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1  |  INTRODUC TION

Microbial composition and relative abundance in the gut microbiota 
have been studied in a wide variety of animals, such as mammals 

(Huang et al., 2021; Kartzinel et al., 2019), birds (Capunitan et al., 
2020; Videvall et al., 2019), reptiles (Qu et al., 2020; Zhou et al., 2020), 
amphibians (Chang et al., 2016; Kohl et al., 2013), fishes (Li et al., 
2014; Zhu et al., 2021), and many invertebrates (Chen et al., 2021). 
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Abstract
Composition and diversity in gut microbiota are impacted by a wide variety of fac-
tors. The similarity of gut microbiota in related or sympatric species has been gain-
ing	recent	traction.	Here,	16S	rRNA	gene	sequencing	technology	was	employed	to	
study the gut microbiota of three sympatric frog species, namely Odorrana tormota, 
O. graminea, and Amolops wuyiensis. In these three frog species, the most abun-
dant phylum was Proteobacteria, followed by Bacteroidetes, Verrucomicrobia, and 
Firmicutes. The most abundant family was Burkholderiaceae in three species. The 
most dominant genera were Burkholderia, Caballeronia, and Paraburkholderia with the 
highest relative abundance in O. tormota, O. graminea, and A. wuyiensis, respectively. 
No differences were observed in alpha diversity indexes among the three frog species. 
However, bacterial similarity of gut microbiota was significantly different between 
O. tormota and A. wuyiensis and between O. graminea and A. wuyiensis. Metabolism- 
related gene function was predominantly enriched in the gut microbiota of the three 
evaluated frog species. From these findings, that the relative abundance of the gut 
microbiota and predicted gene functions differed in three species, we conclude that 
there were significant differences in the gut microbiota of the three species. Similar 
alpha diversity and interspecific bacterial similarity in the gut might be related to bac-
terial	transmission	among	the	three	Anura	frogs	evaluated	in	this	study.
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Amphibians	are	considered	key	species	in	the	evolution	of	aquatic	
to terrestrial vertebrates (Takei, 2015). Moreover, most amphibians 
have complex life- history traits across aquatic and terrestrial hab-
itats (Petranka, 2007). Despite their evolutionary importance, re-
search on the gut microbiota of amphibians is advancing at a slower 
pace compared to other vertebrate species, and only a limited num-
ber of studies have been carried out in a few species (Bletz et al., 
2016; Chang et al., 2016; Huang et al., 2018; Kohl et al., 2013; Ya 
et al., 2019; Zhang, Gaughan, et al., 2019). Previous studies have 
shown that the dominant phyla in the gut microbiota of adult am-
phibians are Firmicutes, Bacteroidetes, and Proteobacteria (Huang 
et al., 2018) and that their diversity and relative abundance varied 
with life- history stages and animal surroundings (Bletz et al., 2016; 
Zhang, Gaughan, et al., 2019). It is widely accepted that the gut mi-
crobiota plays an important role in nutrient absorption and digestion 
(Greer et al., 2016), vitamin biosynthesis (Huang et al., 2021), patho-
gen defense (Jing et al., 2020), and immune regulation (Dimitriu 
et al., 2013), thus affecting ecological adaptation (Kartzinel et al., 
2019).

The composition and relative abundance of gut microbiota are 
influenced by multiple intrinsic and extrinsic factors and processes. 
Intrinsic factors can include host evolutionary status (Kartzinel 
et al., 2019), health status (Zeevi et al., 2019), and age (Videvall et al., 
2019), whereas extrinsic factors include dietary habits (Tang et al., 
2020), habitat (Zhang et al., 2018), and captivity (Zhou et al., 2020). 
For instance, the microbial relative abundance and associated func-
tion of the gut microbiota of two turtle species during long- term do-
mestication under the same conditions differed due to differences 
in genotypes (Qu et al., 2020). It has been shown that diversity in 
the gut microbiota of ostriches gradually increased with age and 
was impacted by cessation of yolk absorption (Videvall et al., 2019). 
Moreover, gut bacterial composition might differ within the same 
host species due to differences in microhabitat or dietary habits. 
For example, significant differences were found in the gut microbial 
composition of Phrynocephalus vlangalii living at different altitudes 
(Zhang et al., 2018). Moreover, gut bacterial composition and associ-
ated gene functions in laying hens were altered by heat stress (Zhu 
et al., 2019). Therefore, the impact of various factors on gut microbi-
ota composition and relative abundance has been the research focus 
of many studies.

