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ABSTRACT:  One of the major threats for the massive loss in global amphibian diversity is chytridiomycosis,
caused by chytrid fungi Batrachochytrium dendrobatidis (Bd) and B. salamandrivorans (Bsal). Following
its discovery in 2013, Bsal has emerged as a severe threat to the global survival of urodelans. In 2018, a
study reported a high prevalence of Bsal (65.6%) in the Hong Kong newts (Paramesotriton hongkongensis,
Near Threatened) of a southern China population adjacent to Hong Kong (HK). Uncertainty regarding the
Bsal infection status of P. hongkongensis inhabiting HK raised deep concern over the risk of introducing
Bsal from that populatlon We screened the skin swabs from wild individuals of P. hongkongensis, 15
sympatric amphlblan species, and 16 1mported amphibian species in HK for chytrids. We found that both
Bsal and Bd occur in low prevalences in P. hongkongensis (Bsal 1.7%, 5/293; Bd 0.34%, 1/293), Hong Kong
cascade frog, Amolops hongkongensis, family Ranidae (Bsal only, 526% 1/19), and Asian common toad,
Duttaphrynus melanostictus, family Bufonidae (Bsal only, 5.88%, 1/17), populahons of HK, with infected
individuals being asymptomatic, suggesting a potential role of these species as reservoirs of Bsal.
Conversely, Bd, but not Bsal, was present on 13.2% (9/68) of imported amphibians, indicating a high
chytrid introduction risk posed by international amphibian trade. Long-term surveillance of the presence of
Bd and Bsal in wild and captive amphibians would be advisable, and we recommend that import and
export of nonnative chytrid carriers should be prevented, especially to those regions with amphibian
populations naive to Bd and Bsal.

Key words: Amphibian disease, Bd, Bsal, chytrid fungal pathogen reservoir, chytridiomycosis,
Salamander.

INTRODUCTION First discovered in 1998 (Berger et al. 1998),

attention from the scientific community to the
immense impact of Batrachochytrium dendro-
batidis (Bd) has grown considerably across the
years. By 2021, Bd had been detected in 93/134
(69%) countries, spanning from the Americas,

Amphibian biodiversity has been suffering
a large-scale loss globally, with at least 41% of
amphibian species threatened with population
crash or extinction (Fisher and Garner 2020;

TUCN 2022a). One of the main causes of the i i ) ‘
Asia, Europe, and Africa, and in 1,375 amphib-

decline is chytridiomycosis, an infectious skin
disease of amphibians that occurs in all conti-
nents where amphibians exist (Stegen et al.
2017; Olson et al. 2021). Two chytrid fungal
species of the family Batrachochytriaceae,
order Rhizophydiales are known to be responsi-
ble for causing chytridiomycosis. They propagate
and spread by releasing motile reproductive
cells, zoospores, which attach to the amphibian
skin into the environment (Medina and Buchler

2020).

ian species, affecting those mostly in the order
Anura (frogs and toads), but some in the order
Urodela (salamanders, including newts) as well
as in caecilians, order Gymnophiona (Olson
et al. 2021). In 2013, Batrachochytrium sala-
mandrivorans (Bsal) was described, identified
from the common fire salamander (Salamandra
salamandra) associated with a severe outbreak
of chytridiomycosis devastating populations of
S. salamandra in the Netherlands (Martel et al.
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2013). After its discovery, Bsal was mainly
reported to occur in Asia and Europe (Spitzen-
van der Sluijs et al. 2016; Stegen et al. 2017)
and to cause the rapid die-offs of many Euro-
pean and some North American salamanders
(Yap et al. 2017). Unlike with Bd, species in the
order Urodela (salamanders and newts) seem
to be the most susceptible to Bsal, but some
anuran species can also be affected (Martel
etal. 2014).

