


Unstained skin scrape of the Cape river frog showing sporangia with zoospores of

Batrachochytrium dendrobatidis.
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. empty sporangia that often become c olonised by bacteria. T he mechanism of transmission

could explain why the infection is more severe on the ventral parts of the body because these

areas are in more frequent contact with a wet substrate (Pessier et al. 1999).

Figure 1-1 Diagrammatic representation of the lifecycle of Batrachochytrium dendrobatidis.

The following developmental stages can be identified: A) zoospore, B) developing sporangium,

C) mature sporangia; sporangium on right has internal septa, D) zoospore being released

through discharge papilla. Empty sporangia (E) remain in the superficial epidermis and often

become colonised by bacteria (F) before the skin is shed.

Amphibians that have become infected with chytridiomycosis and are susceptible to disease

can be identified and the condition described in terms of clinical symptoms and gross and

microscopic lesions. However, although the clinical signs and pathology of chytridiomycosis is

similar in amphibians, the extent of clinical signs varies greatly with the species of amphibian

host. Chytridiomycosis manifests as clinical symptoms related to the central nervous system

including abnormal behaviour and body posture Le. nocturnal frogs squatting unprotected

during the day with limbs in an unusual position away from the body (Figure 1-2), lethargy and

loss of righting reflex, and causes sloughing of the skin (Berger et al. 1999a, Daszak et al.

1999). However, in only a few species is sloughing clinically obvious. In amphibians

susceptible to disease, chytridiomycosis has a clinical course of around 3 weeks resulting in

death of the infected animal. Gross lesions are often subtle and usually restricted to the legs
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and ventrum of post-metamorphic amphibians and may vary from mild skin thickening and

discoloration to swollen limbs and slight reddening of the skin (Nichols et al. 2001, Bradley et

a!. 2002, Pasmans et al. 2004). Infected tadpoles often have discoloured rostrodonts Uaw

sheath) or missing keratodonts (teeth rows) despite a healthy appearance (Lips 1999, Fellers

et al. 2001, Lips et al. 2004). Epidermal tissue in the area of infection usually develops

hyperkeratosis and hyperplasia (thickening of the stratum corneum) and could include

intercellular edema and ulceration, but inflammatory cell response is almost absent (Berger et

al. 1998, Nichols et al. 2001, Bradley et a!. 2002, Lane et al. 2003a). It appears that

amphibians that do not become diseased by the infection do not consistently show a

thickening of t he outer epidermal layer or else s how a mild response (Daszak et a!. 2004,

Hanselmann et al. 2004, Weldon et al. 2004).

Two mechanisms by which chytridiomycosis brings about death have been proposed (Berger

et al. 1998, Pessier et al. 1999). Firstly, it could be that a fungal toxin is absorbed systemically.

Research efforts involving neuronal cell cultures to investigate the role of toxins produced by

B. dendrobatidis have not been able to implicate a cytotoxin eM. Johnson pers. com. 2003).

Alternatively, the dense aggregation of thalli in the epidermis could impair fluid and electrolyte

homeostasis, respiration, and the skin's role as a barrier to toxic and infectious agents. The

impaired ability to exchange gases becomes particularly threatening in lungless urodelans

such as Bolitoglossa dofleini that rely completely on respiration through the skin and mucosal

surfaces (Pasmans et a!. 2004). It has been hypothesised that during spells of dry weather

Eleutherodactylus species from Puerto Rico are more likely to die from chytridiomycosis due to

their inability to uptake water as a direct result of thickening of the stratum corneum (Burrowes

et a!. 2004).

Figure 1-2 A Cape river frog infected with B. dendrobatidis. Note the limbs are angled away

from the body, instead being tucked in underneath it.

2 Dr Megan Johnson, James Cook University, Townsville, Queensland, Australia
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Chapter 8 deals with the molecular biology of the South African strains of B. dendrobatidis

and discusses the implications of the analyses on the "out of Africa" hypothesis.

Collaboration

E': In August 2004 Dr Joyce Longcore from the University of Maine, Orono, USA and Prof.

Rick Speare, visited our laboratories at the North-West University during which time we

received extensive training in the isolation and cultivation of B. dendrobatidis from

infected frogs collected in Namaqualand, Northern Cape Province.

Ei Infected archived specimens were sent to Dr Hyatt for molecular analysis of B.

dendrobatidis using the Taqman real-time PCR assay.

~: Dr Tim James and Dr Rytas Vilgalys from Duke University, Durham USA performed

multilocus sequence typing on the South African isolates.

Chapter 9 presents a case study of a chytridiomycosis related decline and presumed

extinction of the Kihansi spray toad from Tanzania.

Collaboration

B The investigation into the decline of the Kihansi spray toad was performed under the

auspices of the Lower Kihansi Environmental Management Project (LKEMP), Dar es

Salaam, Tanzania. The project manager, Dr Wilfred Sarunday, provided logistical

support and the technical advisor, Dr Jeremy Thompson, lead the expedition and

provided assistance during fieldwork.

Publications

.~: The first report on chytridiomycosis associated population declines in Africa was posted

in the newsletter of the DAPTF following the investigation (Weldon and Du Preez

2004b).

Chapter 10 is a synthesis of the most significant conclusions that were derived at in the

contents chapters. Included in the chapter is a section on recommendations for future
research.
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Chapter 2

GENERAL MATERIALS AND METHODS

2.1 Ethical Clearance and Permits

Clearance by an ethical committee is mandatory for conducting research

involving vertebrates at the North-West University. A proposal for obtaining ethical clearance

for studying chytridiomycosis in anurans was therefore submitted to the ethical committee and

ethical clearance for the project was subsequently granted (Reference no.: 02D02).

Before any wild frogs were collected permits were obtained from the relevant nature

conservation authorities responsible for the regions in which fieldwork was intended (Table 2-

1). A declaration form granting permission to collect frogs was completed for each site and

signed by the respective land owner (Annexure C).

Table 2-1 Permits applied for during the project for the collection of wild frogs.

2.2 Anuran Sampling Techniques

2.2.1 Visual Encounter Sampling

A visual encounter approach was used to collect mainly river frogs and toads that are

associated with streams and ponds. Animals that were spotted on land hiding in vegetation or

in the water clinging to the base of reeds, drifting logs etc., were individually collected by hand.

The duration of search effort was not limited like when collecting qualitative data for monitoring

amphibian assemblages, but was determined by the time it took to collect a sample of a certain

size that would enable the amphibian chytrid fungus, Batrachochytrium d endrobatidis to be
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Permit No. Issuing Body Date Valid Region Specifications

354/2001 Western Cape Nature 2000-2002 Western Cape Xenopus laevis

Conservation Board Province (unlimited)

0209/04 Northern Cape Nature 2004 Namaqua region Xenopus laevis (50)

Conservation Service Afrana fuscigula (50)

0663/04 Northern Cape Nature 2004 Goegap Nature Afrana fuscigula (10
Conservation Service Reserve live, as well as any

dead animals)



detected at a certain prevalence. The only prevalence data for chytridiomycosis in South

African frogs at the start of the study was infection in 60% of a sample of African clawed toads,

Xenopus laevis from the Western Cape that were collected in 1999 (4R. Speare pers. com.

2002). The assumption was made that for the range of infection within a sample to vary

between 10 and 60%, a minimum of 50 frogs would have to be examined to detect a minimum

number of 5 infected animals. Active sampling has the benefit of allowing the observer to

assess the activity patterns of the frogs for abnormal behavior that may be present as a result

of chytridiomycosis.

2.2.2 Dip-net Sampling

After a site was searched for frogs, a dip net (300

x 250 mm opening) with mesh size of 2 mm was

used to sample aquatic larvae by sweeping

among aquatic vegetation and in open water

(Figure 2-1). Dip-netting is an invasive technique

that disturbs the habitat and might chase frogs

away and should therefore not immediately

precede visual encounter sampling at the same

site.

Figure 2-1 Dip-netting in a shallow roadside pond in the Kammiesberg near Kammieskroon.

2.2.3 Aquatic Traps

Aquatic bucket traps were constructed from 20 L plastic buckets fitted with a funnel near the

bottom and air holes drilled at the top (Figure 2-2). These traps were exclusively used to

collect post-metamorphic X. laevis, and they make use of the aquatic nature and feeding

behaviour of the species in order to trap them. Strongly odoured bait (liver and marrow bones)

were used to lure frogs into the traps because Xenopus strongly rely on their olfactory sense

for locating food. The sampling method is based on the assumption that animals that enter the

trap are unable to escape or escape is delayed because of the difficulty in locating the inward-

directed funnel opening. Traps were placed and left overnight near the water's edge with one

third protruding above the water level allowing the trapped animals to surface for air. Trapped

animals were immediately transferred to a container half-filled with water from the specific

locality after traps were lifted because X. laevis (especially young individuals) can suffocate

from the froth produced by the beating of skin secretion when they are crowded. Data from

4 Prof. Rick Speare, James Cook University, Townsville, Queensland Australia
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field sampling was recorded onto data sheets (Annexure D) and transferred into spreadsheets

generated in Microsoft Excell upon return from fieldwork.
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Figure 2-2 Setting an aquatic trap in a pond for the collection of Xenopus laevis.

2.2.4 Pathogen Control Protocol

Because the subject of fieldwork involved detecting an infectious disease of amphibians care

was taken to prevent becoming a vector for transmitting chytridiomycosis between study sites.

The Fieldwork Code of Practice developed by the Declining Amphibian Population Task Force

provides a standard pathogen control protocol that should be followed when conducting

amphibian related fieldwork (available from URL: httpllventura.fws.gov/es/protocols/dafta.pdf).

By using this protocol as a guide, the following precautions and procedures were implemented

during fieldwork.

When not in use footwear, nets and aquatic traps were cleaned and stored in a dry

place.

A portable disinfection station was taken along during field visits. The station included

adequate supplies of disinfectant solution (sodium hypochlorite) and tap water, two

large square buckets (at least 30 L volume), a scrub brush and a pair of protective

gloves.

Footwear and equipment was disinfected before entering a site. Disinfection involved

scrubbing boots and traps and soaking nets in a 2% sodium hypochlorite solution for 2

min., followed by rinsing with tap water.
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Unstained skin scrape of the Cape river frog showing sporangia with zoospores of

Batrachochytrium dendrobatidis.
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empty sporangia that often become colonised by bacteria. T he mechanism of transmission

could explain why the infection is more severe on the ventral parts of the body because these

areas are in more frequent contact with a wet substrate (Pessier et al. 1999).

Figure 1-1 Diagrammatic representation of the lifecycle of Batrachochytrium dendrobatidis.

The following developmental stages can be identified: A) zoospore, B) developing sporangium,

C) mature sporangia; sporangium on right has internal septa, D) zoospore being released

through discharge papilla. Empty sporangia (E) remain in the superficial epidermis and often

become colonised by bacteria (F) before the skin is shed.

Amphibians that have become infected with chytridiomycosis and are susceptible to disease

can be identified and the condition described in terms of clinical symptoms and gross and

microscopic lesions. However, although the clinical signs and pathology of chytridiomycosis is

similar in amphibians, the extent of clinical signs varies greatly with the species of amphibian

host. Chytridiomycosis manifests as clinical symptoms related to the central nervous system

including abnormal behaviour and body posture i.e. nocturnal frogs squatting unprotected

during the day with limbs in an unusual position away from the body (Figure 1-2), lethargy and

loss of righting reflex, and causes sloughing of the skin (Berger et al. 1999a, Daszak et al.

1999). However, in only a few species is sloughing clinically obvious. In amphibians

susceptible to disease, chytridiomycosis has a clinical course of around 3 weeks resulting in

death of the infected animal. Gross lesions are often subtle and usually restricted to the legs

23

-

A

("

t D
r!: c

. \'§ 1 \. -- A!!!II.. f



and ventrum of post-metamorphic amphibians and may vary from mild skin thickening and

discoloration to swollen limbs and slight reddening of the skin (Nichols et al. 2001, Bradley et

al. 2002, Pasmans et al. 2004). Infected tadpoles often have discoloured rostrodonts Oaw

sheath) or missing keratodonts (teeth rows) despite a healthy appearance (Lips 1999, Fellers

et al. 2001, Lips et al. 2004). Epidermal tissue in the area of infection usually develops

hyperkeratosis and hyperplasia (thickening of the stratum corneum) and could include

intercellular edema and ulceration, but inflammatory cell response is almost absent (Berger et

al. 1998, Nichols et al. 2001, Bradley et al. 2002, Lane et al. 2003a). It appears that

amphibians that do not become diseased by the infection do not consistently show a

thickening of t he outer epidermal layer or else s how a mild response (Daszak et al. 2004,

Hanselmann et al. 2004, Weldon et al. 2004).

Two mechanisms by which chytridiomycosis brings about death have been proposed (Berger

et al. 1998, Pessier et al. 1999). Firstly, it could be that a fungal toxin is absorbed systemically.

Research efforts involving neuronal cell cultures to investigate the role of toxins produced by

B. dendrobatidis have not been able to implicate a cytotoxin eM. Johnson pers. com. 2003).

Alternatively, the dense aggregation of thalli in the epidermis could impair fluid and electrolyte

homeostasis, respiration, and the skin's role as a barrier to toxic and infectious agents. The

impaired ability to exchange gases becomes particularly threatening in lungless urodelans

such as Bolitoglossa dofleini that rely completely on respiration through the skin and mucosal

surfaces (Pasmans et al. 2004). It has been hypothesised that during spells of dry weather

Eleutherodactylus species from Puerto Rico are more likely to die from chytridiomycosis due to

their inability to uptake water as a direct result of thickening of the stratum corneum (Burrowes

et al. 2004).

Figure 1-2 A Cape river frog infected with B. dendrobatidis. Note the limbs are angled away

from the body, instead being tucked in underneath it.

2 Dr Megan Johnson, James Cook University,Townsville, Queensland, Australia
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Chapter 2

GENERAL MATERIALS AND METHODS

2.1 Ethical Clearance and Permits

Clearance by an ethical committee is mandatory for conducting research

involving vertebrates at the North-West University. A proposal for obtaining ethical clearance

for studying chytridiomycosis in anurans was therefore submitted to the ethical committee and

ethical clearance for the project was subsequently granted (Reference no.: 02D02).

Before any wild frogs were collected permits were obtained from the relevant nature

conservation authorities responsible for the regions in which fieldwork was intended (Table 2-

1). A declaration form granting permission to collect frogs was completed for each site and

signed by the respective land owner (Annexure C).

Table 2-1 Permits applied for during the project for the collection of wild frogs.

2.2 Anuran Sampling Techniques

2.2.1 Visual Encounter Sampling

A visual encounter approach was used to collect mainly river frogs and toads that are

associated with streams and ponds. Animals that were spotted on land hiding in vegetation or

in the water clinging to the base of reeds, drifting logs etc., were individually collected by hand.

The duration of search effort was not limited like when collecting qualitative data for monitoring

amphibian assemblages, but was determined by the time it took to collect a sample of a certain

size that would enable the amphibian chytrid fungus, Batrachochytrium d endrobatidis to be
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detected at a certain prevalence. The only prevalence data for chytridiomycosis in South

African frogs at the start of the study was infection in 60% of a sample of African clawed toads,

Xenopus 'aevis from the Western Cape that were collected in 1999 (4R. Speare pers. com.

2002). The assumption was made that for the range of infection within a sample to vary

between 10 and 60%, a minimum of 50 frogs would have to be examined to detect a minimum

number of 5 infected animals. Active sampling has the benefit of allowing the observer to

assess the activity patterns of the frogs for abnormal behavior that may be present as a result

of chytridiomycosis.

2.2.2 Dip-net Sampling

After a site was searched for frogs, a dip net (300

x 250 mm opening) with mesh size of 2 mm was

used to sample aquatic larvae by sweeping

among aquatic vegetation and in open water

(Figure 2-1). Dip-netting is an invasive technique

that disturbs the habitat and might chase frogs

away and should therefore not immediately

precede visual encounter sampling at the same

site.

Figure 2-1 Dip-netting in a shallow roadside pond in the Kammiesberg near Kammieskroon.