Gut microbiota is affected by environmental factors, includ-
ing agricultural activity (Huang et al., 2018; Ya et al., 2019), habi-
tat (Fontaine et al., 2018; Huang et al., 2018), dietary habits (Chang 
et al., 2016), host genotype (Kartzinel et al., 2019), age (Vences et al., 
2016),	and	health	status	(Montalban-	Arques	et	al.,	2015). Predicting 
the functions of the gut microbiota could contribute to the under-
standing of the physiological status and interspecific niche separa-
tion in hosts under different environmental conditions (Barelli et al., 
2015; Huang et al., 2018). It has been demonstrated that high di-
versity in bacterial gene functions in farmland frogs correlated with 
diseases and pesticide degradation (Huang et al., 2018). In addition, 
several bacterial taxa (e.g., genus Cellvibrio) are known to contribute 
to adaptation to low temperatures and survival during hibernation 

in a terrestrial amphibian (Plethodon cinereus) (Fontaine et al., 2018). 
Therefore, functional changes in gut microbiota have an important 
effect on the health and survival of amphibians.

The relationship among sympatric species has been receiving 
considerable attention due to the potential gut bacterial transmis-
sion. The alpha and beta diversities of gut microbiota from Bufo 
gargarizans and other frog species were similar (Xu et al., 2020). 
Moreover, it has been shown that captive snakes (Naja atra and 
Elaphe carinata) share similar bacterial communities in the gut 
(Zhang et al., 2019). However, significant differences in the gut bac-
terial community structure were found among different frogs from a 
mountain area (Shu, Hong, Tang, et al., 2019). Therefore, comparing 
the gut microbiota of different amphibians is of great significance for 
understanding potential microbial transmission in sympatric species.

Here,	we	studied	the	gut	microbiota	of	three	Anura	frogs,	includ-
ing Odorrana tormota, O. graminea, and Amolops wuyiensis (Figure 1), 
which commonly occur in southeast and central China (Fei et al., 
2009). These species have been widely studied for their acoustic 
communication, morphology, molecular biology, and phylogeny 
(Chen et al., 2020; Fei et al., 2009; Feng et al., 2006; Shen et al., 
2011).	 Although	 the	 microhabitats	 of	 these	 three	 species	 differ	
slightly (Fei et al., 2009), they are all commonly found on rocks near 
streams. These species are distributed along mountain streams and 

F I G U R E  1 Photograph	of	the	species	studied	(a)	Odorrana 
tormota, (b) Odorrana graminea, and (c) Amolops wuyiensis
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congregate in large numbers during the breeding reason in mountain 
streams. We can usually observe these three species in a transect 
less than 50 meters long in our collection site. This will provide a 
good model for the study on the gut microbial differences in sym-
patric frogs. Therefore, we would like to verify the potential of gut 
microbiome transmission in sympatric species by comparing the sim-
ilarity of gut microbiota.

