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Gut microbiota of vertebrate hosts play crucial roles for the host they inhabit. In this study, we compared the
composition and predicted functions of gut microbiota of female individuals belonging to four frog species from
different habitats using bacterial 16S rRNA gene sequencing. Our results showed that the gut microbiota of the
examined frog species were dominated by the phyla Firmicutes, Proteobacteria, Bacteriodetes, Verrucomicrobia, and
Fusobacteria. There were significant differences in the relative abundance of dominant phyla among the four species,
although the relative abundance of dominant phyla in the microbiota of individuals of Odorrana tormota was more
evenly balanced (ranged from 10.45% for Fusobacteria to 27.21% for Bacteroidetes). The alpha diversity patterns
varied depending on the microbial taxon level. At the phylum level, the Chao1 diversity was positively associated with
body weight, with the diversity index scores of O. tormota and Amolops wuyiensis markedly lower than those of Odorrana
schmackeri and Polypedates megacephalus. At the genus level, Chao1 diversity was associated with evolutionary
relationships among species, with the Chao1 diversity index score for P. megacephalus of distant evolutionary
relationships being significantly higher than the scores for frogs with close evolutionary relationships. Moreover,
permutational multivariate analysis of variance revealed significant differences in the gut bacterial community
structure among species (R2¼0.510, P¼ 0.001). Further, the predicted functions of the gut microbiota were similar for
species with close evolutionary relationships but differed with distant evolutionary relationships. Taken together, our
results indicate that wild frogs have species-specific microbial communities and provide insight into the ecological and
evolutionary dynamics of host–microbe interactions.

A
NIMAL gut microbiota are complex microbial eco-
systems containing diverse and abundant bacteria.
The gastrointestinal microbiota plays an important

role in nutrient assimilation, as well as in the regulation of
host development and immune responses. As such, the
microbiota is very important for host health (Hooper and
Gordon, 2001; Hooper et al., 2002; Round and Mazmanian,
2009; Nicholson et al., 2012). The host habitat is the primary
filter of the gut microbial community (Ley et al., 2006;
Sullam et al., 2012), and some studies indicate that the
external environment affects the intestinal environment
through the acquisition of habitat-specific gut microbiota
(Ley et al., 2006; Sullam et al., 2012; Wong and Rawls, 2012;
Christos et al., 2015; Bletz et al., 2016; Chang et al., 2016).
Both abiotic and biotic environmental conditions, including
environmental microbes, diet, season, temperature, salinity,
and pH, have been associated with gut microbiota compo-
sition (Christos et al., 2015; Nougué et al., 2015; Kohl and
Yahn, 2016). The host gastrointestinal environment can be
considered a second-layer filter for selecting microbes that
arrive from the external environment (Feld et al., 2008;
Thomas et al., 2011; Kohl et al., 2013). Other studies have
also suggested that exogenous (environmental) and endog-
enous (host) factors could synergistically shape the gut
microbial community (Vences et al., 2016; Huang et al.,
2017). Therefore, the adaptability of the host to the habitat,
the internal (intestinal) environment of the host, and the

dynamics of the internal and external bacteria could together
shape the intestinal microbial community (Ley et al., 2006).

Although numerous internal and external factors contrib-
ute to the community composition of the gut microbiota,
host genetic variation may play a role in determining
microbiota composition. Comparisons of the gut microbiota
from different species of human and non-human primates
(Ochman et al., 2010; Yildirim et al., 2010; Davenport et al.,
2015; Camarinha-Silva et al., 2017) found that variation in
the composition of the distal gut microbiota is often related
to evolutionary distances among these host species. Host-
associated microbes comprise an integral part of animal
digestive systems, and these interactions have a long
evolutionary history. As yet, there has been limited research
on the effects of the evolutionary relationships of wild frog
species on gut microbial composition.