2.2.3 Aquatic Traps

Aquatic bucket traps were constructed from 20 L plastic buckets fitted with a funnel near the

bottom and air holes drilled at the top (Figure 2-2). These traps were exclusively used to

collect post-metamorphic X. 'aevis, and they make use of the aquatic nature and feeding

behaviour of the species in order to trap them. Strongly odoured bait (liver and marrow bones)

were used to lure frogs into the traps because Xenopus strongly rely on their olfactory sense

for locating food. The sampling method is based on the assumption that animals that enter the

trap are unable to escape or escape is delayed because of the difficulty in locating the inward-

directed funnel opening. Traps were placed and left overnight near the water's edge with one

third protruding above the water level allowing the trapped animals to surface for air. Trapped

animals were immediately transferred to a container half-filled with water from the specific

locality after traps were lifted because X. 'aevis (especially young individuals) can suffocate

from the froth produced by the beating of skin secretion when they are crowded. Data from

4 Prof. Rick Speare, James Cook University, Townsville, Queensland Australia
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field sampling was recorded onto data sheets (Annexure D) and transferred into spreadsheets

generated in Microsoft Excell upon return from fieldwork.

Figure 2-2 Setting an aquatic trap in a pond for the collection of Xenopus laevis.

2.2.4 Pathogen Control Protocol

Because the subject of fieldwork involved detecting an infectious disease of amphibians care

was taken to prevent becoming a vector for transmitting chytridiomycosis between study sites.

The Fieldwork Code of Practice developed by the Declining Amphibian Population Task Force

provides a standard pathogen control protocol that should be followed when conducting

amphibian related fieldwork (available from URL: http//ventura.fws.gov/es/protocols/dafta.pdf).

By using this protocol as a guide, the following precautions and procedures were implemented

during fieldwork.

tJ When not in use footwear, nets and aquatic traps were cleaned and stored in a dry

place.

t~ A portable disinfection station was taken along during field visits. The station included

adequate supplies of disinfectant solution (sodium hypochlorite) and tap water, two

large square buckets (at Ieast 30 L volume), a scrub b rush a nd a p air of protective

gloves.

tJ Footwear and equipment was disinfected before entering a site. Disinfection involved

scrubbing boots and traps and soaking nets in a 2% sodium hypochlorite solution for 2

min., followed by rinsing with tap water.
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t-J Upon leaving a site, mud and other organic and inorganic debris was removed from all

footwear and equipment followed by disinfection.

~: Disposable gloves were worn at all times during handling of live frogs. Gloves were

changed between species and between sites. Care was taken to dispose of gloves and

all other disposable equipment such as tissue wipes sensibly by using a dedicated

refuse bag.

:.: Frogs that were collected from different sites were kept separate. Terrestrial frog

species were not transported in water in order to reduce the risk of transmitting disease

organisms through accidental splashing. A damp paper towel was used instead. When

aquatic species and larvae were transported containers were covered with tight-fitting

lids. On long trips the lids were regularly opened for a few seconds to allow for aeration

of the containers. Once again, disposable gloves were used for this procedure.

t-J Collected frogs were examined for chytridiomycosis at the first opportunity after capture

(on site, at base camp or in laboratory). All equipment used to gather specimen data or

to remove t issue samples such as measuring instruments and dissecting equipment

were sterilised with 70% alcohol between each specimen.

'[03When tissue samples were taken for molecular studies dissecting equipment was

flamed between individuals in addition to sterilisation.

t-: Frogs that were kept for voucher specimens were anaesthetised by immersion in 0.1 %

MS222 (tricaine methane sulphonale), fixed in 70% alcohol and provided with a label.

2.2.5 Identification of Frogs

Post-metamorphic frogs were identified in the field 0 n their morphological traits a nd 0 n the

advertisement calls of males. Because captive frogs very seldom call after two to three days in

enclosures, the identification of donated frogs (frogs collected by other workers and brought to

our laboratory for examination) mostly relied on morphology only, like with fixed specimens.

The species descriptions and taxonomic keys in Passmore and Carruthers (1995) and

Channing et al. (2003) were used to identify frogs. Van Dijk (1966, 1971) and Lambiris (1989)

were used to identify tadpoles. A useful clue to the identity of specimens in addition to

morphology is information 0 n site description a nd locality as most a nuran species inS outh

Africa are fairly restricted in type of habitat resulting in limited ranges.

43



2.3 Tissue Preparation for Diagnosis of Chytridiomycosis

2.3.1 Histology

Skintissuefixed in 10%formalinwas rinsedin runningtapwaterfor 90 min.anddehydratedin

an alcoholseries (30%,50%, 70%).Toe clippingsstill containingbonewere decalcifiedwith

Perreni'sfixativeby placingthe tissuein the fixativefor 18 h. The skin tissuewas dehydrated

further,elucidatedwith xyleneand infiltratedwith paraffinwax at 60°C (Figure2-3). Following

the wax infiltrationthe piecesof tissuewere embeddedin paraffinwax blocksusinga SLEE

MPS/P2embeddingcenterandallowedto hardenovernight.

Fixative Rinse Dehydration

Infiltration Elucidation
1

7.5mln
(vacuum)

15 min 15 min 15 min 7.5mln

Figure 2-3 Tissue processing procedures for preparation of histological slides.

The s kin tissues were sectioned at 6 IJmwith a Reickert-Jung 2050 automated microtome.

Sections were stretched 0 n a heated water bath (45°C) a nd adhered tom icroscope slides.

Slides were dried overnight in an oven at 35°C. Three slides containing two ribbons of 4-8

sections each were prepared per specimen. Slide labels included date, species, tissue type

and a reference number. Mayer's haematoxylin was used as staining solution and eosin as

counter stain (Figure 2-4). Slides were examined under a Nikon Eclipse E800 compound

microscope for the presence of B. dendrobatidis using the criteria described in Berger et al.

(1999b).
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Figure 2-4 Steps in the staining of paraffin wax sections with haematoxylin and eosin.

2.3.2 Wet Mounts

Skin sloughs from the feet, hind legs and ventral pouch can be used to diagnose

chytridiomycosis without staining or tissue processing (Longcore 2001). Skin sloughs webbing,

de-boned toe clippings, as well as tadpole mouth discs were placed on microscope slides in a

drop of sterile water and covered with a coverslip. The wet tissue mounts are immediately

ready for examination under a compound microscope. Wet mounts were used in conjunction

with histological examination during prevalence surveys and to screen frogs for the purpose of
isolating B. dendrobatidis into cultures.
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Chapter 3

SCANNING MICROSCOPY EXAMINATION OF

Batrachochytrium dendrobatidis

3.1 Introduction

Members of the phylum Chytridiomycota were until recently referred to

as protoctistan fungi, because of their microscopic existence and often unicellular thalli

(Kendrick 1992). Molecular phylogenetic studies, however, place the phylum with the true fungi

(Forster et al. 1990, Bowman et al. 1992). Within the Chytridiomycota there exists some

variation in the morphology of the vegetative phases, reproductive patterns and adaptations to

parasitic or saprobic lifestyles, but they all have in common a zoospore with a single,

posteriorly directed, whiplash flagellum and the cell wall is comprised of the polysaccharide,

chitin (Sparrow 1960, Kendrick 1992).

Although chytrids are ubiquitous in water as well as soil, all members of this group are

considered to be aquatic, because zoospores require water for dispersal. Many zoosporic fungi

decompose a number of refractory substrates including pollen, keratin, chitin and cellulose

(Sparrow 1960) thereby functioning as primary biodegraders of the ecosystem. Others have a

parasitic mode of life involving other fungi, algae, plants, nematodes and insects (Barr 1990,

Powell 1993). At least two chytrids are considered to be of economic importance: Synchytrium

endobioticum causes wart disease of potato (Kendrick 1992) and Batrachochytrium

dendrobatidis that is responsible for rapid population declines of wild and captive amphibians

(Berger et al. 1998, Mazzoni et al. 2003).

The vegetative thallus of chytrids is either single celled (monocentric development) or may

develop many sporangia (colonial development) through the formation of septa and may be

entirely converted into a reproductive sporangium or be differentiated into a sporangium with

rhizoids. The sporangium produces the zoospores, whereas the rhizoids function as an

anchoring and absorptive apparatus. Filamentous chytrids produce a more extensive system

of rhizomycelia with multiple nuclei. Asexual reproduction through mitotic nucleic division is the

norm with chytrids. Although not common, sexual reproduction does occur in chytrid fungi and

may occur by fusion of zoospores with each other or with somatic portions of the thallus, and is
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Figure 3-1 Active zoospores of B. dendrobatidis in culture, one day following isolation. RS = rostrodont,
ZS = zoospores.

Figure 3-2 Light micrograph of live zoospores showing the posterior flagellum (scale bar = 5 !-1m).

Figure 3-3 Nile Red LSCM of zoospores. The bright red vesicles represent lipid globules that are
arranged in single or multiple groups around the ribosomal core not visible in this image (scale bar = 5
!-1m).

Figure 3-4 TMRM LSCM of zoospore. Membrane potential was detected for the flagellum, cell
membrane, endoplasmic reticulum (yellow halo surrounding the central core) and the perinuclear
situated mitochondria (visible as bright yellow spots). A single outside membrane indicates that the cell
wall has not yet formed (scale bar = 5 !-1m).

Figure 3-5 LysoTracker LSCM of zoospore. The pattern of the bright green emission, suggests that
acidic organelles such as Iysosomes and vacuoles probably occur in the cytoplasm surrounding the
ribosomal mass and nucleus (scale bar = 5 !-1m).
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Zoosporangium and Rhizoids

The zoospores develop into sporangia that become visible as cell-walled, spherical vesicles

after 2-4 days in culture (Figure 3-6). At the same time fine branching rhizoids extend outwards

from one or more positions on the sporangium (Figure 3-7). The rhizoids function as

attachment organs and are lined with numerous mitochondria (Figure 3-8) that are presumably

responsible for providing the energy required by their growth.

As the sporangium continues to develop, the thallus becomes multinucleate by repetitive

mitotic division (Figure 3-9). The entire content of the sporangium then cleaves and

encapsulates a nucleus and multiple mitochondria to form the flagellated zoospores (Figures

3-10 and 3-11). Mature sporangia vary greatly in size and may reach sizes of up to 60 !-1m.

While zoospore formation is taking place, tube-like processes called discharge papillae form

on the surface of sporangia (Figure 3-12). The number of discharge papillae is not fixed, but

generally varies in accordance to the size of the sporangium and may protrude in any direction

when grown in culture. Up to seven discharge papillae protruding in all directions were counted

on a single sporangium. The discharge papillae are so called because they are the exit ways

for mature zoospores. The discharge papillae are inoperculate and are blocked by a plug that

reveals moderate membrane potential (Figure 3-13). Labelling of sporangia with a lipid probe

indicates that the plug consists of lipid molecules, but of a higher density than the phospholipid

bilayer of the cell membrane (Figure 3-14). The cell wall is discontinued in the distal section of

the discharge papillae; a characteristic that may ease the release of zoospores after the plug
has been dissolved.

The sporangium may develop as a monocentric thallus or may become divided into two or

more compartments by the formation of a septum (Figures 3-15 - 3-17). The septum appears

to develop along a central axis of the sporangium. The flaps of the septum then extend

towards the wall, thus allowing free movement of the content of the sporangium until they

make contact with the wall. The flaps may part to form a cavity free of any sporangium content.

The septum fluoresces in the same spectrum as the cell wall, which indicates that it consists of

a similar macro molecular structure.

Labelling with the acidic probe LysoTracker indicates a concentration of acidic organelles

(Iysosomes and vacuoles) near the outer perimeter of the sporangium and within the cell

membrane ( Figure 3 -18). Lysosomes a Iso fluoresce within the r hizoids, suggesting that the

rhizoids are involved in the absorption of nutrients for the maturing sporangium.
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Figure 3-6 Light micrograph of first-generation, immature B. dendrobatidis sporangia in culture.
Figure 3-7 Light micrograph of an immature sporangium with a dense aggregation of rhizoids spreading
into the nutrient agar.
Figure 3-8 Acridine Orange LSCM of rhizoids. Mitochondria contain DNA and are visible as red spots
along the shafts of rhizoids (arrows) that resemble beads on a string (scale bar = 10 jJm).
Figure 3-9 Acridine Orange LSCM of developing sporangium. Somatic DNA (asterisk) can be seen
transcribing RNA (first step in zoospore formation). A mass of RNA, possibly ribosomal RNA, is visible at
a second site within the thallus (arrow) and is surrounded by multiple sites where RNA transcription is in
progress. The nucleus (red) and ribosomal mass (green) are discernible in a released zoospore (ZS)
(scale bar = 5 jJm).
Figure 3-10 TMRM LSCM of a sporangium in late development. Clusters of mitochondria are associated
with maturing zoospores (scale bar = 10 jJm).
Figure 3-11 Acridine Orange LSCM of a mature sporangium that is filled to the limit with zoospores
containing genetic material (scale bar = 10 jJm).

- - - --
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Figure 3-12 Light micrograph of a mature sporangium in culture with five, possibly six, discharge
papillae.

Figure 3-13 TMRM LSCM of an immature sporangium with two discharge papillae. The cell wall is
discontinued over the tip of discharge papillae. A plug with membrane potential (asterisk) blocks the
opening. A dense mass of mitochondria (m) is visible inside the sporangium (scale bar = 10 j.lm).

Figure 3-14 Nile Red LSCM of a cluster of sporangia. The arrows delineate the circumference of two
sporangia. The lipid fraction of the cell membrane is visible as bright red spots. The diffuse areas (P) in
line with the wall correspond to the plugs of discharge papillae (scale bar = 10 j.lm).
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Figure 3-15 Acridine Orange LSCM showing the form and position of a developing septum (s). dp =
discharge papilla, sc = septum cavity, zs = zoospore (scale bar = 10 jJm).
Figure 3-16 TMRM LSCM of sporangium with septum. Fluorescence of cell wall (cw) and septum (s) in
the same spectrum and with the same intensity indicates that these two components have the same
molecular structure (scale bar = 10 jJm). The fact that the cell membrane of the sporangium is not as
distinct as that of the zoospores could be due to inhibition of its membrane potential caused by the cell
wall.

Figure 3-17 TMRM LSCM of sporangium showing part of a septum. The arrow indicates the connection
between the cell wall and the septum (scale bar = 10 jJm).

Figure 3-18 LysoTracker LSCM of a giant sporangium indicates that the cell membrane and
surrounding environment has a lower pH than the rest of the sporangium content. Distinct vesicles with
low pH inside the rhizoids suggest that acidic enzymes may be secreted by the rhizoids (scale bar = 10
jJm).
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3.3.2 Batrachochytrium in Amphibian Skin

Sporangia start their development in the deepest layers of the stratum corneum or the outside

layers of the stratum granulossum of the epidermis within the keratinous cells (Figure 3-19).

Although it has not been documented how the DNA from encysted zoospores on the

amphibian skin surface reach the deeper layers, it is suspected that a germ tube could

facilitate this transfer (Longcore et al. 1999). Growth of the thallus in skin differs from that in

culture in that the sporangia do not grow as large in skin and discharge papillae are less

abundant and are usually directed towards the outside surface (Figure 3-20). These

differences arise from the restrictions in growth imposed by intracellular development.

Typically, the epithelium layers closest to the surface contain the largest proportion of empty

sporangia (sporangia that have released their zoospores). When different excitation

wavelengths and e mission filters were combined, subtle differences in the staining patterns

were observed between connective tissue, infected epidermis and the outer cornified layer

(Figure 3-21). While the sporangia develop, they are pushed toward the surface though the

natural process of transitional epithelium regeneration. When the infected cell reaches the

surface, it bulges out due to the growing sporangium within its cytoplasm (Figure 3-22 and 3-

23). The discharge papilla eventually punctures the cell membrane to expose its tip to the free

surface of the skin (Figure 3-24). After sporangia have released their zoospores they

sometimes collapse (Figure 3-25) before being shed with the superficial epidermal layer.

Fixation of samples in Todd's fixative, 70% ethanol and 10% neutral buffered formalin for SEM

gave satisfactory results of the skin surface and B. dendrobatidis' external morphology. On the

other hand, vapour fixing with 4% osmium tetroxide caused excessive shrinking, preventing

meaningful interpretation of samples.

Gross lesions on the surface of amphibian skin are localised to the areas of infection. The

smooth, squamous pattern of the epithelium is disrupted due to a hyperkeratotic reaction and

the continuous flaking of infected cells (Figure 3-26). Melinisation of infected areas is often

observed in fresh skin scrapings of X. laevis. In the keratinised rostrodonts of tadpoles, that

are usually strongly pigmented, the reaction seems to be reversed resulting in depigmentation.

Sometimes B. dendrobatidis infection leads to a loss of kerotodonts on tadpole mouths (Figure

3-27).

