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Retrospective Survey Reveals Extreme Rarity of Amphibian 
Fungal Pathogen Batrachochytrium dendrobatidis in  
Japanese Amphibians from 1890–1990s

Disease theory suggests that areas of pathogen endemism 
should reveal patterns of host survival and host-pathogen 
coevolution, creating the opportunity to determine patterns of 
regional disease emergence or outbreak. Thus, in regional areas 
of pathogen endemism there should be long-term evidence of 
host survival with the pathogen over spatial and temporal scales 
(Anderson and May 1985; Grenfell and Dobson 1995; Hoyt et al. 
2016). Understanding a pathogen’s historical disease occurrence 
can identify areas of contemporary disease emergence or 
outbreak which can assist conservation efforts on impacts of 
emerging infectious disease (Bodinoff et al. 2011; Huss et al. 
2013; Muletz et al. 2014).  Batrachochytrium dendrobatidis (Bd) 
is one of the causative agents of the emerging infectious disease 
chytridiomycosis, which is implicated in declines of over 200 
amphibians worldwide (Skerratt et al. 2007). Although first 
described in 1999 (Longcore et al. 1999), Bd’s origin and patterns 
of regional disease emergence are still debated. Japan is one area 
where Bd endemism has been proposed, citing evidence of low 
Bd prevalence in wild amphibian populations and significant 
genetic differentiation of Bd in wild hosts. Additionally, in Japan 
there is no reported history of amphibian declines or population 
crashes attributed to Bd emergence (Goka et al. 2009; Fisher 
2009), such as the Sierra Nevada mountains in California, USA 
(Vredenburg et al. 2010) and in El Copé, Panama (Lips et al. 2006). 
This evidence suggests a history of host coevolution with Bd in 
Japan. Studies examining amphibian museum specimens for 

historical Bd presence have explored patterns of infection and 
host survival, and revealed cryptic disease emergence patterns 
regionally (Yang et al. 2009; Soto-Azat et al. 2010; Bodinoff et al. 
2011; Cheng et al. 2011; Huss et al. 2013; Vredenburg et al. 2013; 
Zhu et al. 2014; Fong et al. 2015; Talley et al. 2015; De Leon et al. 
2016). 

To explore patterns of regional disease emergence, we 
can examine two hypotheses which have been proposed to 
explain patterns of global Bd emergence. The novel pathogen 
hypothesis asserts Bd as a novel disease agent (or a new 
virulent strain) causing chytridiomycosis, encountering naive 
hosts and causing population crashes and extirpation (NPH, 
the “novel pathogen hypothesis;” Alford 2001; Rachowicz et 
al. 2005). The endemic pathogen hypothesis states that Bd is 
already a globally existing pathogen exploiting changes in host 
immunity impaired by climate change and other environmental 
stress factors (EPH, “endemic pathogen hypothesis;” Pounds 
et al. 2006). The pattern of low infection across Japan, and 
correspondingly in Asia, can be the result of only a few different 
options. Following the EPH hypothesis, recent findings of wide 
distribution (21.9% prevalence of pet store amphibians and 
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table 1. Historical Batrachochytrium dendrobatidis (Bd) prevalence 
in Japan.

Time period No. No. %  No. 
  examined Bd-positive positive species

 1890–1900 3 0 0 1

 1901–1910 269 1 0.3% 8

 1911–1920 6 0 0 3

 1921–1930 0 0 0 0

 1931–1940 27 0 0 7

 1941–1950 1 0 0 1

 1951–1960 64 0 0 11

 1961–1970 14 0 0 6

 1971–1980 68 0 0 8

 1981–1990 1 0 0 1

 1991–2000 138 2 1.4% 6

 Total 591 3 0.5% 48
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4.1% in wild amphibians; Goka et al. 2009) and diversification 
of Bd may indicate a new epizootic wave of Bd. Following the 
NPH hypothesis, one option is that the low Bd prevalence, 
diverse phylogenetic lineages and lack of declines or mortality 
events in Japan indicate pathogen endemism. Each of these two 
options would call for very different conservation efforts that 
focus on the mitigation of pathogen transmission due to the live 
animal trade. For example, following the NPH, recent findings 
of low prevalence may indicate Japan may be an endemic site 
of pathogen transmission thus action should be taken to restrict 
animal exports. Alternatively, following the EPH, recent findings 
of low prevalence may indicate Japanese amphibians may be 
experiencing an epizootic wave similar to other areas worldwide 
which would call for immediate mitigation and species 
conservation. Japan is home to a phenomenal diversity of 
amphibian species potentially at risk to an emerging infectious 
disease. To advance our knowledge of Bd patterns of occurrence 
in Japan, we determined the historical prevalence of Bd in 
native Japanese amphibians as well as one invasive species, the 
American Bullfrog, Rana catesbeiana (Lithobates catesbeianus), 
from herpetological collections.  