2  |  MATERIAL AND METHODS

2.1  |  Sample collection

A	total	of	21	adult	male	frogs	from	three	species,	namely	O. tormota 
(n = 11), O. graminea (n = 7), and A. wuyiensis (n = 3) were collected 
in	mid-	April	2020	within	the	same	collection	site	at	an	altitude	of	
530	m	 in	Huangshan,	Anhui,	Eastern	China	 (30°	45’N,	118°	9’E).	
The collection site was a transect no more than 50 meters long 
along the stream which the water temperature was 14.7 ℃. We 
began to collect samples at 6:30 pm. Snout- vent length (SVL) was 
32.53 ± 0.27 mm in O. tormota (ranging from 31.02– 33.79 mm), 
49.98 ± 0.81 mm in O. graminea (ranging from 47.84– 54.04 mm), 
and 42.24 ± 1.12 mm in A. wuyiensis (within the range of 39.63– 
46.57 mm). Frogs were euthanized immediately using 1% aqueous 
solution	 of	 tricaine	 methanesulfonate	 (MS-	222,	 Sigma-	Aldrich),	
and the intestinal tract of frogs was collected in full. The intestinal 
content was obtained by constriction and scraping under sterile 
conditions and transferred to a sterile centrifuge tube and stored 
at	−80°C	until	further	use	for	DNA	extraction.	The	present	study	
did not involve endangered or protected species. Experimental 
procedures adopted in the present study were approved by the 
Institutional	Animal	Care	and	Use	Committee	of	Nanjing	Normal	
University and were conducted in accordance with related guide-
lines	(IACUC20200511).

2.2  |  DNA extraction and two- step 16S rRNA 
gene sequencing

E.Z.N.A.®	stool	DNA	Kit	 (Omega	Bio-	tek)	was	used	to	obtain	total	
bacterial	DNA	according	to	manufacturer's	instructions.	DNA	quan-
tity and purity were measured using Qubit@3.0 (Thermo Scientific) 
and	1.0%	agarose	gel	electrophoresis,	respectively.	Total	DNA	was	
used	 in	 PCR	 amplifications	 targeting	 the	 16S	 rRNA	 V3–	V4	 genes	
using	 the	 universal	 primers	 341F	 (5’-	CCTACGGGNGGCWGCAG-		
3’)	 and	805R	 (5’-	GACTACHVGGGTATCTAATCC-		3’).	PCR	was	per-
formed in the reaction system with the total volume of 30- μl, which 
consisted of 1 μl of forward primers, 1 μl of reverse primers, 15 μl 
of 2×Taq	Master	Mix,	 and	20	ng	of	genomic	DNA.	Thermocycling	
conditions	were	as	follows:	initial	denaturation	at	94°C	for	3	min;	fol-
lowed	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;	followed	by	a	final	extension	
at	72°C	for	5	min.	Subsequently,	two	unique	8-	base	barcodes	were	

introduced	to	both	extremities	of	16S	rRNA	amplicons.	PCR	amplifi-
cations	were	performed	as	follows:	denaturation	at	95°C	for	3	min;	
followed	by	5	cycles	of	94°C	for	20	s,	55°C	for	20	s,	and	72°C	for	
30	s;	and	final	extension	at	72°C	for	5	min.	PCR	amplicons	were	ob-
tained, purified, and quantified, and equivalent amounts of PCR am-
plicons were sequenced in the Illumina MiSeq platform using MiSeq 
Reagent Kit V3 (Illumina, Sangon Biotech Co., Ltd, Shanghai, China) 
according	to	manufacturer's	instructions.

2.3  |  Data analysis

Raw	DNA	sequences	were	trimmed	of	primer	sequences	and	paired-	
end	 reads	 were	 merged	 using	 PEAR	 0.9.6	 (Zhang	 et	 al.,	 2014). 
Merged sequences were assigned to each sample according to their 
unique barcodes, disqualified reads were filtered out, and chimeric 
sequences	 were	 removed	 using	 DADA2	 package	 (Callahan	 et	 al.,	
2016) and QIIME2 (Bolyen et al., 2019). Clean amplicon sequence 
variants	 (ASVs)	 were	 deposited	 in	 the	 National	 Genomics	 Data	
Center	(NGDC)	GSA	database	(accession	number	CRA005778).	q2-	
fragment- classifier method in QIIME 2 against the Greengenes 13.5 
database	was	used	to	assign	each	ASV	to	clusters	into	97%	similarity	
of operational taxonomic units (OTUs). To avoid large partial sample 
deviations, OTUs with the number greater than 10 in at least two 
samples were conserved for further analysis using QIIME2. Relative 
abundance of OTUs was standardized according to the sample with 
the least sequence number for further analysis.