Labelling of fixed skin samples with a nucleic acid probe allows a distinction between active

and empty sporangia to be made, because the DNA from developing and mature sporangia

fluoresces at a high intensity (Figure 3-28). It is also possible to trace B. dendrobatidis by

labelling skin samples with a lipid probe because the phospholipid bilayer in the cell membrane

and the presence of lipid globules in the zoospores (Figure 3-29).
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Figure 3-19 LSCM of an H&E stained cross section through heavily infected skin of Afrana fuscigula.
Various developmental stages of B. dendrobatidis are visible in this section. Immature sporangia are
embedded in the deeper layers of the stratum corneum (asterisk). The older, empty sporangia (es) are
located near the surface of the skin. E = epidermis, zs = zoospores (scale bar = 10 I-Im).

Figure 3-20 LSCM of an H&E stained cross section through Nectophrynoides asperginis skin. The
discharge papilla (dp) of a mature sporangium opens towards the free surface of the epidermis. zs =
zoospore (scale bar = 5 I-Im).

Figure 3-21 LSCM of an H&E stained section of X. laevis skin. The combination of different excitation
wavelengths and emission filters results in differences in the emission spectrum of infected epidermal
cells, collagen fibres (C) and homified epithelium (H). es = empty sporangium, s = septum (scale bar = 5
I-Im).
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Figures 3-22 - 3-25 SEM series of different stages of B. dendrobatidis development on the mouth of an
A. fuscigula tadpole fixed in Todd's fixative (scale bar = 5 jJm). 3-22 When an infected epithelial cell
reaches the surface it can be identified by a tiny bulge in the surface. 3-23 The shape of the
sporangium is clearly visible and the position of the discharge papilla can be identified.3-24 Open and
closed discharge papillae protruding though the surface of the epithelial cells. 3-25 A collapsed
sporangium that is about to be shed with a hornified skin flake.
Figure 3-26 SEM of X. laevis webbing. Infected parts of the skin (I) have an abrasive appearance due to
the flaking of the superficial cell layer and indentations left by sporangia compared to uninfected parts
(U) that have a smooth appearance. In recovering skin (R), faint indentations left by sporangia is the
only evidence of the infection (scale bar = 20 jJm).
Figure 3-27 SEM of the upper jaw of an Afrana fuscigula tadpole. A loss of kerotodonts has resulted
from B. dendrobatidis infection. Protruding discharge papillae and flaking of superficial cells give infected
areas a coarse appearance (asterisk). G = gap in kerotodont row, K = kerotodont, R = rostrodont (scale
bar = 50 jJm).
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Figure 3-28 Acridine Orange LSCM of A. fuscigula skin fixed in 70% ethanol. The contents of active

sporangia (as) fluoresce, whereas empty sporangia are visible as dark spherical structures. The wave

like pattern is created by numerous mitochondria in the host tissue. n = nucleus of squamous epithelium

cell (scale bar = 10 j.Jm).

Figure 3-29 Nile Red LSCM of fresh X. laevis skin. Lipids contained in the cell membrane and

zoospores enable chytrid thalli (c) to be observed in the cytoplasm of squamous epithelium cells (se). n

= nucleus of squamous epithelium cell (scale bar = 10 j.Jm).

3.4 Discussion

Throughselective staining every component of the thallus of B. dendrobatidis can be viewed

with LSCM. The surface and septa of sporangia react strongly with TMRM and Acridine

Orange. The cell wall is not expected to associate with Acridine Orange and might therefore

contain a molecule that intercalates with the nucleic acid dye (Le. chitin). Nile Red effectively

illustrated the configuration of the lipid bilayer of the cell membrane and the lipid globules of

zoospores. On the other hand, the acidotropic dye, LysoTracker, specifically highlighted areas

and organelles with an acidic pH in the sporangium, zoospores and rhizoids. The approximate

shape and length of rhizoids can be discerned by its mitochondria fraction revealed by Acridine

Orange or TMRM labelling, and by the presence of acidic enzymes through LysoTracker

labelling. It is possible to distinguish between developing and mature sporangia in two ways.

Firstly, when labelled with TMRM, mitochondria tend to be randomly distributed within the

content of the developing sporangium, whereas a more clumped distribution is eminent in

mature sporangia. Secondly, when labelled with Acridine Orange, RNA transcription is clearly

visible in actively growing sporangia, whereas the shape of individual zoospores is visible in

mature sporangia through the reaction of nucleic and mitochondrial DNA with the dye.
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As far as the application of LSCM as a diagnostic tool for B. dendrobatidis goes, the dyes used

on fresh and fixed skin samples, Acridine Orange and Nile Red, are not the best choices.

Although it was possible to observe the fungus in host tissue, the DNA and other organelles of

host were also labelled, making it slightly more difficult to make a positive diagnosis. When

diagnosis is the primary objective it would be better to use dyes that associate with unique

fungal characteristics such as Blankophor a nd Calcofluor that have a high affinity for b eta-

glycosidically linked polysaccharides, such as chitin and glucan, found in the fungal cell wall

(Monod et al. 2000, Nishikaku and Burger 2003). The morphology, size and position in the skin

of fluorescent objects would have to be taken into account in order to distinguish B.

dendrobatidis from other possible fungal infections. Confocal microscopical observation of

H&E stained skin sections proved to be most effective in visualising cell walls, septa and nuclei

of zoospores. Although no additional characteristics were observed, the distinction between

the nucleus and cytoplasm of zoospores is more apparent than with conventional light

microscopy.

LSCM could be very useful when attempting to answer specific questions regarding the biology

of B. dendrobatidis that are not yet fully understood. There exists some debate regarding

whether or not B. dendrobatidis utilises keratin as a nutrient. The amphibian chytrid fungus is

localised to k eratinised t issue (tadpole mouthparts and post-metamorphic skin), however, a

recent study did not find proof that keratin is indeed degraded by the extracellular proteases

produced by the fungus (Daszak et al. 1999, Piotrowski et al. 2004). Selective staining of

keratin with fluorescent dyes may be an alternative avenue to pursue this question. Calcium

changes in encysted zoospores have been studied through labelling with calcium-sensing dyes

fluo-3 and calcium green (Deacon 2005). A similar approach could be followed to investigate

the germination of live encysted zoospores on amphibian skin to establish whether or not a

germ tube is indeed formed, as is currently believed to be the most likely mechanism for the

migration of the nucleus to the deeper layers of the epidermis (Longcore et al. 1999). Another

field of study that can be investigated through the use of LSCM relates to the pathology of B.

dendrobatidis. Because it has been suggested that B. dendrobatidis impairs cutaneous

respiration (Berger et al. 1998, Pessier et al. 1999), labelling of physiological ions responsible

for gaseous exchange in amphibian skin could allow the quantification of these vital ions in the

vicinity of infected skin.
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As this study and previous work have shown, through the combination of technological

advances provided by qualitative and quantitative analytical techniques, we continue to expand

our knowledge of morphology and development of microscopic organisms. Batrachochytrium is

fairly new to science and there remains a vast number of aspects of especially the ecology and

pathology, including host-pathogen relationships that await their discovery.
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Chapter 4

GEOGRAPHICAL ORIGINS OF CHYTRIDIOMYCOSIS IN

AFRICAN ANURA, WITH THE EMPHASIS ON

SOUTH AFRICA

4.1 Introduction

Worldwide amphibians are under severe threat from anthropogenic influences as well as

global factors. Over the past three decades especially, reports of declines have increased in

the Neoarctic, Neotropical and Australasian realms (Drost and Fellers 1996, Laurance et al.

1996, Houlahan et al. 2000, Stuart et al. 2004). Of even greater concern is that declines have

not only occurred in disturbed habitats, but also in pristine environments. Evidence for a

countrywide decline in frog populations in South Africa is lacking (Channing and Van Dijk

1995, Sparling et al. 2003). Amphibian declines in South Africa have only been observed at the

local population level and are often confined to an area that is directly affected by the

concerned threat (Weldon and Du Preez 2004a).

South Africa has a relatively rich amphibian biodiversity. Only frogs and toads are represented

and comprise almost 120 species and 33 genera from 9 families (Carruthers 2001). Frogs

occur throughout South Africa and their distribution is largely influenced by rainfall and

temperature. The highest number of species is found in the eastern regions where high rainfall

combines with warm year-round temperatures. The highest level of endimicity, however,

occurs in the Fynbos biome (particularly the Cape Fold Mountains) of the Western Cape.

Although some species are widely dispersed in a variety of localities and climate regions, most

species are fairly restricted in type of habitat resulting in limited ranges. Of the 115 recognised

species in South Africa roughly one sixth are threatened (4 critically endangered, 8

endangered, 8 vulnerable) and a further 5 are near threatened according to the IUCN criteria

for the conservation status of wildlife (Harrison et al. 2001). Threatened taxa are spread across

most families, however, the more specious families tend to contain relatively fewer threatened

taxa than less specious families. An analysis of the distribution of threatened species was

conducted by Branch and Harrison (2004) in which richness/count of threatened and near

threatened species as well as categories of different weight in terms of their priority for

conservation were used as criteria. According to this analysis six hotspots of threatened frogs

emerged, namely, and in order of decreasing rank, Western Cape lowlands, Western Cape
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Figure 4-1 Distribution of anuran families screened for chytridiomycosis by time intervals. A

total of 2,137 specimens representing five anuran families and collected between 1864 and

2004 were examined.

4.3.2 Infection Data

Chytridiomycosis Incidence

Chytridiomycosis was detected in one toad species, 11 frog species and four clawed frog

species (57% of species examined), representing all five families for which specimens were

collected (Table 4-3). Roughly one half of the cases resulted from examining live specimens,

however, three times as many archived specimens were examined to detect the same number

of cases. Although archived specimens from 19 countries were examined, chytridiomycosis

was detected in only four southern African countries (Botswana, Lesotho, South Africa,

Swaziland). Infected frogs were also found in both countries from which live specimens were

examined (South Africa and Lesotho). The distribution of the search effort by country is

reflected in the outcome of chytridiomycosis cases; 80% of the cases are from South Africa

from which the majority of specimens were examined. Data from the survey indicated that the

geographical distribution of chytridiomycosis in southern Africa covers the coastal lowland of

the Northern Cape, Western Cape, Eastern Cape and KwaZulu-Natal, as well as

Namaqualand, KwaZulu-Natal Midlands, Swaziland, montane Lesotho and the Lowveld

(Figure 4 -2). I n every region from which live specimens were examined, n ew localities a nd

host species for chytridiomycosis were added to the localities from historic records

(predominantly Xenopus, He/eophryne and Amietia).
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during daylight hours and did not respond to human interference (5L. Du Preez pers. com.

2002). When the site was revisited in August 2004, the well and surrounding riverbed was dry

and silted up.
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Figure 4~2 Geographical distribution of B. dendrobatidis in five South African anuran families

from archived material and live specimens; Bufonidae (1 region), Heleophrynidae (2 regions),

Hyperoliidae(1 region), Pipidae (6 regions) and Ranidae (4 regions). Source of map: Microsoft
Encarta 2002.

The second fatal case also involvedA. fuscigula from Stutterheim in the Eastern Cape. A dead

juvenile was collected near a stream in September 2002 (Lane et al. 2003a). No other

carcasses or live frogs were encountered at this site. A third outbreak is suspected only with

chytridiomycosisassociated with the death of A. fuscigula at a drinkingwell in Goegap Nature

Reserve in northern Namaqualand in May 2004. Three dead and heavily decomposed frogs

were floating in the water and although live frogs were found, permit restraints prevented the

collection of specimens. Northern Cape Nature Conservation was notified of the mortality

event and the candidate returned with the necessary collecting permit in August 2004. During

this survey not a single adult frog was found, but six of the seven tadpoles collected were

infected withchytridiomycosis.

5 Prof. Louis du Preez, North-West University, Potchefstroom, South Africa

73

--



Because the majority of frogs with chytridiomycosis were from specimens from incidental

collections and other donated specimens that were mostly of small sample size, they can

provide only basic epidemiological information. Local population prevalence data could be

obtained for only two species A. fuscigula from Namaqualand (70.2%, one population, 2

samples) and X. laevis from Namaqualand (89.7%, one population, one sample) and the

Boland (27.9%, 6 populations, one sample each).

Histopathology

In all of the infected specimens chytridiomycosis was identified by the presence of chytrid thalli

in the stratum corneum and host reaction of the epidermis. Species belonging to the genus

Xenopus were only lightly infected with few zoosporangia (1-2 layers of mostly empty

sporangia), mild, focal hyperplasia of the epidermis and hyperkeratosis of the stratum corneum

and sloughed skin containing chytrid thalli usually occurred (Figure 4-3A). In contrast,

specimens of the Cape river frog, A. fuscigula were consistently heavily infected. A heavy

infection was characterised by multiple layers (up to 10 layers thick) of sporangia in various

stages of development, severe hyperplasia and hyperkeratosis and associated sloughing of

the epidermis (Figure 4-3B). A range of infections between these two extremes was observed

in other species, however, the majority of cases demonstrated only mild infections. The chytrid

structures stained brown (positively) in the immunoperoxidase test using the specific anti-

Batrachochytrium antibody (Figure 4-4), thus verifying infection in the old specimens.

Figure 4.3 Micrographs of haematoxylin and eosin stained sections through frog skin infected
with Batrachochytrium dendrobatidis. A) Interdigital webbing of a lightly infected Xenopus
laevis showing the morphology and size of zoosporangia with focal hyperkeratosis (600 X ,
scale bar = 10 !-1m).B) Toe from a heavily infected Afrana fuscigula. Zoosporangia are visible
as clear, circular structures in stratum corneum being sloughed (200 X, scale bar = 20 !-1m).
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Figure 4-4 Micrographs of immunoperoxidase stained sections through the interdigital

webbing of Xenopus gilli showing the morphology and size of zoosporangia consistent with

Batrachochytrium dendrobatidis (scale bar = 20 I-Im). A) Arrow "a" indicates localised

hyperplastic epidermal response compared to uninfected region of epidermis indicated by

arrow "b". B) Mostly empty, circular sporangia are visible in the stratum corneum. Arrows

indicate two zoosporangia that have developed internal septa.

Infection Correlation Data in Xenopus

Overall, chytridiomycosis prevalence in Xenopus from South Africa, Lesotho and Swaziland

was 2.7% (19 positives out of 697 specimens of X. gilli, X. laevis and X. meul/en) and did not

differ significantly between the species (p = 0.7; Table 4-4). The earliest date for a

chytridiomycosis positive specimen was 1938 in an X. laevis collected from the Western Cape

coastal lowland. This specimen is housed in the South African Museum, Cape Town (SAMZR

18927). The next earliest positive detected was X. gilli from 1943 (specimen number NMBA

112, National Museum, Bloemfontein). The majority of positive records, however, were

detected since 1970 (Table 4-5). There is no statistically significant change of chytridiomycosis

prevalence over the decades since the 1940s (p = 0.36), nor when the broader interval of pre-

1971 is used as the baseline for the calculations (p = 0.22; Figure 4-5). No evidence for any

trend in prevalence over time could be found using multivariate modelling where the odds

ratios for the time intervals were adjusted for the potential confounders of "species", "season"

and "region". The multivariate odds ratios in these models were not significant and very similar

to the bivariate findings, thus indicating no confounding effects. Thus there is strong evidence

that chytridiomycosis has been a stable endemic infection in southern Africa before any

positive specimen was found outside this region.
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Table 4-4 Prevalence of chytridiomycosis in archived Xenopus spp. from southern Africa (p =

The prevalence of chytridiomycosis in South Africa showed no significant change over time

after 1940. No significant change of the geographic distribution of chytridiomycosis was

detected after 1973. By 1973 the distribution of chytridiomycosis - as proved by positive

specimens - covered already the area between 27-34 degrees latitude and 18.25-32.5 degrees

longitude. This implies that positive specimens were detected from all regions of southern

Africa by 1973. Infected frogs were found in five of the nine provinces in South Africa including

the Western Cape (5 of 171), Northern Cape (2 of 22), Free State (6 of 141), KwaZulu-Natal (3

of 152) and Eastern Cape (1 of 137), as well as in Swaziland (2 of 42). Prevalence of B.

dendrobatidis did not differ (p = 0.24) between the designated three broader regions with a
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Species Number % positive Earliest positive Country

examined (95% CI) detected

Xenopus gilli 61 3.3 (0.4-11.4) 1943 South Africa

Xenopus laevis 583 2.6 (1.5-4.2) 1938 South Africa

Xenopus meul/eri 53 3.8 (0.5-13.0) 1991 Swaziland

697 2.7

Table 4-5 Prevalence of chytridiomycosis in archived Xenopus from southern Africa, by time

intervals (p = 0.36). P = minimum prevalence needed to detect one infected animal in numbers

examined.