Although Bsal and Bd resulted in sporadic
deaths in certain amphibian populations and
100% fatality in others, research has shown that
some species are resistant to chytrid fungal
infections, and some species survive with certain
levels of tolerance to the infection (Lam et al.
2010; Martel et al. 2014; Voyles et al. 2018).
Plummeted populations of susceptible species
that rebound over time possibly have evolved
resistance against the fungal pathogen or
acquired traits that protect them from infection
(Brucker et al. 2008). Importantly, an in vivo
Bsal infection experiment shows that at least
three species of Asian newts in the family Sala-
mandridae, Japanese fire-bellied newt (Cynops
pyrrhogaster), cyan newt (Cynops cyanurus),
and Vietnam warty newt (Paramesotriton delous-
tali), may become infected with Bsal and sur-
vive, and may function as natural reservoirs
contributing to Bsal transmission within and
from Asia (Martel et al. 2014). Evidence from
other studies supported an East Asian origin of
Bsal (Laking et al. 2017; Fisher and Garner
2020). Similar to Bsal, Bd has also been sug-
gested to have originated from East Asia (the
Korean peninsula; O'Hanlon et al. 2018). Some
studies have proposed that these pathogenic
fungi might be introduced to naive populations
in other regions through movements of asymp-
tomatic carriers (Fisher and Gamer 2007;
Nguyen et al. 2017). Many wild Asian newts,
including some of the suggested Asian reser-
voir hosts, are overhunted and commonly
traded to meet the growing demands from
domestic and international pet markets (Row-
ley et al. 2016; Kitade and Wakao 2022).
Therefore, understanding the prevalences of
Bsal and Bd in wild amphibians and the

Ficure 1.

Hong Kong newt (Paramesotriton hong-
kongensis) in its natural habitat, a stream in Hong Kong,
China. Photo credit: Hon Shing Fung.

geographical distribution of infected popula-
tions, especially those in Asia, and assessing the
risk of pathogen introduction from animal trade
are critical for conserving global amphibian bio-
diversity (Sreedharan and Vasudevan 2021).
Research on Bsal and Bd in Asia has been
relatively limited. One study (Yuan et al. 2018)
reported Bsal presence across a wide geographi-
cal distribution in southern China. Remarkably,
Bsal was highly prevalent (65.6%) in a popula-
tion of Hong Kong newts (Paramesotriton hong-
kongensis; Fig. 1) in Wutongshan, Shenzhen,
China (Yuan et al. 2018). This prompted us to
consider the status and sustainability of other P.
hongkongensis populations in nearby regions.
Hong Kong is one of their main distribution
ranges; however, the prevalence of Bsal and Bd
in the amphibians in Hong Kong, including pos-
sible reservoir hosts, remains largely unknown.
Hong Kong is adjacent to Wutongshan in
Shenzhen (Fig. 2), and P. hongkongensis is the
only local extant Urodela species (IUCN
2022a). This species is Red Listed as Near
Threatened because of its limited distribution
range and continuing decline in the extent and
quality of its habitat (IUCN 2022a). We antici-
pated a high risk of Bsal introduction to Hong
Kong population from Wutongshan and were
concerned that if the P. hongkongensis in Hong
Kong were naive to the chytrid fungi, spread of
Bsal from Wutongshan or other sources might
cause a population collapse of this protected
species. Moreover, some sympatric amphibian
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FIGURE 2.

The sites for sampling Hong Kong newts (Paramesotriton hongkongensis) and other amphibian

species in Hong Kong, China, during 2019-2021. Green (pale) circles indicate the sampling sites with no
Batrachochytrium salamandrivorans (Bsal) and Batrachochytrium dendrobatidis (Bd) detected. Red (dark) cir-
cles indicate the sampling sites with Bsal and/or Bd detected. The larger orange circle in the north of the map
indicates Wutongshan in Shenzhen, Guangdong, where Bsal has been detected in the P. hongkongensis popula-

tion at high prevalence (Yuan et al. 2018).

species might function as Bsal reservoirs and
facilitate the rapid spread of Bsal (Fisher 2017).

Hong Kong plays a significant role as an
international animal trade hub, which poses a
high risk of introducing the chytrid fungi to
local amphibians or to other places (Kolby
et al. 2014). More than 7,000 live individuals of
CITES-listed amphibians were imported dur-
ing 20152019 (GovHK 2020), with the actual
trade numbers expected to be far higher when
including non-CITES-listed species. Imported
amphibians may be introduced into local
amphibian population through, for instance, reli-
gious mercy release, which is a common practice
in Hong Kong (Lee et al. 2022). Moreover, a
large number of amphibians are exported from
Hong Kong. For example, >3.6 million individ-
uals were exported to the US during 20062010
(Kolby et al. 2014). It is important to monitor

imported amphibians to detect chytrid carriers
and improve understanding of sources of
amphibian chytrids.