We sampled 591 archived museum specimens of amphibian 
species (Anura, N = 507; Caudata, N = 84) from Japan for the 
presence of Bd. Specimens were from six institutions: Museum 
of Vertebrate Zoology, Berkeley, California (N = 95); California 

Academy of Sciences, San Francisco, Califorina (N = 447); James 
P. Slater Museum of Natural History at the University of Puget 
Sound, Tacoma, WA, USA (N=1); Natural History Museum of 
Los Angeles, Los Angeles, California (N = 47), and Museum of 
Natural History at the University of Colorado, Boulder, Colorado, 
USA (N = 1). Specimens archived in the museums were originally 
collected by several different groups and were not collected for 
the purpose of disease surveillance.

We attempted to test all possible endemic Japanese species 
found in museums and as many as we could find from each 
decade over the last 100 years. Several amphibian families 
were represented in this study, including Cryptobranchidae, 
Bufonidae, Hylidae, Microhylidae, Ranidae, Rhacophoridae, 
Hynobiidae, and Salamandridae. We examined 48 native 
Japanese species and one non-native species, R. catesbeiana, 
which were all post-metamorphic, wild-caught animals. All 
specimens tested were collected and preserved between 1890 
and 1993. All animals were fixed in 10% formalin and stored 
in 70% ethanol. In natural history museums it is typical to fix 
amphibians in formalin for 2–5 days, with longer fixing for larger 
samples, or until the specimen is stiff to the touch (pers. comm. 
Noel Graham, Herpetology Department, California Academy 
of Sciences). Larval amphibians are typically preserved in 10% 
formalin and do not carry significant loads of Bd infection so 
were not included in this study. 

Fig. 1. Historical Batrachochytrium dendrobatidis (Bd) detection in native and introduced wild-caught amphibian species in 
Japan. The map shows infection status of screened museum specimens collected across the country over time (this study) and 
the distribution of contemporary Bd-positive individuals (sampled in 2007; data retrieved from Goka et al. 2009). The three 
Bd-positive individuals from this study are highlighted with species name and year collected. Lithobates catesbeianus = Rana 
catesbeiana; X. laevis = Xenopus laevis.
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Specimens were sampled to represent the six islands of Japan, 
including the five major islands (Hokkaido, Honshu, Shikoku, 
Kyushu, and Okinawa), all of which are areas where Bd had been 
previously found by Goka et al. (2009), as well as an additional 
island, Oge Island. The specimens chosen for this study were 
collected from 73 different sites, which were unevenly distributed 
both temporally and geographically due to opportunistic nature 
of natural history collection: Hokkaido Island (N = 2 sites); 
Honshu Island (N = 57), Shikoku Island (N = 5), Oge Island (N = 1), 
Kyushu Island (N = 7), and Okinawa Island (N = 1).

To decrease chances of contamination by errant tissue 
pieces or other floating Bd zoospores in preservation jars, each 
individual was thoroughly rinsed with 70% ethanol several times 
before sampling and gloves were rinsed or changed between 
processing individual animals (Cheng et al. 2011). A sterile, 
synthetic cotton swab was used to sample each specimen by 
swabbing each individual with 30 strokes: each hind foot was 
swabbed five times on the toe webbing, each thigh was swabbed 
five times, and each side of the ventral abdomen was sampled 
five times (Cheng et al. 2011). We swabbed frogs 30 times on the 
ventral surface, including the inner thighs and abdomen and ten 
times between toes. We swabbed salamanders 30 times over the 
ventral surface from neck to vent and ten times between toes. We 
attempted to achieve a sample size of ten individuals from ten 
endemic species from every decade but some decades were data 
deficient, such as the 1940s. Swabs were stored dry in 1.5-mL 
microcentrifuge tubes at 4°C until processing (Cheng et al. 2011). 