MOTHUR 1.30.1 (Schloss et al., 2019) was used to calculate 
alpha- diversity indexes, that is, community richness parameters 
(Chao1 index) and community diversity parameters (Shannon index), 
and data were processed in R v4.0 (R Development Core Team, 
2020). Kruskal– Wallis test was conducted to compare differences 
in alpha diversity indexes among the three frog species. Principal 
component	analysis	 (PCA)	based	on	unweighted	UniFrac	distances	
was employed to determine beta- diversity among the three frog 
species. Cluster analyses exploring similarities between gut mi-
crobial community composition from different frog species were 
performed	using	 the	analysis	of	similarity	 (ANOSIM)	based	on	un-
weighted UniFrac distances. Linear discriminant analysis effect size 
(LEfSe)	and	linear	discriminatory	analysis	(LDA)	(Segata	et	al.,	2011) 
were performed to compare microbial relative abundances at dif-
ferent taxonomic levels among different samples and evaluate the 
proportion of each level in the present study, only bacterial taxa with 
a	logLDA	score	>3.5 and p < .05 were considered in analysis.

PICRUSt was conducted to query protein sequences and pre-
dict gene functions based on the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) database (Kanehisa, 2019). Predicted gene func-
tions were then assigned to the corresponding KEGG pathways 
(Langille et al., 2013) and the relative abundance in each pathway 
was	determined.	A	Venn	diagram	was	plotted	to	 illustrate	distri-
bution	of	KOs	genes	among	different	frog	species.	LEfSe	and	LDA	
were used to compare the relative abundance of gene functions 
from KOs level 1– 3 among the three frog species and only gene 
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functions	with	 log	LDA	score	>2	were	considered.	All	values	are	
presented as mean ± standard deviation, and significance level 
was α = 0.05.

3  |  RESULTS

3.1  |  Gut microbiota characterization and 
operational taxonomic units (OTUs) classification

A	 total	 of	 1,612,658	 high-	quality	 reads	 were	 obtained	 from	
1,754,959 raw reads from 21 samples. Rarefaction curves indicated 
that bacterial species richness and diversity stabilized as the number 
of sequences increased and are unbiased for each sample (Figure 
S1).	 A	 total	 of	 2573	OTUs	were	 identified	 at	 97%	 sequence	 simi-
larity, and each sample contained 145– 775 OTUs (Table S1); OTUs 
were grouped into 24 phyla, 49 classes, 111 orders, 207 families, and 
473 genera based on phylogenetic classification (Table S1).

3.2  |  Composition and abundance of gut 
microbiota in different species

Proteobacteria, Bacteroidetes, Verrucomicrobia, and Firmicutes 
were the most abundant phyla (Figure 2a). Proteobacteria was the 
most dominant phylum in the gut microbiota of the three frog species, 
accounting for 91.10 ± 1.80%, 83.69 ± 9.79%, and 83.52 ± 9.69% in 
O. tormota, O. graminea, and A. wuyiensis, respectively (Figure 2a). 
The second most abundant phylum was Bacteroidetes in O. tor-
mota (3.95 ± 0.76%), Firmicutes in O. graminea (11.37 ± 9.91%), and 
Verrucomicrobia in A. wuyiensis (8.29 ± 6.53%) (Figure 2a). The 
third most abundant phylum was Verrucomicrobia in O. tormota 
(3.60 ± 1.30%) and O. graminea (4.08 ± 1.40%), and Bacteroidetes 
in A. wuyiensis (4.23 ± 2.23%) (Figure 2a). The relative abundance of 
other phyla did not exceed 1% in all three species (Figure 2a).

