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Abstract Cutaneous bacteria may play an important role in
the resistance of amphibians to the pathogenic fungus
Batrachochytrium dendrobatidis (Bd). Microbial communi-
ties resident on hosts’ skin show topographical diversity map-
ping to skin features, as demonstrated by studies of the human
microbiome. We examined skin microbiomes of wild and
captive fire-bellied toads (Bombina orientalis) for differences
across their body surface. We found that bacterial communi-
ties differed between ventral and dorsal skin. Wild toads
showed slightly higher bacterial richness and diversity in the
dorsal compared to the ventral region. On the other hand,
captive toads hosted a higher richness and diversity of bacteria
on their ventral than their dorsal skin. Microbial community
composition and relative abundance of major bacterial taxo-
nomic groups also differed between ventral and dorsal skin in
all populations. Furthermore, microbiome diversity patterns
varied as a function of their Bd infection status in wild toads.
Bacterial richness and diversity was greater, and microbial
community structure more complex, in wild than captive
toads. The results suggest that bacterial community structure
is influenced by microhabitats associated with skin regions.
These local communities may be differentially modified when
interacting with environmental bacteria and Bd. A better
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understanding of microbiome variation across skin regions
will be needed to assess how the skin microbiota affects the
abilities of amphibian hosts to resist Bd infection, especially in
captive breeding programs.
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Introduction

Amphibian skin facilitates respiration, water and temperature
regulation, excretion, reproduction, anti-predator defense, and
immune responses [1]. A wide array of bacteria inhabits the skin
of amphibians, some perhaps beneficial to their host. Multiple
species of cutaneous bacteria inhibit the growth of the fungal
pathogen Batrachochytrium dendrobatidis (Bd) in in vitro cul-
tures [2-5]. These bacteria can contribute to the defenses of their
amphibian hosts against the fungal pathogen [6]. Bd infects the
skin of amphibians, creating an osmotic imbalance in suscepti-
ble individuals that inhibits rehydration [7] and finally leads to
cardiac arrest [8]. Chytridiomycosis, the disease caused by Bd,
is responsible for many amphibian population declines and spe-
cies extinctions across the globe [9, 10].

Adding Bd-inhibiting bacteria to frog skin has been pro-
posed as a “bioaugmentation” strategy to slow the spread of
Bd in nature and to enhance the capacity of captive-bred am-
phibians to resist Bd infection when reintroduced into the wild
[4]. However, current knowledge of amphibian microbial
communities and their dynamics is insufficient to predict the
success of such programs [11, 12]. Notably, an attempt to treat
the critically endangered Panamanian golden frog (Afelopus
zeteki) with Bd-inhibiting bacteria failed to mitigate the path-
ogen’s lethal effects [13]. At least for this species, skin bacte-
rial community composition rather than particular probiotic
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treatments determines survival after experimental infection
[14]. Bacterial community composition reflects complex in-
teractions among species [15] which in turn are affected by
environmental conditions [16, 17]. Bd infections can disrupt
normal host skin bacterial communities [18] and, consequent-
ly, may compromise their protective capacity [14].

Technological advances, such as high-throughput 16S
rRNA gene sequencing, make possible detailed studies of
bacterial communities and their interactions with hosts [19].
Recent studies on amphibians have shown that their skin bac-
terial communities are characteristic of the host species,
change dramatically during development, and vary in re-
sponse to the environment [20, 21]. The composition and
diversity of cutaneous bacterial communities change when
amphibians are kept in captivity, perhaps as they are in contact
with different environmental bacterial reservoirs [22, 23].
When salamanders are housed in sterile media, the diversity
and richness of their skin microbiome decreases with time
spent in captivity; yet, a core community of functionally im-
portant bacteria emerges independent of the host environment
[23]. These community alterations may influence the outcome
of Bd infection in captive-bred amphibians [13].

Microbiome diversity can differ widely among skin regions
[24-26], but studies on amphibians have not considered this
variation. Bd more readily infects the ventral pelvic region,
which has a predominant role in water absorption [27]. For
this reason, swab sampling to test for Bd infection concen-
trates on the ventral side and hind legs [28]. Thus, the bacterial
community structure on the ventral skin should be more af-
fected than other body regions by Bd infection. Also, adults
with sublethal infection and those tolerant of—or resistant
to—the disease may have localized Bd infections [29, 30].
Then, changes in bacterial community structure may be ob-
servable only in small areas of infection. Studies of the am-
phibian skin microbiome are generally based on whole-body
swabbing or on ventral swabs taken to test Bd infection. These
sampling methods may fail to detect area-specific changes,
hindering our capacity to assess the dynamics of interactions
between Bd and skin microbiota.

Here, we test for the first time whether skin microbial com-
munity structure differs between body regions in an amphib-
ian species, the fire-bellied toad Bombina orientalis. We also
study how patterns of variation are affected by captive rearing.
Skin microbiomes of Asian amphibians have not been studied
previously, and may provide novel evolutionary insights into
protective roles played by symbiotic bacteria to their amphib-
ian hosts. Unlike in areas of the world experiencing severe
chytridiomycosis epizootics, Asian amphibians historically
have been associated with endemic Bd strains [31-33].
Additionally, studies to date suggest that Asian amphibians
are resilient to infection by emerging Bd strains [32, 34],
and possibly also to other chytrid pathogens such as the newly
discovered Batrachochytrium salamandrivorans [35].