Considering the high prevalence of Bsal in
the P. hongkongensis population of Wutong-
shan (Yuan et al. 2018), we aimed 1) to deter-
mine the prevalences of Bsal and Bd in wild P.
hongkongensis populations, sympatric amphib-
ian species in Hong Kong, and imported
amphibians in local pet trade market; and 2) to
determine whether chytrid fungi could be
detected in waters from sampling sites where
Bsal- or Bd-positive individuals were found.

MATERIALS AND METHODS

To cover the distribution range of P. hong-
kongensis in Hong Kong comprehensively (Lau and
Dudgeon 1999), we collected skin swab samples
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from P. hongkongensis at 15 locations between 2019
and 2022 (Fig. 2 and Supplementary Material Table
S1). Using a sterile synthetic swab (FLOQSwabs,
Copan, Italy), we stroked each individual on the
ventral and dorsal sides 30 times and on each leg
five times. Each stroke followed a single direction.
We sampled at least 10 individuals per site; all
swabs were kept at 4 C in the field and stored at
—80 C from that day until DNA extraction. We
used the same swabbing method to collect skin
swabs from other wild amphibians and from
imported amphibians from local pet shops.

We first screened the samples of P. hong-
kongensis from the first sampling period (breed-
ing season in winter, 2019-2020; Table S1) for
Bsal and Bd (see the screening method in DNA
extraction, nested PCR, and data analysis sec-
tion). We included all samples from individuals
showing signs of skin abnormalities. Based on the
screening results, we found a few samples from
three sites were Bsal or Bd positive. We then col-
lected additional samples at these sites across
three consecutive months during the following
breeding season in winter (November 2020—Janu-
ary 2021; Table S1). We also collected air and
water temperature data from these three sites
during the second sampling period. To investigate
whether zoospores of Bsal or Bd exist in the
ponds of the three positive sites, we sampled the
pond waters during the temporal sampling (Table
S1). We collected six 600-mL water samples from
each site; each water sample was filtered through
a 0.22-pum polyvinylidene difluoride membrane
filter (Millipore, USA). The membranes were
stored at —80 C until DNA extraction.

To estimate the Bsal and Bd prevalences in other
wild amphibian species in Hong Kong, we collected
81 skin swabs from wild individuals of 15 amphibian
species at 11 locations. We also collected 68 skin
swabs from captive individuals of 16 amphibian spe-
cies (including 52 swabs from 11 species in the
order Anura and 16 swabs from five species in the
order Urodela) in a local pet or wet market during
2020 (Table 1). These imported amphibians origi-
nated from eight countries or regions.

Genomic DNA was extracted using the ENZA
Tissue DNA Kit (Omega Bio-Tek, Norcross,
Georgia, USA). We also extracted the DNA from
Bd (JEL423, 1,000 zoospores/puL; Rosenblum
et al. 2008) and Bsal zoospores (AMFP13/1, 20
zoospores/L; Martel et al. 2013) for use in posi-
tive controls and sensitivity tests.

A study comparing three molecular methods for
detecting Bd, a nested PCR, single-round PCR,
and the Boyle’s real-time TagMan PCR assay
(Boyle et al. 2004), concluded that nested PCR
assay was the most sensitive among the three
methods (Goka et al. 2009). Zhu et al. (2014) also
reported their nested PCR assay to be more sensi-
tive than a real-time PCR assay (Blooi et al. 2013)
for detecting Bsal. Therefore, we used nested
PCRs to amplify the internal transcribed spacer
sequence, the ITS1-5.8S-ITS2 region, for Bsal or
Bd detection (Goka et al. 2009; Blooi et al. 2013).
For Bsal, we designed a primer pair, Bs_ITS1F
(5’ AAAATCCCAACACAGTGGAA3') and Bs_ITS
1R (5'GCGAGTTGGTTTTCTTTTGA3’), for the
first PCR and a nested primer pair, STerF
(5TGCTCCATCTCCCCCTCTTCA3’) and STerR
(5 TGAACGCACATTGCACTCTAC3'; Martel et al.
2013), for the second amplification. For Bd we used
the primer pair, BAd18SF1 (5 TTTGTACACACCGC
CCGTCGC3') and Bd28SR1 (5’ ATATGCTTAAGT
TCAGCGGG3'; Goka et al. 2009), for the first PCR
and a nested primer pair, Bdla (5CAGTGTGCC
ATATGTCACG3') and Bd2a (5'CATGGTTCATAT
CTGTCCAGY'; Annis et al. 2004) for the second
PCR. We performed sensitivity tests to determine
the minimum DNA concentration of Bsal or Bd that
our nested PCR assay could detect. We made 10X
serial dilutions on the extracted DNA from Bsal
(~43-0.00043 zoospores/PCR  reaction) and Bd
(~100-0.001 zoospores/PCR reaction) and used trip-
licates in the tests.

