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ABSTRACT: The chytrid fungus Batrachochytrium dendrobatidis (Bd) is the aetiological agent of
amphibian chytridiomycosis, a disease associated with global amphibian population declines. In
November 2012, mass mortalities of Kihansi spray toads Nectophrynoides asperginis were
observed at the Kihansi captive breeding facility, located in the Udzungwa Mountains, Tanzania.
Mortalities increased rapidly, and dead toads showed typical clinical signs of chytridiomycosis,
including reddening of the skin that was especially evident on the toe pads. Treatment of toads
with itraconazole rapidly reduced mortalities. Dead toads (n = 49) were collected and used to per-
form Bd-specific polymerase chain reaction and subsequent nucleotide sequencing. All toads col-
lected at the facility were positive for Bd. The obtained Bd 5.8S rRNA gene and flanking internal
transcribed spacer regions (ITS1 and ITS2) were not 100 % identical to any other Bd sequences in
GenBank, but closely resembled isolates from Ecuador, Japan, USA, Brazil, Korea, and South
Africa. To our knowledge, this is the first study reporting molecular characteristics of Bd isolated
from the Udzungwa Mountains. Strict biosecurity measures at the breeding facility and in Kihansi
spray wetlands where toads have been reintroduced have been implemented. Further studies on
Bd epidemiology in the Udzungwa Mountains are recommended in order to understand its origin,
prevalence, and molecular characteristics in wild amphibian populations. This will be important
for conservation of several endemic amphibian species in the Udzungwa Mountains, which are
part of the Eastern Arc Mountains, a global biodiversity hotspot.

KEY WORDS: Chytridiomycosis - Bd - Itraconazole - Nectophrynoides asperginis - 5.8S rRNA -
Internal transcribed spacer region

Resale or republication not permitted without written consent of the publisher

INTRODUCTION

The Kihansi spray toad (KST) Nectophrynoides as-
perginisis a small-sized (snout-vent length: 10-18 mm;
body mass: 0.45-0.66 g) ovoviviparous bufonid that
was first recorded in the Kihansi spray wetlands in
1996 (Poynton et al. 1998, Lee et al. 2006). The spray
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wetlands in the Kihansi gorge are generated by falls
of the Kihansi River along the steep edge of the east-
ern escarpment of the southern Udzungwa Moun-
tains in Tanzania (Channing et al. 2006). At the time
of species description and immediately afterwards,
the KST was classified as Critically Endangered due
to its restricted geographical range and the
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decreased water flow caused by the commissioning
of the Lower Kihansi Hydropower Project (Poynton et
al. 1998, Channing et al. 2006). The loss and modifi-
cation of habitat and associated toad population fluc-
tuations led to the translocation of 499 toads from the
Kihansi spray wetlands to zoos in the USA in 2000
(Krajick 2006, Lee et al. 2006). Mass mortalities of
toads were observed in 2003, leading to a crash in the
wild toad population by early 2004, with the last
sighting of toads recorded in 2005 (Weldon & du
Preez 2004, Krajick 2006). Currently, the KST is con-
sidered Extinct in the Wild, but the species survives
in captivity at the Wildlife Conservation Society's
Bronx Zoo and the Toledo Zoological Society, and at
Kihansi and the University of Dar es Salaam captive
breeding facilities in Tanzania (Krajick 2006, Chan-
ning et al. 2009). Attempts to re-introduce the KST to
its natural habitat in the Kihansi spray wetlands have
been underway since 2012 (www.iucn.org).

The amphibian disease chytridiomycosis, caused
by the fungus Batrachochytrium dendrobatidis (Bd)
together with stress due to drought caused by the
failure of the artificial sprinkler system that irrigates
the wetlands, predation by safari ants (Dorylus sp.),
and/or pesticides in flushed dam sediments have
contributed to the KST population extinction in the
wild (Weldon & du Preez 2004, Channing et al. 2006,
Krajick 2006). Some of the KST specimens recovered
from the 2003 mass mortalities in the Kihansi spray
wetlands were diagnosed with chytridiomycosis
(Weldon & du Preez 2004), and chytridiomycosis in
KST has been recorded in captivity at the Bronx Zoo
(McAloose et al. 2008).