@ Springer

Material and Methods
Sampling Strategy

Eleven oriental fire-bellied toads (Bombina orientalis) were
captured by hand from a small pond (about 5 m?) in Chiak
mountain, Gangwon Province, South Korea (37° 23.676' N,
128°03.221" E). Individuals were sexed and measured (snout-
to-vent length) using fresh latex gloves for every individual.
Each individual was rinsed with 100 mL of sterile water be-
fore sampling to eliminate transient bacteria, i.e., those present
in subjects’ environment but not otherwise associated with
amphibian skin.

Adults were swabbed on two different areas using two
separate sterile cotton swabs (MW100, Medical Wire and
Equipment, Corsham, Wiltshire, UK). A first swab was
used to sample areas most infected by Bd in 30 strokes:
ventral area (10 strokes), thighs (5 strokes/leg), and toe
webbing (5 strokes/foot). The back of each individual was
swabbed using a second cotton swab (30 strokes). Each
swab was placed into a sterile vial and stored on dry ice.
Within a few hours, each sample was transferred to a
—-80 °C freezer for storage until DNA extraction.
Additionally, 250 mL of water were taken from the col-
lection site. The water was later passed through 0.2-pm
filters and stored at —80 °C until DNA extraction.

The same sampling strategy was applied to 18 B. orientalis
individuals that had been collected previously from two lo-
calities and kept captive in our laboratory for different periods
of time: Chuncheon, Gangwon Province (N=9; date of cap-
ture, August 2013; time in captivity, 4 months; 37° 58.664' N,
127° 36.146" E; hereafter denoted “lab-4”) and Pocheon,
Gyeonggi Province (N=9; date of capture, August 2012; time
in captivity, 16 months; 38° 03.003’ N, 127° 18.360" E; de-
noted “lab-16"). During their time in captivity, the toads were
housed in groups collected from the same locality, in poly-
propylene tanks (w: 80 cm, 1: 40 cm, h: 45 c¢cm), and main-
tained at 20+2 °C under a LD 12:12 photoperiod. They were
fed every second day with crickets (Gryllus bimaculatus) and
mealworms (7enebrio molitor). Water was changed weekly
with fresh 0.5-um filtered tap water, which was first UV
sterilized and run through carbon filters. All individuals were
sampled on the same day in December 2013, and 250 mL of
water were collected from each tank, passed through 0.2-um
filters and stored at —80 °C until DNA extraction.

Animal husbandry and experimental protocols were ap-
proved by the Institutional Animal Care and Use
Committee (SNU-121210-2) and the Institutional
Biosafety Committee (SNUIBCP120725-2) of Seoul
National University. Permits for fieldwork were issued by
the mayors with jurisdiction over each locality in South
Korea. The study species is not legally protected and not
threatened in South Korea.
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Molecular Laboratory Work

DNA was extracted from the swabs and water filters using
PowerSoil DNA isolation kits (MoBio Laboratories,
Carlsbad, CA, USA). Blank DNA extractions with a sterile
swab and a sterile filter also were run in parallel to swabs and
filters. These blank extractions were used in subsequent PCR
amplification to test for potential contamination during the
extraction process. Bacterial skin communities were deter-
mined using barcoded Illumina sequencing of the 16S rRNA
gene with primers targeting a 200 bp portion of the V3 region.
Sample-identifying barcode sequences were included at the 5
ends on the forward primers (total of ten different barcoded
forward primers, Table S1). PCR amplification was prepared
in 50 uL reactions using 30-50 ng of template DNA under a
laminar flow hood to minimize contamination (see Table S1
for detailed PCR protocol). Each run was accompanied by a
negative control (1 pL of sterile water instead of DNA).

No PCR product was ever obtained from negative controls
and blank extractions, confirming that no contamination oc-
curred during the laboratory steps. Each sample was amplified
in triplicate, and the three resulting PCR amplifications were
pooled together. PCR amplicons from ten different swab sam-
ples, each amplified using a different barcoded primer, were
pooled together at similar concentration (50 ng/uL per sam-
ple). These pooled samples were sequenced using a GAIIx
[llumina sequencer at the Avison Biomedical Research
Center (Seoul, South Korea).

Bd Screening

A portion of the DNA extracted from swabs was used to
screen samples for Bd infection using a highly sensitive nested
PCR method targeting specifically the 5.8S rDNA and the
ribosomal internal transcribed spacer regions (ITS) of Bd
[31]. The first PCR was run in a volume of 20 pL containing
1 uL of DNA sample, 0.2 uM of forward primer Bd18SF1 (5'-
TTTGTACACACCGCCCGTCGC-3") and reverse primer
Bd28SR1 (5'-ATATGCTTAAGTTCAGCGGG-3"), 0.2 mM
of each ANTP, 2 mM of MgCl,, and 1.0 unit of Takara Ex
Taq DNA polymerase (Takara Bio, Otsu, Shiga, Japan). The
PCR conditions consisted of an initial denaturation at 94 °C
for 5 min, followed by 30 cycles of 30 s at 94 °C, 30 s at 50 °C,
2 min at 72 °C, and a final extension at 72 °C for 7 min. A
second PCR was run in a volume of 20 puL containing 1 uL of
products from the first PCR, 0.2 uM of forward primer, Bd1a
(5'-CAGTGTGCCATATGTCACG-3") and reverse primer,
Bd2a (5'-CATGGTTCATATCTGTCCAG-3’), 0.2 mM of
each ANTP, 2 mM of MgCl,, and 1.0 unit of Takara Ex Taq
DNA polymerase. The conditions for the second PCR
consisted of an initial denaturation at 94 °C for 5 min, follow-
ed by 30 cycles of 45 s at 94 °C, 45 s at 60 °C, 60 s at 72 °C,
and a final extension at 72 °C for 7 min. Each sample was run

in triplicate, with positive (DNA from Bd culture, strain
AbercrombieNP-L.booroolongensis-09-LB-P7) and negative
(1 pL sterile water) controls. Status of Bd infection was de-
termined by presence/absence of a band after electrophoresis
on an agarose gel. Samples were considered positive when
finding at least one positive result out of the three replicates.

