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Abstract

Population declines and extinctions of amphibians have been attributed to the chytrid

fungus Batrachochytrium dendrobatidis (Bd), especially one globally emerging recom-

binant lineage (‘Bd-GPL’). We used PCR assays that target the ribosomal internal

transcribed spacer region (ITS) of Bd to determine the prevalence and genetic diversity

of Bd in South Korea, where Bd is widely distributed but is not known to cause

morbidity or mortality in wild populations. We isolated Korean Bd strains from native

amphibians with low infection loads and compared them to known worldwide Bd

strains using 19 polymorphic SNP and microsatellite loci. Bd prevalence ranged

between 12.5 and 48.0%, in 11 of 17 native Korean species, and 24.7% in the introduced

bullfrog Lithobates catesbeianus. Based on ITS sequence variation, 47 of the 50 identi-

fied Korean haplotypes formed a group closely associated with a native Brazilian Bd

lineage, separated from the Bd-GPL lineage. However, multilocus genotyping of three

Korean Bd isolates revealed strong divergence from both Bd-GPL and the native

Brazilian Bd lineages. Thus, the ITS region resolves genotypes that diverge from

Bd-GPL but otherwise generates ambiguous phylogenies. Our results point to the pres-

ence of highly diversified endemic strains of Bd across Asian amphibian species. The

rarity of Bd-GPL-associated haplotypes suggests that either this lineage was introduced

into Korea only recently or Bd-GPL has been outcompeted by native Bd strains. Our

results highlight the need to consider possible complex interactions among native Bd

lineages, Bd-GPL and their associated amphibian hosts when assessing the spread and

impact of Bd-GPL on worldwide amphibian populations.
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Introduction

Populations of amphibian species around the world

have declined, sometimes to extinction, with the spread

of the emerging infectious disease chytridiomycosis,

caused by the chytrid fungus Batrachochytrium dendro-

batidis (Bd) (Berger et al. 1998; Waldman et al. 2001;

Skerratt et al. 2007; Fisher et al. 2009a). The pressing

need to mitigate the potentially devastating effects of

this fungus has spawned research into the mechanisms

by which Bd causes morbidity and mortality (Voyles

et al. 2009; Carver et al. 2010), how it became virulent

(Fisher et al. 2009b) and its historical and current distri-

bution (Weldon et al. 2004; Goka et al. 2009; Cheng et al.
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2011). The global Bd panzootic may be associated with

the emergence of one highly virulent Bd lineage, the

‘global panzootic Bd lineage’ denoted Bd-GPL (Farrer

et al. 2011), but Bd-GPL predates recent amphibian pop-

ulation declines (Rosenblum et al. 2013). In contrast,

amphibian hosts may be less affected by local, less viru-

lent Bd lineages as observed in Spain, South Africa,

Switzerland (Farrer et al. 2011), Japan (Goka et al. 2009),

China (Bai et al. 2012) and Brazil (Schloegel et al. 2012).

These studies suggest that Bd lineages are widely diver-

gent genetically and in some cases phenotypically

(Fisher et al. 2009b). Undoubtedly many more lineages

remain to be characterized.

The distribution and diversity of endemic Bd lin-

eages, and their relationship to Bd-GPL, need to be

resolved so that we can begin to understand the origin,

mechanisms of spread and impact of chytridiomycosis

on global amphibian populations. Research to date has

mainly focused on rapidly declining amphibian popula-

tions (Stuart et al. 2004; Skerratt et al. 2007; Fisher et al.

2009b), which may have resulted in oversampling of

the virulent Bd strains associated with epizootics. Bd

lineages carried by invasive, introduced and commer-

cially traded species have been among the first sampled

and characterized (Mazzoni et al. 2003; Fisher & Garner

2007). In addition, culturing Bd, especially from animals

bearing low infection loads, presents serious challenges;

thus, less virulent lineages are less likely to be sequenced

and may be underreported. To compile a fair representa-

tion of the worldwide distribution and diversity of Bd

lineages, systematic sampling biases need to be elimi-

nated. This is especially important now as studies begin

in earnest in important centres of amphibian biodiversity,

such as Asia and Africa, where Bd lineages are largely

unknown (Fisher et al. 2009a).

Recent studies have begun to describe the epidemiol-

ogy of chytridiomycosis in Asia. A survey of Bd infec-

tion across 15 Asian countries revealed that Bd

prevalence was low (2.35% overall) (Swei et al. 2011).

Moreover, among infected animals, Bd loads generally

were low, considerably below thresholds necessary to

cause disease; thus, infected animals demonstrated no

clinical signs of chytridiomycosis (Swei et al. 2011). Such

low prevalence and infection loads in Asia differ mark-

edly from those noted in areas of Bd epizootic out-

breaks associated with amphibian population declines

(Berger et al. 1998; Bosch et al. 2001; Lips et al. 2006;

Skerratt et al. 2007). Global models predict that the

range of environments in Asia suits the spread of Bd

(R€odder et al. 2010; Swei et al. 2011), so other factors

must explain differences in its epidemiology. This sug-

gests that either Bd is an emerging but potentially

benign pathogen of Asian amphibians or Bd is endemic

to Asia, allowing sufficient time for amphibians to have

evolved mechanisms of resistance to or tolerance of it.

However, any tentative conclusions must be tempered

by the limited sampling efforts that have been made to

date in Asia. Moreover, we do not know how Bd viru-

lence might be modulated by biotic or abiotic environ-

mental factors, nor how virulence varies by lineage.

Substantial diversity of Bd haplotypes previously had

been demonstrated in Japan, based on sequencing the

5.8S rDNA and ITS regions of Bd (Goka et al. 2009).

Three haplotypes (JP-B, JP-K and JP-J), found infecting

the endemic Japanese giant salamander Andrias japoni-

cas, form a Japan-specific clade ancestral to the lineages

associated with the global pandemic. Using the same

methods, a wide diversity of Bd haplotypes has recently

been detected in China, including an endemic, basal

haplotype (CN30) related to the Japanese clade that was

isolated from the endemic ranid frog Babina pleuraden.

These haplotypes may comprise a Bd lineage that is

widespread across Asia and well differentiated from

the Bd lineage associated with the global pandemic (Bai

et al. 2012). As this endemic lineage has been recovered

so far from only two species, confirmation awaits wider

sampling and analyses of additional molecular markers.

Commercial trade in amphibians may have been

important in the introduction and spread of Bd strains

in Asia (Gilbert et al. 2012), as appears to be the case

worldwide (Fisher & Garner 2007; Schloegel et al. 2012).

The American bullfrog Lithobates catesbeianus, in particu-

lar, has been identified as a key vector for the spread of

Bd among frog farms, food markets and wild popula-

tions in Asia. Recently, Bd samples isolated from

L. catesbeianus in Japan were assigned to a Bd lineage

endemic to Brazil, suggesting that some Bd strains were

introduced from Brazil on bullfrogs (Schloegel et al.

2012). Curiously, native Japanese amphibians were

found to be infected by global Bd-GPL but not by Brazil-

ian Bd strains. This observation raises the possibility

that Bd-GPL outcompetes Bd-Brazil on the skin of native

Japanese frogs. However, Bd-GPL appears unable to

prevail over endemic Bd when infecting L. catesbeianus.

Competition between endemic and introduced Bd

strains thus may be determined by properties of the host

immune system, environmental factors or host/environ-

mental interactions that remain to be elucidated.

South Korea has a diverse but understudied amphib-

ian fauna comprising 18 species: four hynobiid sala-

mander species, the only known Asian plethodontid

salamander Karsenia koreana (Min et al. 2005), 12 native

frog species and the introduced American bullfrog

(L. catesbeianus). Only two frog species (Pelophylax nigro-

maculatus and P. chosenicus) currently are listed as threa-

tened on the IUCN Red List, but two other species

(Hyla suweonensis and Kaloula borealis) are accorded spe-

cial protection in Korea because of their restricted
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ranges and small population sizes. In Asia, Bd first was

found in Korea, infecting both native and exotic species,

mostly near the capital Seoul (Yang et al. 2009). Since

then, Bd infection has been consistently monitored in

amphibian populations across the Korean peninsula,

infecting at least seven native species (Jeong et al. 2010),

yet without any observations of morbidity or mortality

attributable to the disease.