Chytridiomycosis caused by Bd is the single most
important infectious amphibian disease that has
commonly been associated with significant amphib-
ian mortalities (Daszak et al. 1999, Longcore et al.
1999, Lips et al. 2006). Clinical signs of amphibian
chytridiomycosis include abnormal posture, lethargy,
and loss of the righting reflex, while gross morpho-
logical lesions consist of abnormal epidermal slough-
ing, cutaneous hemorrhages, and hyperemia of digi-
tal and ventral skin (Daszak et al. 1999). Bd disrupts
cutaneous osmoregulatory function, leading to elec-
trolyte imbalance, asystolic cardiac arrest, and death
(Voyles et al. 2007, 2009). In addition, Bd produces
toxic factors that inhibit protective host immune
responses (Fites et al. 2013) and cause slower rehy-
dration across the skin (Carver et al. 2010). In captiv-
ity, chytridiomycosis in amphibians can be treated
with either chloramphenicol or itraconazole, the lat-
ter being the drug of choice (Forzan et al. 2008,
Bishop et al. 2009, Young et al. 2012, Baitchman &

Pessier 2013). A diagnostic polymerase chain reac-
tion (PCR) assay for sensitive and specific detection
of Bd has been developed using primers that amplify
a region of the 5.8S ribosomal RNA gene and the
flanking internal transcribed spacer regions (ITS1
and ITS2; Annis et al. 2004). Sequencing of this frag-
ment of the 5.85 rRNA gene has been previously
used to infer phylogeny of Bd (Gaertner et al. 2009,
Goka et al. 2009, Schloegel et al. 2012, Bataille et al.
2013).

In November 2012, 351 toads died at the Kihansi
captive breeding facility. Dead toads showed typical
signs of chytridiomycosis, including epidermal slou-
ghing and hyperemia of digital and ventral skin. The
aim of this study was to perform confirmatory diag-
nosis of chytridiomycosis as the cause of death using
PCR and subsequent 5.8S rRNA gene sequencing.

MATERIALS AND METHODS
Study site, sample collection, and storage

This study was conducted at the KST captive
breeding facility located in Kihansi, Mlimba, Tanza-
nia, following mass mortality of toads in November
2012. Seven dead toads were collected from each of
the 7 affected cages, resulting in a total of 49 samples.
Toads from each of the cages were pooled into sterile
50 ml Falcon tubes and placed on ice for transport to
the laboratory within 24 h. Afterwards, 2 ml of sterile
phosphate-buffered saline (PBS) filtered through a
0.22 pm Minisart syringe filter (Sartorius Stedim
Biotech) were added into each tube with the toads.
Each tube with the toads was inverted several times
before PBS was pipetted out and collected into an Ep-
pendorf tube. Washings from each of the tubes were
pelleted by centrifugation at 13 000 x g, and the pellet
was resuspended in 200 pl PBS and stored at —80°C.
A total of 38 Phrynobatrachus mababiensis frogs col-
lected in the vicinity of the facility were swabbed in
order to screen for Bd. Before DNA extraction, 500 pl
PBS were added into the swabs followed by
vortexing. Afterwards, swab suspensions were pel-
leted by centrifugation at 13000 x g, and the pellet
was resuspended in 200 pl PBS and stored at —80°C.

DNA extraction, PCR amplification, and sequencing
Toad washings and frog swab suspensions were