For each sample found to be positive for Bd infection, the
intensity of infection was estimated in terms of Bd zoospore
genomic equivalents (ZGE) in the swab samples using a
qPCR assay [28]. The qPCR assay was performed on an
[llumina Eco Real-Time PCR system (Illumina, San Diego,
CA, USA) in a volume of 10 pL containing 1x SYBR green
quantitative PCR reagent kit (PhileKorea Technology, Seoul,
South Korea), 0.25 mM of both ITS1-3 Chytr (5'-
CCTTGATATAATACAGTGTGCCATATGTC-3') and 5.8S
Chytr (5'-AGCCAAGAGATCCGTTGTCAA-3') primers,
and 2 uL of DNA. The PCR conditions consisted of an initial
denaturation at 95 °C for 10 min, followed by 50 cycles of 10's
at 95 °C and 1 min at 58 °C. Each sample was assayed in
duplicate, along with standards of known Bd quantity (100,
10, 1, and 0.1 zoospores, strain AbercrombieNP-
L.booroolongensis-09-LB-P7) and negative controls (5 uL
sterile water). We estimated Bd zoospore genomic equivalents
(ZGEs) per swab, averaged over the two replicates, from
threshold cycle (Ct) values after corrections for dilutions fol-
lowing DNA extraction and PCR procedures.

Sequence Data Processing

[llumina sequencing data (total number of reads, 1,026,343)
were pair-assembled using PANDAseq [36] with an assem-
bly quality score of 0.9, the most stringent option to reduce
errors. Pair-assembled sequences were trimmed, aligned,
and filtered using the mothur pipeline [37]. Alignment
was done using the EzTaxon database version 2014 [38].
Additionally, chimeras detected using the chimera.uchime
command within mothur were removed (total number of
clean reads, 984,104). The sequence dataset was subsam-
pled (rarefied) to 10,085 reads, which corresponds to the
minimum number of reads obtained across samples, includ-
ing soil and water samples (Table S2). Any sequence pres-
ent only once across samples (singletons) was removed
from the dataset to improve the comparability of the se-
quence data and the resolution of the analyses [39, 40].
This filtered dataset was subsampled again to 7972 reads
per sample to have comparable estimates of richness and
diversity among samples. The EzTaxon training set was
used with Bayesian classifier algorithm implemented in
mothur for taxonomic classification of operational taxo-
nomic units (OTUs), clustered at >97 % sequence similar-
ity. No sequences matching chloroplast, mitochondria, eu-
karyote, nor archaea were observed among the classified
sequences. Richness (i.e., number of OTUs and Chao
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Index) and diversity indices (i.e., nonparametric Shannon
and inverse Simpson) were estimated using calculators
within mothur [37]. Faith’s phylogenetic diversity (PD)
[41] was estimated using the phylo.diversity command
within mothur from a phylogenetic tree built using
FastTreeMP [42].

Statistical Analyses

All statistical analyses were performed on the subsampled
dataset of 7972 reads per sample. We assessed whether
species richness (number of OTUs and Chao index) and
diversity (nonparametric Shannon, inverse Simpson, and
Faith’s PD indices) differed in relation to body region. We
used linear mixed models for all indices except number of
OTUs, for which we used a generalized linear mixed
model. Fixed terms in the models included the variables
body region, evironment (wild versus laboratory), Bd in-
fection intensity, and the interaction of environment with
body region. Subject identification number (ID) was in-
cluded as a random term.

Further analyses were run on data from captive and wild
toads separately, following similar procedures. For analy-
ses on wild toads, body region, Bd infection status (nega-
tive vs positive), and their interaction were included as
factors. Bd infection status was used as a factor instead
of infection intensity in this model because half of the wild
individuals were not infected by Bd (see “Results™). For
analyses on captive toads, body region, population (lab-4
vs lab-16), the interaction between body region and popu-
lation, and Bd infection intensity were used as factors.
Subject ID was included as a random factor in all these
models. To account for overdispersion, we included an
observational random effect in the models. Subject ID
was removed from the model if its standard deviation
was less than that of the observational term, except in the
cases where including it showed a better fit of the data to
the model. Likelihood ratio tests were used to calculate the
predictive power of each variable. Nonsignificant interac-
tions and terms were removed sequentially.

Permutational multivariate analyses (PERMANOVA)
[43] with 999 iterations were performed to assess whether
community composition differed in relation to: body re-
gion and environment in all toads, body region and Bd
infection status in wild toads, and body region and popu-
lation in captive toads. The Bray-Curtis (based on abun-
dance of OTUs) and the Unifrac (based on phylogenetic
relationships of OTUs) distance matrices were used as
measures of community structure for these analyses.
Differences in community structure were visualized with
nonmetric multidimensional scaling (NMDS) plots based
on the distance matrices. All statistical analyses were run
with R v3.0.2 [44].
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Phyla, Order, and Core Community Analyses

The core community was defined as those OTUs that were
present on at least 90 % of all the samples [23]. The relative
abundance of these OTUs, of phyla, and of orders within
Proteobacteria (by far the most abundant phylum, see
Results) were calculated by dividing the number of sequences
of each OTU/phylum/order by the total number of reads per
sample (i.e., 7972). Phyla and orders within Proteobacteria
were retained for further analyses if their mean relative abun-
dance in wild or captive toads was over 0.5 %. This cutoff
value was chosen so that over 60 % of the OTUs within each
phylum and order were represented. In most cases, 80—-100 %
of the OTUs were included (see “Results”).