To date, most interactions between endogenous and
exogenous factors and gut microbiota composition remain
unclear, despite many studies on the impact of both the host
and external environment on gut microbiota. In a recent
study comparing the composition and predicted functions of
gut microbiota from two frog species from forests and
farmland, the authors found that compositional differences
in gut microbial specialists were related to habitat, but not to
the host or host–habitat interaction (Huang et al., 2017). The
study also predicted a significant effect of habitat on the
physiological and metabolic functions of gut microbiota.
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Other studies have also suggested that sex and body mass
index could, individually and jointly, contribute to differ-
ences in the gut microbiota (Dominianni et al., 2015). The
average body weights of adult females belonging to the four
frog species examined in the current study (Odorrana tormota,
Odorrana schmackeri, Amolops wuyiensis, and Polypedates
megacephalus) differ significantly. Adult females of O.
schmackeri and P. megacephalus are a similar weight, as are
adult females of O. tormota and A. wuyiensis. However, the
average weight of the former two species is significantly
greater than that of the latter two species (Chen, 1991; Fei,
1999). Therefore, the current study evaluated the relative
effects of host body mass on the gut microbial composition
of the four selected sympatric frog species. We also compared
the influence of habitat on the gut microbiota of females
from each of the frog species because the four species inhabit
two different types of environment, with O. tormota, O.
schmackeri, and A. wuyiensis inhabiting mountain streams,
while P. megacephalus is found in mountain ponds or rice
paddies. Additionally, we compared the functional diversity
of gut bacteria among species with distant or close evolu-
tionary relationships.

MATERIALS AND METHODS

Animals and ethics statement.—All experiments were per-
formed in accordance with the relevant animal ethics
guidelines and regulations granted by Anhui Normal Uni-
versity (AHNU). All samples used in this study were collected
with the permission of the management bureau of the
Banqiao Provincial Natural Reserve.

Sampling and study design.—Nineteen adult female frogs were
collected from Banqiao Provincial Natural Reserve, Anhui
Province, China, during the 2017 breeding season. The frogs
belonged to four different species, and were collected from
one mountain stream (O. tormota, n ¼ 6, RTF1–RTF6; A.
wuyiensis, n¼4, AWF1–AWF4; and O. schmackeri, n¼5, RSF1–
RSF5) and one mountain pond (P. megacephalus, n¼ 4, RLF1–
RLF4). Because all of the selected frog species except A.
wuyiensis exhibit distinct sexual dimorphism, with females
being much larger than males, we selected only adult females
for the current study to allow comparison of the influence of
host body weight on the gut microbiota without the
confounding effect of sex. The distance between the two
sampling sites was approximately 2 km. The average weights
of O. tormota, A. wuyiensis, O. schmackeri, and P. megacephalus
were 12.00 60.07a, 30.34 61.15b, 10.38 60.11a and
25.8060.38b, respectively (mean6SEM; a and b superscripts
indicate significant differences by one-way ANOVA with
post-hoc least significant differences testing in average
weights between species [P , 0.05]; cited by Chen [1991]).
Individuals from each of the different species were isolated in
plastic boxes containing the same plant material and water as
was found in their natural environment and then transport-
ed to the laboratory. Frogs were euthanized by MS-222
overdose and intestines collected using forceps and scissors
that had been sterilized by both autoclave and UV-light to
prevent bacterial contamination from the external environ-
ment. All samples were then stored at –808C until further
processing.

DNA extraction.—DNA was extracted from the contents of
each intestine using a FastDNA SPIN Kit for Soil (MoBio
Laboratories, Carlsbad, CA) according to the manufacturer’s

instructions. The concentration and purity of the extracted
DNA were determined using a TBS-380 fluorometer and
NanoDrop2000 spectrophotometer, respectively. DNA qual-
ity was examined by 1% agarose gel electrophoresis. All DNA
samples were stored at –208C until further use.

PCR amplification and MiSeq DNA sequencing.—Bacterial 16S
rRNA genes were amplified from all samples and sequenced
using a barcode sequencing technique. A set of ten-
nucleotide barcodes was added to universal forward (338F,
50–ACTCCTACGGGAGGCAGCAG–30) and reverse (806R, 50–
GGACTACHVGGGTWTCTAAT–30) primers, targeting the V3-
V4 region of the bacterial 16S rRNA gene (Xu et al., 2016).
The PCR amplification program consisted of 30 cycles of 30 s
at 958C (3 min in first cycle), 30 s at 558C, and 45 s at 728C.
The program was followed by 10 min at 728C to allow
extension of all products. PCR amplification was carried out
using the Illumina MiSeq platform (Illumina, San Diego, CA)
by Majorbio Bio-Pharm Technology Co (Shanghai, China)
according to standard protocols.