',," - 0'-="=""=

Time interval No. examined Number of % positive P (%)

positives (95% CI)
1871-1940 56 1 1.8 (0.0-9.6) 5.2

1941-1950 16 1 6.3 (0.2-30.2) 17.1

1951-1960 63 0 0.0 (0.0-5.7) 4.6

1961-1970 17 0 0.0 (0.0-19.5) 16.1

1971-1980 230 6 2.6 (1.0-5.6) 1.3

1981-1990 145 3 2.1 (0.4-5.9) 2.0

1991-2001 170 8 4.7 (2.0-9.0) 1.7

697 19 2.7 (1.7-4.2)



prevalence of 3.0% in the South West, 3.8% in the Central region and 1.5% in the Eastern

region. Overall, the seasons ("wet" versus "dry") when the specimens were collected were not

significantly associated with prevalence (p = 0.22). Only in the Eastern region, was a

significantly higher prevalence found in the "wet" season as opposed to "dry" season.
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Figure 4-5 Historical time-trend of chytridiomycosis prevalence in Xenopus from southern

Africa. There is no significant change in the prevalence over time (p = 0.22, 95% CI).

4.4 Discussion

4.4.1 Synopsis of Chytridiomycosis Data

Histopathological examination of archived specimens is a valuable method for determining

whether or not B. dendrobatidis was introduced into a region/country and how long it has been

present. Temporal and geographical interpretation of historic records may provide information

on routes of entry and spread through affected areas. To formulate a clear and precise re-

enactment of the events does, however, require examination of large quantities of specimens,

especially when reports of mass mortality events that can guide the investigation are few or

absent. In addition retrospective surveys can help to determine proximate causes of population

declines where disease agents are suspected. Surveys of live specimens on the other hand

may help to identify diseases as relevant potential threats to amphibian populations. The

identification of shared traits among amphibian populations that promote susceptibility can help

diagnose causes of declines and direct conservation actions (Lips et al. 2003). In countries

where amphibians do not appear to be declining, initial chytridiomycosis surveys can be

directed at species that share traits with species that are susceptible to disease in other parts
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of the world. Amphibian population declines in Australia, Latin America and Spain are

particularly associated with stream breeding amphibians that have restricted elevational

ranges (Berger et al. 1998, Bosch et al. 2001, Young et al. 2001, Lips et al. 2003). A further

advantage of live frog surveys is that it provides population prevalence data that becomes

more reliable with increase in sample size.

The equation of Digiacome and Koepsell is important in interpreting the findings. The earliest

record of chytridiomycosis in Xenopus from southern Africa was 1938 and after this date the

average prevalence was 2.7%. Twenty seven specimens collected prior to 1938 were

examined. Using the equation above, this number would allow the detection of at least one

infected animal with 95% probability only if the prevalence was 10,5% or greater. Therefore

failing to find any infected frogs prior to 1938 may mean that the infection was truly not present

or that the prevalence was too low to be detected by the number of frogs examined. In the

decades when chytridiomycosis was found, average prevalence was 3.2%. For both decades

that chytridiomycosis was not detected, 1950s and 1960s, the minimum prevalence needed to

detect one infected animal with 95% probability (4.6% and 16.1% respectively) is higher than

the average prevalence (Table 4-4). Failure to find any infected individuals in these two

decades is most likely related to too small sample sizes. For the same reason and as mostly

only archived Xenopus spp. were examined from the rest of the African countries for which

surveys were conducted, the known geographical distribution of chytridiomycosis in Africa is

likely to be an under-representation of the true distribution. So far, chytridiomycosis has been

detected in southern, western and eastern Africa, but large gaps separate these regions

(Figure 4-6). The incidence of chytridiomycosis in Kenya involves Ptychadena anchietae and

was diagnosed by Speare and Berger (2000). In Tanzania, chytridiomycosis was detected in

three species (Nectophrynoides asperginis, Arthroleptidis yakusini, P. anchietae) during an

investigation into an amphibian decline event in Kihansi Gorge, south-western Tanzania

(Weldon and Du Preez 2004b, Chapter 9 of this thesis). Chytridiomycosis was also detected in

Xenopus tropicalis on two occasions; once from Ghana (Morehouse et al. 2003) and once from

an unknown locality in western Africa (Reed et al. 2000). ). However, both these records are

from frogs imported into the USA and the record extrapolated to the country of origin. Because

no details were given on measures taken within the importing institution to prevent cross-

infection after arrival in USA, the reports should be regarded as suspect only for Africa and

requiring confirmation by survey in Africa.
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Chytridomycosis
D confined. Suspecteda Not detected

Figure 4-6 Map of Africa, showing the known (yellow) and suspected (orange) distribution of

chytridiomycosis. The outlined area in western Africa represents a suspected incidence in

Xenopus tropicalis for which the country of origin is not known. Countries from which pipid

frogs (Xenopus spp., Pseudohymenochirus sp.) were examined during this survey, but no

chytridiomycosis detected, are indicated in grey.

4.4.2Threatened Species

Only two confirmed and one suspected host mortality events in South Africa were detected

during this study that are associated with chytridiomycosis; all three cases involving A.

fuscigula. This does not imply that this species is always susceptible to disease, because an

infected population near Kammieskroon appeared healthy and displayed breeding activity on

two consecutive visits during the same breeding season. Moreover, the small population at

Goegap Nature Reserve has carried the infection at least since 2002 (Hopkins and Channing

2003) and persists in spite of sporadic deaths. Recurrence of disease related die-offs at the

same sites over consecutive years may be an indication that carrier animals are involved or

that the pathogen persists outside of the host in the environment (Green et al. 2002). Based on

the outcome of the survey and the lack of evidence for a general decline of any species in

southern Africa it appears as though chytridiomycosis does not directly threaten any species
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from this area. Furthermore, the detection of chytridiomycosis in predominantly healthy

animals fits the description of an endemic disease. Because the synergistic effect of various

co-factors (climate change, habitat alteration, pollution etc.) can cause chytridiomycosis to be a

fatal infection (Daszak e t al. 1999, Bosch et al. 2001, Daszak et al. 2003, Burrowes et al.

2004), the disease should be regarded as a potential threat. Those species that have already

been assigned a threatened conservation status, especially due to extent of occurrence or

area of occupancy, are particularly threatened by becoming extirpated from certain areas in

the event of an epidemic. Not only disease, but also other catastrophic events such as global

climate change and introduced predators are more likely to cause declines in isolated,

endemic species as apposed to common species with numerous subpopulations (Margules et

al. 1994, Davies et al. 2000, Lips et al. 2003).

The only infected species from South Africa detected by this survey with a threatened status is

the Cape platanna, X. gilli. Endangered status was assigned to this, the second most

threatened lowland frog in South Africa, based on a severely fragmented habitat, continuing

decline in the extent of occurrence and quality of habitat (Harrison et al. 2001, De Villiers

2004). Urban development on the Cape Flats resulted in the disappearance of X. gilli from this

region whereas sand mining activities, alien vegetation encroachment and general habitat

degradation along the south-west coast of the Western Cape are responsible for population

declines. (De Villiers 1997, Picker and De Villiers 1989). The remaining habitat of X. gilli is

restricted to a few acidic black-water bodies (minimum pH 3.4) in the coastal lowlands and

seepages in the Fynbos Biome (Picker 1985, Baard et al. 1999). The remaining number of

individuals of this species would therefore be greatly reduced should one of t he remaining

populations be extirpated due to chytridiomycosis. Those populations that occur in water

bodies with a pH close to the minimum tolerable range may benefit from a reduced likelihood

of infection because chytridiomycosis does not tolerate pH levels below 4 (Piotrowski et al.

2004, Johnson and Speare 2005).

4.4.3 Evidence for the Origin of Chytridiomycosis

This study has extended the date for the earliest case of chytridiomycosis in wild amphibians

by 23 years. The n ext earliest case 0 utside South Africa is for R ana c lamitans from Saint-

Pierre-de-Wakefield, Quebec Canada in 1961 (Ouellet et al. 2003). After the case in Canada,

the earliest cases from other countries follow sequentially over a period of 38 years from 1961

to 1999 (Figure 4-7).
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Figure 4-7 Time bar indicatingwhen chytridiomycosisfirst appearedin the major centresof

occurrence in relation to each other. Following a 23-year interruption in occurrences after the

Xenopus 'aevis infection in 1938, records outside Africa appear with increasing frequency up

until the present; North America (Ouellet et al. 2003), Australia (Berger et al. 1999a, Speare et

al. 2001), South America (Bonaccorso et al. 2003), Central America (Burrowes et al. 2004),

Europe (Bosch et al. 2001), Oceania (New Zealand) (Waldman et al. 2001).

Xenopus 'aevis in the wild does not show clinical signs nor has it experienced any sudden die-

offs. Moreover, only sub-clinical chytrid infections have been observed among in-house

colonies of X. 'aevis (Reed et al. 2000, Parker et al. 2002). The related species, X. tropicalis,

died in captivity from chytridiomycosis, and it was suspected to have contracted the agent from

X. 'aevis (Parker et al. 2002). An ideal host for transmission of chytridiomycosis through

international translocation would be a species of amphibian that does not become diseased or

die from the infection, and hence X. laevis could take on the role of a natural carrier.

The sudden appearance of chytridiomycosis can best be explained by the hypothesis that B.

dendrobatidis was recently introduced into new regions and subsequently infected novel host

species (Daszak et al. 1999). Dispersal of B. dendrobatidis between countries is most likely

through the global transportation of amphibians (Berger et al. 1999a, Daszak et al. 1999,

Mutschmann et al. 2000, Speare et al. 2001, Mazzoni et al. 2003). The World Organization for

Animal Health has recently placed amphibian chytridiomycosis on the Wildlife Diseases List in

recognition of this risk. If Africa is the source of B. dendrobatidis, a feasible route of

dissemination via infected amphibians needs to be identified. Some members 0 f t he family

Pipidae have been exported, in particular Hymenochirus curtipes and X. laevis to North

America and Europe (Hey 1986).

In terms of a most likely candidate for spread from Africa, the weight of numbers of frogs and

geographic dissemination favours X. 'aevis. Large-scale exploitation of X. 'aevis started soon
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Figure 5-2 Map of the world showing which countries imported Xenopus laevis between 1998 and 2004. The

numbers of frogs that were imported are colour coded.























Chapter 6

RISK ANALYSIS OF CHYTRIDIOMYCOSIS IN THE

Xenopus laevis TRADE

6.1 Introduction

6.1.1 Risk Identification

There exists in the world today a productive global trade in amphibians for purposes ranging

from experimental animals, to cuisine delicacies, to pet animals. Since the mid 1930s, South

Africa has been a major supplier of African clawed toads, Xenopus laevis for scientific

research in many countries across the globe and has in recent years exported almost 10,000

frogs annually to more than 30 countries (Chapter 5 of this thesis). The biggest demand for this

species is in the scientific fields of molecular and embryology research (Weldon 1999). It has

recently been shown that archived specimens of X. laevis from the Cape (the centre of the frog

trade) were infected with 0 ne 0 f the most virulent pathogens 0 f amphibians, t he amphibian

chytrid fungus, Batrachochytrium dendrobatidis (Weldon et al. 2004). Chytridiomycosis is

widespread in South Africa in X. laevis, however, the infection appears to be sub-clinical in this

species (Weldon et al. 2004).

The association of B. dendrobatidis with amphibian declines has been established through

field observation during events of mass mortality (Lips 1999, Young et al. 2001), retrospective

analysis of populations that had declined due to previously unknown causes (Carey et al.

1999, Bradley et al. 2002) and through experimental trials (Berger et al. 1998, Nichols et al.

2001). Although the amphibian chytrid is not host-specific, a varying degree of sensitivity exists

among metamorphosed amphibians (Anura and Caudata) that can be sub-clinical to lethal
infections.

The process of determining how B. dendrobatidis becomes established in populations that

then suffer sudden declines, is difficult and is not known in most cases that have been studied.

One explanation is that the fungus was somehow introduced into the affected populations

(Berger et al. 1998, Daszak et al. 1999). Two bodies of evidence support this process of

chytridiomycosis establishing in a na'ive population. A timeline coupled with a pattern of

amphibian deaths in Australia suggests that chytridiomycosis was introduced and spread from

one or more point sources. Mounting evidence suggests a similar pattern of deaths in Central

102

-- ----













80
70

Q) 60
~ 50
C 40
Q)

~ 30
Q)

11. 20
10
o

Wild Trade Feral

Figure 6-1 Percentage of samples infected and mean prevalence of the infected samples for

Xenopus laevis from wild populations in South Africa, trade facilities and feral populations.

6.4 Risk Assessment

6.4.1Release Assessment

The release assessment involves describing the X. laevis trade pathway through which B.

dendrobatidis may be introduced from South Africa to another country, and estimating the

likelihood of this process occurring.

Release Pathway

The movement of B. dendrobatidis through the X. laevis trade from the time of capture in

natural water bodies to the final destination, whether it is a science laboratory, the aquarium of

a pet keeper, or even a foreign water body of an import country, could potentially involve seven

steps (Figure 6-2). When local suppliers visit an infected site they risk spreading the fungus to

adjacent sites (Figure 6-2 1a ). Simultaneously or alternatively, infected frogs, when collected,

can contaminate the holding facilities (Figure 6-2 1b). From here, chytridiomycosis spreads to

new sites when other regions are visited on later collection trips (Figure 6-2 2). When ordered,

potentially infected frogs are then dispatched by the suppliers to customers locally (Figure 6-2

3a) and abroad (Figure 6-2 3b). In the importing country the frogs go either directly to the end-

users or to large breeding facilities. The latter then operate as suppliers, further spreading the

potentially infected frogs to end-users nationally and internationally (Figure 6-2 4). Finally, in

some cases, chytridiomycosis could spread from these two sources (end-users and breeding

facilities) through escaped frogs and be transmitted to native species (Figure 6-2 5).

108

--

































Trade Regulations

As part of the function of the Veterinary Services of the Provincial Government of South Africa

involves monitoring animal disease risks and preventing the spread of diseases, their

diagnostic services should be expanded to recognise chytridiomycosis in X. laevis intended for

the trade. A monitoring program should be adopted whereby a sample from the export batch

(e.g. 10%) is examined for the presence of B. dendrobatidis before export using the sensitive

PCR technique. If the suspect organism is detected, the involved supplier should share the

responsibility for treating the entire batch for the condition.

Each importing country has to evaluate their system of veterinary services and surveillance

programmes to recognise B. dendrobatidis at customs checkpoints to prevent it from infecting

native amphibian populations. Customs houses that require that amphibians be kept in

quarantine after arrival should be informed that observation of hosts alone can not be applied

to X. laevis with regards to chytridiomycosis, because of the sub-clinical infection in this

species, but should be supplemented with diagnostic testing 0 f the disease. Frogs that die

during transport should be submitted for necropsy and examined for evidence of diseases

before healthy frogs can be released from quarantine. Importers need to be fully informed not

only about the consequences of the invasion of foreign amphibian species, but of the risks that

introduced pathogens could pose to the local amphibian fauna.

6.7 Conclusion

Through this risk assessment, a risk to amphibian populations has been identified and

analysed in terms of the range of potential consequences and the likelihood of these

consequences occurring. The likelihood was further analysed to produce an estimated level of

risk and options have been proposed to reduce these risks. A risk management system for the

export of X. laevis needs to be established that will implement and maintain the system while

considering the recommendations provided in this risk analysis. Effective functioning of the risk

management system would involve communication through the interactive exchange of

information on risk among risk assessors, risk managers and other interested parties.

Conveying the findings of this risk analysis to the Western Cape Nature Conservation Board

(WCNCB) has set this process in motion. The WCNCB, which is responsible for the issuing of

collection permits for X. laevis in the Western Cape Province and thus regulate the export of

this commodity from South Africa, have agreed to further the process of implementing a

management strategy at policy level.
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Given the context that the amphibian chytrid is already widespread in South Africa especially

through infected X. laevis, a concern that may arise is what effect mitigation, if implemented

now, will have on preventing, as yet, unaffected species and populations from transmitting the

disease. We have determined that this country plays a key role in the international spread of B.

dendrobatidis. Consequently we, as a country, have an obligation to protect amphibians

outside of our borders from acquiring chytridiomycosis by intervening in this risk process.