Overall, 8 families were dominant in O. tormota, 9 in O. gram-
inea, and 15 in A. wuyiensis with the relative abundance of over 1% 
(Figure 2b). Burkholderiaceae was the dominant family with the 
highest relative abundance among the three frog species, account-
ing for 56.48 ± 7.22% in O. tormota, 69.26 ± 10.21% in O. graminea, 
and 58.15 ± 17.92% in A. wuyiensis (Figure 2b). The dominant families 
with a relative abundance greater than 3% were Enterobacteriaceae 
(10.99 ± 2.82%), Moraxellaceae (5.52 ±	 2.38%),	 Aeromonadaceae	
(5.49 ±	 2.77%),	 and	 Akkermansiaceae	 (3.60	 ± 1.30%) in O. tor-
mota, Clostridiaceae_1 (10.82 ± 9.89%) and Sphingomonadaceae 
(3.67 ± 0.63%) in O. graminea,	and	Akkermansiaceae	(8.29	± 6.53%) 
and Enterobacteriaceae (3.80 ± 2.87%) in A. wuyiensis (Figure 2b).

At	the	genus	level,	Burkholderia, Caballeronia and Paraburkholderia 
were the genera with the highest relative abundance, account-
ing for 52.05 ± 7.49% in O. tormota, 65.00 ± 9.83% in O. graminea, 
and 51.81 ± 19.04% in A. wuyiensis (Figure 2c). Subdominant gen-
era in O. tormota included Acinetobacter (5.52 ± 2.38%), Aeromonas 
(5.44 ± 2.74%), Citrobacter (4.61 ± 1.59%), and Akkermansia 

(3.60 ± 1.30%), whereas dominant genera in O. graminea and A. 
wuyiensis were Clostridium sensu stricto 1 (10.71 ± 9.90%) and 
Akkermansia (8.29 ± 6.53%), respectively (Figure 2c).

3.3  |  Differences in gut microbiota composition 
among different species

The Kruskal– Wallis test showed that no significant differences in 
Shannon (H = 3.33, df = 2, p = .19) and Chao1 (H = 0.57, df = 2, 
p = .75) indexes were found among the three frog species (Figure 3). 
PCA	showed	no	significant	separation	among	the	21	samples	with	
two	 first	 components	 (PCA1	 and	 PCA2),	 accounting	 for	 31%	 and	
14% of the total variance in the samples, respectively (Figure 4). In 
contrast,	ANOSIM	analysis	revealed	significant	differences	in	bacte-
rial similarity among the three frog species (R = 0.30, F2,18 = 1.59, 
p = .01). Further analysis showed significant differences in gut bac-
terial composition between O. tormota and O. graminea (R = 0.33, 
F1,16 = 1.80, p = .009), but not between O. tormota and A. wuyiensis 
(R = 0.35, F1,12 = 1.57, p = .13) and between O. graminea and A. wuy-
iensis (R = 0.04, F1,8 = 1.26, p = .38).

LEfSe analysis showed that there were significant differences 
in the gut bacterial taxon among the three species (Figure 5a). 
Considering bacterial taxa distribution, only bacteria in the lowest 
taxon	 among	different	 species	 are	 listed.	At	 the	 family	 level,	 LDA	
analysis showed that Clostridiaceae 1 (LDA = 4.73, p = .03) was 
present at greater proportion in O. graminea (Figure 5b). The rela-
tive abundance of Micrococcales (LDA = 3.50, p = .01) at the order 
level, Enterobacteriaceae (LDA = 4.47, p = .05) at the family level, 
and Akkermansia (LDA = 4.68, p = .03) at genus level was greater in 
O. tormota (Figure 5b). In A. wuyiensis, bacterial taxa with high rela-
tive abundance included Candidatus amphibiichlamydia (LDA = 3.74, 
p = .02), Crenobacter (LDA = 3.66, p = .01), Bilophila (LDA = 3.61, 
p = .01), and Allorhizobium- neorhizobium- pararhizobium- rhizobium 
(LDA = 3.53, p = .02) at the genus level (Figure 5b).