Bioinformatics and statistical analyses.—The data were ana-
lyzed on the free online platform of Majorbio I-Sanger Cloud
Platform (https://www.i-sanger.com). Raw fastq files were
demultiplexed, quality-filtered by Trimmomatic (http://
www.usadellab.org/cms/?page¼trimmomatic) and merged
by FLASH (https://ccb.jhu.edu/software/FLASH/) using the
following criteria: (i) the raw reads were truncated at any site
with an average quality score ,20 over a 50 bp sliding
window; (ii) primers were matched allowing two nucleotide
mismatches, and reads containing ambiguous bases were
removed; (iii) sequences that overlapped by .10 bp were
merged according to their overlap sequence.

Operational taxonomic units (OTUs) were clustered using
UPARSE (version 7.0 https://drive5.com/uparse/) with a 97%
similarity cutoff, while chimeric sequences were identified
and removed using UCHIME (version 4.2.40). The taxonomy
of each 16S rRNA gene sequence was analyzed using the RDP
Classifier algorithm (version 2.2; https://sourceforge.net/
projects/rdp-classifier/; default confidence threshold of 0.7)
against the Silva (SSU128) 16S rRNA database (Release 128;
https://www.arb-silva.de) using a confidence threshold of
70%. The original OTU table was randomly leveled according
to the minimum number of sample sequences using mothur
software (version 1.30.2) to make the data uniform. All data
analysis was based on the uniform OTU table generated in
this study. The raw sequence data were deposited into the
NCBI GenBank database under accession number SRP131550
(https://www.ncbi.nlm.nih.gov/sra/SRP131550).

Alpha diversity was calculated using Chao1 and compared
with Kruskal-Wallis H tests. The mothur package (version
1.30.1; https://www.mothur.org/wiki/454_SOP#Alpha_
diversity) was used to calculate Chao1 richness of the
microbial communities, while the Kruskal-Wallis H test was
used to analyze differences among multiple sample species
using Stamp (version 2.1.3; Donovan et al., 2014). The
Wilcoxon matched pair rank test (wilcox.test function of the
‘‘stats’’ package in R software version 3.2.2) was performed to
test the differential abundance of bacteria at each taxon level.
Significant differences in gut microbiota structure were
analyzed by permutational multivariate analysis of variance
(PERMANOVA) using the Bray-Curtis distance algorithm and
999 permutations. Non-metric multidimensional scaling
(NMDS) and principal co-ordinates analysis (PCoA) were
used to visualize the beta diversity matrix. NMDS and PCoA
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were analyzed by R (version 3.2.2) using metaMDS function
of the ‘‘vegan’’ package with the Bray-Curtis distance
algorithm and the cmdscale function of the ‘‘stats’’ package
with the Bray-Curtis distance algorithm, respectively.

To predict physiological and metabolic functions of the gut
microbiota, we used Phylogenetic Investigation of Commu-
nities by Reconstruction of Unobserved States (PICRUSt), a
functional prediction tool for estimating the shared gene
content according to the corresponding microbiome phy-
logeny (Langille et al., 2013). PICRUSt used an extended
ancestral-state reconstruction algorithm to determine the
composition of gene families for each metagenome. A
‘‘virtual’’ metagenome with gene content abundance was
then generated using Clusters of Orthologous Groups (COG)
analysis, as follows: (i) predicted 16S rRNA sequences were
used to standardize the PICRUSt OTU abundance table, to
remove the influence 16s marker genes on the number of
copies in the species genome; (ii) through the greengene IDs
corresponding to each OTU, the corresponding COG family
information was obtained, and the abundance of each COG
was calculated; (iii) according to the information from the
COG database, the description of each COG and its
functional information were parsed from the eggNOG
database (version 4.0), resulting in a functional abundance
spectrum. Differences of body weight and functional differ-
ences in the gut microbiota were analyzed by one-way
ANOVA using SPASS 19.0.