Association with the OlE denotes that South Africa must comply with the requirements of this

organization regarding chytridiomycosis by adopting measures that control the movement of

amphibians. With mitigation actions in place it is possible to prevent future epidemics of as yet

unidentified diseases.
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Chapter 7

QUANTITATIVE MEASUREMENT OF Batrachochytrium

dendrobatidis INFECTION IN LIVE FROGS

7.1 Introduction

The amphibian chytrid fungus, Batrachochytrium dendrobatidis grows

and completes its development in the keratinised layer of the epidermis, the stratum corneum

of metamorphosed frogs and in the keratinised mouthparts of tadpoles. On the anuran body,

the fungus is concentrated in the region of the feet, hind legs and pelvic patch. These areas

are the least susceptible to dehydration and in direct contact with the substrate or water and

therefore maximally exposed to potential transmission of the disease organism. The infective

stage is a motile zoospore that can either re-infect the same individual or transmit to other

hosts when released into water. After locating a susceptible animal, zoospores penetrate the

skin where sporangia develop in the stratum granulosum, the layer of the epidermis just below

the top layer, the stratum corneum, and release their zoospores through discharge papillae

when they reach the surface through the natural process of skin regeneration. A short lifecycle

of 4-5 days when grown in pure culture (Longcore et al. 1999) ensures that the infection

spreads rapidly on and between amphibians as long as moist or wet conditions prevail.

Various microscopic techniques are used to identify chytridiomycosis (Berger et al. 1999b,

Longcore 2001). Diagnostic tests specific for B. dendrobatidis that rely on antigen function and

molecular properties have also been developed (Berger et al. 2002, Annis et al. 2004).

However, except for the real-time PCR Taqman assay (Boyle et al. 2004), none of the

methods serve as a tool to quantify infection. The ability to quantify an infection has application

in comparative experimental and basic research in the fields of pathology, immunology and

epidemiology. The real-time PCR assay has many advantages because it operates with a high

degree 0f sensitivity for diagnostic purposes ins kin samples with t he ability to quantify the

infection down to a single zoospore (Boyle et al. 2004). It does not, however, provide

quantitative information on the pattern of spread on the host and is not readily available due to

the level 0 f technology it involves. Various authors have made incidental comments 0 n the

intensity of infection while describing the histologically observed microscopic lesions of

infections from case reports of mortality events and the outcome of experimental transmission.

In these references, infection intensity has been described in terms of degree of chytrid
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numbers (Nichols et al. 2001), percentage of skin surface infected on histological sections

(Daszak et al. 2004, Hanselmann et al. 2004) and layers of infected keratinaceous cells

(Burrowes et al. 2004, Daszak et al. 2004, Hanselmann et al. 2004). It becomes complicated to

draw comparisons between species or experimental groups when various methods are in use

of which the paired relationships have not been determined. Furthermore, the variability of B.

dendrobatidis infection among toe clips, where not all toes of the same individual are infected,

can often lead to false negatives in the data set (Boyle et al. 2004, Retallick et al. 2004)

resulting in an under-representation of prevalence in populations. This variability becomes

more apparent in animals with low levels of infection, thereby increasing the chances of

overlooking the suspect organism. In these cases a need therefore exists for a standardised

technique by which B. dendrobatidis infection can be quantified not just for comparative

research, but also for providing accurate information that will increase the confidence of

detecting infection through histological surveys. Such a technique should be accessible to

most workers in the field and should preferably not require advanced skills beyond accurately

diagnosing chytridiomycosis.

In this chapter the candidate presents a quantification technique for B. dendrobatidis in

apparently healthy and moribund frogs that makes use of one of the most commonly noted

clinical symptoms of chytridiomycosis, namely the tendency to slough skin more frequently.

Excessive sloughing may be a physiological response to the irritation caused by the infection.

Sloughed skin contains clusters of chytrid thalli, the abundance and distribution of which

correspond to the section of skin on the donor frog. By utilising this sloughed skin the infection

can be quantified by determining sporangium density across the foot. An imprint of the foot is

left in skin sloughs from which the different components of the foot (toes, webbing etc.) can be

distinguished from each other. The procedures for quantification are demonstrated on the

Cape river frog, Afrana fuscigula, which according to Channing (2004) is a common inhabitant

of rivers, streams and dams in the Western Cape, Eastern Cape and parts of the Northern

Cape provinces as well as the central plateau of South Africa . In addition, the morphology of

the hind feet was used to characterise the micro-spatial distribution of the infection. The feet of

A. fuscigula are extensively webbed, pointed toes contain subarticular tubercles, and an inner

metatarsal tubercle is present on the base of the foot (Figure 7-1). This chapter yields three

sets of information: 1) a step-by-step approach to quantify infection with B. dendrobatidis, 2) a

characterisation of B. dendrobatidis infection in A. fuscigula and 3) application of the

quantification technique in the selection of tissue types for histological diagnosis of

chytridiomycosis.
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Figure 7-1 Ventral view of the external morphology of the hind foot of Afrana fuscigula.

7.2 Material and Methods

7.2.1 Source and Collection of Specimens

During May 2004 a disease survey of frogs was carried out in the semi-desert Namaqualand

region in the Northern Cape Province that forms part of the Succulent Karoo biome. A large

breeding population of A. fuscigula were found inhabiting a shallow stream on private land on

the plateau of the Kammiesberg (Alt. 1,100 m). The perennial stream is fed by seepage from a

pond, built in a riverbed that only receives water during a short rain season in winter. Water

from the stream collects in a second smaller pond where more frogs were found along its well-

vegetated banks. No moribund or sick frogs were observed and apparently healthy adults were

collected and placed in separate containers that were transported in large cooler boxes. Frogs

were individually housed in an air-conditioned room (20°C) in rectangular transparent plastic

containers (220 mm long, 120 mm wide, 170 mm high) with a lid in which air holes were drilled.

The containers were fitted with a tailored base that divided the substrate into a wet and an

elevated dry zone.

7.2.2 Technique for Quantifying Sporangia in Sloughs of Feet

The technique used to quantify sporangia in sloughs of feet was developed by the candidate

and is described in detail below. The candidate has presented the methodology for the

technique in a manner that will allow easy replication by others.

Equipment Required
(1) Plastic containers (600 ml bottles work well)
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(2) Dropper bottle

(3) Distilled water

(4) Microscope slides and cover slips (22 X 40 mm)

(5) Sharp needles (X2)

(6) Dissecting microscope

(7) Compound microscope with eyepiece graticule

(8) Stage micrometer

(9) Mechanical counter

Preparation of Skin Samples

Each frog is placed in a separate container with 100 ml of distilled water and left for 24 hours in

a temperature controlled room (20°C) to allow sufficient time for pieces of skin to slough.

Slides for microscopic examination are prepared as follows:

(1) Remove skin sloughs of the feet from the water (identified by their shape and the

presence of dense impressions from the tubercles) and transfer to a drop of water in

the centre of a microscope slide.

(2) While observing with a dissecting microscope (20 X), use two sharp needles to spread

out the skin evenly over the slide with the tubercles facing upward.

(3) Add a cover slip and observe with a compound microscope (100 and 400 X).

Counting of Zoosporangia

(1) Select the 40 X objective of the compound microscope and place the stage micrometer

in position on the mechanical stage.

(2) Measure the diameter of the microscopic field of view.

(3) Calculate the area of the microscopic field by using the equation: 1T~.

(4) Align the prepared slide so that the longest section of skin moves along the x-axis of

the microscope stage (Figure 7-2).

(5) Starting at one end and working your way along the designated axis, count the

sporangia within each field with the aid of a mechanical counter.

(6) Note down the number of sporangia in each field. Note that because the fields do not

overlap, but touches at the edges, two roughly triangular areas (with concave sides)

are omitted between adjacent fields.

(7) Align the slide so that the widest section of skin moves along the Y-axis of the

microscope stage (Figure 7-2) and repeat steps 5-6.

(8) Calculate the mean number of sporangia observed per field of view. Knowing the field

area, the "per field" number can now be converted to sporangia/mm2.
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Figure 7-2 Wet mount of sloughed skin from the foot of Afrana fuscigula. The perpendicular

lines indicate the longest (X-axis) and widest (Y-axis) sections of the skin along which

sporangia are counted within microscopic fields.

7.2.3 Additional Count Data and Measurements

Sporangium density was also calculated for different sites on the feet namely toes, toe tips,

tubercles, webbing and base of the foot. The sites are easily distinguished from one another in

sloughed skin by their shape, texture and relative position to one another that make out the

shape of the foot (Figure 7-3). Because of the size limit of most of these components it is not

possible to count the fields in an XIY configuration, more often fields were counted in a single
straight line.

Dimensions of sporangia and cluster size were measured with an eyepiece graticule and

expressed as mean:!: standard deviation (SO). A grouping of sporangia was defined as a

cluster when the area of uninfected skin between such groupings was wider than the diameter

of the larger of two adjacent groupings. Only groupings of 10 sporangia and more were

measured to determine cluster size. In addition, cluster density (mean no. of clusters per

square millimetre) was also determined.

Specimens were screened for a second time after a week in captivity to confirm infection

status and again after four weeks, but no quantification data was taken.
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Figure 7-3 Light micrographs of imprints on sloughed skin left by the components of the

anuran foot. These components are distinguished from one another by their shape, texture and

position. A) Toes have a smooth appearance and are interrupted with one or more oval-

shaped, densely-tissued tubercles, T = toe, Tb = tubercle, B) Toe tips are situated at the distal

end of toes and consist of coarser tissue Tt = toe tip, C) webbing is found in between toes and

has numerous small folds, D) the base of foot consists of smooth, thin tissue.

7.2.4 Statistical Analysis

All statistical analyses were computed using the Statistica 7 software package. The Shapiro

Wilk test was used to test for normality of the count data (sporangia per field). Transformations

were performed on the count data by using log, square root and square transformations.

Kruskal-Wallace tests were used to analyse bivariate associations between the density of B.

dendrobatidis on the toes, toe tips, tubercles, webbing and foot base.

The Poisson frequency function was used to approximate binomial probabilities of detecting B.

dendrobatidis on a 3 x 3 mm piece of skin when using histology as diagnostic tool. The

calculations make use of the principle that sporangia are grouped together in clusters, that all

sections are of equal size (6 IJm), and are based on the assumption that the data follows a
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Poisson distribution. The Poisson frequency function is given by the following formula taken

from Rice (1995):

N~ -lln{e)A

where N = number of sections

A = no. of colonies / total no. of sections

e = 1- % probability

7.3 Results

7.3.1 Identification and Infection Rate

Infected skin is distinguished from healthy skin by the presence of clusters of sporangia that

disrupt the mosaic pattern of squamous epithelium cells (100 X). Upon closer examination

(400 X) a crust of embedded and exposed sporangia within undefined epidermal tissue

becomes visible (Figure 7-4). The undefined appearance of the epidermis (coarse, lacking cell

wall) in the vicinity of the infection is the result of a hyperkeratotic reaction. Larger clusters

often have an area near the centre that lack sporangia, but retains the hyperkeratotic tissue. In

smaller clusters especially, infected epithelial cells have a flaky appearance because of partial

or complete detachment. Small clusters from the base of the foot are often associated with

modified epidermis cells that function to increase the grip, almost like warts. Sloughed skin

contained sporangia of B. dendrobatidis in various stages of development within the same

cluster especially young sporangia, and mature sporangia with colonial morphology, zoospores

and discharge papilla (Figure 7 -5). Fewer empty sporangia were 0 bserved. Z oosporangium

size (mean :t SD) was measured at 6.9 :t 1.6 IJm(n = 113) and reached a maximum size of

11.7 IJm.

Prevalence was high at 61% (n = 25/41) at the time of capture. Apart from excessive sloughing

of the skin, no other clinical symptoms usually associated with chytridiomycosis were observed

at the time. After one month in captivity all experimental animals were still alive and B.

dendrobatidis could only be detected in 9.8% (n = 4/41) of frogs. All accept one of the 16 frogs

that initially tested negative for chytridiomycosis, remained infection-free.
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Figure 7-4 Light micrographs 0 f toe s kin. A) 0 n the surface 0 f healthy s kin the squamous

epithelium forms a continuous layer of cells (400 X, scale bar = 20 !-1m).B) When infected with

chytridiomycosis, the squamous pattern of the epithelium is disrupted by clusters of sporangia

that appear as darker patches with circular thalli, such as this donut-shaped cluster indicated

by the arrow. T = toe, Tb = tubercle (100 X, scale bar = 30 !-1m).

A

Figure 7-5 Light micrographs indicate that various developmental stages of Batrachochytrium

dendrobatidis are visible in sloughed skin. A, B) cm = colonial morphology, dp = discharge

papilla, es = empty sporangia, s = young sporangium, zs = sporangium with zoospores (600 X,

scale bar = 10 !-1m).

7.3.2 Zoosporangium Density

Only skin sloughs that had intact toes, webbing and base of the foot were considered for the

counting of sporangia. Adequate skin sloughs for quantification were attained from 13 infected

specimens. The sporangium density between specimens ranged from 1.0 - 533.4/mm2with a

mean of 55.2 Imm2. Even larger differences in sporangia per field were counted, from zero toa
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minimum of 3.71/mm2to a maximum of 2,228/mm2.These values were calculated from 575

fields of which 18.8% had sporangia, totalling 8,536 sporangia. The majority of fields with

sporangia (74.1%) were adjoined on either one or both sides by fields in which sporangia were

detected, resulting in a series of mostly empty fields interrupted by clumped fields with

sporangia and less frequently by only single fields with sporangia. Cluster size is highly

variable and is not only determined by the number of sporangia but also by the density of the

sporangia. As an indication of this variation, the mean size for clusters of 10 sporangia was

572.4 :t 203.4 IJm2.A cluster of 135 sporangia covered an area of 0.043 mm2and a cluster of

177 measured just 0.009 mm2.The shape of small clusters usually conforms to a circular or

elliptical shape but clusters become more variable with increased cluster size.

7.3.3 Zoosporangium Density per Site

The normality curve was skewed to the right (Figure 7-6), primarily because of two

exceptionally high observations (dense sporangia) on the tubercles and a large component of

observations without any sporangia. None of the transformations produced a normal

distribution and hence the count data were analysed with non-parametric tests. Overall,

sporangium density across the different sites on the foot differed significantly from each other

(p = 0.001), indicating that sporangia are not evenly spread over the ventral surface of the foot.

Multiple paired comparisons of the mean ranks of sporangium density from all sites indicated

that a significant difference (p = 0.0091) exists between the density on toe tips and on webbing

(Table 7-1). The pattern of sporangium density that emerged from the comparison of the

density variables of the sites indicates that density decreases from the distal end of the foot

(toe tip) to the proximal end (foot base) and from the elevated region (tubercles) to the lower

region of the webbing (Figure 7-7). Infection of the foot can be divided into three categories

according to sporangia density (Table 7-2), namely a high-density site (toe tips, 160.8/mm2)

moderate-density sites that include tubercles (58.4/mm2)and toes (56.4/mm2),and low-density

sites that include the webbing and foot base (7.4 and 5.9/mm2 respectively). Toe tips and

tubercles have the smallest surface area and are often completely covered in sporangia, when

infected. In contrast, sites that have large areas such as the foot base and webbing (relatively

extensive in A. fuscigula) have only isolated clusters of sporangia. In only 16.7% of infected

specimens were all five sites infected. Most often (41.7%) the infection was restricted to two

sites only. Differences also occurred in terms of the frequency with which sites were infected

(Figure 7-8). The most frequently infected site was toes (62.1% of specimens); twice as often

than what the tubercles and the base of the foot were infected and more than three times as

often as webbing.
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Figure 7-6 Normality curve of the "sporangia per field data" used to determine sporangium

density on the foot of Afrana fuscigula. The curve is skewed to the right and therefore the data

set was treated as non-parametric data (Shapiro Wilk, p < 0.05).

Table 7-1 Two-sided significant levels associated with comparisons of Batrachochytrium

dendrobatidis intensity between each of the sites on the foot of Afrana fuscigula. A significant

difference (p = 0.0387) exists between the density on toe tips and on webbing (indicated in
red).
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Kruskal-Wallis test: H (4, N= 54) =13.49051 P =.0091

Multiple Comparisons p values (2-tailed)

Toe tip Tubercle Toe Web Base

R:32.778 R:31.083 R:36.333 R:17.364 R:19.000

Toe tip 1.000000 1.000000 0.292657 0.566427
Tubercle 1.000000 1.000000 0.366897 0.728422
Toe 1.000000 1.000000 0.038689 0.100763
Web 0.292657 0.366897 0.038689 1.000000
Base 0.566427 0.728422 0.100763 1.000000
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Figure 7-7 Mean, standard error and standard deviation graph of the distributions of

Batrachochytrium dendrobatidis sporangium density data from different sites of the foot.