For the nested PCRs, the first PCR was carried
out in 25-uL reaction, containing 5 pL 5X buffer,
3 pL MgCly (25 mM), 2.5 ul. DMSO (Sigma,
Darmstadt, Germany, 10%), 0.5 pL. dNTPs (10
mM), 0.125 pL bovine serum albumin (NEB, Ips-
wich, Massachusetts, USA, 20 pg/uL), 0.125 uL
DNA polymerase (GoTaq 5U/uL, Promega, Mad-
ison, Wisconsin, USA), 0.5 pL forward primer (10
uM), 0.5 pL reverse primer (10 pM), and 4 pL
template DNA. The PCR condition for the first
amplification started with 2 min at 95 C, followed
by 35 cycles of 30 s at 95 C, 30 s at 50 C, 30 s at
72 C, and a final extension for 5 min at 72 C.
Afterwards, the second PCR was conducted in 20
pL reaction, containing 4 pL 5X buffer, 1.5 pL
MgClg (25 mM), 0.4 pL, ANTPs (10 mM), 0.1 pL
GoTaq (5U/uL; Promega, Madison, Wisconsin,
USA), 04 uL forward primer (10 pM), 0.4 pL
reverse primer (10 pM), and 1.2 pL template DNA
(the PCR product from the first amplification). The
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PCR condition for the second amplification began
with 2 min at 95 C, then 35 cycles of 30 s at 95 C,
30 s at 61 C, 30 s at 72 C, and an extension for 5
min at 72 C. Negative and positive controls of Bsal
or Bd were included in each round of PCRs. All
PCR products from the positive samples were
Sanger sequenced (BGI, Hong Kong, China) to
confirm the identity of Bsal and Bd.

We analyzed the amplified ITS1-5.8S-ITS2
sequences (272 base pairs [bp]) of Bd from all posi-
tive samples for variable sites. We compared these
sequences to lineages Bd-Asia, Bd-Asia-Brazil, Bd-
Europe, Bd-North America, and Bd-South America
(GenBank accession nos.. AB435218, JQ582939,
FJ010560, AY598034, and FJ232021, respectively),
but not lineages such as Bd-GPL (global panzootic
lineage) that are not available online (Byrne et al.
2019).

We estimated the prevalences of Bsal and Bd by
dividing the respective numbers of positive samples
by the total number of samples screened and calcu-
lated the 95% binomial confidence intervals (95%
CI) using the Bayesian inference in the R package
binom (Dorai-Raj 2014).

RESULTS

The results of sensitivity tests showed that our
nested PCR could detect Bsal or Bd DNA
equivalent to 0.043 or 1 zoospore present in a
PCR reaction, respectively (Fig. S1). We
detected Bsal in 5/293 skin swabs from P. hong-
kongensis (Table 1), confirmed by sequencing.
The Bsal prevalence in the P. hongkongensis
population was 1.7% (5/293; 95% CIL: 0.51%,
3.44%; Fig. 3A). Individuals from three sampling
sites were Bsal positive (Fig. 3B). One Bsal-posi-
tive individual was sampled at Tai Tam (preva-
lence 1.41%, 1/71; 95% CI: 0%, 5.38%), one at
Kowloon Peak (prevalence 1.35%, 1/74; 95% CI:
0%, 5.16%), and three at Fa Sam Hang (preva-
lence 4.76%, 3/63; 95% CI: 0.84%, 11.02%). We
did not detect Bsal in any of the 18 water sam-
ples collected from these sites (Table S1).

We also detected Bsal in 2/81 samples of
other wild amphibians (Fig. 3A). These include
1/19 Hong Kong cascade frog (Amolops hong-
kongensis, Endangered, IUCN 2022b), (preva-
lence 5.26%; 95% CI: 0.01%, 18.83%) and 1/17
Asian common toad (Duttaphrynus melanostictus;

prevalence 5.88%; 95% CI: 0.02%, 20.83%); both
were captured from the same site, Fa Sam Hang.
The overall Bsal prevalence in the local amphib-
ian population was 1.9% (7/374). No Bsal was
detected on the imported amphibians (Fig. 3C).