3.4  |  Function prediction of gut microbiota

The metabolism was the function with the highest relative abun-
dance, accounting for 73.25 ± 0.39% in O. tormota, 73.08 ± 0.94% 
in O. graminea, and 73.38 ± 0.62% in A. wuyiensis, respectively 
(Figure 6a). Other highest- ranked gene functions in descending 
order of relative abundance included cellular processes, genetic in-
formation processing, human diseases, environmental information 
processing, and organismal systems (Figure 6a). The relative abun-
dance of gene function categories at the second enrichment level 
was related to metabolism, namely amino acid metabolism, carbohy-
drate metabolism, metabolism of cofactors and vitamins, xenobiot-
ics biodegradation and metabolism, lipid metabolism, metabolism of 
other amino acids, and global/overview maps (Figure 6b). In addition, 
synthesis and degradation of ketone bodies, biosynthesis of terpe-
noids and steroids, and bacterial chemotaxis were the third- level 
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categories which accounted for over 2% of relative abundance in the 
gut microbiota of the three frog species (Figure 6c).

A	 total	 of	 382	 KOs	 were	 identified	 in	 the	 three	 frog	 species.	
Venn diagram of shared genes indicated that most KOs were shared 
among the different frog species (Figure 6d). LEfSe analysis based on 
KOs revealed evident differences in gene functions among the three 

frog	species.	At	the	third	level,	LDA	discriminant	analysis	indicated	
that the longevity regulating pathway was significantly enriched in 
A. wuyiensis (ko04213; LDA = 2.03, p = .02). The histidine metabo-
lism (ko00340; LDA = 2.59, p = .01), pyruvate metabolism (ko00620; 
LDA = 2.37, p = .04), insect hormone biosynthesis (ko00981; 
LDA = 2.35, p = .04), and primary bile acid biosynthesis (ko00120; 

F I G U R E  2 The	relative	abundance	
of the gut microbiota in three species 
at the phylum (a), family (b), and genus 
(c) levels. Each color in a plot represents 
a taxonomic group, of which the name is 
shown on the right side of the plot. The 
color for “others” indicates all other phyla 
(a), families (b), or genera (c) combined, 
of which the names are not listed in each 
plot
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LDA = 2.29, p = .01) related to metabolism as well as mineral absorp-
tion (ko04978; LDA = 2.17, p = .02) had the higher proportion in O. 
graminea. The lipoic acid metabolism (ko00785; LDA = 3.24, p = .02), 
lipopolysaccharide biosynthesis (ko00540; LDA = 2.88, p = .04), 
biotin metabolism (ko00780; LDA = 2.70, p = .01), ubiquinone 
and other terpenoid- quinone biosynthesis (ko00130; LDA = 2.69, 
p = .004) and acarbose and validamycin biosynthesis (ko00525; 
LDA = 2. 73, p = .02) related to metabolism were enriched in O. tor-
mota (Figure 6e).

4  |  DISCUSSION

In this study, although differences in the relative abundance of 
bacteria	 taxa	and	gene	functions	among	three	Anura	 frogs	were	
significant, their gut microbial community remained highly similar 
(Figures 3- 5). The most dominant phylum in the gut microbiota of 
the three frog species included in this study was Proteobacteria 
with a relative abundance of over 83% (Figure 2), which was 
consistent with the results of previous studies in other amphib-
ians including Rana dybowskii (Tong et al., 2020), R. amurensis 