Table 7-2 Comparison of Batrachochytrium dendrobatidis sporangium density on the different

sites of the frog foot and the number of fields from which sporangia/mm2were calculated.
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Site No. examined No. fields (average Sporangium density
per site) (mean :I:SD)

Toe tips 26 39 (1.5) 160.8:i: 241.8

Tubercles 63 102 (1.6) 58.4:I:69.5

Toes 29 353 (12.2) 56.4 :i:70.7

Webbing 28 199 (7.2) 7.4:1:13.3

Foot base 22 206 (9.4) 5.9:1:10.4
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Figure 7-8 Frequency with which the different sites on the frog foot are infected with

Batrachochytrium dendrobatidis.

7.3.4 Probability of Detecting Infection through Histology

The occurrence of chytrid clusters on the skin fit the Poisson distribution when the following

two assumptions are made. Firstly, although a variation in cluster size exists that may

influence detection probability, the total surface area covered by clusters in relation to the

surface area of the skin being sectioned is negligibly small. The mean total surface area

covered by clusters varies between 0.2 and 0.6% of the skin being sectioned (Table 7-3); an

equivalent of 1-3 sections out of 500 possible sections. Secondly, that the clusters are

independent and that there is no reason for clusters to group together, but that they will be

randomly distributed on the skin. Mean cluster density for a 9 mm2skin sample increased in

the same order between sites as did sporangium density, namely foot base (1.57 clusters),

webbing (2.22 clusters), toe (8.61 clusters), tubercle (10.88 clusters) and toe tip (12.0

clusters). Because cluster density varies between sites on the foot, the random distribution of

clusters applies to distribution within the individual sites rather than to the whole foot. Because

the Poisson frequency function is dependant on cluster density, the number of sections

required f or each level of probability increases proportionately between sites of decreasing

cluster density (Table 7-4). To detect B. dendrobatidis with 95% probability in an A. fuscigula

from this study would require 125 sections through a toe tip sample, 138 sections through a

tubercle sample and 174 sections when sectioning toe tissue. It is important to realise that

these numbers of sections do not imply the number needed to detect B. dendrobatidis and

should be interpreted as follows: there is a 95% probability that B. dendrobatidis will be

detected when 125 sections are made through a toe tip sample from this study etc. Therefore

B. dendrobatidis could be detected in the first, the 125thor on any section in between. When

sectioning webbing of A. fuscigula, the detection of a 90% probability or more would require
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more than 500 sections and therefore a larger tissue sample. The cut-off probability on a 9

mm2 foot base sample is closer to 80%. A line graph of these values clearly illustrates the

differences in work effort required between skin samples of varying cluster density (Figure 7-

9). The graph also facilitates determining the number of sections required for any given

probability level of detection.

Table 7-4 Probability matrix for detecting Batrachochytrium dendrobatidis through a given

number of histological sections on a 3 x 3 mm piece of skin derived from the Poisson

frequency function. Differences in the required number of sections for a given probability level

are accounted for by the mean number of colonies. Values indicated in red exceed the

maximum number of sections that can be made on a 9 mm2skin sample (Nmax= 500).

Table 7-3 Values and formulas used to calculate the surface area on a 3 x 3 mm piece of skin

that is infected with Batrachochytrium dendrobatidis.
-

Site Densitv Area (pm2) Area (9 mm2) % Cover

y = TT (x) Z = 9y(10) z/9%

Foot 55.2 2065 0.019 0.21

Toe tip 160.8 6015 0.054 0.60

Tubercle 85.4 3195 0.029 0.32

Toe 56.4 2110 0.019 0.21

Webbing 7.4 277 0.002 0.03

Foot base 5.9 221 0.002 0.02

Probability No. of sections

Toe tip Tubercle Toe Webbing Foot base

0.1 4 5 6 24 34

0.2 9 10 13 50 71

0.3 15 16 21 80 113

0.4 21 23 30 115 163

0.5 29 32 40 156 221

0.6 38 42 53 206 292

0.7 50 55 70 271 383

0.8 67 74 93 362 512

0.9 96 106 134 519 733

0.95 125 138 174 675 954

0.99 192 212 267 1037 1467
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Figure 7-9 Line graph illustrating the relationship between probability level of detection and

number of sections required for different cluster densities of Batrachochytrium dendrobatidis.

7.4 Discussion

7.4.1 Direct Microscopic Count as Quantification Technique

The case study of A. fuscigula has demonstrated that it is possible to reliably quantify B.

dendrobatidis infection in apparently healthy frogs, a technique that can be used also on

moribund frogs. Quantification data from within population differences can be applied to

comparative susceptibility, transmission and pathogenicity studies between species. The

method for the collection of skin limits the application of the technique, because it has to be

used with caution for terrestrial frogs t hat a re known to drown easily ( e.g. members 0f the

Microhylidae family). Although the method has not been tested on urodelids, it is expected to

be applicable to this group due to the morphological similarities of the feet to anurans and the

ability to maintain the animals in water that will allow the collection of skin sloughs. In fully

aquatic amphibians the infection is not necessarily limited to the hind legs and ventrum, but

may include the dorsal surfaces such as with Xenopus (clawed frogs) (Parker et al. 2002).

Infections of 100% have been detected in X. laevis populations from examining only interdigital

webbing (Weldon unpublished data) suggesting that the infection is evenly distributed across

the foot or that the infection is very high, or both. If there exists no significant difference in

distribution across the foot in aquatic frogs, site selection is not important when collecting

tissue for histological diagnostic techniques such as conventional histology (e.g. haematoxylin

and eosin stain) and the chytrid specific immunoperoxidase test (Berger et al. 2002).
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As a diagnostic tool, using whole pieces of skin slough instead of skin scrapings has

advantages regarding the ease of the screening, in that skin scrapings often contain

pigmented cells that make it more difficult to distinguish B. dendrobatidis sporangia.

Furthermore, sloughed skin is usually only 1-2 cell layers thick, which makes focusing through

the tissue layer easier, whereas skin scrapings can consist of multiple tissue layers. The

advantage of maintaining the anatomical relationships when examining sloughed skin is that

the observer can easily establish which layer is being observed by orientation from the surface.

This is important for locating sporangia that are often restricted to the top two layers. In skin

scrapings this orientation is lost and deciding whether suspicious structures are at the surface

or within deeper layers. is often difficult, owing to the disruption of the relationship of the layers.

On the other hand, skin scrapings are favoured when attempts are made at isolating B.

dendrobatidis because sloughed s kin is usually more contaminated with bacteria and other

fungi.

7.4.2Infection inAfranafuscigula

Despite high prevalence and relatively heavy infections in some of the A. fuscigula, the

infected frogs did not appear to be adversely affected by the infection and 84% were able to

clear the infection after a month in captivity. The change from the colder winter temperatures to

room temperature may have been a causing factor in the observed clearance of infection

because prevalence and mortality rate due to chytridiomycosis are known to be higher at lower

temperatures ( Berger eta I. 2004, R etallick eta I. 2004). The presence of large numbers 0f

developing and mature sporangia in skin sloughs as opposed to empty sporangia, suggests

that the majority of zoospores were released directly into the water and did not immediately re-

infect the skin. Frogs that spent a lot of time on the elevated sections of the enclosures

experienced a further reduction in exposure time to zoospores in the water. A combination of

these two factors may also have contributed to chytridiomycosis being cleared. This

observation is contrary to previous reports of chytridiomycosis in A. fuscigula where mortality

events and sporadic deaths of juvenile and adult frogs occurred in populations from

Namaqualand and the Eastern Cape Province (Hopkins and Channing 2003, Lane et al.

2003a). It seems that the outcome of infection in this species is unpredictable and that the

advancement to mortality may depend on the presence of co-factors. In 1996 at a site less

than 200 km from the source of frogs for this study, a population of nearly 50 A. fuscigula died

at the start of the wet season after a prolonged period of drought (Chapter 4 of this thesis). A

retrospective examination of dead specimens collected at the site revealed a 100% prevalence

of B. dendrobatidis. The susceptibility of amphibians to develop disease due to chytrid fungus

is known to vary between species. Whereas some species display morbidity and some

experience mortality, others do not develop any clinical symptoms and appear to be resistant
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to B. dendrobatidis (Green et al. 2002, Daszak et al. 2004). Variation in susceptibility to

chytridiomycosis within a species has been demonstrated in experimentally infected Rana

yavapaiensis and Rana boylii and the tiger salamander, Ambystoma tigrinum (Davidson et al.

2003). It would therefore appear that A. fuscigula exhibits a degree of resistance to B.

dendrobatidis as long as optimum environmental conditions prevail.

7.4.3 Micro-spatial Occurrence on Skin

The wide range of differences in sporangium density between individuals of the population

could be due to the length of infection. It can be expected that recently infected individuals will

not be as heavily infected as those that have carried the infection for an extended period of

time. The rate of sloughing could also be partly responsible for measured differences in

sporangium density. Within specimen variation in sporangium density per field is symptomatic

of an over-dispersed infection. The frequent occurrence of sporangia in adjoining fields

indicates that B. dendrobatidis often occurs in clusters in the skin. The formation of clusters is

a direct result of the colonisation strategy of the organism whereby colonies have a tendency

to spread concentrically from the original loci of infection resulting in a core of empty,

hyperkeratotictissue. Clustergrowth is also promotedby the limitedtime « 24 h) and short

distance « 20 mm) that zoospores are able to swim before they encyst (Piotrowski et al.

2004). It appears that after the core or older sporangia have been shed, the hyperkeratic tissue

does not become recolonised, resulting in a donut-shaped cluster. Two possible explanations

why zoospores are not likely to infect hyperkeratotic skin are: 1) zoospores might require skin

tissue with normal anatomical arrangements to be able to penetrate, or 2) the amphibian host

could develop local resistance to B. dendrobatidis in areas previously infected. A similar

growth pattern is also noticeable when B. dendrobatidis is grown in culture on nutrient agar. In

culture, swimming zoospores tend to encyst at the edges of the existing colony that gradually

expands as a consequence of this behaviour. Therefore low sporangium counts per field may

reflect an area of recent infection or it may be the periphery of an expanding cluster. On the

other hand, high sporangium densities are counted in the active growing regions of older
clusters.

Differences in sporangium density between different areas of the foot as well as site infection

frequency indicate that although any area of the foot is likely to become infected, certain areas

are more likely to remain heavily infected. The most heavily infected sites on the foot (toe tips,

tubercles and toes) are also the areas that are particularly in close contact with the substrate

due to the protruding surfaces of the tubercles and toe tips and the clasping ability of the toes

and thus the most likely areas to encounter zoospores on wet substrates. Of further

significance is that the toes and protruding areas are most likely subjected to abrasion during
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contact with the substrate or other frogs during amplexus (the mating ritual) and therefore

greatly contributes to the spread and direct transmission of the fungus due to the concentration

of the infection in areas that are exposed to severe abrasion.

7.4.4 Use of Density Data in Histology

Examining a test sample of skin sloughs prior to conducting a histological survey can greatly

enhance the chances of eliminating false negatives from the population data. When selecting

tissue types for histological diagnosis, quantification data can provide information about 1) the

part of the foot that must be selected for histology 2) the minimum number of the identified part

that must be collected from each specimen if the particular part occurs in multiples (all parts

except base of foot) and 3) the number of sections that need to be made in order to detect the

infection at a certain level of probability. The probability of detecting B. dendrobatidis is not

only a factor of the sporangia density in a site, but also the frequency with which the site is

infected in a population sample. T he probability matrix produced by the Poisson frequency

function illustrates that site selection for histology samples can have a marked influence on the

number of sections that would be required to detect the amphibian chytrid at a specific level of

probability.

7.5 Conclusion

The technique described in this chapter for quantifying B. dendrobatidis infection in live frogs

does not require high level technology and yields reliable data that can be summarised

as follows:

t-~ The direct sporangium count makes it possible to express infection in terms of

sporangia density, thus quantifying the infection.

:-3 Comparing sporangium density between different sites provides a method to determine

which part the foot must be used in histological surveys to provide the best chance of

detecting B. dendrobatidis.

t-J Applying sporangium density data to the histological technique allows the calculation of

the probability of detecting chytridiomycosis through set section repetitions.

The application of this technique to quarantine regulations that involve daily examinations is

encouraged because it not only provides non-invasive presence/absence data, but also allows

the investigator to quantify the response of chytridiomycosis to treatment regimes. Regular

surveillance of amphibians has also been instigated at scientific laboratories and on frog farms

following chytridiomycosis epidemics (Parker et al. 2002, Mazzoni et al. 2003). Further work is
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needed to determine what the minimum requirement for skin slough size should be to be

useful in detecting chytridiomycosis because frogs with early or light infections often do not

shed as much skin or as frequently as frogs with major infections.
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Chapter 8

MOLECULAR ANALYSIS OF Batrachochytrium dendrobatidis

FROM SOUTH AFRICA

8.1 Introduction

The amphibian chytrid fungus Batrachochytrium dendrobatidis is considered

to be an emerging pathogen based on the quick rate at which populations decline where

chytridiomycosis is involved and the distinct geographic and temporal progression of the

disease (Laurance et al. 1996, Daszak et al. 1999, Lips 1999). The recent emergence and

introduction of chytridiomycosis is supported by molecular evidence (Morehouse et al. 2003),

however, the origin of B. dendrobatidis has not yet been resolved through molecular analysis.

Support for Africa as the origin of the amphibian chytrid has been demonstrated by

epidemiological data that sprout from a histochemical analysis of wild and archived specimens

of the African clawed frog, Xenopus laevis (Weldon et al. 2004).

In the first attempt to investigate the relationship of isolates the rDNA internal transcribed

spacers (ITS gene) in strains from Australia, Central America and North America were used

during which seven strains were identified (Morgan 2000). It was later discovered that B.

dendrobatidis had multiple copies of the ITS region and that this gene was therefore not

suitable for taxonomic work (R. Speare pers. com. 2004). Early comparison of the 18S rDNA

of chytrid strains from wild-caught Australian and captive American frogs did not show

significant differences (see Berger et al. 1999a). In the most recent effort to help resolve the

population genetics of B. dendrobatidis Morehouse et al. (2003) sequenced four variable loci of

35 strains of the organism and analysed the data with statistical parsimony to illustrate

relationships between genotypes. Some of the important findings of the multi locus sequence

typing (MLST) study were that a low level of genetic variation existed among strains (five

variable nucleotide positions were detected among 10 Ioei) a nd that the population genetic

structure resembled that of a newly emerged pathogen from a single, founder strain. It was

also shown that the North American population formed a distinct gene pool. Multilocus

sequence types from Panama and Australia were similar indicating a recent introduction of the

disease into these two regions.

7 Prof. Rick Speare, James Cook University, Townsville, Queensland, Australia
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Figure 8-1 UPGMA phenogram indicating the relationship between Batrachochytrium

dendrobatidis isolates from Canada, USA, Panama, Africa and Australia.
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8.4 Discussion

The inability to extract DNA from the archived samples is unfortunate, because the samples

represented strains from a wide geographical range in South Africa. In addition, if such a

procedure is successful and the DNA is used for MLST a temporal pattern of the genetic data

would emerge that could prove to be useful in interpreting the history of divergence of B.

dendrobatidis in the sub-continent.

It is clear from the MLST data that differences in genotype do exist among the global B.

dendrobatidis population and that some of the MLST genotypes are more closely related than

others. The pattern of relatedness is not dependent on host and only roughly correlates with

geographical distribution. The strongest support for a geographical pattern is demonstrated by

the smaller of the two major clusters (JEL197-JEL227). It can be deduced that divergence of

this cluster took place in North America, because the cluster solely comprises of strains from

this continent. However, a second minor cluster containing North American strains (Colorado,

California and captive born) groups more closely to the Panama and Old World strains.

An analysis of genetic material may reveal clues to better understand the origins of organisms.

Generally, one would expect to find greater genetic diversity among individuals from the

source population than the sink population. It has recently been hypothesised that B.

dendrobatidis originated in southern Africa based on epidemiological evidence (Weldon et al.