We extracted swabs using the Prepman Ultra tissue extraction 
kit (Applied Biosystems, Foster City, California). Prior to 
extraction, swab vials were placed in a SpinVac for 15–20 min or 
under a fume hood for ~1 hr to evaporate residual ethanol. Swabs 
were extracted with Prepman Ultra, and extractions diluted 1:10 
in 0.25×TE Buffer. Presence of Bd was determined using a real-
time PCR (ABI 7300) assay for Bd according to methods described 

by Boyle et al. (2004), and revised for museum specimens (Cheng 
et al. 2011). Samples were run in duplicate along with negative 
controls (H

2
0, TE Buffer) and positive standards at dilutions 

of 100, 10, 1.0, and 0.1. All standards were obtained from the 
Australian Animal Health Laboratory (courtesy of A. Hyatt). 
Additionally, all specimens where Bd was detected by qPCR 
initially were analyzed in singlicate and were subsequently re-
run in triplicate. Samples were considered positive for Bd when 
one or more out of the three returned a result for Bd detection. 
qPCR-positive samples were additionally analyzed by histology.

From this large spatio-temporal and diverse host sampling 
for Bd, our results support a very low Bd prevalence in the last 
century among wild-caught amphibians from Japan (0.5%; 
Bd was detected in 3 of 591 specimens by qPCR). Bd was 
detected in only 3 of 20 (15%) species analyzed: Hyla japonica, 
R. catesbeiana, and Glandirana rugosa (formerly Rana rugosa). 
None of these Bd-positive results from PCR analyses were found 
to be Bd-positive by histological examination.

Across the five islands of Japan, there were just two areas 
where Bd was detected. The earliest date for Bd detection was 
from a Japanese Wrinkled Frog, G. rugosa, collected in 1909 from 
Shikoku Island in the Tokushima City area (species prevalence 
= 0.8%, 1 of 131 samples analyzed). The second specimen with 
positive detection for Bd was a Japanese Treefrog, H. japonica, 
from 1991 collected from Shikoku Island, also in the Tokushima 
City district (0.8%; 1/122). The third specimen was an American 
Bullfrog, R. catesbeiana, from 1993 collected from Honshu Island 
in the Kanagawa Province, south of Tokyo City (33%; 1/3). All 
other specimens were found to be Bd negative across 71 sites on 
six islands.

Disease theory suggests a history of Bd endemism in Japan 
would depict a steady pattern of low prevalence over time 
among hosts. Moreover, examining historical disease occurrence 
can be used as a method to determine risk to other areas 

table 2. Non-native and native Japanese amphibian species sampled for Batrachochytrium dendrobatidis (Bd) from museums.

Family Species Count No. sites % Bd-positive

Bufonidae Bufo  japonicus (= B. praetextatus) 33 4 0.0%

Cryptobranchidae Andrias japonicus 4 4 0.0%

Hylidae Hyla hallowellii 1 1 0.0%

 Hyla japonica 122 25 0.8% (1/122)

Hynobiidae Hynobius naevius 1 1 0.0%

 Hynobius nebulosus 1 1 0.0%

 Hynobius nigrescens 4 1 0.0%

 Onychodactylus japonicus 6 1 0.0%

Microhylidae Microhyla ornata 3 1 0.0%

Ranidae Glandirana rugosa (= Rana rugosa) 131 16 0.8% (1/131)

 Rana catesbeiana (= Lithobates catesbeianus) 3 3 33.3% (1/3)