(Tong, Du, et al., 2019) and Lithobates pipiens (Kohl et al., 2013). 
Conversely, the most dominant phylum differed from another 
conspecific study conducted in other geographic regions (Shu, 
Hong, Tang, et al., 2019) and in other amphibians (Loudon et al., 
2014; Tong, Du, et al., 2019; Weng et al., 2016). For instance, the 
dominant phylum in the gut microbiota of Plethodon cinereus was 
Verrucomicrobia (Loudon et al., 2014), and that of Fejervarya lim-
nocharis was Firmicutes. Compared with another study carried out 
in the Banqiao Provincial Natural Reserve in China, the dominant 
phyla in the gut microbiota of O. tormota were Bacteroidetes (27%), 
Verrucomicrobia (24%), Firmicutes (23%), Fusobacteria (16%) and 
Proteobacteria (9%); the dominant phyla in the gut microbiota 
of A. wuyiensis were Firmicutes (45%), Proteobacteria (21%), 
Fusobacteria (21%), Bacteroidetes (7%), and Verrucomicrobia (3%) 
(Shu, Hong, Tang, et al., 2019). These results suggest that habitat 
significantly impacts gut microbiota composition in frogs, which 
has been demonstrated previously in F. limnocharis and Babina ad-
enopleura collected in natural habitat and farmland sites (Huang 
et al., 2018). However, changes in gut microbiota composition 
within different habitats did not severely impact core physiologi-
cal functions of gut microbiota (Huang et al., 2018).

F I G U R E  3 The	alpha-	diversity	indices	
of gut microbiota among the three 
species, including Shannon– Weiner and 
Chao1

F I G U R E  4 Gut	microbiota	diversity	in	
the three species. Principal coordinates 
analysis of Bray– Curtis distance matrix for 
bacterial community diversity
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Enrichment in the phylum Proteobacteria in gut microbiota is 
closely related to the habitat of evaluated animals. For example, 
Proteobacteria enriched in the gut of salamander larvae can be re-
lated to higher oxygen content in streams (Bletz et al., 2016). Bacteria 
in the phylum Proteobacteria are mainly correlated with catabolism 
and fermentation of complex sugars, and the potential biosynthesis 
of vitamins for the host (Colston & Jackson, 2016). The ratio of the 
relative abundance of Proteobacteria to the sum of the abundance 
of Firmicutes and Bacteroidetes phyla is used as a proxy to measure 
the tolerance of bacteria to cold environments, in which the higher 
the	ratio,	the	stronger	the	tolerance	(Cameron	&	McAllister,	2016). 
In this study, high abundance of the phylum Proteobacteria in the 
three frog species might be related to the low temperature (approx-
imately	14°C)	in	the	stream.

Bacteroidetes and Verrucomicrobia were the subdominant 
phyla in O. tormota, Firmicutes and Verrucomicrobia in O. gram-
inea, and Verrucomicrobia and Firmicutes in A. wuyiensis (Figure 2). 

These bacteria largely contribute to maintenance of host healthy 
and are involved in energy absorption and metabolism. It is known 
that bacteria in the phylum Bacteroidetes can degrade complex 
macromolecules in order to facilitate their absorption by the host 
(Colston & Jackson, 2016). In contrast, bacteria within the phylum 
Firmicutes can produce enzymes involved in fermentation and vi-
tamin B synthesis (Rowland et al., 2018). Finally, bacteria in the 
phylum Verrucomicrobia are potential (poly)saccharide degraders 
(He et al., 2017).

At	different	taxonomic	levels,	gut	microbial	composition	in	frogs	
can be significantly different due to multiple factors, including host 
genotype (Shu, Hong, Tang, et al., 2019), ontogenetic stage (Warne 
et al., 2019), gender (Shu, Hong, Yu, et al., 2019), habitat (Huang et al., 
2018), and captivity (Tong, Liu, et al., 2019). Significant differences 
were found at the taxonomic level in the relative abundance of gut 
microbiota among the three frog species (Figure 5).	A	higher	relative	
abundance of the order Micrococcales (Cui et al., 2018) was found 

F I G U R E  5 Linear	discriminant	analysis	effect	size	(LEfSe)	analysis	of	gut	microbiota	composition	among	the	three	species.	Differences	
in	bacterial	taxa	among	the	three	species	are	determined	by	LEfSe	(a).	LDA	scores	reflect	the	differences	in	relative	abundance	among	the	
three groups (b)
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in O. tormota. The genus Bilophila (Mohajeri et al., 2018) related to 
metabolism in A. wuyiensis. The genus Akkermansia is a biomarker 
for a healthy gut (Swidsinski et al., 2011) and could use mucus as a 
sole carbon and nitrogen source (Derrien et al., 2004) in O. tormota. 
However, a higher relative abundance of the Enterobacteriaceae 
family in O. tormota and Clostridiaceae 1 in O. graminea could be 
considered one of the major harmful microorganisms (Lupp et al., 
2007; Zhou et al., 2015).