We detected Bd on 1/293 skin swabs from
P. hongkongensis, giving a Bd prevalence of
0.34% (95% CIL: 0%, 1.33%) in the P. hong-
kongensis population (Fig. 3A). This positive
individual was one of 71 sampled at Tai Tam
(prevalence 1.41%; 95% CI: 0%, 5.38%), and
it was not the Bsal-positive individual (Fig.
3B). We did not detect any Bd in any of the
81 samples that we obtained from other wild
amphibians (Fig. 3A).

We detected Bd on 9/68 imported amphibi-
ans from five pet shops and two wet markets
(Fig. 3C and Table 1). These Bd-positive indi-
viduals include 1/11 Cranwell’s horned frog,
Ceratophrys cranwelli from the US (9.09%; 95%
CL 0.03%, 30.52%); 1/5 Perak spadefoot toads,
Megophrys aceras from Malaysia (20.00%; 95%
CL 0.17%, 56.40%); 1/1 long-nosed horned
frogs, Megophrys nasuta (100.00%; 95% CI:
22.85%, 100%) from Malaysia; 2/7 African bull-
frogs, Pyxicephalus adspersus from the US
(28.57%; 95% CI: 4.13%, 60.91%); 1/1 Ander-
son’s salamander, Ambystoma andersoni, Criti-
cally Endangered (IUCN 2022¢) from the US
(100.00%; 95% CI. 22.85%, 100%); and 3/5
sword-tail newts, Cynops ensicauda, Vulnerable
(IUCN 2022d), from Japan (60.00%; 95% CIL:
23.18%, 92.32%). No Bd was detected from wet
market samples; and Bd-positive samples were
from two out of five pet shops. Thus, the overall
Bd prevalence in the imported amphibians from
local pet shops was 13.2% (9/68; 95% CI: 6.19%,
21.95%). For the prevalences of Bd in the
imported amphibians from each country/region
of origin, the US was 15.28% (4/26; 95% CI:
4.25%, 30.56%), Japan was 60% (3/5; 95% CI:
23.18%, 92.32%), and Malaysia was 33.33% (2/6;
95% CI: 5.42%, 68.02%) (Fig. 3D).

Our analysis of the amplified ITS1-5.8S-ITS2
sequences (272 bp) of Bd from all positive sam-
ples detected only two variable sites. The phylo-
genetic tree reconstructed using these ITS
sequences was unable to resolve the lineages of
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C. Chytrid fungi prevalence among captive amphibian species
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Ficure 3. Prevalences of chytrid fungi in Hong Kong newts (Paramesotriton hongkongensis) and other wild and
captive amphibian species in Hong Kong, China, during 2019-2021. The blue (pale) and red (dark) dots indicate the
prevalences of Batrachochytrium salamandrivorans (Bsal) and Batrachochytrium dendrobatidis (Bd), respectively,
with the error bars indicating the 95% confidence interval (CI). The number in each bracket indicates the sampling
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Bd in Hong Kong due to insufficient variation
within the ITS region.

DISCUSSION

We found that both Bsal and Bd occurred in
the P. hongkongensis populations in Hong Kong,
but with relatively low prevalences of 1.7% (5/
293) and 0.34% (1/293), respectively. The preva-
lence of Bsal in the Hong Kong P. hongkongensis
was far lower than that of the neighboring
Wautongshan population (Yuan et al. 2018). We
rarely encountered dead P. hongkongensis in the
field and all chytrid-infected P. hongkongensis
sampled were asymptomatic.

Given the uncertainty over the arrival time of
locally occurring Bsal, it is plausible that Bsal
might only have been introduced to the local
ecosystem shortly before our sampling. Assuming
that P. hongkongensis is naive to Bsal, Bsal might
still have been at a stage of early establishment
so that the prevalence of Bsal remained low, and
observable clinical signs of chytridiomycosis
would yet to be developed among P. hong-
kongensis. However, we consider such recent
establishment of Bsal to be very unlikely because
previous studies have demonstrated that Bsal
infection causes rapid mortality in susceptible
salamanders experimentally infected with Bsal
(e.g., S. salamandra), and death typically occurs
within 7-54 d after Bsal infection (Martel et al.
2013, 2014). Responses to infection among con-
specifics from a given population were also
highly consistent (Martel et al. 2014). Thus, mor-
talities of P. hongkongensis with signs of disease
would have been observed. Moreover, we found
Bsal-positive P. hongkongensis at three localities
(Fa Sam Hung, Kowloon Peak, and Tai Tam;
Fig. 2B). The stream systems of these three
localities are not connected to each other, nor
are they closer to Wutongshan compared to
other sampling localities. Therefore the chance