In this study, we determine the prevalence, infection

intensity and genetic diversity of Bd in amphibians of

South Korea using PCR assays targeting the ribosomal

internal transcribed spacer region (ITS). We also

describe a new method to efficiently and reliably isolate

Bd from amphibians with low levels of infection and

subsequently compare three newly isolated Korean

strains with worldwide strains using 19 polymorphic

loci. We compare our results with those obtained in

earlier studies that focused on Bd in Asia and suggest

that endemic Bd strains in Asian amphibians are more

widely distributed and genetically variable than previ-

ously thought. We also investigate the role of native

Korean amphibians as vectors of Bd in Korea.

Material and methods

Sampling of amphibians in South Korea

Frogs and salamanders were sampled across South

Korea, including lowland and mountainous areas both

in agricultural and in natural landscapes, from spring

2010 to autumn 2011. Exact GPS coordinates were

recorded for 42 sites, while the GPS positions of

remaining sites were determined based on map locali-

ties. Each subject caught was handled individually

using a new pair of disposable, nonpowdered latex

gloves to avoid cross-contamination of samples. Imme-

diately after capture, the ventral surface, hind legs and

feet of each subject were swabbed following a standard-

ized protocol (Hyatt et al. 2007) using sterile cotton

swabs (MW100 and MW113, MWE Medical Wire). Sub-

jects were released at the site of collection immediately

after sampling. Each sample was kept in a sterile vial,

placed in ice during transit and stored at �20 °C until

processed in the laboratory.

DNA extraction and PCR assays from swab samples

DNA was extracted from swabs using 50 lL of PrepMan

Ultra (Applied Biosystems) as described by Hyatt et al.

(2007). All samples were tested for Bd infection using a

highly sensitive nested PCR method targeting 5.8S rDNA

and the ribosomal internal transcribed spacer regions

(ITS) of Bd (Goka et al. 2009). Samples were run in dupli-

cate, and DNA from Bd culture (AbercrombieR-Lbooroo-

longensis-09-LB1) obtained from Dr. Lee Berger (Centre

for Public Health and Tropical Medicine, James Cook

University, Townsville, Australia) was used as a positive

control to guard against false-negative results. Samples

were recorded as positive for Bd infection if an amplified

band of approximately 300 bp could be visualized by

ethidium bromide staining under UV light for at least

one of the duplicate runs.

Samples that were determined to be positive for Bd

infection were submitted to a new round of nested PCR

(Goka et al. 2009) in October 2011. Not all samples pre-

viously identified as Bd positive amplified, presumably

owing to DNA degradation especially when little Bd

DNA had been extracted from swabs. All successfully

amplified products were purified and sequenced at the

Genome Research Facility in the School of Biological

Sciences, Seoul National University. Amplicons that

resulted in ambiguous sequences were cloned using the

RBC A&T cloning kit (RC013, Real Biotech) following

the manufacturer’s protocol. For each cloned sample, 10

clones with the correct size insert were sequenced. Bd

infection intensity was estimated as Bd zoospore geno-

mic equivalents (ZGE) in the swab samples using a

qPCR assay (Hyatt et al. 2007) and standard samples

with known Bd quantity. Obtained ZGE values were

corrected for dilutions following extraction and PCR

procedures.

Bd prevalence in South Korea

Spatial variation in Bd infection in South Korea was

visualized by interpolating the prevalence of Bd among

sample sites using the inverse distance weighting

(IDW) method (Shepard 1968). IDW uses the distance

between sampled points to infer the expected Bd preva-

lence, giving higher weight to geographically nearby

points and down weighting more geographically distant

points. Twelve points, separated by variable distances,

were used to interpolate Bd prevalence for each ~1 km2

grid cell. The interpolated surface was then clipped to

the South Korean administrative boundaries. IDW was

implemented in ArcMap version 9.3.

Mountain ranges naturally separate the South Korean

peninsula into four regions (northwest, northeast,

southwest and southeast), with Jeju Island representing

a fifth region separated from the mainland by the

Korean South Sea (Fig. 1). Phylogenetic work on the

Japanese tree frog (Hyla japonica) has shown that these

mountain ranges can limit gene flow among frog popu-

lations (Jang et al. 2011). We therefore tested whether

infection rates varied among regions, using a general-

ized linear model with logit-link function and binomial

error distribution, including region as a factor. We

examined differences in prevalence between specific
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regions using pairwise comparisons by Bonferroni post

hoc tests. Analyses were conducted with R v2.7.1.

Phylogenetic analyses of ITS gene

The ITS sequences obtained in this study were aligned

with worldwide sequences from previous studies (Goka

et al. 2009; Bai et al. 2012; Schloegel et al. 2012) (Table S1,

Supporting information), using Clustal_W (Thompson

et al. 1994). Sequences from two Terramyces sp. (AUS3,

ITA2590), four Boothiomyces sp. (AUS8, AUS9, AUS12,

ITA2633) and one Kappamyces sp. (ITA2582) were used as

the outgroup, following Goka et al. (2009). The alignment

was manually refined using Goka et al. (2009) as a

template with the software BioEdit (Hall 1999). Phyloge-

netic relationships among sequences were inferred using

maximum parsimony, maximum-likelihood, Bayesian

inference and median-joining network methods. As the

maximum parsimony and maximum-likelihood methods

do not retain gap data, we created a new alignment

for these analyses by first coding the gaps as binary data

(0/1) at the end of the alignment using the program

GapCoder (Young & Healy 2003) and then replacing

the 0s and the 1s in the alignment by As and Ts,

respectively.

Maximum parsimony analysis was conducted in

MEGA v.5 (Kumar et al. 2008) using heuristic close-

neighbour-interchange search (Nei & Kumar 2000) and

100 random sequence additions to produce the initial

trees. All characters were weighted equally, and sup-

port for each node was estimated using bootstrap anal-

ysis of 10 000 replicates. Maximum-likelihood analysis

was performed in RAxML v.7.3 (Stamatakis 2006) using

the GTR GAMMA model of evolution for tree inference

and 10 000 bootstraps (Stamatakis et al. 2008). Bayesian

inference was performed using MrBayes v.3.1.2

(Ronquist & Huelsenbeck 2003) with four chains for 10

million generations under a GTR+G model of evolution

determined using jModelTest v.0.1.1 (Posada 2008).

Burn-in of MCMC chains was evaluated using the

online program AWTY, examining cumulative plots of

posterior probabilities of the 20 most variable splits

(Wilgenbusch et al. 2004).

A phylogenetic network was constructed using the

median-joining method (Bandelt et al. 1999) imple-

mented in the program Network v.4.6.1 (http://www.

fluxus-engineering.com) to further assess the relation-

ships among worldwide Bd ITS haplotypes. This model-

free method uses a parsimony approach, based on pair-

wise differences, to connect each sequence to its closest

neighbour, and allows the creation of internal nodes

(‘median vectors’), which are interpreted as unsampled

or extinct ancestral genotypes to link the existing geno-

types in the most parsimonious way. The parameter epsi-

lon, which controls the level of homoplasy, was set at the

same value as the weight of characters used to calculate

the genetic distances (weight value = 10).

Culture isolation

Bd is most readily isolated from heavily infected subjects

or from the mouthparts of tadpoles (Longcore et al. 1999).