GLMMs were used to assess whether the relative abun-
dance of phyla, orders, and core OTUs differed in relation to
body region and environment in the full dataset, in relation to
body region or Bd infection status in wild toads, or in relation
to body region and population in captive toads, following the
same procedure as described above. P values were corrected
for multiple comparisons using the false discovery rate meth-
od [45].

Core OTUs that were not classified further than the
class or family during sequence processing were aligned
to GenBank sequences of representative genera within
their class/family using Clustal W [46]. The alignment
was manually refined using BioEdit [47]. Phylogenetic
relationships among sequences were inferred using a
neighbor-joining method conducted in MEGA v5.0 [48]
and a maximum likelihood approach conducted in
Treefinder [49], with support for each node estimated by
bootstrap analysis of 5000 replicates.

Results

Five out of 11 wild and all captive B. orientalis individuals
were infected by Bd with low infection loads (range 1.5-48.7
ZGEs per swab, Table S2). Fifty-nine B. orientalis swab sam-
ples and all environmental samples were sequenced success-
fully (Table S2). No sequence could successfully be pair-
assembled using the most stringent quality score in
PANDAseq for two ventral swabs from wild individuals
(BO251.v and BO253.v), and thus, these data were excluded.

The number of OTUs at 97 % similarity from skin swabs
was on average 255+26 (mean £ SE). Wild toads had on
average 399+52 OTUs, whereas captive toads had 176+18
OTUs (combining data from the two captive populations;
Fig. 1). The soil and water samples from the field site
contained 1819 and 823 OTUs, respectively. The water sam-
ples from the 4-months and 16-months captive populations
had 232 and 203 OTUs, respectively (Table S2).



Microbiome Variation Across Amphibian Skin Regions

225

500 1 e Wild—-dorsal
e Wild-ventral

e Captive—dorsal
.

400 Captive-ventral

300 -

No. OTUs

200 A

100 4

0 2000 4000 6000 8000
No. sequences

Fig. 1 Rarefaction curves of the number of bacterial OTUs (means with
standard error bars) as a function of the number of sequences on the skin
of wild and captive adult B. orientalis. Criteria for OTU membership is
>97 % sequence similarity

Richness and Diversity
Wild vs Captive Toads

Numbers of OTUs and Chao richness indices were higher in
samples from wild than captive toads (OTUs: LRT;=19.92,
P<0.0001, Chao: LRT;=12.26, P<0.0001; Fig. 1). Also bac-
terial richness was higher in ventral samples than in dorsal
ones for captive toads, but not for wild toads (body region-
environment interaction, OTUs: LRT;=5.33, P=0.02; Chao:
LRT;=8.52, P=0.003; Fig. 1). Diversity did not differ be-
tween wild and captive toads (nonparametric Shannon:
LRT;=2.15, P=0.14; inverse Simpson: LRT;=1.61, P=
0.20). Faith’s PD index was higher in samples from wild than
captive toads (LRT;=15.14, P<0.0001). Bd infection intensi-
ty was correlated neither with richness nor diversity indices,
probably owing to the low Bd loads observed (OTUs: LRT;=
2.59, P=0.11; Chao: LRT;=3.05, P=0.08; npShannon:
LRT,;=0.75, P=0.37; invSimpson: LRT;=1.70, P=0.15;
PD: LRT,=0.08, P=0.78).

Wild Toads Only

For wild toads, the number of OTUs did not differ as a func-
tion of Bd infection status (LRT;=0.86, P=0.35) nor body
region (LRT;=0.81, P=0.81), but the Chao index was higher
for dorsal samples (LRT;=5.32, P=0.02) and for Bd-positive
samples (LRT;=4.45, P=0.03). The nonparametric Shannon
diversity index was higher in ventral but not dorsal samples
from Bd-positive individuals (body region-Bd interaction,
LRT;=6.05, P=0.01; Fig. 2). For the inverse Simpson index,
ventral samples were marginally more diverse than dorsal
ones (LRT;=3.68, P=0.05), but Bd had no effect (LRT;=
2.56, P=0.11). Faith’s PD was higher on dorsal than ventral
samples (LRT;=5.63, P=0.02). Bd infection status did not
affect Faith’s PD for wild toads (LRT;=2.74, P=0.10).