In this study, no significant differences were observed in alpha 
diversity of the gut microbiota in these three species (Figure 3). 
Alpha	diversity	is	impacted	by	host	genotype	(Shu,	Hong,	Tang,	et	al.,	
2019), sampling source (Wu et al., 2019), habitat (Zhao et al., 2018), 
and ontogenetic stage (Videvall et al., 2019), whereas gut microbial 
community similarity is affected by factors such as health status 
(Bian et al., 2017) and dietary habits (Rojas et al., 2021). Increased 
gut microbial diversity in sympatric species might be associated with 
a potential intraspecies bacterial transmission. In this context, the 
host could acquire new gut bacteria from other animal species or 
conspecific individuals to maintain high species diversity in terres-
trial vertebrates, such as pikas (Speakman et al., 2021) and lizards 
(Troyer, 1984). Likewise, sympatry can also increase intraspecific 
similarity in the gut microbiota, as observed in pikas and yaks in the 
Tibetan Plateau (Fu et al., 2021). Gut microbial transmission is bene-
ficial for their hosts to broaden their dietary niches (Fu et al., 2021). 
Therefore, it can be hypothesized that a certain degree of microbial 
transmission occurs between O. tormota and A. wuyiensis and be-
tween O. graminea and A. wuyiensis, which resulted in close diver-
sity and similarity of their corresponding gut microbiota. However, 

previous studies revealed significant differences in diversity and 
similarity between O. tormota and A. wuyiensis (Shu, Hong, Yu, et al., 
2019). More studies are required to elucidate whether habitat and 
sampling time may have determined such differences.

In addition, it was demonstrated herein that the gene function 
most enriched in the gut microbiota of the three frog species was 
mainly metabolism with a relative abundance greater than 73% 
(Figure 6). This result is consistent with the function of gut micro-
biota in most amphibians, such as R. dybowskii (Tong et al., 2020) 
and B. gargarizans (Ya et al., 2019). Comparing with differences in 
the relative abundance of gene functions, the most enriched gene 
function in the gut microbiota of O. tormota was related to metabo-
lism, including five different KO categories. Gene function with high 
relative abundance in O. graminea was correlated mainly with me-
tabolism (four KO categories) and also with mineral absorption (1 KO 
category). In the gut microbiota of A. wuyiensis, only the KO related 
to longevity regulating pathway was enriched. Gene functional dif-
ferences in the gut microbiota of the three frog species might be 
correlated with specific host metabolism due to dietary habits or 
other ecological factors.

5  |  CONCLUSIONS

Significant differences were found in the bacterial relative abun-
dance	and	functions	in	the	gut	microbiota	of	the	three	Anura	frogs	
evaluated in this study. Proteobacteria accounted for the highest 
proportion in the gut microbiota of the three frog species, which 

F I G U R E  6 Gene	functional	categories	based	on	16S	RNA	in	the	gut	microbiota	at	top	(a),	second	(b)	and	third	(c)	levels	of	relative	
abundance,	and	Venn	diagram	of	functional	gene	number	of	gut	microbiota	for	three	species	(d).	LDA	scores	reflect	the	differences	in	
relative abundance of gene functions for three species (e). Each color in a plot indicates one gene function. Detailed descriptions are shown 
on the right side of each plot. The colors for others in Plots b and c indicate all other gene functions not listed in these two plots
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might be associated with metabolism and higher stress tolerance in 
cold streams. Similar alpha diversity and high interspecific bacterial 
community similarity in the gut microbiota were found between O. 
tormota and A. wuyiensis and between O. graminea and A. wuyiensis, 
which might be correlated with bacterial transmission among the 
three sympatric frog species.
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