 Rana japonica 53 11 0.0%

 Rana narina 1 1 0.0%

 Rana nigromaculata 103 25 0.0%

 Rana tagoi 7 1 0.0%

 Rana taipehensis 3 2 0.0%

 Rana temporaria 30 10 0.0%

Rhacophoridae Rhacophorus schlegelii 9 4 0.0%

Salamandridae Cynops ensicauda 2 1 0.0%

 Cynops pyrrhogaster 63 14 0.0%
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worldwide prior to irreversible population crashes. Herein, we 
report the earliest known case of Bd infection in Japan, our 1909 
Bd-detection in R. rugosa. This is also the earliest reported case 
within Asia (Weldon et al. 2004; Yang et al. 2009; Soto-Azat et 
al. 2010; Vredenburg et al. 2013; Zhu et al. 2014). Although this 
one sample supports the prevailing hypothesis of Bd endemism 
and a potentially long-term, stable association between Bd and 
host, the lack of pathogen detection between the time periods 
of 1910 through 1990s and the recent positive samples of an 
invasive species and a native species (our samples from 1991 
and 1993) suggest Bd may be currently more prevalent than in 
the previous 100 years.  Compared to recent studies in Japan, our 
results suggest the historical prevalence of Bd in Japan greatly 
differs from recent decades, supporting the EPH hypothesis in 
Japan. Specifically, the historical prevalence at 0.5% over 103 
years, from 1890 to 1993, is very low compared to contemporary 
prevalence at 4.1% in wild amphibians, 10–21.9% from pet trade, 
and 92.5% in wild-caught R. catesbeiana tadpoles (Goka et al. 
2009; Tamukai et al. 2014; Kadekaru et al. 2016). 

The opportunity to test the hypotheses of EPH and NPH 
disease emergence in Japan is a critical step in determining the 
strategies for wildlife risk management in this regional area. In our 
study, the appearance of Bd on specimens collected in the 1990s, 
including invasive species, R. catesbeiana, collected in 1993, 
suggest the possibility of a recent introduction of Bd in Japan from 
invasive species, potentially from trade markets. Additionally, 
this study depicts an increase in Bd after R. catesbeiana 
introductions. Both these findings may suggest the possibility 
a new Bd strain recently introduced in Japan. Considered to be 
ideal vectors of Bd infection (Garner et al., 2006), naturalized 
populations of both R. catesbeiana and Xenopus laevis are found 
on at least five islands in Japan, and there is high Bd prevalence 
from these species in Japan in multiple studies (92–100%, Goka 
et al. 2009; Kadekaru et al. 2016). In contemporary studies, these 
nonnative species harbor higher levels of Bd infection than 
those found on native Japanese amphibians (Goka et al. 2009; 
Kadekaru et al. 2016). These species also constitute the majority 
of the genetic diversity of Bd found on the archipelago (Goka et 
al. 2009). Additionally, the report of hypervirulent strains of Bd 
found on introduced R. catesbeiana worldwide (Schloegel et al. 
2012), suggests Japan’s amphibians are at potential risk to an 
epizootic event from an invasive species. Although there is the 
potential for theories of pathogen origin and emergence to not 
apply to all species in all areas in the same way (Rachowicz et 
al. 2005), as well as the potential for sampling error in historical 
occurrence detection from museum specimens (Cheng et al. 
2011), we report an extreme rarity of Bd in the period of 1890–
1990s in Japan. Thus, given information from other studies and 
our own, we infer an epizootic wave may be occurring in Japan 
according to the endemic pathogen hypothesis.

The lack of detection of Bd by histological analysis was 
not entirely surprising and may be the result of two things. 
Histological analysis has a high potential for false negatives. 
Although it is a highly sensitive technique, histological analysis 
can miss light Bd infection, especially in museum specimens 
where formalin fixation degrades DNA over time. Additionally, 
museum specimens are extremely valuable to collections 
because of their rarity so we only removed a small amount of 
tissue for histological analysis. This may have increased the 
potential of missing detecting Bd infection as the pathogen 
could have been localized elsewhere anatomically than where 
we removed tissue.

We detected the presence of Bd on three of the eight species 
currently known to harbor Bd-infections in Japan (Goka et al. 
2009). One other amphibian species with previously detected 
Bd infections is the endangered endemic Cynops ensicauda 
(IUCN 2011), a species harboring high levels of Bd infection 
in contemporary studies (50%; 12/24: Goka et al. 2009) and 
harboring four haplotypes that are also found infecting the 
invasive R. catesbeiana. Although we tested 63 C. ensicauda 
individuals, none were found to be Bd-positive. Further research 
is needed to assess the effects of Bd infection on C. ensicauda, 
and whether mortality may be implicated.