0O Bd-negative
O Bd-positive T

Nonparametric Shannon
N
|

Dorsal Ventral

Fig. 2 Nonparametric Shannon diversity index in dorsal and ventral
samples of wild B. orientalis in relation to Bd infection (mean+SE)

Captive Toads Only

For captive toads, the number of OTUs and Chao index were
higher in ventral than in dorsal samples (OTUs: LRT;=10.21,
P=0.001; Chao: LRT;=9.36, P=0.001). Ventral swabs were
also more diverse than dorsal ones (nonparametric Shannon:
LRT;=8.2, P=0.004; inverse Simpson: LRT;=5.68, P=
0.02), and lab-16 samples were more diverse than lab-4 ones
(nonparametric Shannon: LRT;=11.39, P=0.0007; inverse
Simpson: LRT;=21.18, P<0.0001). Faith’s PD was lower
on dorsal than ventral samples (LRT;=7.85, P=0.005). The
two captive populations did not differ in their Faith’s PD
(LRT;=3.32, P=0.07). Bd infection intensity was correlated
neither with richness nor diversity indices (OTUs: LRT,=
0.32, P=0.57; Chao: LRT;=0.32, P=0.57; npShannon:
LRT;=1.59, P=0.21; invSimpson: LRT;=1.10, P=0.29;
PD: LRT,=0.63, P=0.43).

Community Structure

The microbial community structure was different among the
three populations (i.e., wild, lab-4, and lab-16; PERMANOVA
with Bray-Curtis distances: pseudo-F=37.74, P=0.001; with
Unifrac distances: pseudo-F=10.13, P=0.001; Figs. 3 and
S1A). For the wild toads, microbial community was not struc-
tured in relation to Bd infection status (Bray-Curtis: pseudo-F=
1.47, P=0.17; Unifrac: pseudo-F=1.01, P=0.38) nor to body
region (Bray-Curtis: pseudo-F=0.86, P=0.53; Unifrac: pseudo-
F=0.77, P=0.96). For captive toad populations, the microbial
community composition significantly differed between body re-
gions according to Unifrac but not Bray-Curtis distances (Bray-
Curtis: pseudo-F=0.53, P=0.56; Unifrac: pseudo-F=1.65, P=
0.02; Fig. S1B-C). Microbial community composition also dif-
fered significantly between the two captive populations (Bray-
Curtis: pseudo-F=79.39, P=0.001; Unifrac: pseudo-F=4.95,
P=0.001), with the composition of individuals from the
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A Lab-4 . 2D Stress: 0.12 Table 1. Comparison of relative al:?undance o.f major phyla and of
0.4+ o Lab-16 orders within the phylum Proteobacteria on the skin of B. orientalis
o Wild "
—— Dorsal Organism LRT,  Pvalue Comparison
0.24 — Ventral
~ — Water "
2 — Sail ELI . e Phyla
2 e @ . . . .
@ 0.0 e Acidobacteria 6.96 0.01 captive-V>captive-D
= 2% Actinobacteria 16.44  <0.0001  wild>captive
~0.21 . N 8.92 0.03 captive-V>captive-D;
= lab4-V<lab-16 V
04l Firmicutes 47.03  <0.0001  wild>captive
- u 9.44 0.006 captive-V>captive-D
-0.5 0.0 05 Fusobacteria 21.56  <0.0001 wild>captive
DS i ! Proteobacteri 997 0003 ild<capti
Fig.3 Nonmetric multidimensional scaling (NMDS) plot of Bray-Curtis roteobacteria ’ ’ Wi ) captive ]
bacterial community composition in ventral and dorsal samples of wild 520 0.04 captive-V<captive-D
and captive B. orientalis Proteobacteria
Aeromonadales 2236 <0.0001  wild<captive
population captive for 4 months showing the highest homoge- Burkholderiales 25.01  <0.0001  wild<captive
neity (Figs. 3 and S1B-C). 724 003 wild-P>wild-N;
Wild toads shared 28.2 and 45.1 % of OTUs with soil and wild-N-V<wild-N-D
water, respectively, whereas captive toads shared 18.7 % (lab- Enterobacteriales 5438  <0.0001  wild>captive
4) and 11.2 % (lab-16) with their aqueous environment. In Methylophilales 85.10  <0.0001  wild<captive
wild toads, 39.8 % of OTUs were unique to dorsal regions Pseudomonadales 1446 <0.0001  wild>captive
and 12.1 % were unique to ventral regions. In contrast, in Rhizobiales 11.75  <0.0001  wild<captive
captive individuals, only 5 and 7 % of OTUs were unique to Sphingomonadales ~ 30.90  <0.0001  wild>captive
the dorsal region, whereas 46 and 57 % were unique to ventral Xanthomonadales 28.65  <0.0001  wild>captive
regions in lab-4 and lab-16 populations, respectively. 14.49  0.008 wild-N-V<wild-N-D;

Relative Abundance of Major Phyla

The relative abundance of four out of six major bacterial phyla
(mean relative abundance over 0.5 %) significantly differed
between wild and captive toads, even after correction for mul-
tiple comparisons (Table 1; Fig. 4). Proteobacteria, already the
most abundant in wild individuals, was significantly more
abundant in the captive populations. On the other hand, the
relative abundance of Actinobacteria, Firmicutes, and
Fusobacteria were much reduced in the captive populations
compared to the wild population (Table 1; Fig. 4).

In wild toads, relative abundance of the major phyla did not
differ between body regions nor between Bd-positive and Bd-
negative samples. In captive amphibians, mean relative abun-
dance of Firmicutes, Acidobacteria, and Actinobacteria was
higher on the ventral region than on the dorsal region, but the
opposite was observed for Proteobacteria (Table 1; Fig 4.).
These differences were more pronounced in the lab-16 popu-
lation (Fig. 4).

