences et al., 2016; Zhang et al.,

artificial perturbations and captivity on gut microbiota has been

2018; Zhao et al., 2018), and Firmicutes and Proteobacteria in birds,

well investigated in Australian sea lions (Neophoca cinerea) (Delport,

fishes, and insects (Dewar, Arnould, Krause, Dann, & Smith, 2014;

Power, Harcourt, Webster, & Tetu, 2016), southern elephant seals

Li, Zhu, Yan, Ringø, & Yang, 2014; Wang, Cao, et al., 2016; Wang,

(Mirounga leonine) (Nelson, Rogers, Carlini, & Brown, 2013), leopard

Zheng, et al., 2016; Ye, Amberg, Chapman, Gaikowski, & Liu, 2014;

seals (Hydrurga leptonyx) (Nelson et al., 2013), deer mice (Peromyscus

Yun et al., 2014). Notably, Firmicutes can encode the energy me-

maniculatus) (Schmidt, Mykytczuk, & Schultehostedde, 2019), sev-

tabolism-related enzymes, have the potential to biosynthesize vita-

eral species of monkeys (Hale et al., 2018; Nakamura et al., 2011;

min B, produce diverse kinds of digestive enzymes to break down

Villers, Jang, Lent, Lewin-Koh, & Norosoarinaivo, 2008), Kinda

various substances, and thus help their hosts digest and absorb nu-

baboons (Tsukayama et al., 2018), anteaters (Delsuc et al., 2014),

trients (Flint, Scott, Duncan, Louis, & Forano, 2012; Rowland et al.,

woodrats (Dewar et al., 2014), and lizards (Colston, 2017). The re-

2018). On the other hand, the main function of Bacteroidetes is to

sults suggest that animals exposed to human activities and/or held

ferment carbohydrates, degrade plant-derived material, and short-

in captivity may change gut microbial compositions and abundances.

chain fatty acids, and thus improve the host's nutritional condition

Such changes may lead to intestine-related dysfunction or even dis-

(Colston & Jackson, 2016). Additionally, Proteobacteria contribute

ease in the hosts, like inflammatory bowel disease (IBD) (Berry et al.,

to the cellulose activity, degrade a variety of aromatic compounds,

2012), Crohn's disease (Opstelten et al., 2016), and inflammation

and boost the nutrient absorption of their hosts (Reid, Addison,

(Boulange, Neves, Chilloux, Nicholson, & Dumas, 2016). Meanwhile,

Macdonald, & Lloyd-Jones, 2011). However, the abundance and

certain changes or selective manipulation of gut microbial com-

composition of gut microbiota are affected by various factors, in-

positions and abundances may also improve the immune status of

cluding geographical region, domestication, and genotype of hosts.

hosts (Montalban-Arques et al., 2015) and even favorably affect

|
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host development and behavior (Heijtz et al., 2011). Raising animals

eastern China. Snout–vent lengths (SVLs) ranged from 56.4–

in captivity or feeding them with different types of food can alter

83.8 mm, with a mean of 65.6 mm; body masses ranged from

their gut microbial structure and abundance. Nonetheless, only a

3.8–11.1 g, with a mean of 5.9 g. Great efforts were made to

few studies have been performed to examine the differences in gut

ensure that all individuals we collected were healthy and free

microbial compositions and abundances between wild and captive

of ectozoic parasites. Only adult males were used in this study,

populations, and these studies involve lizards (Colston, 2017; Nelson,

thereby removing the possible influence of gender. The 23 lizards

Cann, Altermann, & Mackie, 2010), birds (Dewar et al., 2014; Hird,

were randomly divided into two groups, thereby minimizing the

2017), and mammals (Delport et al., 2016; Delsuc et al., 2014; Hale

possible influence of size or age. One group (N = 11) was used

et al., 2018; Nakamura et al., 2011; Schmidt et al., 2019; Tsukayama

to extract and amplify the DNA of gut microbiota. Briefly, these

et al., 2018; Villers et al., 2008).

11 lizards were euthanized immediately through lethal injection

Taken together, the diversity and abundance of gut microbiota

of MS-222 for further processing. The other group (N = 12) was

are related to the integration of strong natural selection, coevolu-

transported to our laboratory in Nanjing, where lizards were

tion between microbiota and hosts, and host habitats (Blaut et al.,

raised under the same conditions for 90 days from mid-April to

2002; Magne et al., 2006). In this process, the host provides a living

mid-July. More specifically, these lizards were individually main-

environment and adequate food resources for gut microbiota, while

tained in 640 × 450 × 380 mm (length × width × height) plastic

the latter assists the host in decomposing and digesting substances,

containers with soil sterilized by autoclave and fed with a 1/1

thus providing more nutrients for the host (Magne et al., 2006). For

(mass/mass) mixture of mealworms (Tenebrio molitor) and crick-

instance, the herbivorous tetrapods have to build the endosymbi-

ets (Achetus domesticus) and distilled water supplemented with

otic relationships between hosts and microbes, since they cannot

the vitamin and minerals. The diet was sterilized by ultraviolet

express hydrolases for cellulose and hemicellulose (Campos et al.,

irradiation and water by autoclaving before feeding to the lizards.