for the locally occurring Bsal being recently
introduced from Wutongshan was low, and the
Bsal infections of P. hongkongensis discovered
at these three localities were likely to be inde-
pendent events. For the three localities in
which individuals with positive swab samples
were detected in the first sampling period (Octo-
ber 2019-February 2020), the swab samples col-
lected together with water samples during the
second sampling period (November 2020-Janu-
ary 2021) were all chytrid-negative (Table S1).
The chytrid-negative water samples suggested
that either chytrids were absent from the stream
waters at that sampling period or the abundance
of chytrid zoospores in the stream water were
too low to be detected. The lack of positive sam-
ples from the second period made it impossible
to establish a correlation between chytrid occur-
rence and environmental temperatures. It is
worth noting that the study conducted at Wutong-
shan reported a negative correlation between Bsal
prevalence and air and water temperatures (Yuan
et al. 2018). Given the local chytrid occurrence,
future studies should explore the relationship
between Bsal or Bd infection events and physical
parameters of the sampling sites, as well as other
factors such as pollution levels.

An alternative and more likely explanation
of the low prevalence of Bsal is that Bsal has
been a longstanding fungus in the microbiome
of local P. hongkongensis, and therefore the
local population is not naive to Bsal. Coevolu-
tion of P. hongkongensis and Bsal might result
in P. hongkongensis exhibiting certain level of
tolerance or even resistance against Bsal, and
P. hongkongensis may already function as a
Bsal reservoir (Fu and Waldman 2019). This
hypothesis is consistent with the proposal that
Bsal probably originated from Asia; that Bsal
has been coexisting with a clade of Asian sala-
mander hosts for millions of years; and Asian
salamanders have evolved resistance to Bsal

size. Prevalences of Bsal and Bd are shown among (A) wild amphibian species (P. hongkongensis in bold), (B)
all amphibians in each sampling site, (C) captive amphibian species (species in the order Urodela in bold),
and (D) amphibians from different exporting countries or regions. The presence of Bsal or Bd was detected

by nested PCR.
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(Martel et al. 2014). Infection experiments
have demonstrated that salamander species
may clear Bsal infections, resulting in clinical
cure (Stegen et al. 2017). Despite the lack of
studies on Bsal in Asian regions, the overall
prevalence of Bsal in mainland China is rela-
tively low (Zhu et al. 2014; Wang et al. 2017,
Yuan et al. 2018). Additionally, to date there
have been no reports of clinical signs of chytri-
diomycosis reported for the Bsal-infected sala-
manders found in mainland China, including
Bsal-positive P. hongkongensis in Wutongshan.
Similarly, no decrease in the population sizes
of Bsal-infected salamander populations have
been reported, and the contributing factor
underlying the high prevalence of Bsal in
Wutongshan is poorly understood (Yuan et al.
2018). Thus, long-standing Bsal in local P. hong-
kongensis population seems to be more likely.
The ability of P. hongkongensis to clear or sup-
press the Bsal infection may explain the occur-
rence of Bsal-infected individuals in a few
localities separated from each other, and the
low prevalence of Bsal in local populations with
infected individuals likely being asymptomatic.
Importantly, if this is the case, the defense
mechanism of P. hongkongensis against Bsal will
be a fruitful area to explore. The lack of knowl-
edge on the susceptibility of P. hongkongensis
emphasizes the importance of long-term surveil-
lance on the chytrid fungal infection and health
statuses among local populations, in order to
verify the aforementioned explanations.

In addition to P. hongkongensis, we detected
low prevalence (5-6%) of Bsal on two sympat-
ric anuran species, A. hongkongensis (family
Ranidae) and D. melanostictus (family Bufoni-
dae). Similarly to P. hongkongensis, the indi-
viduals of these two species on which we
detected Bsal showed no sign of disease. This
supports the notion that anurans seem to be
resistant to or tolerant of Bsal infection (Stegen
et al. 2017).