Relative Abundance of Orders Within Proteobacteria
The mean relative abundance of all 8 major orders within
Proteobacteria significantly differed between wild and captive

B. orientalis populations (Table 1; Fig. 5). Notably, the relative
abundance of Pseudomonodales was much reduced in captive
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wild-P-V>wild-P-D

Only significant differences are shown. P values are corrected for multi-
ple comparisons using the false discovery rate method

LRT, likelihood ratio test with 1 d.f., captive results from both captive
populations combined, V ventral region, D dorsal region, wild-N wild
individuals Bd-negative, wild-P wild individuals Bd-positive

compared to wild individuals, whereas Burkholderiales and
especially Methylophilales were more abundant in captive pop-
ulations (Table 1; Fig. 5). In wild toads, Burkholderiales was

1.0 1
0.9 1
0.8 - I = Proteobacteria
I m Fusobacteria
071 I m Firmicutes
5 0.6 1 I = Bacteroidetes
§_ 05 lAc.tlnobactefla
o I u Acidobacteria
o 04 - I
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o

SN
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Fig. 4 Average relative abundance of sequences assigned to major
bacteria phyla, pooled by population of origin and sampled body
region. Only phyla with abundance over 0.5 % in at least one of the
pool of samples are represented
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Fig.5 Average relative abundance of sequences assigned to major orders
within the phylum Proteobacteria, pooled by population of origin and
sampled body region. Only orders with abundance over 0.5 % in at
least one of the three populations are represented

more abundant on the dorsal than on the ventral region with the
difference more marked in Bd-negative samples (Table 1;
Fig. 6a). Also, the relative abundance of Xanthomonadales
was higher on the dorsal region for Bd-negative samples, but
higher on ventral region for Bd-positive samples (Table 1;
Fig. 6b).
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Fig. 6 Difference in mean relative abundance of Burkholderiales (a) and
Xanthomonadales (b) in wild B. orientalis in relation to body region and
Bd infection status (mean+SE)

Composition and Abundance of Core Bacterial
Community

Wild vs Captive Toads

The core community of bacteria shared by all wild and captive
toads was represented by 13 OTUs (Fig. 7). Three of these
OTUs could only be classified to their family group, and two
others up to their class. Further phylogenetic analyses could
only determine that the OTUs classified as Actinobacteria c
and Microbacteriaceae f probably were related to the genus
Microbacterium (Fig. S2A-E). The core community
corresponded on average to 58+6 % of the whole community
in wild toads, 23+1 % in lab-4, and 20+1 % in lab-16 (Fig. 7).
The total relative abundance of core OTUs differed among
populations (LRT,=21.12, P<0.0001). In captive toads, the
total relative abundance of core OTUs was higher for the lab-4
population (LRT;=5.76, P=0.02). Several noncore OTUs
were very abundant in captive populations, representing 5 to
53 % of the whole community, but were rare or absent in wild
individuals (Fig. S3). The relative abundance for all but three
core OTUs significantly differed between wild and captive
toads (Table S3, Fig. 7).

Wild Toads Only

In wild toads, ventral and dorsal samples did not differ in
relative abundance of core OTUs, except for the
Pseudomonas parafulva and Microbacteriaceaec _f OTUs
(Table 2, S3; Fig.7). Both OTUs had a higher relative abun-
dance on dorsal samples for Bd-negative toads, but the oppo-
site was observed for Bd-positive toads. Both the
Chryseobacterium shigense and Rhizobiales ¢ OTUs showed
differences in their relative abundance as a function of their Bd
infection status (Table 2, S3; Fig.7).

Captive Toads Only

In captive toads, ventral and dorsal samples differed in relative
abundance of the Sphaerotilus sp. and Aeromonas sp. OTUs
(Table 2, S3; Fig. 7). The Pseudomonadaceae f and
Microbacteriaceae f OTUs also showed differences in relative
abundance between body regions, but opposite trends were
observed in the two captive populations. Lab-4 and lab-16 pop-
ulations had different relative abundance for the Pseudomonas
sp., Chryseobacterium shigense, Chryseobacterium sp., and
Acinetobacter sp. OTUs (Table 2, S3; Fig. 7).

Discussion

Our results suggest that the bacterial community of the fire-
bellied toad Bombina orientalis varies between ventral and
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Fig. 7 Heatmap showing the

mean relative abundance of 13

OTUs forming the core bacterial
community in wild and captive
populations of B. orientalis.
Samples are pooled by
population, by body region within
populations (V=ventral, D=
dorsal), and by Bd infection status
in wild individuals (N=Bd-
negative, P=Bd-positive)

Abundance in % population body region Bd infection

Taxon Wild Lab4 Lab16| Wild-V Wild-D|Lab4-V Lab4-D|Lab16-V Lab16-D|f Wild-N Wild-P
Pseudomonas sp. 35.92 10.38 8.73 | 38.67 33.66| 10.30 10.46| 9.70 7.76 | 31.88 41.98
Pseudomonadaceae_f 12.18 455 6.03| 590 17.31| 509 4.00 | 5.31 6.75 | 16.04 6.38 40-30%
Actinobacteria_c 264 106 1.34| 328 212 | 094 1.18| 152 117 | 243 296 30-10%
Sphaerotilus sp. 238 088 048| 099 352 | 044 132 | 028 0.68 | 268 1.93 10-5%
Chryseobacterium shigense | 366 2.28 0.68| 0.69 0.10 [ 2.03 2.52 [ 0.66 069 | 0.89 0.78 5-1%
Chryseobacterium sp. 057 202 0.03f 1.03 020 | 176 227 | 0.02 0.03 | 0.19 1.15 1-0%
Pseudomonas parafulva 149 036 0.15( 0.85 2.01 | 0.51 0.16 0.20 0.10 1.83 0.96
Microbacteriaceae_f 104 035 059| 093 1.00 | 031 0.38 | 0.73 0.45 | 1.06 0.83
Sphingomonadaceae_f 097 0.10 0.10| 082 0.76 | 0.13 0.08 | 0.16 0.05 | 0.72 0.88