2018). In this regard, the mutually beneficial relationship between

The plastic contains were placed in an outdoor enclosure to simu-

hosts and their gut microbiota has been certified to maintain host

late the natural conditions. The captive lizards were euthanized

homeostasis, including the regulation of the immune system and me-

in mid-July using the method described above. Our experimen-

tabolism-related functions (Suzuki & Worobey, 2014; Zhang et al.,

tal procedures were approved by the Institutional Animal Care

2018).

and Use Committee of Nanjing Normal University and were con-

The northern grass lizard (Takydromus septentrionalis) is a small-

ducted following related guidelines.

sized, multiple-clutched oviparous lacertid lizard endemic to China
and has a range covering the central and southeastern parts of the
country (Liu, 1999). The lizard consists of three divergent lineages,

2.2 | DNA extraction and amplification

with isolation by a distance known to be the main cause of genetic
divergence (Cai, Yan, Xu, Lin, & Ji, 2012). Spatio-temporal variation in

The full intestinal tract was collected, squeezed, and scraped to

life-history (e.g., size at maturation, adult size, clutch size, clutch fre-

collect adequate contents under sterile conditions. Over 250 mg

quency, and egg size; Du, Ji, Zhang, Xu, & Shine, 2005; Du, Ji, Zhang,

contents should be collected from every tube; as a result, the gut

Lin, & Xu, 2010; Ji & Diong, 2006; Ji, Du, Lin, & Luo, 2007) and phys-

contents were mixed with 2–3 individuals and transferred into a

iological (e.g., thermal preference, thermal tolerance and thermal

sterile centrifuge tube. Then, the sterile centrifuge tube was frozen

dependence of food assimilation, energy allocation, and locomotor

at −80°C after weighing, until DNA was extracted from them.

performance; Ji, Du, & Sun, 1996; Luo, Ding, & Ji, 2010; Yang, Sun,

The E.Z.N.A.® stool DNA Kit (Omega Bio-tek) was used to

An, & Ji, 2008) traits is evident for this lizard, with proximate factors

extract the total genomic DNA following the manufacturer pro-

being less important determinants of such variation than are genetic

tocols. The quantity and quality of the extracted DNA were mea-

influences. In this study, we used a sample of 23 adult males to ex-

sured using Qubit@ 2.0 Fluorometer (Thermo Scientific) and 1.0%

amine the differences in gut microbial composition between the wild

agarose gel electrophoresis, respectively. Thereafter, the 16S

and captive individuals through MiSeq sequencing of bacterial 16S

rRNA V3-V4 genes were amplified through the universal bacte-

rDNA from the samples, to examine whether domestication had a

rial primers 341F and 805R. Moreover, polymerase chain reaction

significant influence on gut microbial composition, abundance, and

(PCR) was performed in the reaction system with the total volume

function.

of 30 μl, which was supplemented with 2 μl DNA primer, 15 μl of
2 × Taq master Mix, and 20 ng genomic DNA. Further, the PCR

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Lizard collection and maintenance

thermal cycling conditions were as follows: initial denaturation at
94°C for 3 min, followed by 5 cycles of denaturation at 94°C for
30 s, annealing at 45°C for 20 s and extension at 65°C for 30 s.
Also, the other 20 cycles consisted of 94°C for 20 s, 55°C for 20 s,
and 72°C for 30 s, with a final extension at 72°C for 5 min. At

Twenty-three adult males were collected using a noose in mid-

the second stage of the two-step PCR process, the 8-base bar-

April 2019 from Tangshan (32°3′N, 119°1′E), Nanjing, Jiangsu,

codes were introduced for multiplex sequencing. In the meantime,
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3 | R E S U LT S
3.1 | Gut bacterial sequencing

followed by 5 cycles of 94°C for 20 s, 55°C for 20 s, and 72°C for
30 s, and the final extension at 72°C for 5 min. Afterward, the PCR

A total of 289,995 and 304,289 raw reads were obtained from

products were purified using the MagicPure Size Selection DNA

wild and captive lizards, respectively. After quality filtering, alto-

kit (Transgen) and quantified using the Qubit dsDNA HS assay kit

gether 226,289 and 246,508 high-quality reads were obtained,

(Invitrogen, American). For further analysis, equivalent amounts of

with an average sequence length of 420 bp (range, 351–462 bp)

PCR amplicons were sequenced on the MiSeq platform using the

(Figure A1). Specifically, an average of 56,572 ± 2,056 reads (range,

MiSeq 3 Reagent kit (Illumina, Sangon Biotech Co., Ltd).