The very low Bd loads typical of infected Asian amphibi-

ans have hindered efforts to isolated endemic Asian Bd

strains (Swei et al. 2011). Our attempts to culture Bd from

wild-caught tadpoles similarly were frustrated by failure

to find tadpoles with conspicuous dekeratinization in the

mouthparts, typical signs of Bd infection (Knapp &

Morgan 2006). A recent study suggests that tadpoles can

be infected by sharing the same body of water as infected

adults (Greenspan et al. 2012). We thus designed a

method to isolate Bd from adult frogs with low Bd infec-

tion levels by fostering the transmission of Bd to tadpoles

Fig. 1 Location of sampling sites for Batrachochytrium dendrobat-

idis in South Korea. Square symbols indicate sites with GPS

location based on verbatim locality information, while circle

symbols indicate sites with exact GPS location. Black symbols

denote Bd-positive sites, and white symbols denote Bd-nega-

tive sites. Black stars represent sites where ITS haplotypes

associated with the Bd-GPL lineage were detected. Grey shad-

ing represents the mountain ranges, with dotted lines indicat-

ing the division of the four regions (northwest, northeast,

southwest and southeast). Solid lines within South Korea deli-

mit the Korean provinces: Chungcheongbuk (CHb), Chung-

cheongnam (CHn), Gangwon (GAw), Gyeonggi (GYg),

Gyeongsangbuk (GYSb), Gyeongsangnam (GYSn), Jeju Island

(JJ), Jeollabuk (JEb), Jeollanam (JEn).
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in laboratory culture and then isolating the fungus from

infected tadpoles’ mouthparts.

We reared groups of 10 Bombina orientalis tadpoles to

developmental stages between 25 and 36 (Gosner 1960)

within polypropylene containers (41.6 9 33.7 9 29.5 cm).

Each tadpole container was immersed within a similar

but larger container (84.1 9 51.4 9 37.5 cm) that held

one naturally Bd-infected adult conspecific. Containers

were filled with carbon-filtered, UV-sterilized water to a

depth of 10 cm, with gravel and rocks provided as dry

refuge. Water exchange between the adult and tadpole

containers occurred through small holes (<0.3 mm)

drilled into the bottom of the walls of the smaller contain-

ers. Adults and tadpoles were held in these conditions

for between 2 and 4 weeks at 20 °C under ambient pho-

toperiod. Tadpoles were fed boiled spinach every other

day, and adults were fed live mealworms (Tenebrio moli-

tor) every third day. Water was changed every third day.

After 2 weeks, tadpoles were examined every fourth day

under a low power stereoscopic microscope for the pres-

ence of dekeratinized areas in the jaw sheaths.

Six tadpoles with signs of Bd infection from each con-

tainer were euthanized by immersion in a 5 g/L solution

of MS-222 (Torreilles et al. 2009), and jaw sheaths were

dissected in aseptic conditions. Isolation of Bd was

attempted from lower and upper jaw sheaths separately,

12 times per infected adult. Each piece of jaw was asepti-

cally wiped on an agar plate with nutrients and antibiot-

ics to remove bacteria, yeast and fungal spores (Longcore

et al. 1999). The cleaned jaws then were placed into sterile

12-well culture plates with15 mL mTGhL liquid media,

200 mg/L penicillin-G and 400 mg/L streptomycin sul-

phate. After 1–3 weeks of incubation at 20 °C, cultures
were examined for the presence of active zoospores using

an inverted microscope. A volume of 1 mL of culture

containing zoospores was transferred by pipette to a new

12-well plate with liquid media and no antibiotics, and

incubated at 20 °C. All successfully cultured isolates

were spun at 1700 g for 10 min. A portion of the pellets

was used for DNA extraction, while the remaining was

resuspended in 1 mL 10% DMSO 10% FCS in liquid

media and transferred into a 2-mL cryotube for cryopres-

ervation at �80 °C (Boyle et al. 2003).

Multilocus genotyping of cultured Korean Bd strains

DNA was extracted from Korean Bd cultures with the

Qiagen DNeasy kit (Qiagen, Ltd.) following the manufac-

turer’s instructions. Multilocus sequence typing (MLST)

was carried out using a selection of the 19 most polymor-

phic loci chosen over a panel of 36 microsatellite or single

nucleotide polymorphism markers described in previous

studies (6873X2, 8392X2, 8009X2, b7-10c, BDC5, BdSC1.2,

BdSC1.2.4, BDC24, BdSC2.02, BdSC3.1, BdSC4.3, BdSC4.16,

BdSC5.1, BdSC6.2, BdSC6.15, BdSC8.10, BdSC9.7, APRT13,

HMG17) (Morgan et al. 2007; James et al. 2009; Schloegel

et al. 2012). PCRs were conducted as described in the

study by Schloegel et al. (2012), but using proofreading

AmpliTaq Gold DNA polymerase (Applied Biosystems)

for amplification. Amplicons were purified and

sequenced in both forward and reverse directions at the

Genome Research Facility in the School of Biological Sci-

ences, Seoul National University. SNPs in the loci were

detected by direct observation of forward and reverse

reads using BioEdit (Hall 1999). For markers with a vari-

able short tandem repeat region (b7-10c) or with single-

point deletions (BdSC1.2.4), amplicons were cloned using

the RBC A&T cloning kit (RC013, Real Biotech) following

the manufacturer’s protocol. For each cloned sample, 10

clones with the correct size insert were sequenced.

The Korean genotypes obtained were analysed

alongside the worldwide samples genotyped by

Schloegel et al. (2012). The proportion of shared alleles

(Bowcock et al. 1994) and Cavalli-Sforza genetic dis-

tances (Cavalli-Sforza & Edwards 1967) among indi-

viduals were calculated with MSA v.4.05 (Dieringer &

Schl€otterer 2003), using a bootstrap analysis of 50 000

replicates. The distance matrices obtained were used to

construct 50% consensus trees with the neighbour-join-

ing method implemented in PHYLIP v.3.68 (Felsen-

stein 2004).

Results

Prevalence and infection intensity of Bd in South Korea

From March to September of 2010 and 2011, 1863 indi-

viduals, comprising all 18 extant South Korean amphib-

ian species, from 149 field sites across the country, were

swabbed. In all, 330 individuals (17.7%) of 13 native

and one introduced (L. catesbeianus) species tested posi-

tive for Bd infection (Tables 1 and S2, Supporting infor-

mation). Bd was detected in 78 of 149 sites sampled

(52.4%, Fig. 1). None of the individuals that we found

exhibited clinical signs typically associated with heavy

chytridiomycosis infection, and neither morbidity nor

mortality attributable to disease has been reported to

date in South Korea.

Two salamander species (Hynobius leechii and H. quel-

paertensis) showed the highest prevalence of Bd (48.0%

and 39.7%, respectively), followed by the introduced

American bullfrog (L. catesbeianus; 24.7%). Seven other

native amphibian species showed prevalence above

10%, including the endangered golden-spotted pond

frog (P. chosenicus). Three of six samples obtained

from captive Karsenia koreana, the only known lungless

salamander (family Plethodontidae) in Asia (Min et al.

2005), also were found infected by Bd (Table 1).
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Two main areas of high interpolated Bd prevalence,

one around Seoul in the northwest and the other in the

southwest, emerged from the IDW analysis (Fig. 2; red

denotes prevalence between 51 and 100%). Prevalence

varied significantly among regions (likelihood ratio test,

LRT3 = 97.01, P < 0.0001), lower in the northeast (4.6%)

and northwest (11.3%) than in the southeast (30.4%) and

southwest (24.5%; Table 2). The southwest and southeast

regions did not significantly differ in prevalence

(P = 0.65) but all other pairwise comparisons between

regions yielded significant differences (P < 0.05) by

Bonferroni post hoc tests.

The geographical differences in Bd prevalence in South

Korea might be influenced by the disproportionate sam-

pling of H. leechii, H. quelpaertensis and L. catesbeianus,

the three species with highest Bd prevalence (Tables 2

and S2, Supporting information), in the southern parts of

the country. When results from these three species were

excluded from the data set, lowering the sample size to

1537 individuals, prevalence in three of the five southern

provinces decreased to less than 20%, whereas preva-

lence in Jeju Island and Gyeongsangbuk Province

remained above 20% (Table 2). Prevalence in southwest

and southeast regions decreased to 14.2% and 20.0%,

respectively, after exclusion of the data from the three

species, but no change in prevalence was noted in north-

ern regions (Table 2, Fig. S1, Supporting information).