Aeromonas sp. 079 070 0.57| 028 0.18 | 0.77 063 | 0.60 0.54 | 023 0.22
Brevundimonas sp. 019 0.13 0.16| 023 0.17 | 012 0.14 | 0.20 0.12 | 020 0.18

Acinetobacter sp. 030 0.16 0.64| 0.11 045 )| 0.14 0.18 | 0.73 0.53 | 043 0.10
Rhizobiales_c 020 055 0.46| 022 0.11] 0.31 0.58 | 0.48 045 | 0.12 0.23

dorsal skin in different ways in wild and captive populations.
Wild toads showed slightly higher bacterial richness (Chao
index) and diversity (PD) in the dorsal compared to the ventral
region. On the other hand, captive toads hosted a higher rich-
ness and diversity of bacteria on their ventral than their dorsal
skin, and these body regions also differed in microbial com-
munity composition analyzed by phylogenetic similarity (i.e.,
Unifrac distance). Additionally, the relative abundance of ma-
jor bacterial phyla and orders, and of specific OTUs that com-
prise the core bacterial community living on the skin, differed
between ventral and dorsal skin in both captive and wild in-
dividuals. Further work with a larger number of captive and
wild populations will be necessary to determine whether the
different trends observed in this study between wild and cap-
tive populations represent a common effect of captivity on
amphibian skin microbiota.

The differences observed among body regions may reflect
the wider range of sampling on the ventral skin, as it included
thighs and toe webbing. However, if sampling technique were
the main reason for the differences observed, we would expect

to find similar trends for both wild and captive individuals.
Furthermore, differences observed between body regions
were not limited to richness and diversity indices but included
differences in community composition and relative abundance
of major bacterial taxa dependent on Bd infection status, sug-
gesting that the observed variation in skin microbiota has
complex origins.

The rugged dorsal skin surface of the toads and the smooth
ventral skin provide microhabitats with different characteris-
tics that may be more or less favorable for particular bacteria.
For example, toads often rest on wet substrate so their ventral
skin tends to be moister than dorsal skin. Furthermore, dorsal
skin often is covered with glands that secrete antimicrobial
peptides [50, 51]. These peptides likely alter microbial com-
munity structure on the skin. Comparative studies including
species with different glandular characteristics may be useful
in assessing the generality of our findings.

An earlier study had determined that the diversity and rich-
ness of amphibian skin microbiomes decrease in captivity
[23]. Our results suggest that the bacterial community is

Table 2 Comparison of relative
abundance of core OTUs on the

skin of B. orientalis

Organism LRT, P value Comparison
Pseudomonas sp® 16.31 0.0007 lab4>1ab16
Pseudomonadaceae f 18.57 0.0002 lab4-V <lab4-D; lab16-V>lab16-D
Sphaerotilus sp. 15.84 0.0009 captive-V <captive-D
Chryseobacterium shigense 44.55 <0.0001 wild-N>wild-P
30.13 <0.0001 lab4>1ab16
Chryseobacterium sp. 117.66 <0.0001 lab4>1ab16
Pseudomonas parafulva 14.20 0.002 wild-N-V <wild-N-D; wild-P-V>wild-P-D
Microbacteriaceae f 9.95 0.02 wild-N-V <wild-N-D; wild-P-V>wild-P-D
36.81 <0.0001 lab4-V<lab4-D; lab16-V>1ab16-D
Aeromonas sp. 11.64 0.0008 captive-V>captive-D
Rhizobiales ¢ 14.59 0.002 wild-N<wild-P
Acinetobacter sp. 33.17 <0.0001 lab4<lab16

Only significant differences are shown. P values are corrected for multiple comparisons using the false discovery
rate method. Details of the pairwise comparisons are shown in Table S3

LRT; likelihood ratio test with 1 d.f., captive results from both captive populations combined, / ventral region, D
dorsal region, wild-N wild individuals Bd-negative, wild-P wild individuals Bd-positive

 Results obtained after removing one outlier
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disrupted by captivity more on dorsal than ventral skin.
Notably, bacterial phylogenetic diversity was higher on dorsal
than on ventral skin in wild toads, with almost 40 % of OTUs
unique to the dorsal region. In captive toads, bacterial phylo-
genetic diversity was lower on dorsal than ventral skin, with
only 57 % of OTUs unique to the dorsal region. Our study is
based on only two captive populations kept in similar condi-
tions, so the sample size is too small to make general conclu-
sions about effects of captivity on skin microbiota heteroge-
neity. However, these results clearly warrant additional re-
search on the issue.

As in humans [25, 26], variation in microbiome diversity
likely exists at a much finer scale on the skin of amphibians.
Nevertheless, the demonstration of variation of microbiomes
even over large sections of amphibian skin may be important
for amphibian conservation as many pathogens, including Bd,
more readily infect skin in the ventral pelvic region [27]. Our
results suggest that more targeted sampling of amphibian skin
may be needed to better assess the possible role of skin mi-
crobiota in conferring resistance against Bd infection.

When amphibians are heavily infected by Bd, their skin
bacterial community can be dramatically disrupted [18].
However, these changes may be better resolved by studying
local skin microbiota, especially with individuals that bear
only low infection loads or those at critical early stages of
infection. In this study, B. orientalis infected by Bd presented
only low levels of infection, as commonly observed in South
Korean amphibians [32].