51,888–63,116 reads per sample) were obtained from the 4 intestinal samples from wild lizards, while an average of 61,627 ± 1,439

2.3 | Sequence and data analysis

reads (range, 58,820–66,049 reads per sample) were acquired from
the 4 intestinal samples from captive lizards. Moreover, the total
number of OTUs at the 97% similarity level was 286 for the lizards

After trimming the primer sequence, PEAR 0.9.6 was adopted

used in this study (average, 133 ± 12 OTUs per sample), including

to merge the paired-end reads from the original DNA fragments

237 (range, 96–208) in wild lizards (average, 137 ± 4 OTUs per sam-

(Zhang, Kobert, Flouri, & Stamatakis, 2014). Then, these joined se-

ple), and 256 (range, 91–208) in captive lizards (average, 129 ± 12

quences were assigned to each sample based on their unique bar-

OTUs per sample). The Shannon–Wiener index curve for all samples

codes, and filtered according to the base quality using PRINSEQ

showed that a sufficient amount of OTUs was detected and leveled

0.20.4 (Schmieder & Edwards, 2011). Subsequently, chimeric se-

off generally at this sequencing depth, suggesting that there were

quences were identified and removed by UCHIME 4.2.40 (Edgar,

sufficient sequences for further analyses (Figure A2). Further, the

Haas, Clemente, Quince, & Knight, 2011), and the resultant se-

Good's coverage estimation minimum values were >99.9%, which in-

quences were deposited in the Sequence Read Archive database of

dicated that most gut bacterial communities of diverse species were

NCBI (Accession No. PRJNA597659).

retrieved from these samples (Figure A2).

Afterward, the available sequences were clustered into operational taxonomic units (OTUs) according to the similarity threshold
of 97% through USEARCH 5.2.236 (Edgar, 2010). The represen-

3.2 | Gut microbiota composition

tative sequence from each OTU was aligned with the 16S rRNA
Greengenes 13.5 database, to annotate the taxonomic information,

On the whole, representatives of 12 known microbial phyla, 26 mi-

and the classified confidence was set at 70%. Later, the rarefaction

crobial classes, 46 microbial orders, 99 microbial families, and 154 mi-

curve and alpha diversity analyses, namely the community richness

crobial genera were detected in T. septentrionalis based on taxonomic

parameters (Chao1 index), the community diversity parameters

assignment at the sequencing identity level of 97% (Table A1). Also,

(Shannon index), the Good's coverage, and abundance-based cov-

representatives from 12 phyla, 24 classes, 42 orders, 92 families, and

erage estimator (ACE), were calculated through MOTHUR 1.30.1

142 genera were detected in the intestinal samples from captive liz-

(Schloss et al., 2009) and visualized by R 3.6 (R Development Core

ards at the sequence identity level of 97%. Similarly, in wild lizards,

Team, 2019).

representatives of 12 phyla, 26 classes, 43 orders, 92 families, and 143

For beta-diversity analysis, the non-metric multidimensional

genera were discovered in the intestinal samples. Figure 1 shows the

scaling (NMDS) was constructed based on the Bray–Curtis through

proportions of microbiota under different taxonomic classifications.

the vegan package in R (Oksanen et al., 2013). Besides, the linear

At the phylum level, the intact gut microbiota was mainly dominated

discriminant analysis effect size (LEfSe) (Segata et al., 2011) was ad-

by Proteobacteria (42.89 ± 7.11%), Firmicutes (19.25 ± 2.76%), and

opted for constructing the linear discriminant analysis (LDA), which

Tenericutes (16.53 ± 8.17%), while other representative phyla in-

allowed for searching for the taxon with significantly different rela-

cluded Cyanobacteria (10.86 ± 6.64%), Bacteroidetes (7.51 ± 4.53%),

tive abundance between wild and captive lizards. Besides, the differ-

Fusobacteria (1.40 ± 0.57%), Actinobacteria (1.18 ± 0.51%), and

ences in intestinal microbial composition between wild and captive

Deferribacteres (0.31 ± 0.16%), which accounted for about 99.93%

lizards were analyzed using a t test.