Earlier evidence has suggested that amphib-
ian species sympatric to Bsal-infected urodelans
but less susceptible to Bsal may function as Bsal
reservoirs in amphibian populations (Fisher
2017). The three Bsal-positive amphibian species

without clinical signs that we detected have the
potential to act as Bsal reservoirs. Because the
two infected anurans were found at the same
locality (i.e., Fa Sam Hung) as the three Bsal-
positive P. hongkongensis, interspecific trans-
mission events of Bsal might be occurring at
that locality. Globally, apart from alpine newt
(Ichthyosaura alpestris, family Salamandridae),
the number of amphibian species reported to
carry Bsal in the wild is very limited (Grear
et al. 2021). European common frogs (Rana
temporaria, family Ranidae; Schulz et al. 2020)
and the small-webbed firebelly toad (Bomb-
ina microdeladigitora, family Bombinatori-
dae; Nguyen et al. 2017) are two examples of
potential Bsal carrier species in their native
range. Our discovery of Bsal-positive D. mel-
anostictus is the first report of a species in
the true toad family Bufonidae carrying Bsal
in the wild, which expands our knowledge of
the potential host range of Bsal. Adult Bufo-
nidae are terrestrial most of the year outside
the breeding period, and their movement is
thus relatively unrestricted by water availability.
In addition, true toads like D. melanostictus typ-
ically possess dry warty skin; hence the occur-
rences of Bsal on diverse skin types may reflect
the capability of Bsal to survive on and spread
through a wider range of amphibian host species.
The presence of multispecies Bsal reservoirs, with
variable life histories and behaviors, may affect
the transmission dynamics of Bsal in an ecosys-
tem, possibly promoting the transmission rate and
long-term persistence of Bsal.

Our finding of Bd in local amphibians only in
a single P. hongkongensis agrees with the gen-
eral observation that no lethal outbreak of Bd
infection has been recorded from Asia to date;
Asia is referred to as a “cold spot” of Bd infec-
tion because Bd prevalence is generally low and
where it is found, pathogen loads on infected
amphibians are very low (Sreedharan and Vasu-
devan 2021). Our result is similar to that from a
previous local study in 2007, which found wild
individuals of four native amphibian species (A.
hongkongensis, Paa exilispinosa, P. spinosa, and
Rana chloronota) all negative for Bd (Rowley
et al. 2007). Another study in 2014 that tested
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multiple imported amphibian species in the US
did not detect Bd on P. hongkongensis from
Hong Kong, but Bd was detected in the water
samples from the bags that carried the P. hong-
kongensis (Kolby et al. 2014).

Our finding of Bd, but not Bsal, on amphibi-
ans imported from Japan, Malaysia, and the US
is consistent with the global distribution patterns
of Bd and Bsal. Bd is globally widespread and
has been reported to occur in these three coun-
tries (Olson et al. 2021). Although information
on the global distribution of Bsal is relatively
limited compared to that of Bd (Martel et al.
2013), current data suggests that the global dis-
tributional range of Bsal is more restricted than
that of Bd; for example, Bsal has not been
detected in the wild in North American but is
prevalent in Europe (Lotters et al. 2020; Grear
et al. 2021). Thus, the probability of detecting
Bd on imported amphibians was expected to be
higher than Bsal. Nevertheless, given that Bsal
may be at an earlier stage of global spread than
Bd, we must stay vigilant in preventing Bsal
transmission by amphibian trade. Considering
the presence of chytrids in local amphibian pop-
ulations, it is also possible that these imported
amphibians could have been infected by Bd at
any stage after their importation into Hong
Kong, such as via Bd-contaminated materials
used in domestic animal care.

The Bd we detected on imported amphibians
from pet shops indicates that international ani-
mal trade via Hong Kong may potentially intro-
duce chytrid fungal pathogens to amphibian
populations of different regions. The chytrid on
these imported amphibians may be transmitted
to other regions through re-exports, to local eco-
systems through intentional release or accidental
escape of individuals infected (Lee et al. 2022), or
to captive environments through repeated uses of
chytrid-contaminated materials for captive
amphibian husbandry (Spitzen-van der Sluijs
et al. 2011). To minimize the risk of spread of
chytrids to local and other regions through
international trade, it is crucial to quarantine
imported amphibians and screen for Bsal
and Bd during quarantine to gather more
information on the country and breeder

sources of amphibians that are chytrid carri-
ers. Foreign chytrid carriers should be pre-
vented from entering and being re-exported,
especially to those regions with amphibian pop-
ulations naive to the chytrids.
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