Regions significantly varied in prevalence (likelihood

ratio test, LRT3 = 55.77, P < 0.0001). Pairwise compari-

sons between the northeast and other regions, and

between the northwest and the southwest, showed signif-

icant differences (P < 0.05) by Bonferroni post hoc tests.

ITS haplotype diversity and Bd infection intensity

We examined genetic diversity of Bd infecting amphi-

bians by submitting all samples that tested positive for

Bd infection to a new round of nested PCR assay (Goka

et al. 2009). PCR amplifications were successful for 63 of

330 samples (Tables 1 and S3, Supporting information).

Of the 63 samples, 37 were successfully genotyped by

direct sequencing. The remaining 26 PCR amplicons

exhibited multiple peaks in initial sequencing reactions,

indicating the presence of more than one ITS haplotype.

These samples were cloned and 10 clones were

sequenced per amplicon.

Of these samples, one haplotype was obtained from

three of the 26 samples, two haplotypes from eight sam-

Table 1 Summary of Batrachochytrium dendrobatidis prevalence in amphibian species sampled in South Korea during 2010 and 2011

Species

Number of

Samples

Bd

Positives

Prevalence (%)

(95% CI) Haplotype Bd Load

Bombina orientalis 365 61 (30) 16.7 (13.9–20.3) 1, 4(2), 7(8), 8, 9(10), 10–13,
14(3), 15(3), 16, 17, 18(2),

21(3), 22, 23(2), 24–27, 28(2),
29–36, 37(2), 38, 39, 50

13.85 (�4.79)

Bufo gargarizans 90 2 (1) 2.2 (0.9–7.00) 4 20.00

Bufo stejnegeri 35 2 5.7 (2.4–17.4) — —

Glandirana rugosa 97 19 (4) 19.6 (14.3–27.7) 4(3),47 14.12 (�13.09)

Hyla japonica 406 53 (7) 13.1 (10.6–16.2) 4, 9(3), 19(2), 32, 40–46 28.07 (�14.95)

Hyla suweonensis 2 0 0 (0–95.0) — —
Hynobius leechii 123 59 (1) 48.0 (41.4–56.2) 20 1.50

Hynobius quelpaertensis 116 46 39.7 (33.1–48.1) — —

Hynobius yangi 3 0 0 (0–77.6) — —
Kaloula borealis 20 0 0 (0–16.0) — —

Karsenia koreana* 6 3 (1) 50.0 (34.3–92.4) 14 2.67

Lithobates catesbeianus 93 23 (14) 24.7 (18.7–33.5) 2(2), 3(11), 4, 6, 7, 20, 48, 49 305.36 (�130.72)

Onychodactylus fischeri 20 0 0 (0–16.0) — —
Pelophylax chosenicus 8 1 12.5 (5.3–52.1) — —

Pelophylax nigromaculatus 163 5 (1) 3.1 (1.6–6.4) 4, 5 —
Rana coreana 59 11 18.6 (12.4–19.4) — —

Rana dybowskii 249 46 (4) 18.5 (15.0–23.1) 4 (4) 5.17 (�1.92)

Rana huanrenensis 14 2 14.3 (6.6–41.0) — —

Total 1863 330 (63) 17.7 (16.3–19.2) 112 61.18 (�22.43)

Bd positives, number of individuals infected with Bd (numbers of positive samples successfully sequenced in brackets); Prevalence,

percentage of Bd-infected animals (with associated 95% confidence interval); Haplotype, identity of Korean Bd haplotype (number of

sequences of named haplotype); Bd load, mean Bd infection intensity in zoospore genomic equivalents and associated standard errors.

*Samples were obtained from captive individuals kept in Kangwon University that were collected in Gyeryong Mountain

(Chungcheongnam Province).

© 2013 John Wiley & Sons Ltd
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ples, three haplotypes from 10 samples, four haplotypes

from two samples and five haplotypes from three sam-

ples (Table S3, Supporting information). In total, 50 dif-

ferent haplotypes were identified (KR1 to KR50;

GenBank accession nos JX983045-JX983089). Of the 50

haplotypes, 45 are unique to Korea, three (KR1, KR3 and

KR7) are identical to haplotypes isolated in Japan (JP-U,

JP-P and JP-O, respectively) (Goka et al. 2009) and two

(KR6 and KR18) are identical to haplotypes from a native

Brazilian Bd strain isolated in a USA food market

[UM142 clone D and J (Schloegel et al. 2012), herein

renamed BR1 and BR2; Fig. 3, Table S1, Supporting infor-

mation]. The most common Korean haplotypes were KR4

(13 of 63 samples), KR9 (12 of 63 samples) and KR3 (11 of

63 samples; Table 1). KR4 was the most widely distrib-

uted across species (seven species), while KR3 was found

exclusively on the introduced bullfrog (L. catesbeianus).

Thirty-one haplotypes, the largest number found in any

species in our study, were recovered from the oriental

fire-bellied toad (Bombina orientalis) (30 of 63 samples),

but this may be an artefact of our having had more suc-

cess sequencing Bd isolated from this species.

We successfully estimated Bd infection intensity by

qPCR assay in 59 of the 330 positive samples. All Bd inten-

sity values were lower than the recognized mortality

threshold of 10 000 zoospore genomic equivalents (ZGE;

Table 1) (Kinney et al. 2011). The highest Bd loads were

observed in L. catesbeianus (305.36 � 130.72 ZGE), while

mean Bd loads in other species were much lower (range:

1.50–28.07 ZGE; Tables 1 and S3, Supporting informa-

tion).

Phylogenetic relationships among ITS haplotypes

Maximum parsimony (MP), maximum-likelihood (ML)

and Bayesian inference (BI) phylogenies yielded similar

trees, but the BI tree was the best resolved, albeit with

poor node support (Figs 3 and S2, Supporting informa-

tion). In this phylogeny, the most basal cluster consisted

of 18 Korean haplotypes, including the most com-

mon KR4 haplotype, nine Brazilian haplotypes and two

Japanese haplotypes. Two other small clusters were sepa-

rated from this basal clade: one grouping Korean and

Brazilian haplotypes (posterior probability = 0.51) and

another comprising Korean, Japanese and Chinese haplo-

types, including the second most common Korean haplo-

type KR9 (posterior probability = 0.69). A group of

worldwide haplotypes and three Korean haplotypes

(KR1, KR2 and KR11) formed a separate cluster corre-

sponding to the Bd-GPL clade with a posterior probabil-

ity of 0.55. A set of Brazilian, Japanese and Chinese

haplotypes were positioned at the base of this Bd-GPL

clade (Figs 3 and S2, Supporting information).

None of the clusters of haplotypes recovered in the

BI tree were supported by the MP and ML phylogenies,

but similar clusters were observed in the median-joining

phylogenetic network (Fig. 4). A notable exception was

the clustering of KR1 and KR11 (within the global line-

age in the BI tree) with native Brazilian haplotypes

(Fig. 4). Overall, the results of the phylogenetic analyses

of the ITS sequences show that the majority of the Korean

ITS haplotypes clustered with Brazilian and Asian hapl-

otypes but were separated from the Bd-GPL clade.

Culture isolation from native Korean amphibians

Three fire-bellied toads (B. orientalis) (subjects BO319,

BO327 and BO331), collected in the same watershed in

Hwacheon (Gangwon Province, GPS coordinates

Fig. 2 Spatial variation in prevalence of Batrachochytrium dend-

robatidis in South Korea. This heatmap depicts the interpolated

prevalence of Bd across the South Korean landscape, con-

structed with an inverse distance weighting method, based

on amphibian population monitoring data obtained during

2010 and 2011. Prevalence values are colour-coded following a

gradient from blue (0–10%) to light blue (10–22%), yellow (22–
35%), orange (35–50%) and red (50–100%). Collection localities

are indicated by triangles.