Phylogenetic analysis of frogs.—Phylogenetic relationships
among the four species (O. tormota, O. schmackeri, A.
wuyiensis, and P. megacephalus) were reconstructed based on
mitochondrial cytochrome oxidase I (COI) gene sequences.

The corresponding gene sequences were downloaded from

GenBank (accession numbers are given in Fig. 1). Xenopus
laevis was used as the outgroup taxon. The pairwise distances

of COI genes were generated using the maximum composite

likelihood method in MEGA program (version 6.0).

RESULTS

Dominant gut microbial phyla in each of the four species of
frog.—A combined total of 735,444 high-quality sequence

reads was obtained for all samples, with an average of

495.50642.72 OTUs per species. The gut microbial commu-
nities were dominated by bacteria belonging to the phylum

Firmicutes (ranging from 23.12% for O. tormota to 62.47%

for P. megacephalus), followed by Proteobacteria (ranging
from 13.91% for O. tormota to 20.72% for A. wuyiensis),

Bacteroidetes (ranging from 6.76% for A. wuyiensis to

27.31% for O. tormota), Verrucomicrobia (ranging from
3.26% for A. wuyiensis to 24.13% for O. tormota), and

Fusobacteria (ranging from 0.92% for O. schmackeri to

21.41% for A. wuyiensis; Fig. 2A and Supplementary Table
1; see Data Accessibility). These phyla accounted for more

than 96% of the gut microbial communitites of the four
species of frog from both habitats (O. tormota: 98.91%, O.

schmackeri: 98.82%, A. wuyiensis: 98.14%, P. megacephalus:

96.62%).

Alpha diversity of the gut microbiota of the four species of
frog.—The alpha diversity of gut bacterial communities,

represented by Chao1 index, was compared between species,

with significant differences identified among the four species
of frog (Table 1). At the phylum level, the Chao1 index values

for both O. tormota and A. wuyiensis were markedly lower

than those of O. schmackeri and P. megacephalus. However, no
significant differences were found in Chao1 index scores

between O. tormota and A. wuyiensis (P¼0.723), and between

O. schmackeri and P. megacephalus (P ¼ 0.400). Furthermore,
the differences in Chao1 index between species were

consistent with the differences in body weight. At the genus

level, Chao1 index scores among O. tormota, O. schmackeri,
and A. wuyiensis showed no significant differences, but all

three differed from P. megacephalus.

Fig. 1. Phylogenetic tree using maximum composite likelihood
method based on the COI genes of four species (O. tormota, O.
schmackeri, A. wuyiensis, and P. megacephalus) with Xenopus laevis as
an outgroup. See Data Accessibility for tree file.

Fig. 2. (A) Comparison of the taxonomic compositions of the gut microbiota of the four frog species at the phylum level. AWF, Amolops wuyiensis;
RSF, Odorrana schmackeri; RTF, Odorrana tormota; RLF, Polypedates megacephalus. (B) Non-metric multidimensional scaling showing differences
in the gut microbiota of the four species. Odorrana tormota, A. wuyiensis, and O. schmackeri were collected from a mountain stream, whereas P.
megacephalus was collected from a pond.
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Influence of host on the gut microbiota of frog species.—In the
current study, PERMANOVA was used to analyze differences
in the structure of the gut bacterial communities of frog
species. These comparisons revealed significant differences in
gut bacterial community structure among species (all species:
R2 ¼ 0.510, P ¼ 0.001; O. tormota, O. schmackeri, and A.
wuyiensis: R2 ¼ 0.423, P ¼ 0.001). NMDS (stress 0.163) and
PCoA revealed significant differences among the communi-
ties at the OTU level (Fig. 2B and Supplementary Fig. 1,
respectively; see Data Accessibility), and bacterial community
structure analysis showed that O. tormota, O. schmackeri, and
A. wuyiensis clustered together and were distant from P.
megacephalus. Supporting this, the phylogenetic tree of the
four speciecs based on COI gene sequences showed that O.
tormota, O. schmackeri, and A. wuyiensis were closely clustered
but were distant from P. megacephalus (Fig. 1).