2004). The initial genetic analyses presented here does not support an "out of Africa"

hypothesis. This point is argued by a low genetic diversity and distinct genotypes of the South

African strains. On the other hand, the relationships indicated by the tree are supported by

very few differences. It is too early at this stage of the investigation to reject the "out of Africa"

hypothesis for a number of reasons.

[.] Samples from only two regions in South Africa were included in the analysis although B.

dendrobatidis is known to be widespread in the sub-continent and in Africa (Chapter 4 of

this thesis). Moreover, both these geographically separate regions harbour B.

dendrobatidis with distinct MLST genotypes.

to: The dataset that has been analysed is biased towards North American strains with 60%

originating from the USA and Canada.

t-: The population structure remains incomplete because the sampling does not cover the

known range of chytridiomycosis for example New Zealand, Tanzania, Spain and Ecuador

(Bell et al. 2004, Bosch et al. 2001, Ron et al. 2003, Weldon and Du Preez 2004b).

to: Furthermore, the global occurrence of the disease might be underestimated because new

localities are being discovered due to a spreading epidemic as is currently being witnessed
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in Central America (Lips 1998, 1999, Bell et al. 2004, Lips et al. 2004) or discoveries from

random surveys. Ecological niche modelling has shwon that the distribution of suitable

regions for B. dendrobatidis is extensive in the New World and the application of New

World-based models on the Old World shows equally high predictability for the disease

(Ron 2005).

It is apparent from the current study that more samples are needed to help elucidate the

population structure of B. dendrobatidis. Not only should samples include a diversity of regions

and host species, but sample sizes should also be considered. A meaningful sample size may

include up to 50 independently cultured isolates from every region (9T. James pers. com.

2005). These sample sizes would allow quantitative measures of genotypic or genetic diversity

to be statistically compared between geographic regions. In a southern African context the

extreme Western Cape is an area that should receive high priority for attempted B.

dendrobatidis isolation. The reason being that the known carrier host, X. laevis from this

region, is exported globally for scientific research (Chapter 5 of this thesis, Weldon et al. 2004).

Strains from the Western Cape are expected to bear the closest similarities with those from

certain other countries in support of the dissemination pathway of B. dendrobatidis via the X.

laevis trade. It would be most informative to compare the MLST of the known African strains to

that of the virulent strain believed to be responsible for the population crash of

Nectophrynoides asperginis from Kihansi Gorge, Tanzania (Chapter 9 of this thesis, Weldon

and du Preez 2004b). The population genetic study of B. dendrobatidis will also benefit from

developing more variable markers, such as microsatellite loci or amplified length

polymorphisms (Morehouse et al. 2003). The team from Duke University is currently

investigating this aspect.

9 Dr Tim James, Duke University, Durham, USA
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Chapter 9

CASE STUDY: DECLINE OF THE KIHANSI SPRAY TOAD,

Nectophrynoides asperginis, FROM TANZANIA

9.1 Introduction

The Kihansi spray toad, Nectophrynoides asperginis, was discovered in 1996

in the Kihansi Gorge of south-western Tanzania (Poynton et al. 1998) and is

distinctive in Africa in terms of the habitat it occupies (Figure 9-1). Its entire known habitat is

restricted to less than 0.15 km2of a unique vegetation type within a narrow strip of moist forest

bordering t he gorge. Continuous spray generated by the K ihansi River as it flows 0 ver the

Udzunqwa scarp, showers patches of herbaceous vegetation and moss-covered rocks to

create a series of spray wetlands. Using the IUCN risk criteria, N. asperginis is considered to

be critically endangered and the entire genus is listed under Appendix 1 of the Convention on

International Trade on Endangered Species. The species' extremely restricted distribution

makes it highly vulnerable toe xtinction d ue to a catastrophic event such ass evere habitat

alteration or introduction of a virulent disease. Spray toads are live bearing, which makes them

even more vulnerable because of low fecundity and prolonged gestation. The toads are active

during the day and at night although there is a slight shift in position from the dense vegetation

mat to the more exposed rock surfaces after dark (poynton et al. 1998). The species occurs in

extremely high densities of up to 4.7 toads/m2of wetland vegetation (Channing et al. in prep.).

Concurrent with the description of the Kihansi spray toad, concerns were felt about the

chances of survival of this Tanzanian endemic (Poynton et al. 1998). The spray wetlands were

in danger of undergoing severe alteration because of a ten-fold reduction in water flow due to

the requirements of a hydroelectric plant that was implemented in May 2000. The bypass flow

released f rom the newly constructed dam above the main Kihansi falls was not enough to

generate the spray that characterised the gorge and sustained the unique ecosystem within it.

Without the spray conditions a range of plant and animal species were threatened. Ecological

monitoring of various species and communities, as well as microclimate data collected since

the diversion, allowed the progress of the Kihansi spray toad, among 0 thers, to be closely

followed. A Joint Donor Supervision Mission initially carried out monitoring in

October/November 2000 and reported on recommendations for conservation including the

Kihansi spray toad. A short-term project, t he Immediate Rescue and Emergency Measures
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(IREM) that followed the mission (June 2001 - March 2002) included studies of N. asperginis

and the spray wetland habitat and the implementation of mitigation measures (NORPLAN

2002a). During 2001/2002 a long-term project was established, the Lower Kihansi

Environmental Management Project (LKEMP), that is currently still i n 0 peration. 0 ne 0f the

main objectives of LKEMP is realising a series of medium-term measures to ensure the long-

term conservation of the Kihansi Gorge ecosystem.

Figure 9-1 The Kihansi spray toad, Nectophrynoides asperginis. Photo, courtesy of Jule

Larsen Maher, WCS-Bronx Zoo, Bronx, NY, USA.

The spray toad population experienced an initial decline during the dry season following the

diversion (October 2000 - March 2001) and faced almost certain extinction in the gorge. The

Tanzania Electrical Supply Company Ltd. (TANESCO) contracted a Norwegian engineering

company, NORPLAN, to implement mitigation measures that would simulate the spray zone

conditions of high relative humidity and low, constant temperatures. Elaborate sprinkler

systems were installed in the Upper, Lower and Mid-gorge spray wetlands (NORPLAN 2001b)

(Figure 9-2). The sprinklers, which receive water from tributaries of the Kihansi River, have

been irrigating the Upper spray wetland since March 2001. The mitigation measures appeared

to be highly successful because the spray toad population soon began to recover in the

affected wetlands. Population census data of the Upper Spray wetland from Channing et al. (in

prep.) indicate that between March 2001 and June 2003 the population estimates substantially

increased from 1,752 to 17,978. During July/August 2003 population numbers of N. asperginis

157

- -- -



unexpectedly plummeted. Less than a month after the last census on 4 July 2003, the foreman

at K ihansi reported that not oads could bed etected at the Upper s pray wetland. T he non-

sightings of spray toads in some of the wetlands and a dramatic reduction in numbers at others

continued during the month of July. The Mhalala population appeared to be unchanged at the

time. During 3-5 August, LKEMP's Technical Advisor systematically quantified the extent of the

apparent population decline in all of the wetlands. The attempted census confirmed that N.

asperginis had experienced a dramatic population crash because only 61 toads in total were

encountered from only three of the five wetlands. From the time that the census was

conducted in June 2003 only six dead toads were recovered (5 on 28 July, 1 on 4 August), all

from the Mid-gorge spray wetland (LKEMP 2004a). No obvious explanation could be given for

the population crash at the time.

Figure 9.2 Examples of the spray wetlands, core habitat of the Kihansi spray toad, A) Close

up view of the Mid-gorge spray wetland with much reduced waterfall in background. B) Lower

spray wetland. Note network of sprinklers constructed to simulate the conditions previously

created by waterfall spray from the Kihansi River.

Here the candidate presents the results from an investigation into the possible causes of the

population decline 0 f N. a sperginis. I t a ppears as if a combination 0 f factors related tot he

construction of the Kihansi Dam may have been involved through their synergistic action. The

strongest evidence, however, points towards a disease-mediated decline caused by the

amphibian chytrid fungus, Batrachochytrium dendrobatidis. The objectives of this study were to

assess the status of the spray toad population and other amphibians of Kihansi Gorge and

adjacent Udagaji Gorge through asystematic survey, to investigate possible causes of the

decline, and to advise LKEMP on mitigation options that would aid in the recovery of the spay

toads and to minimise the risks of the same event recurring in Kihansi Gorge. The study was

performed under the auspices of LKEMP.

158



-- - --------

9.2 Material and Methods

9.2.1 Description of Study Site

As the Kihansi River passes over the Udzungwa escarp it races down a 100 m high waterfall

that generates a spray zone as water hits rocks within and surrounding the plunge pool. The

average water flow used to measure 16 m3/s,but, since the diversion, has been reduced to a

bypass flow of 1.5 - 1.9 m3/s (NORPLAN 2001a). It is within this spray zone on the banks of

the gorge that the Main Falls spray wetland is situated. The 50-300 mm thick wetland

vegetation consists of a variety of moss, fern, grasses and eastern African forbs (poynton et al.

1998). Consistent silt-filled spray turns this pasture of herbaceous vegetation into a boggy

wetland. More waterfalls farther down the gorge used to generate similar spray zones that

sustained three more wetlands in descending altitude, the Upper spray wetland, Lower spray

wetland and Mid-gorge spray wetland (Figure 9-3). To the west of the Kihansi River the

Mhalala spray wetland is situated on the steep banks of a tributary that joins the Kihansi just

below the Upper spray wetland. The adjacent Udagaji Gorge was selected as a reference site

because it does not share the same catchment as Kihansi River and has a similar amphibian

community structure as Kihansi Gorge, apart from N. asperginis. James Camp, situated near

the Lower spray wetland, was used as base camp and field laboratory.

9.2.2 Frog Survey

During November 2003 a field trip to Kihansi and adjacent Udagaji Gorges was undertaken to

investigate the decline of the spray toads. The candidate was accompanied by Dr Jeremy

Thompson (Technical Advisor, LKEMP) and Prof. James P. Gibbs (Conservation Biologist,

State University of the New York College of Environmental Science and Forestry). The search

effort was divided into surveying the different s pray wetlands and nearby forest streams 0 f

Kihansi Gorge on three consecutive nights, followed by one night of surveying near the main

falls of Udagaji Gorge. During the day reconnaissance trips were made to the spray wetlands

where the vegetation and rock surfaces were systematically scanned with binoculars from the

periphery of the wetlands for the presence of spray toads. Collections in the spray wetlands

and surrounding forest were conducted after dark by making use of both visual encounters and

audio cues. Installed pathways (consisting of concrete blocks) that dissect the spray wetlands

as well as two sprinkler lines that run perpendicular with the river, were used as transects. A

500 mm band of vegetation was systematically searched along the transects. Before entering

and upon exiting the wetlands, footwear were scrubbed and disinfected with a 2% sodium

hypochlorite solution. Precaution was taken to reduce the risks of possibly introducing

diseases to the Mhalala spray wetland by limiting the number of observers to two and by not

entering the wetland at night. Surgical gloves were worn at all times when frogs were handled

and changed between species a nd between sites. Frogs were individually placed in plastic
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bags and returned to James Camp for processing. The identification keys and species

descriptions in Schi0tz (1999), Channing (2001) and NORPLAN (2002b) were used to identify

frogs in the field.

Figure 9-3 Diagrammatic representation of Kihansi Gorge indicating the course of the Kihansi

River and location of spray wetlands. MFSW = Main Falls spray wetland, MSW = Mhalala

spray wetland, UPS = Upper spray wetland, LSW = Lower spray wetland, MGSW = Mid-gorge

spray wetland. The asterisk shows the location of the base camp (James Camp).

9.2.3Tissue Collection and Processing

Apart from the specimens that were collected on the November 2003 survey, archived

specimens of N. asperginis and N. torneirri were examined histologically for chytridiomycosis

using techniques described in Chapter 2. Archived specimens were from the private collections

of Prof. Alan Channing (University of the Western Cape) and of LKEMP that were collected

during monitoring visits to Kihansi Gorge between 1997 and 2003. The fifth toe from the left

hind foot was removed from live frogs and fixed in 70% alcohol in separate vials. After the
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procedure, feet were treated with the antiseptic ointment, Bethadine (Adcock Ingram Ltd.) and

frogs were released at the site of collection. Tissue processing and interpretation was

conducted at the North-West University, South Africa. Tissue samples were dehydrated in an

alcohol series, embedded in paraffin wax and sectioned at 6 IJm. Sections were stained with

haematoxylin and eosin and examined with a compound microscope for the presence of B.

dendrobatidis thalli. The left hind hind of the fixed spray toad carcases collected during the

mass mortality event and a single toe from the rest of the archived specimens were removed

and prepared for histological analysis in the same way.

9.3 Results

9.3.1 Species Diversity and Distribution

More than three months had passed since the last sighting of a live N. asperginis when the

investigation into the species decline was conducted by the candidate in November 2003.

Despite intensive searching during the day and at night, no spray toads could be found in any

of the spray wetlands where it is known to have occurred. Five species, representing four

families, were found during simultaneous searches around the wetlands and along streams in

Kihansi and U dagaji Gorge (Table 9-1). Images of these frogs demonstrate the diversity of

species found in the gorge (Figure 9-4). Torrent frogs (Arthroleptidis yakusim) used to be

common in the spray wetlands, but were only found at a forest stream near James Camp and

at Udagaji Gorge. On the fringes of the Upper and Mid-gorge spray wetlands, a few forest

dwarf toads (Nectophrynoides tornien) and Fornasini's spiny reed frogs (Afrixalus fornasinil)

were found on top of herbaceous vegetation. One of the species, the plain grass frog

(Ptychadena anchietae), was not listed in the field guide to frogs of the Kihansi Gorge

(NORPLAN 2002b) and can be considered a new record for the gorge. New localities for A.

fornasinii in Kihansi Gorge were recorded at the Mid-gorge and Upper spray wetlands

(previously only known from the Lower spray wetland).
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Leaf litterfrog,Scoutedenella
xenodactylus

Forestdwarftoad,
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Torrentfrog,Arthroleptides
yal<u8Ini

Figure 9-4 Examples of frogs collected at Kihansi and Udagaji gorges, Udzungwa Mountains,

Tanzania during the November 2003 survey.
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Table 9-1 Anuran species found in and near the spray wetlands of Kihansi Gorge and the main

falls of Udagaji Gorge.

No. of species 3 1 2 1 4

Abbreviations: (MGSW) Mid-gorge spray wetland, (LSW) Lower spray wetland, (USW) Upper

spray wetland, (JC) James Camp, (UG) Udagaji Gorge.

9.3.2 B. dendrobatidis Infection Rate

Tissue samples for processing were collected from 32 specimens from Kihansi Gorge and 13

specimens from U dagaji Gorge during the survey in November 2003 (Table 9 -2). The 0 nly

records for which no tissue samples were collected are A. fornasiniifrom the Upper spray

wetland (call identified only), the leaf litter frog (Schoutedenella xenodactylus) and P.

anchietae from Udagaji Gorge (both visual encounters). Chytridiomycosis was subsequently

detected in P. anchietae from the Lower spray wetland in Kihansi Gorge and in A. yakusini

from Udagaji Gorge.

Four N. a sperginis specimens were severely infected with B. d endrobatidis. Except for 0 ne

toad collected in June 2003, the rest of the specimens were collected dead on site at the time

of the population crash. Together with two more specimens these six toads represent the last

individuals of N. asperginis to have been collected. This evidence suggests that the prevalence

of B. dendrobatidis must have been very high in the spray toad population at the time of the

population crash. Histological sections revealed that the infections were concentrated in the

anterior half of the feet (toes and toe tips) where almost 50% of the surface contained focal

lesions with chytrid thalli (Figure 9-5). Clusters of sporangia were up to 70 IJm thick and

embedded within hyperkeratotic cells. Autolysis in one of the specimens collected in July 2003

had advanced beyond the point where a positive diagnosis of a cutaneous infection could be

made using the current diagnostic technique. Contrary to the high prevalence of B.

dendrobatidis during the population crash, no evidence of the pathogen was detected in any of

the 81 spray toads collected during the six years preceding 2003.
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Species Family Locality

MGSW LSW USW JC UG

Schoutedenellaxenodactylus Arthroleptidae X X

Nectophrynoides tornieri Bufonidae X X X

Afrixalus fornasinii Hyperoliidae X X

Arthroleptidis yakusini Ranidae X X

Ptychadena anchietae Ranidae X X
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Table 9-2 Prevalence and distribution of chytridiomycosis in frogs from Kihansi Gorge and

Udagaji Gorge.