thawed and 150 pl of thawed washings and suspen-
sions were incubated with 20 pl of 20 mg ml™! Pro-
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teinase K (Macherey-Nagel) at 55°C for 1 h. DNA
was then extracted from Proteinase K-digested
washings and suspensions using QiaAmp nucleic ex-
traction kits (Qiagen), following the manufacturer's
instructions. During nucleic acid extraction and PCR,
a culture (MCTO08) of Bd from South Africa and PBS
were used as positive and negative controls, respec-
tively. PCR detection of Bd was performed using
primers Bdla and Bd2a that amplify the 5.8S rRNA
gene and flanking ITS1 and ITS2, as previously de-
scribed by Annis et al. (2004), using AccuPower PCR
premix (Bioneer). The expected size of the PCR prod-
uct using primers Bdla and Bd2a is approximately
300 bp (Annis et al. 2004). PCR amplification was
performed by an initial denaturation at 95°C for
10 min followed by 40 cycles of denaturation at 95°C
for 45 s, annealing at 60°C for 45 s, and extension at
72°C for 1 min, and a final extension at 72°C for
10 min using GeneAmp PCR systems 9700 (Applied
Biosystems). Afterwards, PCR products were electro-
phoresed in a 2% agarose gel mixed with GelRed
nucleic acid stain (Phenix Research Products) before
visualization and imaging using a BioDoc-It imaging
system (UVP). In order to verify the retrieval of frag-
ments representing Bd, PCR fragments were purified
from agarose gels using a NucleoSpin gel and PCR
clean-up kit (Macherey-Nagel) and subjected to
dideoxynucleotide cycle sequencing by using Big
Dye Terminator Cycle Sequencing Kit Version 3.1
(Applied Biosystems). Products from the dideoxy-
nucleotide cycle sequencing reaction were purified
by ethanol precipitation and separated on a 3500
Genetic Analyzer (Applied Biosystems).

Nucleotide sequence similarity search

The nucleotide sequence of the 5.8S TRNA Bd gene
and partial flanking ITS1 and ITS2 regions obtained
from the toads was submitted to GenBank, and com-
pared with other sequences using BLASTn (Altschul
et al. 1990). BLASTn compares nucleotide sequences
to sequence databases and calculates the statistical
significance of matches and can be used to infer
functional and evolutionary relationships between
sequences.

Treatment of chytridiomycosis
In an attempt to reduce mortalities, and due to the

unavailability of itraconazole at the start of the out-
break, all toads at the facility were initially treated

with a 0.002% chloramphenicol bath beginning on
Day 18 after the start of the outbreak. Chlorampheni-
col was only used as a temporary measure while
waiting for an itraconazole supply. On Day 23, chlo-
ramphenicol was replaced by a 10 min daily bath in
amphibian Ringer's solution containing 0.1 mg ml™*
(0.01%) itraconazole (Sporanox, Janssen Pharma-
ceutica) for 11 d.

RESULTS
KST mortality

The Kihansi breeding facility housed 562 toads in
17 cages prior to the mortalities observed in late
2012. The highest mortalities were observed be-
tween 18 and 26 d after initial toad deaths in early
November, and declined noticeably within 3 d of the
itraconazole treatment (Fig. 1). Toad mortalities con-
tinued to increase throughout the treatment with
chloramphenicol that lasted for 5 d (Fig. 1). Mortali-
ties were observed in all 17 cages at the facility. By
late December, when mortalities completely ceased,
the captive breeding population had been reduced to
211 toads, with most survivors being juveniles and
sub-adults.
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Fig. 1. Kihansi spray toad Nectophrynoides asperginis mor-

tality at the Kihansi captive breeding facility. The cumula-

tive number of dead toads is plotted against the days since

the start of the chytridiomycosis outbreak. Mortalities of

toads at the facility increased sharply with peak mortalities

around Day 24 of the outbreak, followed by a sharp de-
crease 3 d after administration of itraconazole
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Gross morphological lesions in dead toads

Gross lesions in dead toads consisted of variable
hyperemia (reddening) especially evident on the toe
pads and the inguinal area, sloughing of the superfi-
cial epidermis of the feet, and abdominal skin dis-
colouration (Fig. 2). The severity of the gross morpho-
logical lesions varied between individual toads.

Diagnosis of Bd using PCR

Agarose gel electrophoresis of PCR products re-
vealed that all washings from 7 dead toads sampled
were positive for Bd, producing a 300 bp PCR pro-
duct as observed in the positive control. No PCR
product was observed in the negative controls. In
addition, PCR screening of wild Phrynobatrachus
mababiensis from areas surrounding the facility
revealed 9 out of 38 (24 %) frogs with Bd.