We found differences in the skin microbiome of subjects
between Bd-infected and uninfected subjects, with higher bac-
terial diversity on the ventral than dorsal skin only of infected
individuals. Abundance of OTUs within the Burkholderiales
and Xanthomonadales orders, and of core OTUs within
Pseudomonas parafulva and Microbacteriaceae f, also dif-
fered between body regions in infected and uninfected sam-
ples. These results suggest that the microbiome of the two
body regions reacts differently to Bd infection. Possibly, even
more localized sampling is needed to better understand the
dynamics of interactions between Bd and skin microbiota.

We also observed differences in the richness, diversity, and
composition of skin bacteria between the two captive popula-
tions, despite their being kept in the same conditions and sam-
pled at the same time. The skin microbiome of toads kept in
captivity for 4 months was less rich and more homogenous
than that of toads kept captive for 16 months. Abundance of
some major phyla, orders, and core bacteria differed between
the two populations. These differences may be attributable to
the different origins of the two populations [52], the length of
their captivity, or other factors of the captive environment
[23]. However, compared to the wild population sampled,
levels of bacterial richness and diversity, and bacterial com-
munity composition, were more similar among the captive
populations. Thus, we believe that microbiome convergence

occurred in captivity, although sampling of additional captive
populations may be necessary to confirm this hypothesis.
Other studies also have demonstrated that the bacterial com-
munities of captive amphibians become more similar to their
environment with time spent in captivity [22, 23].
Nonetheless, our results suggest that, despite interactions with
environmental bacteria, differences in microbial community
between body regions remain after 16 months in captivity,
with both regions far from the level of bacterial richness and
diversity observed in wild populations.

The relative abundance of the core bacterial community
was much reduced in captive compared to wild toads. This
is in stark contrast with results of the experiment by Loudon
et al. [22], where the core community in salamanders com-
prised up to 93.5 % of the total community after 21 days in
captivity. Instead, other OTUs of the orders Burkholderiales
and Methylophilales, not present or rare in wild toads, became
dominant in captive B. orientalis individuals (Figs. 4 and S3).
These differences may have resulted from environmental bac-
teria in our study, whereas the salamanders were housed in a
sterile environment.

Whether the 13 OTU members of the core community on
B. orientalis are functionally important to their host, or repre-
sent an artifact of the method used to identify them, is unclear.
More than half of the OTUs were rare (<1 %, Fig. 7) in both
captive and wild populations, but rarity does not preclude an
important role in the community [53]. Of the 13 core OTUs,
four belonged to the Pseudomonas and Chryseobacterium
genera (or five, if we count Pseudomonadaceac f;
Fig. S2C). These genera comprise many species with Bd-
inhibiting properties [2, 54]. Differences in abundance of
these OTUs between infected and uninfected samples in wild
toads would suggest that these OTUs are affected by Bd in-
fection, although cause and effect cannot be easily
disentangled. Isolation of these bacteria and inhibition tests
would be necessary to demonstrate anti-Bd properties of these
bacteria.

The reduced abundance of Bd-inhibiting bacteria in captive
amphibians may affect their health, including their suscepti-
bility to Bd [3]. All captive B. orientalis were infected by Bd,
which might indicate that they were more susceptible to Bd
than wild individuals. The captive individuals were in closer
contact, however, which may have resulted in the accumula-
tion of more Bd zoospores in limited space and fostered dis-
ease transmission. Captive toads all showed low Bd loads and
did not present any clinical signs of chytridiomycosis.
Possibly, the modified bacterial community still provided an
effective defense against Bd infection. Additionally, this spe-
cies likely possesses strong immune defenses against Bd, ow-
ing to its historical association with endemic Bd strains in
Korea [32].

Skin bacteria composition can affect the likelihood of sur-
vival of amphibians bred in ex situ facilities for reintroduction
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into natural environments [14]. Our study shows that the skin
of amphibians kept in captivity hosts a microbial community
that may become very heterogeneous across regions of the
body. Furthermore, these local communities may be differen-
tially modified when interacting with environmental bacteria
and may respond in different ways to infection by the patho-
genic amphibian chytrid fungus. Life-history characteristics of
amphibian species need to be considered when examining
how microbial communities differ among skin regions. For
example, we would expect more marked differences in terres-
trial than in aquatic amphibian species, corresponding to more
variable microenvironments to which terrestrial frogs are ex-
posed. To ensure their effectiveness, bioaugmentation plans
should focus on ensuring homogeneity of bacteria composi-
tion across the body regions most susceptible to Bd infection.

The skin comprises a complex ecosystem, with diverse
microhabitats, hosting a wide variety of microorganisms
[24]. The extent of this topographical microbiome diversity
has been well studied in humans but not in other animals. Our
study represents a first exploration of these local differences
on the skin of a wild vertebrate. The skin microbiome most
likely plays an important role for the health of many wild
animals, e.g., whales [55] and birds [56]. Defensive symbioses
in invertebrates are also a major area of research, with impor-
tant implications for human health [57, 58]. Studies of wildlife
host-pathogen interactions need to consider the potential im-
pacts of microhabitat variability on microbiome distribution
and diversity. Understanding the dynamics of skin
microbiome heterogeneity may be especially important for
amphibians, as skin microbiota may act as an important first
line of defense against the amphibian chytrid fungus
pathogen.
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