Species-based microbiota differences based on functional pre-
diction via PICRUSt.—As statistical analyses demonstrated that
gut microbiota could be differentiated among the four frog
species, we investigated whether the communities from the
different host species could be functionally differentiated
based on metabolism or physiology. Bioinformatic functional
profiling by PICRUSt (Langille et al., 2013) predicted 24
predominant COG categories, including energy production
and conversion and amino acid, nucleotide, carbohydrate,
coenzyme, lipid, inorganic ion, and secondary metabolite
transport and metabolism, amongst others. Nearest se-
quenced taxon index (NSTI) scores for each sample are
provided in Supplementary Table 2 (see Data Accessibility).
There were very few significant functional differences among
species with close evolutionary relationships; however,
remarkable functional difference were observed among
species with distant evolutionary relationships (Table 2).

DISCUSSION

Our results are consistent with previous studies of the
dominant microbial phyla of the adult amphibian gut (Kohl
et al., 2013; Colombo et al., 2015; Vences et al., 2016; Weng
et al., 2016; Zhang et al., 2016; Huang et al., 2017).
Nevertheless, except for Proteobacteria, the relative abun-
dance of the other four dominant microbial phyla differed
significantly among the four species of frog. For example, the
relative abundance of Firmicutes in the microbiota of O.
tormota (stream) was markedly lower than that in O.
schmackeri (stream) and P. megacephalus (pond). In contrast,
the relative abundance of both Bacteroidetes and Verruco-
microbia was significant higher in O. tormota than in A.
wuyiensis (stream) and P. megacephalus. The relative abun-
dance of Fusobacteria was also much lower in O. schmackeri
than in A. wuyiensis and P. megacephalus. There were no
differences in the relative abundance of the dominant
microbial phyla among species. We suspect that these

differences between frog species may be a result of differences
in the interactions between the hosts and their environ-
ments. Moreover, it should be noted that the relative
abundance of the five dominant phyla in the gut microbiota
of O. tormota was more evenly distributed (ranging from
10.45% for Fusobacteria to 27.21% for Bacteroidetes) than
was observed in the other three species of frog. Whether the
similarities in the abundance of the five dominant phyla in
the gut microbiota of O. tormota is associated with dietary
preferences and/or other factors needs to be explored further
in the future.

On average, the body weights of the individuals of O.
tormota and A. wuyiensis were significantly lower than those
of the individuals of O. schmackeri and P. megacephalus.
Interestingly, the Chao1 index values of O. tormota and A.
wuyiensis were lower than those of O. schmackeri and P.
megacephalus. Therefore, future studies should also investi-
gate the association between bacterial community diversity
and body weight. Unlike the diversity patterns of the
different gut microbiota samples at the phylum level, at the
genus level, the Chao1 index value for P. megacephalus
collected from the mountain pond was significantly higher
than the values for the three species of frog collected from
the mountain stream. However, no differences in diversity
were detected among the three species from the mountain
stream. These genus-level diversity differences in the gut
microbiota of frogs from different habitats may be attributed
to differences in environmental factors between the different
habitats.

Host genetic factors are one of the most important
influences on gut microbial structure (Goodrich et al.,
2014) and can account for difference between species sharing
similar ecological niches within the same habitat (McKenzie
et al., 2012). Therefore, the significant differences in
community structure that were detected in the gut bacterial
communities of the three species from the mountain stream
could be attributed to host species relatedness. These
differences were further confirmed by NMDS and PCoA.
Gene–environment interactions are also highly influential
and may overshadow the effects of genetics in isolation
(Kovacs et al., 2011). In the current study, gut microbial
communities of frogs from the mountain stream (O. tormota,
O. schmackeri, and A. wuyiensis) tended to cluster together
and were clearly separated from that of P. megacephalus
collected from the mountain pond. The phylogenetic tree
also supported this trend. These results may indicate that the
gut microbial communities of frog species from the same
habitat are more similar than the communities of species
from different habitats.