(Figure 1a). As for captive lizards, Proteobacteria (39.02 ± 8.45%),

Further, PICRUSt (Langille et al., 2013) was used to predict all

Tenericutes (31.09 ± 12.64%), and Firmicutes (17.49 ± 4.99%)

OTUs in the intestinal microbiota of lizards based on the Kyoto

(Figure 1a) were the dominant phyla in the gut microbiota. Compared

Encyclopedia of Genes and Genomes (KEGG) database (Kanehisa,

with the captive group, wild lizards were rich in Proteobacteria

2019). Then, the PICRUSt results were analyzed and compared

(46.77 ± 11.10%), Cyanobacteria (21.70 ± 10.85%), and Firmicutes

using the Student's t test, and the confidence intervals (CIs) were

(21.01 ± 1.98%), which occupied over 89.47% (Figure 1a).

set to 0.95. All values were presented as mean ±SE. All statistical
analyses were conducted at the significance level of α = 0.05.

At the family level, Enterobacteriaceae (34.98 ± 7.61%) and
Mycoplasmataceae (16.48 ± 8.15%) were dominant in the gut

ZHOU et al.

F I G U R E 1 The relative abundance of
intestinal microbiota between wild and
captive lizards at the phylum (a), family (b),
and genus (c) levels. Only phyla, family,
or genus with relative abundance greater
than 1% are shown in the histogram and
the other taxons are combined
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Captive group

Student's t test
results

Wild group

Shannon

2.47567 ± 0.32337

2.36011 ± 0.240370

t = 0.25, df = 6,
p = 0.81

Simpson

0.21660 ± 0.06419

0.18954 ± 0.032602

t = 0.33, df = 6,
p = 0.76

Ace

152.00427 ± 20.17658

174.28415 ± 12.74231

t = 0.81, df = 6,
p = 0.45

Chao 1

144.58482 ± 22.43495

164.30238 ± 9.18874

t = 0.70, df = 6,
p = 0.51

Good's
coverage

0.99969 ± 0.00001

0.99951 ± 0.00005

TA B L E 1 The summary of diversity
indexes and comparing with Student's t
test between wild and captive lizards

t = 3.06, df = 6,
p = 0.02

microbiota, whereas other families with quantitative advantages

upon Student's t test, except for Good's coverage (t = 3.06, df = 6,

included Ruminococcaceae (4.97 ± 1.93%), Lachnospiraceae

p = 0.02).

3.08%),

Specifically, the Student's t test was carried out to examine the

Erysipelotrichaceae

differences in intestinal microbiota with an abundance of >1% be-

(2.54 ± 1.26%), Enterococcaceae (1.69 ± 0.53%),Fusobacteriaceae

tween wild and captive lizards, and the results indicated significant

(1.39

differences between the two groups at class, order, family and genus

(4.96

±

1.64%),

Pseudomonadaceae
±

0.58%),

Porphyromonadaceae
(4.10

±

2.58%),

Helicobacteraceae

(1.31

(4.96

±

±

0.62%),

and

Bacteroidaceae (1.03 ± 0.56%) (Figure 1b). In captive lizards, the

levels. Nonetheless, there was no significant difference at the phy-

dominant families were Enterobacteriaceae (33.70 ± 10.36%) and

lum level (all p > 0.09); thus, these patterns were not discussed fur-

Mycoplasmataceae (31.00 ± 12.61%), with the pooled relative abun-

ther in this study. Meanwhile, abundances of Alphaproteobacteria

dance of over 64.70% (Figure 1b). However, the dominant family in

(t = 2.64, df = 6, p = 0.038) and Betaproteobacteria (t = 4.02, df = 6,

wild lizards only included Enterobacteriaceae (36.25 ± 11.11%), and

p = 0.007) at the class level, Bacillales (t = 3.00, df = 6, p = 0.024)

no other family accounted for >9% (Figure 1b).

at the order level, Lachnospiraceae (t = 3.93, df = 6, p = 0.008),

At the genus level, the most dominant genus was Citrobacter

Veillonellaceae (t = 3.40, df = 6, p = 0.015), and Staphylococcaceae

(19.70 ± 6.45%), while other predominant genera included

(t = 2.72, df = 6, p = 0.035) at the family level differed significantly

Morganella (7.96 ± 5.08%) and Parabacteroides (3.76 ± 2.39%)

between wild and captive lizards. More specifically, wild lizards had

(Figure 1c). In captive lizards, the most dominant genus was

a higher proportion of Alphaproteobacteria at the class level, as well

Morganella (15.90 ± 8.47%), whereas genera with a relative abun-

as Lachnospiraceae and Veillonellaceae at the family level. By con-

dance of >3% included Citrobacter (9.37 ± 1.84%) and Parabacteroides

trast, captive lizards had a higher percentage of Betaproteobacteria

(4.69 ± 4.06%) (Figure 1). Nonetheless, the dominant genus in wild

at the class level, Bacillales at the order level, and Staphylococcaceae

lizards only included Citrobacter (30.04 ± 10.47%), while other

at the family level (Table A2).

identifiable genera had a relative abundance of <3%, including

Further, LEfSe analyses were performed on samples to estimate

Parabacteroides (2.83 ± 2.44%), Eubacterium (2.29 ± 1.28%), and

the difference in relative abundance (averages of relative abundance

Flexispira (1.57 ± 1.17%) (Figure 1c).