© 2013 John Wiley & Sons Ltd
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38.128N, 127.762E), were swabbed and found to be

infected with low loads of Bd (range: 2.98–114.23 ZGE).

We genotyped the ITS region to characterize the Bd

strains infecting these subjects: BO319 – haplotypes KR09

and KR18BR2; BO327 – haplotype KR09; and BO331 –

haplotypes KR09, KR10 and KR46 (Fig. 4). To culture the

Bd, the three subjects were held individually in enclo-

sures with 10 conspecific tadpoles. After 2–4 weeks of

experimental inoculation, dekeratinized areas were

observed in the jaw sheaths of 8 to 10 tadpoles per con-

tainer (80–100% infection rate). Isolation of Bd from

infected jaw sheaths was successful from at least two tad-

poles per container.

Multilocus sequence typing of cultured Korean Bd
strains

Three Korean Bd cultures (KBO319T9, KBO327T6 and

KBO331T3) were genotyped using a multilocus sequence

typing (MLST) method based on 19 polymorphic loci.

New alleles unique to the Korean strains were identified

in 15 of the 19 analysed loci. No more than two alleles

per sample were identified for the three Korean Bd

strains after sequencing of 10 clones per amplicon in two

loci, suggesting that only one strain was present in each

culture. Phylogenetic analysis of the MLST data set

showed that the Korean genotypes formed a cluster well

separated from the Bd-Brazil and the Bd-GPL lineages

(bootstrap support ≥ 95%; Fig. 5). This divergence

between Korean and Brazilian lineages was not observed

in the ITS phylogeny (Figs 3 and 4). The three Korean

genotypes, especially KBO319T9, diverged from one

another with significant bootstrap support.

Discussion

Prevalence and infection intensity of Bd in South
Korea

As found in previous surveys throughout Asia (Goka

et al. 2009; Swei et al. 2011; Bai et al. 2012), Bd infection

intensity was low in Korean amphibians. Infected indi-

viduals showed no clinical signs of chytridiomycosis,

and we observed no morbidity or mortality in the field.

Data set

Number

of sites

Number of

samples

Bd

positive

Prevalence (%)

(95% CI)

Province

Chungcheongbuk Full 11 164 29 17.7 (13.6–23.5)
Reduced 11 153 27 17.7 (13.4–23.7)

Chungcheongnam Full 7 56 1 1.8 (0.7–8.0)
Reduced 7 52 0 0 (0.0–6.0)

Gangwon Full 19 536 43 8.0 (6.4–10.2)
Reduced 19 532 43 8.1 (6.4–10.3)

Gyeonggi Full 25 274 32 11.7 (9.0–15.4)
Reduced 24 261 28 10.7 (8.1–14.5)

Gyeongsangbuk Full 19 175 49 28.0 (23.1–34.3)
Reduced 17 134 34 25.4 (20.1–32.5)

Gyeongsangnam Full 19 169 55 32.5 (27.3–39.2)
Reduced 17 102 17 16.7 (11.9–24.2)

Jeju Full 13 218 55 25.2 (21.0–30.7)
Reduced 7 139 30 21.6 (16.8–28.3)

Jeollabuk Full 11 54 17 31.5 (23.2–43.1)
Reduced 8 27 3 11.1 (5.4–27.2)

Jeollanam Full 25 217 49 22.6 (18.5–27.9)
Reduced 19 137 20 14.6 (10.6–20.7)

Region

Region NW Full 54 831 94 11.3 (9.7–13.3)

Reduced 50 793 87 11.0 (9.3–13)
Region NE Full 8 196 9 4.6 (2.8–7.9)

Reduced 8 196 9 4.6 (2.8–7.9)
Region SW Full 35 269 66 24.5 (20.7–29.4)

Reduced 25 162 23 14.2 (10.5–19.6)
Region SE Full 40 349 106 30.4 (26.7–34.8)

Reduced 34 241 53 22.0 (18.1–26.9)

Calculations made using the complete data set on Bd infection in Korean amphibian

species (‘Full’) or using a reduced data set with results from Hynobius leechii, Hynobius

quelpaertensis, Lithobates catesbeianus excluded (‘Reduced’); see text.

Table 2 Prevalence of Batrachochytrium

dendrobatidis infection in amphibians by

region

© 2013 John Wiley & Sons Ltd
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Nonetheless, our results point to relatively high preva-

lence of Bd in most Korean amphibians. Indeed, two

salamander species demonstrated higher Bd prevalence

(40–48%) than the non-native bullfrog (25%), and seven

other native frog species were recorded with Bd preva-

lence above 10%. These results contrast with the low

prevalence found previously in wild Asian amphibians

(2.35% overall) (Swei et al. 2011).

The high Bd prevalence and low infection intensity

found in Korean amphibians suggest a historical pres-

ence of Bd in Korea, consistent with the hypothesis that

Bd may be endemic to Asia. In contrast, Swei et al.

(2011) interpreted low Bd prevalence as an indication

that Bd only recently may have been introduced and

appears not to be self-sustaining in Asia. However, that

study, based on opportunistic sampling with small sam-

ple sizes, may not truly reflect the extent of Bd distribu-

tion. We conducted planned, intensive surveys of all

amphibian species throughout South Korea and found

surprisingly high prevalence but low infection intensity.

Detailed surveys throughout Asia will be useful in

assessing the generality of our results.

Bd prevalence was significantly lower in the north-

east, separated by mountain ranges from other regions

of the country. Because of its mountainous terrain, the

northeast of the country lacks flat plains, which typi-

cally are converted to rice fields. Many Korean amphib-

ians, including those showing high Bd prevalence (e.g.

L. catesbeianus, B. orientalis and H. japonica), mate in rice

fields, often in dense breeding aggregations. This may

facilitate opportunities for Bd transmission both within

and among species above those typical of less anthropo-

genically disturbed habitats. Rice fields dominate much

of the landscape in Asia, so this potential mode of

transmission might be especially important. More

detailed comparative studies of Bd prevalence between

natural and rice field environments should be under-

taken to evaluate this hypothesis.

Endemic Bd lineages in South Korea and Asia

The phylogenetic analyses of ITS and MLST data pro-

vide conflicting results on the origin of Bd in South

Korea and Asia. Analysis of ITS sequences suggests that

between 47 and 50 ITS haplotypes from Korea occupy a

basal position in the tree, forming various clusters sepa-

rated from the global Bd-GPL clade. None of these

Korean haplotypes appear to be closely related to the

four Japanese and Chinese endemic haplotypes (JP-B,

JP-K, JP-J and CN30) identified in other studies (Goka

et al. 2009; Bai et al. 2012). Rather, our phylogenetic net-

work shows that many Korean haplotypes are identical

or closely related to haplotypes isolated from Brazil. On

their own, these results would suggest an ongoing

Fig. 3 Phylogenetic tree of ITS rRNA haplotypes from world-

wide Batrachochytrium dendrobatidis samples. The strict consen-

sus tree from phylogenetic analysis was constructed using a

Bayesian inference method. The numbers above the branches

indicate for each node the posterior probability (PP) support

from Bayesian inference, bootstrap support (10 000 replicates)

for maximum-likelihood and for maximum parsimony meth-

ods, respectively (nodes with PP >0.5 and/or bootstrap value

>50% are shown). Only the support values discussed in the

text are indicated. The length of the basal branch was cropped

owing to space limitations. Samples are colour-coded by their

geographical origin. Sequences from two Terramyces sp., four

Boothiomyces sp. and one Kappamyces sp. were used as out-

group, following Goka et al. (2009). A detailed version of this

tree, including sample and outgroup names and all node sup-

port values, is available in the supplementary materials (Figure

S2, Supporting information).

© 2013 John Wiley & Sons Ltd
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Fig. 5 Phylogenetic tree based on mul-

tilocus genotyping data from worldwide

Batrachochytrium dendrobatidis strains.