Similarity of KST Bd 5.8S rRNA sequence to
GenBank sequences

All 7 sequences of 5.8S rRNA and partial flanking
ITS1 and ITS2 nucleotides of Bd from the toads were
identical. The obtained nucleotide sequence was
submitted to GenBank under accession number
KF702314. BLASTn of KF702314 showed high iden-
tity with a number of published Bd sequences,
although it was not 100% identical to any of the
Bd sequences available in GenBank (Table 1).
KF702314 showed the highest similarity to Bd from
Ecuador, Japan, and the USA (Table 1).

DISCUSSION

We investigated the presence of Bd as a possible
cause of mortalities in KST at the Kihansi captive
breeding facility in November 2012. Morphological
lesions and PCR results confirmed that chytridiomy-
cosis caused the observed mortalities. Preliminary
analysis showed that the Bd 5.8S rRNA gene and
partial flanking ITS1 and ITS2 nucleotide sequences
obtained in this study were not 100% identical to
any other Bd nucleotide sequences available in Gen-
Bank, although they were very similar to isolates
from Ecuador, Japan, USA, Brazil, Korea, and South
Africa (James et al. 2006, Goka et al. 2009, Mc-
Cracken et al. 2009, Schloegel et al. 2012, Bataille et
al. 2013). Possible introduction of Bd into the
Udzungwa Mountains arising from stocking of rain-
bow trout Oncorhynchus mykiss has been specu-
lated, although further fieldwork and re-sampling is
necessary before conclusions can be reached about
the nature and origin of Bd in this area (Moyer &
Weldon 2006).

Prior to treatment, mortalities of KST increased
rapidly, indicating susceptibility and vulnerability to
chytridiomycosis. Mortality of all KST following a
chytridiomycosis outbreak has previously been
observed at the Bronx Zoo (McAloose et al. 2008).
This susceptibility, and the rapid deaths observed at
the Kihansi facility, support the sharp population
declines of wild toads observed in 2003 and their pro-
posed chytridiomycosis-mediated extinction (Weldon
& du Preez 2004, Channing et al. 2006). Chloramphe-
nicol and itraconazole have been successfully used in
treating amphibian chytridiomycosis (Forzan et al.
2008, Tamukai et al. 2011, Young et al. 2012, Baitch-

Fig. 2. Gross morphological lesions of chytridiomycosis in dead Kihansi spray toads Nectophrynoides asperginis. (A) Dead

toads with variable hyperemia (reddening, indicated by arrowheads) that is especially evident on the toe pads and the

inguinal area. The toad on the left shows greater hyperemia than the toad on the right. (B) A toad with hyperemia of the skin
on the hind feet (arrowheads) and sloughing of the superficial epidermis of its left hind foot (arrows)
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Tablel. Closest matches in GenBank (as determined by a BLASTn search) to the nucleotide sequence of the Batrachochytrium
dendrobatidis (Bd) 5.8S rRNA gene and partial flanking ITS1 and ITS2 regions (filed under accession number KF702314) from
Kihansi spray toads Nectophrynoides asperginis

Bd isolate/strain Geographic Year of Nucleotide identity (%) Accession Reference

origin isolation ITS1-5.8S 5.8S TRNA no.