Fundamentally, the pattern of host evolutionary diver-
gence that we observed is consistent with the divergence of
the gut microbiota composition across the four species. This
result is consistent with studies showing that genetic

Table 1. Chao1 index values for female frogs among the four species.

Diversity indices

Mountain stream Mountain pond

O. tormota O. schmackeri A. wuyiensis P. megacephalus

Chao1(phylum level) 8.1761.60a 11.660.89b 8.561.00a 12.1360.85b
Chao1(genus level) 95.21624.10a 115.93621.40a 117.83620.64a 191.9631.23b
Chao1(OUT level) 190.44643.23a 358.23648.22bd 325.14637.97b 416.2643.79dc

Data are presented as means and standard error of the mean (SEM) using Kruskal-Wallis H test with FDR corrections.
a, b, c, d indicate differences of Chao1 index at the same level among four frog species (P , 0.05).
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similarity of mouse strains is correlated with microbiota

similarities (Hildebrand et al., 2013). Adaptive immunity

allows vertebrates to respond to each fresh encounter with

the microbial world on the basis of past interactions (McFall-

Ngai, 2007). Microbiota may influence host gene expression

through the regulation of microRNAs (Patrignani et al.,

2014). Host genetic control appears to focus largely on the

ends of the phylogenetic tree. By exerting top-down selection

pressure, host genetic control would subdue microbial

competition within the gut ecosystem to promote microbes

that benefit the host at the cost of their own competitive

fitness (Benson et al., 2010). This view is consistent with the

suggestion that the adaptive immune system has specifically

evolved in vertebrates to regulate and maintain beneficial

microbial communities (McFall-Ngai, 2007). Our work was

limited by the number of frogs available for comparison, and

a greater number of species would be required to establish the

exact nature of the genetic-microbiota distance relationships.

As statistical analyses showed significant differences in gut

microbial communities depending on the genetic relatedness

of the host species, we further investigated whether there

were functional differences in the gut microbiota of closely

related or more divergent host species. Our results showed

that although there were significant differences in the gut

microbial community compositions of the three closely

related frog species, the predicted functions of the bacterial

communities were similar. Host adaptation to a specific diet

provides gut microbes with the opportunity to evolve and

reciprocally adapt to the host gut environment and diet,

resulting in host-driven diversification and co-evolution of

both species. The similarities in gut microbiota function of

species from the same habitat is likely associated with the

consumption of similar food substrates. In many cases, host

species rely on gut-associated microbiota to degrade complex

substrates into usable nutrients (Hooper et al., 2002). As

such, diet might have a long-term selective effect on gut

microbes. Analogous food sources in the mountain stream

environment likely resulted in the colonization of bacteria

with similar suites of enzymes to promote host digestion, as

has been shown by Bletz et al. (2016). In contrast, the

predicted physiological and metabolic functions of the gut

microbiota differed significantly with more distant evolu-

tionary relationships. It has been suggested that specialized

functional groups of gut microbiota are more capable of

Table 2. PICRUSt analysis showing predicted relative abundance of COG ortholog groups and one-way ANOVA of the functional groups of gut
bacteria as estimated among host species.

O. tormota, O. schmackeri,
and A. wuyiensis

O. tormota, O. schmackeri,
A. wuyiensis, and P. megacephalus

Sums of Sqs Mean Sps F P Sums of Sqs Mean Sps F P

RNA processing and modification 1.574E6 7.870E5 7.271 0.009* 2.970E6 9.900E5 6.319 0.006*
Chromatin structure and dynamics 1.414E6 7.069E5 2.870 0.096 2.501E6 8.335E5 3.543 0.041*
Energy production and conversion 4.242E10 2.121E10 1.769 0.212 2.044E11 6.815E10 5.213 0.012*
Cell cycle control, cell division,

chromosome partitioning
5.2843E8 2.921E8 0.717 0.508 6.752E9 2.251E9 5.338 0.011*