Neighbour-joining distance tree based on

the proportion of shared alleles calcu-

lated from multilocus sequence typing of

19 loci showing the relationships among

global Bd strains. Numbers along

branches indicate nodal support: boot-

strap values (>50%) from proportion of

shared alleles and Cavalli-Sforza distance

calculations (both with 50 000 replicates).

Fig. 4 Median-joining phylogenetic network of Batrachochytrium dendrobatidis ITS rRNA haplotypes. This network includes all the

most parsimonious trees linking the isolates. Each unique haplotype is represented by a circle with its size relative to its frequency

in the data set. Each node is separated by a specific number of mutations represented by grey dots and in some cases by internal

nodes termed median vectors (grey circles). Blue circles denote haplotypes from China (CN), Japan (JP) or both; yellow, haplotypes

from Korea (KR); green, haplotypes from Brazil (BR); and red, haplotypes from South Africa (SA) and other countries (OC). Nodes

with multiple colours indicate haplotypes shared by more than one country. WLD (the largest, blue/red) indicates the most common

global haplotype found in the USA, Ecuador, Italy, China and Japan (total = 42 sequences). Haplotypes identified in cultured Korean

Bd strains are in bold. Owing to space limitations, the figure does not indicate equivalency of these haplotypes: OC1 = CN8,

OC3 = CN28, OC8 = CN15, OC9 = CN16, OC12 = CN14 = JPC, OC13 = CN25.

© 2013 John Wiley & Sons Ltd
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movement of native Bd strains between Korea and

Brazil, perhaps associated with the pet trade (Schloegel

et al. 2012). However, the MLST analysis of three

Korean Bd strains isolated from B. orientalis reveals that

the Korean Bd isolates represent a new clade, well sepa-

rated from the Bd-Brazil lineage. This clade consists of

one of the most common Korean ITS haplotypes (KR9),

as well as other haplotypes identical or similar to haplo-

types identified in native Brazilian strains (KR18 and

KR46, Fig. 4). Thus, the results of ITS and MLST analy-

ses differ in their support for the presence of endemic

Bd lineages in Korea.

Caution needs to be exercised when using ITS

sequences to assess Bd diversity or to determine phyloge-

netic relationships among strains (Schloegel et al. 2012).

Until now, the ITS region has served as a useful marker

to detect and genotype Bd because of its high copy num-

ber and short length, which promote amplification even

of samples with low DNA quality. However, Schloegel

et al. (2012) recently identified up to 22 distinct ITS

sequences within particular Bd strains, so clearly ITS

sequences are not strain specific and other markers must

be used to resolve ambiguities. Here, we identified Bd

ITS sequences that matched those associated with Bd-

Brazil; yet, other markers that we used suggested to the

contrary that these Bd strains were unique and presum-

ably endemic to Korea. Thus, Japanese samples identified

as originating from Brazil using ITS data (Schloegel et al.

2012) need to be genotyped with other markers to con-

firm the presence of Bd-Brazil in Japan. More generally,

these conflicting results highlight the limitations of the

ITS region as a means to identify Bd strains.

Our phylogenetic analyses reveal nonetheless that ITS

sequences of Korean and Brazilian Bd strains consistently

differ from those of Bd-GPL. Thus, despite its limitations,

ITS may be a useful marker for distinguishing native Bd

lineages from the Bd-GPL lineage. Thus we suggest that

ITS should be mainly used as a first rapid tool to identify

individuals or populations harbouring potentially novel

Bd genotypes. The isolated strains then should be identi-

fied using a suite of markers.

Importantly, almost all ITS haplotypes that we identi-

fied in Korean amphibians, as well as the 11 Japanese

haplotypes identified to date, form clusters that diverge

from the Bd-GPL lineage. If, as argued above, we

consider that ITS can reliably identify genotypes that

differ from the Bd-GPL lineage, these results suggest

that many of the Bd strains that infect Korean and

Japanese amphibians are endemic to these regions. The

high allelic diversity of Bd lineages, revealed by MLST

analyses of Bd isolated from just three frogs collected in

one watershed, probably does not begin to estimate

total Bd strain diversity in the region. As two other Bd

lineages isolated in Switzerland, Spain and South Africa

(BdCH and BdCAPE) (Farrer et al. 2011) were not

included in our genetic analyses, we cannot rule out the

possibility that Asian strains are related to these

lineages, but this seems very unlikely. Many Bd strains

appear endemic to Asia. Rather than being restricted to

particular host species, they are highly diversified,

widely distributed and associated with a large number

of Asian amphibian species. This provides further sup-

port for the hypothesis that Bd lineages around the

world are much more diverse than previously thought

(Farrer et al. 2011; Schloegel et al. 2012; Rosenblum et al.

2013).

To fully evaluate the diversity of endemic Bd strains

in Asia, and worldwide, and to ascertain the origin of

the emergent hypervirulent Bd-GPL lineage, additional

Bd strains native to each area need to be isolated and

characterized using comparative genomic methods

(Farrer et al. 2011; Rosenblum et al. 2013). The new

isolation method developed in our study should serve

as a useful tool to culture Bd from individuals infected

with low Bd load, as is generally observed in Asian

amphibians as well as possibly those elsewhere infected

by native Bd strains. The method especially lends itself

to amphibian species that are closely associated with

aquatic habitats, but might be used with terrestrial spe-

cies by exposing larvae to wash from infected adults.

Studying how Bd affects common amphibian host

species that are infected at high prevalence (such as

B. orientalis or H. japonica in Korea) may provide insight

into how Bd diversity and distribution impact rarer

species of high conservation value.

Spread of native and introduced Bd lineages in South
Korea

The American bullfrog (L. catesbeianus), introduced from

eastern North America to many countries including

Korea to establish frog farms, has been suggested as a

primary vector for the spread of Bd worldwide. Bull-

frogs infected with Bd have been readily found in frog

farms, food markets and wild populations in Asia

(Goka et al. 2009; Bai et al. 2012; Gilbert et al. 2012) and

elsewhere (Schloegel et al. 2009, 2012). We found that

Bd diversity, prevalence and infection intensity of

L. catesbeianus were among the highest of all species

that we surveyed, supporting the hypothesis that

L. catesbeianus serves as a vector of Bd in Korea. Fur-

ther, we identified Bd from this species with an ITS

haplotype that is associated with the Bd-GPL lineage

(KR2, Fig. 4), which suggests that L. catesbeianus may be

spreading introduced Bd strains.

However, our results also show that wide-ranging

native species such as the oriental fire-bellied toad

B. orientalis can be infected by multiple Bd strains with

© 2013 John Wiley & Sons Ltd
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high prevalence. ITS sequence analyses, although equiv-

ocal, suggest that some of the Bd strains isolated from

B. orientalis represent introduced strains (KR1 and

KR11). Bombina orientalis and other wide-ranging native

species like the Japanese tree frog Hyla japonica are

found in larger numbers than L. catesbeianus in natural

and agricultural landscapes across Korea. This suggests

that, once new Bd strains are introduced into a region,

native species might play an important role in their

spread and proliferation. The lower prevalence

observed in the mountainous northeast region of South

Korea suggests that the spread of Bd by native amphib-

ians also may be dependent on habitat and land use.

We detected just three haplotypes (KR1, KR2 and

KR11; Figs 3 and 4), in four individuals, that may be

associated with the Bd-GPL lineage. Only the clustering

of KR2 with Bd-GPL was unambiguously supported by

the phylogenetic analyses. Although our sample size for

ITS sequences was limited to 63 individuals, we still

would expect to observe more haplotypes associated

with introduced Bd-GPL if they were present in the

same frequency as they have been found in Japan (12 of

25 ITS haplotypes) and China (29 of 30 haplotypes,

according to our phylogenetic network). This suggests

that the presence of Bd-GPL is still very limited in wild

Korean amphibian populations. Possibly the Bd-GPL

lineage only was introduced very recently into Korea.