>1%) at different bacterial taxonomic levels (including phylum, class,
order, and family). The results suggested that a greater proportion of

3.3 | Effects of captivity on the gut microbiota

Mollicutes at the class level (LDA = 5.49, p = 0.04), Tenericutes at the
phylum level (LDA = 5.24, p = 0.04), Mycoplasmatales at the order
level (LDA = 5.22, p = 0.04), and Mycoplasmataceae at the family

The alpha diversities, including the Shannon diversity index, the

level (LDA = 5.19, p = 0.04) were found in captive lizards (Figure 2).

Simpson diversity index, Chao1 richness, the abundance-based

Also, NMDS was conducted to analyze the beta-diversity for wild

coverage estimator (ACE), and the Good's coverage index, were em-

and captive lizards at the genus level. Results of similarity analysis in-

ployed to evaluate the diversity differences in gut microbial com-

dicated a significant difference in intestinal microbiota between wild

munity between wild and captive lizards (Table 1). No differences

and captive lizards (ANOSIM test, Stress: 0.056, R = 0.65, p = 0.026;

were detected in Shannon, Simpson, Chao1, and ACE (all p > 0.45)

Figure 3).

F I G U R E 2 Linear discriminant analysis effect size (LEfSe) analysis of gut microbiota composition between wild and captive lizards
(LDA > 2.9, p < 0.05). (a) Taxonomic representation of statistically and biologically consistent differences between wild and captive
lizards. Differences are represented using a colored circle, color in circles represent their respective levels of classification, and circle size
is proportional to the taxon's abundance, represents the Phylum, the class, the order, and the family. (b) Histogram of the LDA scores
computed for features differentially abundant between wild and captive lizards. LEfSe scores can be interpreted as the degree of consistent
difference in the relative abundance of analyzed microbial communities between wild and captive lizards
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different developmental stages or in different microhabitats (Vences
et al., 2016; Zhang et al., 2018; Zhao et al., 2018). For instance, the

To better understand the functional differences between wild and

gut microbial community in loach-fed crocodile lizards is distinctly

captive lizards, PICRUSt was used as a macro-genome inference

different from that in the earthworm-fed and wild lizards (Jiang et al.,

method for the 16S rRNA dataset, with the average weighted NSTI

2017), and the β-diversity of gut microbiota in pika is related to diet

values of 0.07 ± 0.01 and 0.16 ± 0.04 for wild and captive lizards,

diversity (Li et al., 2016). The increased fibers modulate the expres-

respectively. A total of 5,386 KEGG genes were obtained from the

sion of numerous microbial metabolic pathways, such as glycan me-

whole dataset, among which, 5,148 were detected in both groups.

tabolism, and genes encoding the carbohydrate-active enzymes are

To understand the changes in functional compositions, all KEGG

also active on fibers or host glycans in humans (Tap et al., 2015).

genes were further mapped to the KEGG categories and pathways.

These effects may be particularly pronounced in captive animals,

Results of Student's t test revealed no statistically significant func-

and their diets are markedly different from those in wild animals

tional difference in gut microbiota between wild and captive lizards

(Delsuc et al., 2014; Ng, Stat, Bunce, & Simmons, 2018). Thus, the

at the KEGG pathway levels1 (all p > 0.23). Notably, a majority of the

gut microbiota of dietary specialists may be more susceptible to

resultant KEGG categories belonged to metabolism (45.99 ± 0.62%),

captivity (Kohl, Skopec, & Dearing, 2014). Also, some of the factors

environmental information processing (16.92 ± 0.74%), ge-

that have important effects on gut microbiota might be directly or

netic information processing (16.51 ± 0.33%), cellular processes

indirectly caused by diet. For instance, seasonal changes in diet com-

(3.10 ± 0.20%), human diseases (1.09 ± 0.03%), and organismal

position can explain 25% of seasonal variation in microbiota compo-

systems (0.59 ± 0.05%) (Figure 4, Table A2). Furthermore, these

sition across herbivorous mammals (Kartzinel, Hsing, Musili, Brown,

KEGG categories were assigned to 35 different subcategories, and

& Pringle, 2019).

the KEGG abundances at pathways levels2 had significantly higher

A large proportion of intestinal microbes in animals derive from

values in wild lizards than those in captive lizards (all p < 0.0394) ex-

local microorganisms, particularly those in soil, which significantly

cept for the circulatory system belonging to the organismal systems

affect the population structure and abundance of intestinal microor-

(t = 2.25, df = 6, p = 0.065) (Table A2).