TRNA-ITS2

MF20242 Ecuador 2004-2006 250/251 (99) 150/150 (100) FJ232006 McCracken et al. (2009)
Bd-21 Japan 2008 250/251 (99) 150/150 (100) AB435231 Goka et al. (2009)
Bd-30 Japan 2010 249/251 (99) 150/150 (100) AB723966  Goka et al. unpubl.
Bd-17 Japan 2007 249/251 (99) 150/150 (100) AB435227 Goka et al. (2009)
AD27_Bd_JG77_78 USA 2008 248/251 (99) 150/150 (100) FJ373881 Gaertner et al. unpubl.
JEL648 clone L Brazil 2010 281/288 (98) 150/150 (100) JQ582893 Schloegel et al. (2012)
JEL648 clone B Brazil 2010 281/288 (98) 150/150 (100) JQ582889 Schloegel et al. (2012)
CW34 clone D South Africa 2005 279/286 (98) 150/150 (100) JQ582906 Schloegel et al. (2012)
Bd-20 Japan 2008 248/252 (98) 150/150 (100) AB435230  Goka et al. (2009)
KR11 Korea 2010-2011 246/252 (98)  149/150 (99) JX983051 Bataille et al. (2013)
CW34 clone F South Africa 2005 285/293 (97) 150/150 (100) JQ582927 Schloegel et al. (2012)
CW34 clone L South Africa 2005 285/293 (97) 150/150 (100) JQ582916 Schloegel et al. (2012)
CW34 clone T South Africa 2005 284/293 (97) 150/150 (100) JQ582937 Schloegel et al. (2012)
CW34 clone P South Africa 2005 284/293 (97) 150/150 (100) JQ582915 Schloegel et al. (2012)
CW34 clone G South Africa 2005 284/293 (97) 150/150 (100) JQ582904 Schloegel et al. (2012)
CW34 clone J South Africa 2005 284/293 (97) 150/150 (100) JQ582903 Schloegel et al. (2012)
JEL648 clone F Brazil 2010 280/288 (97)  149/150 (99) JQ582892 Schloegel et al. (2012)
JEL648 clone E Brazil 2010 280/288 (97) 150/150 (100) JQ582891 Schloegel et al. (2012)
JEL648 clone N Brazil 2010 280/288 (97)  149/150 (99) JQ582890 Schloegel et al. (2012)
JEL197 (AFTOL-ID 21) USA 1997 284/293 (97) 150/150 (100) AY997031 James et al. (2006)

man & Pessier 2013). In our study, toads were initially
treated using chloramphenicol before itraconazole
was made available. Chloramphenicol was admi-
nistered for 5 d, slowing the rate of deaths. It is possi-
ble that chloramphenicol would have been effective
if the drug had been administered for a longer dura-
tion. Chloramphenicol has been shown to be effec-
tive against chytridiomycosis when administered for
at least 2 wk (Young et al. 2012, Baitchman & Pessier
2013). However, treatment of KST with itraconazole
rapidly reduced mortalities, supporting previous
observations of the high efficacy of this drug against
chytridiomycosis in amphibians (Forzan et al. 2008,
Tamukai et al. 2011, Baitchman & Pessier 2013).
However, peak mortalities of KST were observed
between 1 and 72 h following treatment. The concen-
tration of itraconazole used in this study is commonly
administered (Baitchman & Pessier 2013) but was
4 times higher than the concentrations recommended
by Brannelly et al. (2012), and this may have con-
tributed to drug-induced mortalities.

Previous surveillance of Bd in the Udzungwa
Mountains found widespread distribution of Bd in
amphibian populations (Moyer & Weldon 2006). In
the present study, Bd was found in 24 % of amphib-
ians in the vicinity of the facility using testing with
Bd-specific PCR. Therefore, Bd is present in the
vicinity of the facility, and local infected amphibians

may be a possible source of the chytridiomycosis out-
break at the facility. Sequencing of Bd from amphib-
ians in the vicinity of the facility is required in order
to affirm this possibility. Biosecurity measures at the
facility have been implemented to prevent accidental
introduction of disease, including restricted entry,
changing of footwear, soaking of footwear in a
hypochlorite foot bath, and wearing protective cloth-
ing and gloves while handling toads. It is recom-
mended that strict biosecurity measures be adhered
to by personnel at the facility in order to avoid further
introductions of amphibian diseases to the captive
KST population. Similarly, personnel monitoring the
reintroduced KST in the Kihansi spray wetlands have
to observe strict biosecurity measures in order to
avoid introducing Bd to this only remaining wild KST
population.

To our knowledge, this is the first study reporting
the molecular characteristics of Bd isolated from cap-
tive KST at Kihansi within the Udzungwa Mountains
of Tanzania. Further studies on the epidemiology of
Bd in the Udzungwa Mountains are recommended in
order to understand its origin, prevalence, and
molecular characteristics in wild amphibian popula-
tions. This will be important for conservation of sev-
eral endemic amphibian species in the Udzungwa
Mountains, which are part of the Eastern Arc Moun-
tains, a global biodiversity hotspot.
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