Amino acid transport and metabolism 4.810E10 2.405E10 1.093 0.366 3.788E11 1.263E11 4.929 0.014*
Nucleotide transport and metabolism 1.278E9 6.391E9 0.360 0.705 4.183E10 1.394E10 6.524 0.005*
Carbohydrate transport and

metabolism
6.030E8 3.015E8 0.017 0.983 3.860E11 1.287E11 6.888 0.004*

Coenzyme transport and metabolism 1.061E10 5.304E9 1.461 0.270 5.200E10 1.733E10 4.410 0.021*
Lipid transport and metabolism 5.145E9 2.573E9 1.747 0.216 4.754E10 1.585E10 7.295 0.003*
Translation, ribosomal structure, and

biogenesis
5.255E9 2.627E9 0.374 0.696 1.681E11 5.605E10 6.576 0.005*

Transcription 2.392E9 1.196E9 0.101 0.905 3.458E11 1.153E11 7.953 0.002*
Replication, recombination, and repair 3.013E9 1.506E9 0.225 0.802 1.674E11 5.581E10 7.020 0.004*
Cell wall/membrane/envelope

biogenesis
1.396E10 6.982E9 0.810 0.468 1.516E11 5.052E10 5.409 0.010*

Cell motility 1.692E8 8.459E7 0.128 0.881 1.743E9 5.810E8 0.894 0.467
Posttranslational modification, protein

turnover, chaperones
4.036E9 2.018E9 1.020 0.390 4.936E10 1.645E10 6.643 0.005*

Inorganic ion transport and
metabolism

2.119E10 1.059E10 1.409 0.282 1.758E11 5.859E10 6.596 0.005*

Secondary metabolites biosynthesis,
transport, and catabolism

2.667E9 1.334E9 4.184 0.042* 1.142E10 3.807E9 7.513 0.003*

General function prediction only 1.967E10 9.835E9 0.680 0.525 3.068E11 1.023E11 6.159 0.006*
Function unknown 2.981E10 1.491E10 0.759 0.489 3.427E11 1.142E11 5.152 0.012*
Signal transduction mechanisms 2.528E9 1.264E9 0.202 0.820 1.024E11 3.414E10 5.339 0.011*
Intracellular trafficking, secretion, and

vesicular transport
3.033E9 1.517E9 1.541 0.254 1.004E10 3.348E9 3.274 0.051*

Defense mechanisms 7.315E8 3.658E8 0.309 0.740 2.783E10 9.275E9 7.707 0.002*
Extracellular structures 35.150 16.075 0.322 0.731 904.088 301.363 4.955 0.014*
Cytoskeleton 1.470E5 7.352E4 0.726 0.504 4.597E5 1.532E5 1.756 0.199

* P , 0.05. Sqs, sum of squares. The first group did not contain P. megacephalus for the species with close evolutionary relationships, and the
second group contained P. megacephalus for the species with distant evolutionary relationships.
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responding to the characteristics of a given habitat (Huang et

al., 2017). For example, bacterial communities of pond

salamander larvae display multiple differential features

associated with carbohydrate metabolism, while the micro-

biota of larvae collected from streams have multiple

functional features associated with lipid metabolism (Bletz

et al., 2016). A previous study showed that the functional

specialties of forest frog microbiota are mostly related to

physiological and cellular metabolites, while the farmland
frog microbiota displays additional functions related to

pesticide degradation and pathogenic diseases (Huang et

al., 2017). Although inference in a metagenome approach

(PICRUSt) commonly used in 16S rRNA studies, shot-gun

sequencing for metagenomic and metatranscriptomic studies

may more accurately reveal microbial community composi-

tions and functions, Therefore, these methods could be used

in future studies to obtain a higher resolution bacterial

functional profile for different frog species.

In conclusion, our results show that frog species with close

evolutionary relationships collected from the same habitat

show differences in gut bacterial community structure, but

that the communities show similar functional characteristics.

However, distinct differences in the gut microbiota were

observed among species with distant evolutionary relation-

ships from different habitats. In addition, frog species

harbored distinct gut bacterial communities with varied

functional characteristics.
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