ganisms (Delsuc et al., 2014; Kohl et al., 2017). For example, the gut
microbiota in giant armadillos (Priodontes maximus) is very similar to

4 | D I S CU S S I O N

the soil where the microorganisms live, and this may be because part
of prey items contains the associated soil microbiota (Delsuc et al.,
2014; Vaz, Santori, Jansen, Delciellos, & D'Andrea, 2012). Besides,

It has been reported in some studies that captivity cannot change

animals may also consciously ingest soil components to facilitate the

the gut microbiota (Muegge et al., 2011; Rungrassamee et al., 2014).

ingestion of related substances, like chitin (Delsuc et al., 2014). Thus,

Nonetheless, our results revealed that captivity affected the gut mi-

the soil contains a dynamic reservoir of biodiversity, which plays a

crobiota in T. septentrionalis. Such a discrepancy in results might be

key role in sustaining and altering the diversities and abundances of

ascribed to differences in diets and environments between studies

gut microbiota in animals.

(Delsuc et al., 2014). Notably, differences in food resources repre-

In this study, captive lizards showed higher gut microbial α-diver-

sent the most direct and important factor affecting the diversity and

sity values than did wild lizards. Such a result is consistent with that

abundance of gut microbiota (Wong et al., 2015; Yun et al., 2014).

reported for rhinoceros (Mckenzie et al., 2017). However, in other

This is especially true for species with different feeding habits at

studies on canids, primates, equids, and woodrats, wild animals exhibit higher gut microbial α-diversity levels than do captive conspecifics (Kohl et al., 2014; Mckenzie et al., 2017). Additionally, the gut
microbial α-diversity values are consistent in some studies on bovids,
giraffes, anteaters, and aardvarks between wild and captive individuals (Mckenzie et al., 2017). Also, differences in gut microbial β-diversity between the captive and wild groups were observed in most
of the taxa surveyed. McKenzie et al. (2017) discovered that there
were significant differences in gut microbial β-diversity in mammals
investigated, except for bovids and giraffes. Besides, LEfSe analysis
and NDMS revealed significant differences between wild and captive lizards (Figures 2 and 3).
In the captive environment, the human-constructed facilities
(such as breeding, zoo, and simulated environments) have replaced
the extreme conditions in the wild environment where animals live.
Captive animals will undergo great changes in the gut microbiota

F I G U R E 3 NMDS ordination based on Bray–Curtis similarities
of bacterial communities between wild and captive lizards

structure and abundance. Most of these changes are attributed to
the alterations in an environment where animals live, such as changes
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Relative abundance of gut bacterial taxa at KEGG gene pathways

in foods, antibody, and veterinary medicine intervention, limited

and birds (Colston & Jackson, 2016; Hird et al., 2015). Proteobacteria

range of activity, reduced exposure to diverse habitat types and

are associated with diverse metabolism and typical decomposition,

other species, and increased exposure to human-related microbes

fermentation of complex sugars, and vitamin production (Colston

and microbes that thrive in a captive environment, even though little

& Jackson, 2016). Meanwhile, Firmicutes can encode enzymes in-

research is carried out (Hyde et al., 2016; Mckenzie et al., 2017). In

volved in digestion and produce a variety of digestive enzymes

this study, lizards were raised in an environment similar to their wild

for degrading the nutrient substances, thus assisting their hosts in

habitats and were fed with mealworms, crickets, and water enriched

nutrient digestion and absorption (Colston & Jackson, 2016; Hale

with various vitamins and minerals for 3 months. Nonetheless, the

et al., 2018). As for the vertebrate gut microbiota, the Tenericutes

causes of differences in the gut microbiota between wild and cap-

members have been identified as the important members of gut

tive lizards were unknown, since environmental microbes were not

communities in fish, amphibians, reptiles, and mammal, which may

collected and the food items were not controlled. Thus, more studies

exert certain roles in nutrient processing (Colston & Jackson, 2016).

are warranted to draw further conclusions.

Tenericutes may also be related to patients with metabolic syn-

The dominant phyla of gut microbes found in this study included

drome, which is suggested as a heritable taxon in humans (Lindheim

Proteobacteria, Firmicutes, and Tenericutes that did not differ be-

et al., 2017). In our study, captive lizards had a higher proportion

tween wild and captive lizards (Figure 1a). Furthermore, the com-

of Tenericutes, which might be related to the limited activity space

position of gut microbiota was unique, among which, the dominant

and food sources of lizards. Inversely, some Cyanobacteria members

phyla were Proteobacteria, Tenericutes, and Firmicutes in captive

may be protected by their mucilaginous coverings and subcultured

lizards, and were Proteobacteria, Cyanobacteria, and Firmicutes in

through the gut in alive hosts (Lewin, Kamjunke, & Mehner, 2003).

wild lizards (Figure 1a). The relative abundance of gut microbes var-

The wild lizards ingest insects that feed on Cyanobacteria microor-

ies significantly among reptile species. In other lizards, the dominant

ganisms, which may account for why many Cyanobacteria members

phyla of gut microbes are Firmicutes (33.2%–73.0%), Bacteroidetes

are found in some samples.