Japan extends across a wide range of latitudes, but is 
generally a temperate climate with harsher winters in northern 
latitudes and more tropical summers in southern latitudes, 
which may affect Bd infection and virulence in multiple 
complex ways. Current areas known to harbor infections 
include the islands of Honshu, Kyushu, and Okinawa, however 
we only detected Bd on one of these three islands, Honshu. 
Interestingly, we also detected the historical presence of Bd on 
two specimens collected on Shikoku Island, an island where Bd 
positives have yet to be reported. It is possible this indicates an 
expansion of Bd to Kyushu and Okinawa or seasonal differences 
in Bd infection. Although the two locations of the reported Bd 
positives are several hundred kilometers apart and separated by 
seas, the habitats are similar and harbor sufficient conditions 
for Bd suitability according to bio-climate models, featuring 
humid, subtropical climates (Rödder et al. 2009). Further studies 
warrant investigation into the identification of the Bd strains and 
disease seasonality existing in Japan and other Asian countries 
as studies have shown unraveling the history of Bd can be highly 
complex and variable (Bai et al. 2010; Swei et al. 2011; Bai et. 2012; 
Rosenblum et al. 2013; Byrne et al. 2016). With global climate 
change and globalization increasing, trade between nations 
has increased disease transmission and opportunity for further 
disease outbreaks, including chytridiomycosis outbreaks—
especially from sources in the food and pet trade (Morens 
et al. 2008; Gratwicke et al. 2009; Goka 2010). Detection and 
mitigation of disease  transmission in amphibian food and pet 
trade (Tamukai et al. 2014), establishment of Japanese wildlife 
monitoring to track health changes, and implementation of 
context-dependent strategies (Woodhams et al. 2011) are critical 
to prevent disease outbreaks and maintain stable populations in 
endemic Japanese amphibians. 
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Prevalence of Chytrid Fungus Batrachochytrium  
dendrobatidis in Wild Amphibians, Singapore

The prevalence of Batrachochytrium dendrobatidis (Bd) in 
wild amphibians in Asia has gained significant interest in recent 
years (Savage et al. 2011; Swei et al. 2011; Gilbert et al. 2012; 
Bataille et al. 2013; Zhu et al. 2016), however Bd occurrence 
patterns are understudied in comparison to other continents 
such as North America and Australia. Low Bd prevalence in 
Asia has been reported (Swei et al. 2011; Gilbert et al. 2012). 
In Singapore, Bd was detected in Limnonectes blythii and 
Polypedates leucomystax sampled from ten sites, ranging from 
urban parks to naturalized areas adjacent to nature reserves 
(Gilbert et al. 2012). In order to further examine Bd occurrence 
patterns in wild amphibians in Singapore, we conducted a cross-
sectional study at new sites including an urban park and within 
the Central Catchment Nature Reserve (CCNR). 

Night surveys and field sampling were carried out at various 
points within the Singapore Botanic Gardens (SBG) and six 
sites within the CCNR, consisting of 5 nature reserves and 1 
nature park (Fig. 1; Table 1), from December 2015 to February 
2016. Surveys were conducted during the north-east monsoon 
season (cool and wet conditions) to increase the chances of 
detection (Robert et al. 2011). The mean daily temperatures 

during these two months ranged from 27.5°C to 29.0°C, with 
a range of daily temperatures from 21.5°C to 34.0°C. Monthly 
total rainfall during these two months ranged from 25 mm to 
300 mm (NEA 2016). Adults and juveniles of both native and 
introduced amphibian species were sampled. All amphibians 
were sampled by swabbing five times on the ventral hind feet, 
thighs, abdomen, and fore feet. Every amphibian was examined 
physically for signs of chytridiomycosis such as thickened skin 
or abnormal skin coloration (Berger et al. 1998; Pascale et 
al. 2015) and were released within 30 minutes at their site of 
capture. 
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Fig. 1. Sampling sites for Batrachochytrium dendrobatidis in Singa-
pore. 

table 1. Coordinates of Batrachochytrium dendrobatidis sampling 
sites in Singapore.

Sampling site Latitude °N Longitude °E

Singapore Botanic Gardens 1.316972 103.815806

Central Catchment Nature Reserve 

 Lower Peirce 1.374694 103.824333

 Upper Peirce - Butterfly Trail 1.369222 103.783556

 Nee Soon Swamp Forest 1.385595 103.811444

 Venus Loop 1.358972 103.823389

 Upper Seletar 1.401639 103.807526

 MacRitchie  1.355735 103.80742