We consider this explanation unlikely, however, first

because the Bd-GPL-associated haplotypes detected in

Korea were observed in sites distant from major ports

of entry into the country such as Seoul or Busan (Fig. 1)

and second because high levels of Bd introduction have

been found in neighbouring China and Japan (Goka

et al. 2009; Bai et al. 2012).

Another intriguing possibility is that endemic Kor-

ean Bd strains outcompete introduced Bd-GPL, owing

to the driving force of host–pathogen co-evolution.

Experimental infection studies of amphibians with

both native and introduced Bd strains should be

undertaken to elucidate the role of endemic pathogen–

host interactions in limiting the spread of emerging

pathogenic Bd. Such studies also would help increase

our understanding of the mechanisms involved in

effecting resistance to or tolerance of Bd-GPL among

amphibian populations. We suggest that future studies

on Bd in Asia will need to consider the interactions

between introduced global panzootic Bd strains ,

native Bd strains and their associated amphibian hosts

when assessing the spread and virulence of Bd-GPL in

amphibian populations. Likewise, elsewhere in the

world where Bd is found but without associated

amphibian population declines, potential interactions

between local and global Bd strains on host species

need to be considered.

Acknowledgements

We thank Deuknam An, Larisa Lee Cruz, Emily Fountain,

Jungbae Park and Jaeho Woo for assistance with fieldwork,

Daesik Park for access to tissues and Lee Berger and Joyce

Longcore for discussions on chytrid isolation methods.

Experiments were conducted under animal ethics (SNU-120 8

27-5) and biosafety (SNUIBC-P120725-1) permits issued by

Seoul National University. Field sampling was conducted

under permits issued by local Korean government authori-

ties. The research was supported by the National Research

Foundation of Korea (NRF), funded by the government of

the Republic of Korea (MSIP) (grants 2010-0002767,

2012R1A1A2044449 and 2012K1A2B1A03000496 to B.W., and

KRF-2007-313-C00503 and 2009-0067686 to M.S.M.) and by

Seoul National University (Brain Fusion Program, Brain

Korea 21 Program, and New Faculty Resettlement Fund

grants to B.W.).

References

Bai C, Liu X, Fisher MC, Garner TWJ, Li Y (2012) Global and

endemic Asian lineages of the emerging pathogenic fungus

Batrachochytrium dendrobatidis widely infect amphibians in

China. Diversity and Distribution, 18, 307–318.
Bandelt HJ, Forster P, Rohl A (1999) Median-joining networks

for inferring intraspecific phylogenies. Molecular Biology and

Evolution, 16, 37–48.

Berger L, Speare R, Daszak P et al. (1998) Chytridiomycosis

causes amphibian mortality associated with population

declines in the rain forests of Australia and Central America.

Proceedings of the National Academy of Sciences of the United

States of America, 95, 9031–9036.
Bosch J, Martinez-Solano I, Garcia-Paris M (2001) Evidence of a

chytrid fungus infection involved in the decline of the com-

mon midwife toad (Alytes obstetricans) in protected areas of

central Spain. Biological Conservation, 97, 331–337.
Bowcock AM, Ruiz-Linares A, Tomfohrde J, Minch E, Kidd

JR, Cavalli-Sforza LL (1994) High resolution human evolu-

tionary trees with polymorphic microsatellites. Nature, 368,

455–457.
Boyle DG, Hyatt AD, Daszak P et al. (2003) Cryo-archiving of

Batrachochytrium dendrobatidis and other chytridiomycetes.

Diseases of Aquatic Organisms, 56, 59–64.
Carver S, Bell BD, Waldman B (2010) Does chytridiomycosis

disrupt amphibian skin function? Copeia, 2010, 487–495.
Cavalli-Sforza LL, Edwards AWF (1967) Phylogenetic analysis:

models and estimation procedures. American Journal of

Human Genetics, 19, 233–257.

Cheng TL, Rovito SM, Wake DB, Vredenburg VT (2011)

Coincident mass extirpation of neotropical amphibians

with the emergence of the infectious fungal pathogen

Batrachochytrium dendrobatidis. Proceedings of the National

Academy of Sciences of the United States of America, 108,

9502–9507.

Dieringer D, Schl€otterer C (2003) Microsatellite analyser (MSA):

a platform independent analysis tool for large microsatellite

data sets. Molecular Ecology Notes, 3, 167–169.
Farrer RA, Weinert LA, Bielby J et al. (2011) Multiple emer-

gences of genetically diverse amphibian-infecting chytrids

include a globalized hypervirulent recombinant lineage. Pro-

© 2013 John Wiley & Sons Ltd

12 A. BATAILLE ET AL.



ceedings of the National Academy of Sciences of the United States

of America, 108, 18732–18736.
Felsenstein J (2004) PHYLIP (Phylogeny Inference Package)

Version 3.6. Distributed by the author. Department of Gen-

ome Sciences, University of Washington, Seattle.

Fisher MC, Garner TWJ (2007) The relationship between the

emergence of Batrachochytrium dendrobatidis, the international

trade in amphibians and introduced amphibian species. Fun-

gal Biology Reviews, 21, 2–9.

Fisher MC, Garner TWJ, Walker SF (2009a) Global emergence

of Batrachochytrium dendrobatidis and amphibian chytridiomy-

cosis in space, time, and host. Annual Review of Microbiology,

63, 291–310.

Fisher MC, Bosch J, Yin Z et al. (2009b) Proteomic and pheno-

typic profiling of the amphibian pathogen Batrachochytrium

dendrobatidis shows that genotype is linked to virulence.

Molecular Ecology, 18, 415–429.

Gilbert M, Bickford D, Clark L et al. (2012) Amphibian

pathogens in southeast Asian frog trade. EcoHealth, 9, 386–398.

Goka K, Yokoyama JUN, Une Y et al. (2009) Amphibian

chytridiomycosis in Japan: distribution, haplotypes and

possible route of entry into Japan. Molecular Ecology, 18,

4757–4774.

Gosner KL (1960) A simplified table for staging anuran

embryos and larvae with notes on identification. Herpetolog-

ica, 16, 183–190.
Greenspan SE, Calhoun AJK, Longcore JE, Levy MG (2012)

Transmission of Batrachochytrium dendrobatidis to wood frogs

(Lithobates sylvaticus) via a bullfrog (L. catesbeianus) vector.

Journal of Wildlife Diseases, 48, 575–582.

Hall TA (1999) BioEdit: a user-friendly biological sequence

alignment editor and analysis program for Windows 95/98/

NT. Nucleic Acids Research, 41, 95–98.
Hyatt A, Boyle DG, Olsen V et al. (2007) Diagnostic assays and

sampling protocols for the detection of Batrachochytrium

dendrobatidis. Diseases of Aquatic Organisms, 73, 175–192.

James TY, Litvintseva AP, Vilgalys R et al. (2009) Rapid global

expansion of the fungal disease chytridiomycosis into declin-

ing and healthy amphibian populations. PLoS Pathogens, 5,

e1000458.

Jang Y, Hahm EH, Lee H-J, Park S, Won Y-J, Choe JC (2011)

Geographic variation in advertisement calls in a tree frog

species: gene flow and selection hypotheses. PLoS ONE, 6,

e23297.

Jeong A, Yang HJ, Baek HJ, Ko YM, Lee H, Min MS (2010) Dis-

tribution of the amphibians infected by chytrid fungus (Bd)

in South Korea. Korean Journal of Herpetology, 2, 9–15.
Kinney VC, Heemeyer JL, Pessier AP, Lannoo MJ (2011) Sea-

sonal pattern of Batrachochytrium dendrobatidis infection and

mortality in Lithobates areolatus: affirmation of Vredenburg’s

“10 000 zoospore rule”. PLoS ONE, 6, e16708.

Knapp RA, Morgan JAT (2006) Tadpole mouthpart depigmen-

tation as an accurate indicator of chytridiomycosis, an

emerging disease of amphibians. Copeia, 2006, 188–197.