(6.2%–45.6%), and Proteobacteria (5.7%–62.3%) (Hong, Wheeler,

Nonetheless, few existing studies have discussed the com-

Cann, & Mackie, 2011; Jiang et al., 2017; Kohl et al., 2017; Martin,

position and abundance of intestinal microbiota at the class and/

Gilman, & Weiss, 2010; Nelson et al., 2010; Ren et al., 2016; Zhang

or order levels. In this study, wild lizards had a higher abun-

et al., 2018). In our study, the difference in the phylum Tenericutes

dance of Alphaproteobacteria bacteria than captive lizards at the

was statistically significant between wild and captive lizards accord-

class level. Moreover, captive lizards had a higher abundance of

ing to LEfSe analyses (Figure 2).

Betaproteobacteria bacteria at the class level, as well as Bacillales bac-

Proteobacteria may be the third most abundant phylum in mam-

teria at the order level than did captive lizards. Alphaproteobacteria

malian gut microbiota, which has been recognized as the dominant

and Betaproteobacteria belong to Alphaproteobacteria, and they

phylum in some fish (Wong et al., 2015), reptiles (Jiang et al., 2017),

only contribute to a few enzymes (Nechitaylo et al., 2010). Moreover,
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the functions of Bacillales may be related to carbohydrate metabo-

organismal systems. Interestingly, although there were no signifi-

lism (Do et al., 2014). According to our results, a total of 28 charac-

cant differences in the abundances at level1 of the KEGG pathway,

teristic taxa (from phylum to genus) associated with wild and captive

gene function predictions showed that at all KEGG pathway levels2

groups were identified through LEfSe analyses, with the LDA thresh-

wild lizards had higher gene abundances than did captive lizards,

old of ≥3.0 (Figure 2). Differences in gut microbiota at the class (3/28)

except for genes associated with the circulatory system function

and order (8/28) levels were statistically significant between wild

(Table A2; Figure 4). In mammals, the bacterial genomes are closely

and captive groups (Figure 2). At the class level, Betaproteobacteria

correlated with their natural environments, especially for the host

(phylum Proteobacteria) and Mollicutes (phylum Tenericutes) were

diets (Muegge et al., 2011). Thus, it may be possibly suggested that

more abundant in captive lizards, while Acidimicrobiia (phylum

captivity has a more profound effect on the functional pathways of

Actinobacteria) was more abundant in wild lizards. At the order

gut microbes in lizards, and more studies are needed to elucidate

level, some belonged to classes Alphaproteobacteria (3/8) and

the underlying variation mechanism of functional pathways.

Betaproteobacteria (1/8), and others included Acidimicrobiales,
Bacillales, Clostridiales, and Mycoplasmatales (Figure 2).
The
lis

were

dominant

microbial

Enterobacteriaceae

families
of

the

in
phylum

T.

septentriona-
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Proteobacteria

and Mycoplasmataceae of the phylum Tenericutes. Further,

Our study reveals that the intestinal microbial community composi-

Enterobacteriaceae was predominant in both wild and captive lizards,

tion, abundance, and functional pathways differ between wild and

while the subdominant family Mycoplasmataceae was more abundant

captive northern grass lizards, and such differences may be probably

in captive lizards. Differences in the gut microbiotas between wild and

related to changes in the microenvironments (e.g., artificial facilities,

captive lizards might be attributed to the changes in the relative abun-

without predators) undergone and food ingested by captive lizards.

dances of particular microbial families. Sixteen characteristic families

However, the contribution of specific causes needs to be further

associated with wild and captive lizards were identified according to

verified by controlling more environmental factors in future experi-

LEfSe analyses with the LDA threshold of ≥2.9 (Figure 2). These fam-

ments. There are significant differences in the gut microbial com-

ilies were primarily subordinate to the phyla Proteobacteria (7/16),

munity composition and abundance from the class to family levels in

Actinobacteria (5/16), Firmicutes (3/16), and Tenericutes (1/16). Further,

T. septentrionalis. The abundances of almost all KEGG gene pathways

the abundance of Staphylococcaceae was dramatically higher in cap-

levels2 in the gut microbiota are higher in wild than in captive lizard,

tivity than in wild lizards; thus, the abundances of Lachnospiraceae

indicating that the mad-made environments are often not suitable

and Veillonellaceae were lower in captivity than in wild lizards. At the

for wild northern grass lizards.