Kumar S, Dudley J, Nei M, Tamura K (2008) MEGA: a biolo-

gist-centric software for evolutionary analysis of DNA and

protein sequences. Briefings in Bioinformatics, 9, 299–306.
Lips KR, Brem F, Brenes R et al. (2006) Emerging infectious

disease and the loss of biodiversity in a Neotropical amphib-

ian community. Proceedings of the National Academy of Sciences

of the United States of America, 103, 3165–3170.

Longcore JE, Pessier AP, Nichols DK (1999) Batrachochytrium den-

drobatidis gen. et sp. nov., a chytrid pathogenic to amphibians.

Mycologia, 91, 219–227.

Mazzoni R, Cunningham AA, Daszak P, Apolo A, Perdomo E,

Speranza G (2003) Emerging pathogen of wild amphibians in

frogs (Rana catesbeiana) farmed for international trade. Emerg-

ing Infectious Diseases, 9, 995–998.

Min MS, Yang SY, Bonett RM, Vieites DR, Brandon RA, Wake

DB (2005) Discovery of the first Asian plethodontid salaman-

der. Nature, 435, 87–90.
Morgan JAT, Vredenburg VT, Rachowicz LJ et al. (2007) Popu-

lation genetics of the frog-killing fungus Batrachochytrium

dendrobatidis. Proceedings of the National Academy of Sciences of

the United States of America, 104, 13845–13850.
Nei M, Kumar S (2000) Molecular Evolution and Phylogenetics.

Oxford University Press, New York.

Posada D (2008) jModelTest: phylogenetic model averaging.

Molecular Biology and Evolution, 25, 1253–1256.
R€odder D, Kielgast J, L€otters S (2010) Future potential distribu-

tion of the emerging amphibian chytrid fungus under

anthropogenic climate change. Diseases of Aquatic Organisms,

92, 201–207.
Ronquist F, Huelsenbeck JP (2003) MrBayes 3: bayesian phylo-

genetic inference under mixed models. Bioinformatics, 19,

1572–1574.

Rosenblum EB, James TY, Zamudio KR et al. (2013) Complex

history of the amphibian-killing chytrid fungus revealed

with genome resequencing data. Proceedings of the National

Academy of Sciences of the United States of America, Advance

online publication 6 May 2013, doi: 10.1073/pnas.13001

30110.

Schloegel LM, Picco AM, Kilpatrick AM, Davies AJ, Hyatt AD,

Daszak P (2009) Magnitude of the US trade in amphibians

and presence of Batrachochytrium dendrobatidis and ranavirus

infection in imported North American bullfrogs (Rana cates-

beiana). Biological Conservation, 142, 1420–1426.

Schloegel LM, Toledo LF, Longcore JE et al. (2012) Novel, pan-

zootic and hybrid genotypes of amphibian chytridiomycosis

associated with the bullfrog trade. Molecular Ecology, 21,

5162–5177.

Shepard D (1968) A two-dimensional interpolation function for

irregularly-spaced data. Proceedings of the 1968 23rd ACM

National Conference, 517–524.
Skerratt L, Berger L, Speare R et al. (2007) Spread of chytridi-

omycosis has caused the rapid global decline and extinction

of frogs. EcoHealth, 4, 125–134.

Stamatakis A (2006) RAxML-VI-HPC: maximum likelihood-

based phylogenetic analyses with thousands of taxa and

mixed models. Bioinformatics, 22, 2688–2690.
Stamatakis A, Hoover P, Rougemont J (2008) A rapid boot-

strapping algorithm for the RAxML web servers. Systematic

Biology, 57, 758–771.

Stuart SN, Chanson JS, Cox NA et al. (2004) Status and trends

of amphibian declines and extinctions worldwide. Science,

306, 1783–1786.
Swei A, Rowley JJL, R€odder D et al. (2011) Is chytridiomycosis

an emerging infectious disease in Asia? PLoS ONE, 6,

e23179.

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W:

improving the sensitivity of progressive multiple sequence

alignment through sequence weighting, position-specific gap

© 2013 John Wiley & Sons Ltd

ENDEMIC ASIAN PATHOGENIC CHYTRID FUNGUS DIVERSITY 13



penalties and weight matrix choice. Nucleic Acids Research,

22, 4673–4680.
Torreilles S, McClure DE, Green SL (2009) Evaluation and

refinement of euthanasia methods for Xenopus laevis. Journal

of the American Association of Laboratory Animal Science, 48,

512–516.
Voyles J, Young S, Berger L et al. (2009) Pathogenesis of chy-

tridiomycosis, a cause of catastrophic amphibian declines.

Science, 326, 582–585.

Waldman B, van de Wolfshaar KE, Klena JD, Andjic V, Bishop

PJ, Norman RJ (2001) Chytridiomycosis in New Zealand

frogs. Surveillance, 28 (3), 9–11.
Weldon C, Du Preez L, Hyatt A, Muller R, Speare R (2004) Ori-

gin of the amphibian chytrid fungus. Emerging Infectious Dis-

eases, 10, 2100–2105.

Wilgenbusch JC, Warren DL, Swofford DL (2004) AWTY: a

system for graphical exploration of MCMC convergence in

Bayesian phylogenetic inference. http://ceb.csit.fsu.edu/

awty.

Yang HJ, Baek HJ, Speare R et al. (2009) First detection of the

amphibian chytrid fungus Batrachochytrium dendrobatidis in

free-ranging populations of amphibians on mainland Asia:

survey in South Korea. Diseases of Aquatic Organisms, 86, 9–

13.

Young ND, Healy J (2003) GapCoder automates the use of

indel characters in phylogentic analysis. BMC Bioinformatics,

4, 6.

A.B., J.J.F, M.S.M. and B.W. conceived of and designed

the study. A.B., M.C. and H.J.B. conducted the labora-

tory benchwork. A.B., M.C., J.J.F., H.J.B, M.S.M. and

B.W. conducted the field surveys. A.B., J.J.F., M.C. and

G.W. analyzed the data. B.W., H.L. and M.S.M. contrib-

uted reagents, materials, and analysis tools. A.B., J.J.F.

and B.W. wrote the paper.

Data accessibility

ITS rRNA sequences: GenBank Accession nos JX983045-

JX983089.

Alignment of ITS rRNA haplotypes from Batrachochy-

trium dendrobatidis samples collected worldwide and

outgroup species, in Fasta format, has been provided

as supplementary information (Data S1, Supporting

information). The same alignment with the gaps at the

end coded as A/T characters, used for maximum parsi-

mony and maximum-likelihood analyses, has been pro-

vided as supplementary information in Nexus format

(Data S2, Supporting information). Genotype data of Ba-

trachochytrium dendrobatidis based on 19 loci, including

representative allele sequences for each locus, in Gene-

pop format, have been provided as supplementary

information (Data S3, Supporting information).

Supporting information

Additional supporting information may be found in the online ver-

sion of this article.

Table S1 ITS rRNA sequences of Batrachochytrium dendrobatidis

included in our phylogenetic analyses.

Table S2 Prevalence of Batrachochytrium dendrobatidis in wild

Korean amphibians in the nine Korean provinces.

Table S3 ITS rRNA haplotypes of Batrachochytrium dendrobatidis

identified in wild amphibians collected in South Korea.

Fig. S1 Heatmap of the prevalence of Batrachochytrium dendro-

batidis in South Korea using reduced data set.

Fig. S2 Detailed version of the phylogenetic tree of ITS rRNA

haplotypes from worldwide Batrachochytrium dendrobatidis

samples.

Data S1 Alignment of ITS rRNA haplotypes from Batrachochy-

trium dendrobatidis samples collected worldwide and outgroup

species (Fasta format).

Data S2 Alignment of ITS rRNA haplotypes from Batrachochy-

trium dendrobatidis samples collected worldwide and outgroup

species with gaps coded as A/T characters at the end of the

alignment (Nexus format).

Data S3 Multilocus genotype data of Batrachochytrium dendro-

batidis based on 19 loci (Genepop format) and representative

allele sequences for each locus.

© 2013 John Wiley & Sons Ltd

14 A. BATAILLE ET AL.