genus level, the most dominant genus was Citrobacter in wild lizards
and Morganella in captive lizards. However, these genus-level differ-
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APPENDIX A
TA B L E A 1 The number of operational taxonomic units (OTUs)
and different bacterial taxonomic units of each sample for north
grass lizard
Samples

OTUs

Phylum

Class

Order

Family

Genus

NJ_11

208

12

22

34

65

114

NJ_12

111

11

17

25

47

74

NJ_13

107

12

17

21

41

65

NJ_14

91

7

13

20

42

48

NJ_21

130

10

18

25

55

73

NJ_22

139

11

22

27

55

86

NJ_23

124

11

21

27

54

75

NJ_24

154

9

18

29

48

83

Total

286

12

24

41

76

127

TA B L E A 2 The mean relative abundance of gut bacterial taxa at functional gene pathway levels in wild and captivity groups and the
t-test results
Pathway level1

Pathway level2

Wild

Captivity

Cellular processes

Transport and catabolism

0.23415

0.26757

t values

p values

4.88012

0.00277

Cellular processes

Cell motility

2.49469

3.32073

4.60366

0.00368

Cellular processes

Cell growth and death

0.55630

0.42058

3.58020

0.01164

Environmental information processing

Signaling molecules and interaction

0.15159

0.13838

4.36199

0.00476

Environmental information processing

Signal transduction

2.81138

3.00350

4.05231

0.00671

Environmental information processing

Membrane transport

17.10073

17.32874

3.31190

0.01617

Genetic information processing

Replication and repair

8.23937

8.59788

5.03147

0.00238

Genetic information processing

Folding, sorting and degradation

2.96052

2.84124

4.84711

0.00286

Genetic information processing

Translation

5.00362

5.15159

4.71119

0.00329

Genetic information processing

Transcription

2.97263

3.28141

2.95169

0.02556

Human diseases

Immune system diseases

0.05005

0.06190

5.32681

0.00178

Human diseases

Cancers

0.15752

0.15389

4.79998

0.00300

Human diseases

Infectious diseases

0.70915

0.71747

4.43994

0.00438

Human diseases

Neurodegenerative diseases

0.23712

0.25917

4.21048

0.00562

|

ZHOU et al.

TA B L E A 2
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Continued

Pathway level1

Pathway level2

Human diseases

Cardiovascular diseases

Wild

Captivity

t values

p values

0.00382

0.00076

4.05340

0.00670

Human diseases

Metabolic diseases

0.13204

0.10969

3.20886

0.01839

Metabolism

Nucleotide metabolism

3.79570

4.09155

5.16396

0.00209

Metabolism

Biosynthesis of other secondary metabolites

0.99228

0.77951

5.01483

0.00242

Metabolism

Enzyme families

2.68218

2.32961

4.82569

0.00292

Metabolism

Metabolism of terpenoids and polyketides

2.03967

1.91544

4.79856

0.00301

Metabolism

Metabolism of cofactors and vitamins

5.55290

4.86749

4.70785

0.00330

Metabolism

Amino acid metabolism

10.05642

10.60224

4.67351

0.00342

Metabolism

Glycan biosynthesis and metabolism

2.50943

2.89898

4.40636

0.00454

Metabolism

Lipid metabolism

3.36062

3.62387

4.38497

0.00464

Metabolism

Metabolism of other amino acids

1.94112

2.05534

4.37699

0.00468

Metabolism

Xenobiotics biodegradation and metabolism

Metabolism

Carbohydrate metabolism

Metabolism

2.69500

2.63665

4.17199

0.00587

11.53190

11.80087

3.95635

0.00748

Energy metabolism

8.26715

6.12005

3.57251

0.01175

Organismal systems

Nervous system

0.09722

0.08313

4.97648

0.00251

Organismal systems

Environmental adaptation

0.12107

0.13984

4.74883

0.00316

Organismal systems

Immune system

0.07032

0.06277

4.10302

0.00634

Organismal systems

Endocrine system

0.34236

0.26170

3.22479

0.01803

Organismal systems

Excretory system

0.04006

0.03632

3.12052

0.02057

Organismal systems

Digestive system

0.07471

0.02583

2.62491

0.03933

Organismal systems

Circulatory system

0.01522

0.01429

2.25164

0.06529

Note: The degrees of freedom in all t-tests are 6.

FIGURE A1

Length distribution of trimmed sequences

16 of 16

|

ZHOU et al.

F I G U R E A 2 Alpha diversity index
curve. (a) Shannon index curve; (b) Good's
coverage index curve