Species Site Collection date Specimens examined (no.

infected)

Schoutedenella xenodactylus Kihansi Nov. 2003 17 (0)

Nectophrynoides asperginis Kihansi Oct. 1997 1 (0)

Oct. 1999 17 (0)

May 2000 1 (0)

Oct. 2000 54 (0)

Nov. 2000 1 (0)

Feb. 2001 2 (0)

Aug. 2001 1 (0)

Oct. 2001 1 (0)

Sep.2002 3 (0)

Jun. 2003 2 (1)

Jul. 2003 3 (2)

Aug. 2003 1 (1)

Nectophrynoides tornieri Kihansi May 2000 3 (0)

Aug. 2001 3 (0)

Sep.2002 2 (0)

Nov. 2003 4 (0)

Udagaji Nov. 2003 2 (0)
Afrixalus fornasinii Kihansi Nov. 2003 1 (0)

Arthroleptidis yakusini Kihansi Nov. 2003 9 (0)

Udagaji Nov. 2003 11 (3)

Ptychadena anchietae Kihansi Nov. 2003 1 (1)
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Figure 9-5 Micrographs of haematoxylin and eosin stained sections of Nectophrynoides

asperginis skin infected with Batrachochytrium dendrobatidis. A) Arrows indicate the position of

B. dendrobatidis clusters in superficial and sloughed epidermis (scale bar = 60 I-Im).B) The

concentration of sporangia in various stages of development is symptomatic of an active

infection; ds = developing sporangium, es = empty sporangium, zs = sporangium with

zoospores (scale bar = 10 I-Im).

9.4 Discussion

9.4.1 Evidence for Chytridiomycosis as Cause of Decline

The rapidity and severity with which the Kihansi spray toad population crashed is typical of an

initial epidemic experience in a naive population from a virulent pathogen. The decline at

Kihansi Gorge occurred more rapidly than declines attributable to chytridiomycosis in Latin

America a nd A ustralia, which happened 0 ver a few months tot hree years (Laurance eta I.

1996, Alford and Richards 1997, Young et al. 2001, lips et al. 2003). Evidence suggests that

the amphibian chytrid fungus played a major part in t he decline of the K ihansi spray toad.

Chytridiomycosis was positively identified in dead specimens collected at the time of the

population crash. Histopathological analysis demonstrated a severe infection of the epidermis

and a particularly high prevalence among the animals that died. The timing of the mortality

event coincides with the first appearance of B. dendrobatidis in N. asperginis and the related

N. tornieri because chytridiomycosis was neither detected in six years of archived specimens

pre-dating the population crash nor in any of the translocated toads that died in USA zoos and

had been submitted for necropsy (Lee 2003). It can therefore be deduced that

chytridiomycosis was introduced shortly before the epidemic occurred.

Although B. dendrobatidis is likely to infect any amphibian, those species that have been most

severely affected share certain characteristics. These include low fecundity, aquatic larvae
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Chapter 10

FINAL DISCUSSION

10.1 Background
Through retrospective disease surveys of archived amphibians that died

during events of mass mortality and from sites that experienced population declines or

extirpation of amphibian species, we know that chytridiomycosis has threatened amphibians at

least for the past four decades. Very little evidence of the pathogen is available from before

1960. This sudden emergence of chytridiomycosis raises the question of why have amphibians

only recently experienced the rapid adverse effects that the fungus is capable of causing. One

explanation holds that B. dendrobatidis is a widespread organism that has emerged as a

pathogen of frogs because of either an increase in virulence or increased host susceptibility

caused by other factors (Daszak et al. 1999). Contrary to the first explanation, B. dendrobatidis

may be an introduced pathogen spreading through naive populations (Berger et al. 1998,

Daszak et al. 1999). If the amphibian chytrid was introduced into the affected areas, then

where was the original source or area of origin? These were the questions that lead to the

study of investigating the occurrence chytridiomycosis in South Africa; an area from which

nothing was known about the disease apart from a single incidence in Xenopus 'aevis from the

Cape (Speare and Berger 2000). The aim was set to determine whether chytridiomycosis had

been introduced into the country in recent years and what effect the disease has had on wild

frog populations. Because there were no published reports of rapid population declines of

South African frogs and associated mass mortality events to guide the investigation it was

decided to focus the initial efforts on infection in X. 'aevis. Not only was it known that X. 'aevis

was a host of B. dendrobatidis, but the species' area of occurrence included almost the entire

country and could thus yield data on the geographical distribution of t he amphibian chytrid

throughout the country. In addition, X. 'aevis was a commodity being utilised as a laboratory

and pet animal and was therefore regarded as a high-risk species for disseminating the fungus

internationally.

To address the research problem, the main objective of the study was to determine the

geographical and temporal distribution of B. dendrobatidis in South Africa, as well as the rest

of Africa by surveying both extant frogs and archived specimens. Of equal importance was to

assess the role that the X. 'aevis trade has played in spreading chytridiomycosis to other

countries because this related to the "introduced pathogen" hypothesis. The amphibian chytrid
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Shortcommunication- Kortberig

Histological evidence of chytridiomycete fungal infection in a free-ranging
amphibian, Afrana fuscigula (Anura: Ranidae), in South Africa

a' b c
E PLane . C Weldon and J Bingham

ABSTRACT
The 1st recorded histological evidence of chytridiomycete fungal infection in a free-ranging

ranid amphibian in South Africa is presented. Literature on causes of a worldwide decline
in amphibian populations is briefly reviewed.

Key words: amphibian, Chytridiomycosis, dermatitis, fungus.

Lane E P,Weldon C, BinghamJHistological evidence of chytridiomycete fungal infection

in a free-ranging amphibian,Afrana fuscigula (Anura: Ranidae), in South Mrica. Journalof
the South African Veterinary Association (2003) 74(1): 20-21 (En.). Department of Pathology,
Faculty of Veterinary Science, University of Pretoria, Private Bag X04, Onderstepoort, 0110
South Africa.

Declining amphibian populations are a
worldwide concern. Proposed aetio-
logical factors, either singly or in combi-
nation, include habitat destruction;
changes in weather patterns; pollution of
water supplies with urea, nitrates, carbaryl,
paraquat and petroleum; increased road
traffic; increased' exposure to ultraviolet
radiation; and infectious diseases such as
chytridiomycosis, saprolegniasis and in-
fection with Aeromonas hydrophila or
teratogenic trematodes1.3.7.9-11.13.1U7.18,21-23.

One of the most commonly identified
infectious causes of mortality is cutaneous
or oral chytridiomycosis caused by the
chytridiomycetefungus, Batrachochytrium
dendrobatidis3,8.Dermatitisassociatedwith
a chytridiomycete was described from a
number of captive anurans before the
original discovery of the amphibian
chytrid's. Clinical symptoms associated
with chytridiomycosis include abnormal
behaviour and body posture, as well as
excessivp ~lnl1g}>ing of tho> shn4

Chytridiomycosis has been associated
with population declines in Australia,
New Zealand, North, Central and South
America and, most recently Spain4.6.16.19.
Amphibian cutaneous chytridiomycosis
has been reported in wild XenopusIaevis
frogs from the Western Cape Province24.
Retrospective studies of archived mate-
rial in South African museums have also
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identified the amphibian chytrid in South
African frogs (Weldon, unpubl. data).
B. dendrobatidismay either have been re-
cently introduced into South Africa or it
might have evolved within an African
host species such as Xenopus spp., and
been disseminated around the world in

Xenopus used as laboratory animalsl9. This'
communication reports the presence of B.
dendrobatidiszoosporangia in the superfi-
cial epidermis of a Cape river frog (Afrana
fuscigula)collected in the Eastern Cape
province of South Africa; and is the 1st
confirmation of the disease in a ranid frog
from South Africa.

As part of a small initial survey of
free-ranging amphibians in South Africa,

a freshly dead amphibian, identified as
Afrana fuscigula, was collected from
Kologha Forest, near Stutterheim, in the
Eastern Cape (32°32'29"S,27'21'57"E). No
macroscopic lesions were noted, and
the whole frog was preserved in 10 %
formalin.

Routine histological examination of
strips of the abdominal skin and whole
severed feet was performed on paraffin-
embedded sections (6 J.l.m),which were
stained with haematoxylin and eosin, as
well as with periodic acid Schiff, and
Gomori methamine silver stain2.Near the
ends of the toes, and in the crevices
between th~ toes, the superficial epider-
mis contained rare fungal structures
consistent with the zoosporangia of B.
dendrobatidis(Fig. 1). These were often
empty spherical structures (up to 8 J.l.mm
diameter) whose walls stained strongly
with silver stains, but weakly with peri-
odic acid Schiff stain. A few contained 4-6

basophilic zoospores, but discharge
papillae were rarely seen. Associated
changes in the epidermis included mod-
erate diffuse epidermal hyperplasia and
oedema. Sloughed empty zoosporangia
and necrotic epithelial cells lay on the sur-
face of the skin. Scattered degenerative

Fig. 1: Azoosporangium, containing 4 zoospores (arrow), in a sloughed epithelial cell (H&E.
x100).
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and necrotic epithelial cells and clefts
filled with granular amphophilic cellular
debris in the superficial epidermal layers
were present. The epidermis and superfi-
cial dermis contained small numbers of
heterophils. In addition, multifocal rare
foci of acute mild necrotising purulent
dermatitis were present, not usually in
proximity to zoosporangia. These were
characterised by large numbers of hetero-
phils in the dermis admixed with small
numbers of large pigment-laden cells and
fibrin, and moderate heterophilic dermal
leucostasis. No infectious agents were
seen in or adjacent to these lesions. Re-
maining tissues showed no other lesions.
A mild infestation of intestinal helminths
was noted, which was not associated with
enteritis.

The detection of cutaneous chytridio-
mycosis in A. fuscigula adds yet another
amphibian species to the extensive list of
free-ranging and captive hosts. It is not
dear whether or not the chytrid infection
caused the death of this frog, since the
separate necrotising dermatitis may also
have played a role. No other infectious
agents or life-threatening lesions were
noted in the frog. No infectious agent,
including B. dendrobatidis, was seen in
association with the necrotising dermati-
tis. B.dendrobatidisis often associated with
other pathogens and has been considered
the primary pathogen in a number of
epizootics of amphibians3.12.16.

This report highlights the importance of
the value of post-mortem samples in the
study of the epidemiology and distribu-
tion of chytridiomycosis in the sub-
continent and the rest of Africa. Chytri-
diomycosis can be diagnosed by routine
histology of skin specimens preserved in
10 % neutral buffered formalin, as well as
by examination of unstained skin scrap-
ings, although the latter requires some
expertise in identifying the organismsS,12.

Risk assessments, to determine which
amphibians are infected with B. dendro-
batidis, should be carried out in all coun-

tries, induding South AfricaI9.20.Amphi-
bian disease research is currently under
way at Potchefstroom University, in con-
junction with James Cook University,
Australia. The programme is a multi-disci-
plinary investigation that includes a sur-
vey of the distribution of B. dendrobatidis

in Africa by examining the genus Xenopus;
risk assessment of the dissemination of

chytridiomycosis locally and globally via
the X. laevis trade; quantifying the factors

that modify the interaction between
X. laevis and B. dendrobatidis;and deter-
mining the level of genetic variation in
B. dendrobatidisfrom Africa. Information
on the epidemiology, pathogenesis and
phylogeny of chytridiomycosis will help
to elucidate its role as a pathogen of Afri-
can amphibians.
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Origin of the Amphibian
Chytrid Fungus

Che WeJdon: Louis H. du Preez,* AJex D. Hyatt,t Reinhold Muller,;J:and Rick Speare;J:

The sudden appearance of chytridiomycosis, the
cause of amphibian deaths and population dedines in sev-
eral continents, suggests that its etiologic agent, the
amphibian chytrid Batrachochytrium dendrobatidis, was
introduced into the affected regions. However,the origin of
this virulent pathogen is unknown. A survey was conducted
of 697 archived specimens of 3 species of Xenopus col-
lected from 1879 to 1999 in southern Africa in which the
histologic features of the interdigital webbing were ana-
lyzed. The earliest case of chytridiomycosis found was in a
Xenopus laevis frog in 1938, and overall prevalence was
2.7%. The prevalence showed no significant differences
between species, regions, season, or time period.
Chytridiomycosis was a stable endemic infection in south-
ern Africa for 23 years before any positive specimen was
found outside Africa. We propose that Africa is the origin of
the amphibian chytrid and that the intefnatjonal trade in X.
laevis that began in the mid-1930s was the means of dis-
semination.

One of the biggest threats facing amphibian species and
population survival worldwide is the disease chytrid-

iomycosis, caused by the chytrid fungus, Batracho-
chytrium dendrobatidis (1.2). Chytridiomycosis was pr0-
posed as the cause of death in trog populations in the rain
forests of Australia and Panama and was associated with

the decline of trog populations in Ecuador, Venezuela,
New Zealand, and Spain (3-6). Evidence for a COlDltry-
wide decline in trog populations in South Amca is lacking
(7), and local declines of several species have been
ascribed to two main threats, habitat destruction and pollu- .

tiOD(8). Chytridiomycosis is known in South Afiiea. from
infections in Xenopus laevis, Afrana fuscigula, and
Strongylopus grayii (9-11). Through surveys of extant and
archived specimens, Batrachochytrium has been found in
every continent that has amphibians, except Asia
(6,9,12,13). Since B. dendrobatidis bas been recognized as
an emerging pathogen, whose spread is facilitated by the

*Not1h-West University, Potchefstroom, South Africa; tCSIRO,
Geelong, Australia; and :tJames Cook University, Townsville,
Australia
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international and intranational movement of amphibians
(1), identifYing its origin will be useful.

Some emerging infectious diseases arise when
pathogens that have been localized to a single host or small
geographic region go beyond previous bolDldaries (14). If
B. dendrobatidis emerged in this fashion, we hypothesize
that the source would meet the following criteria: I) the
hosts would show minimal or no apparent clinical effects,
2) the site would be the place of the earliest known global
occurrence, 3) the date of this Occurrence would precede
any amphibian declines in pristine areas (i.e., late 1970s),
4) the prevalence in the source host or hosts would be sta-
ble over time, 5) no geographic spreading pattern would be
observed over time in the region, 6) a feasible means of
global dissemination of Batrachochytrium &om the region
of origin would be identified, and 7) B. dendrobatidis
would show a greater genetic variation in the host region
than in more recently invaded regions.

B. dendrobatidis is common in Amcan frogs &om
Ghana, Kenya, South Africa, and Western Afiica (12,15)
and declines in &og populations are poorly documented in
Afiica (7,16). These factors. combined with the global
trade in X laevis and X tropicalis, prompted us to investi-
gate the likelihood that Afiica was the origin of
Batrochochytrium and that the trade in Xenopus spp.
played a key role in its,gJobal dissemination. Within the
Xenopus genus, X /aevis is distributed over the greatest
area in sub-Saharan Amca. X laevis occupies most bodies
of water in savannah habitats from the Cape of Good Hope
to Nigeria and Sudan (17,18).

We report the earliest case of the amphibian chytrid
found in any ampbibian and present epidemiologic evi-
dence to support the hypothesis that B. dendrobatidis orig-
inated in Afiica. In this article, chytridiomycosis refers to
infection of amphibians by B. dendrobatidis.

Materials and Methods

A retrospective survey was conducted on archived
specimens of the genus Xenopus housed in five southern
Africa institutions, Bayworld (port Elizabeth), Natal

Emerging Infectious Diseases. www.cdc.gov/~id.VoI.10.No. 12, December 2004

- --- -



- - - - - ---

,
I

. -- ----

--- -- - --

Origin of Amphibian Chytrid Fungus

Museum (pietennaritzburg), National Museum
(Bloemfontein),South African Museum (CapeTown), and
Transvaal Museum (Pretoria). Specimens in these muse-
ums had been collected for archivmgby a largenumber of
persons for various pmposes and had not been selected for
a systematicsurvey of amphibiandisease. Specimenswere
collected mainly from South Africa, Lesotho, and
Swaziland.A piece (3 x 3 mm) of the interdigitalwebbing
was removed from one hind foot of each specimen of X
gilli, X muelleri, and X laevi3. Tissue was prepared for
histologic examination with routine techniques (19).
Sections were cut at 6 JlDland stained with hematoxylin
and eosin. Chytridiomycosis was diagnosed by using
described criteria (20). Sections from the two specimens
diagnosed as having chytridiomycosis with hematoxylin
and eosin before 1911 (one collected in 1938,the other in
1943)were confirmed with the more specific immunoper-
oxidase test (21) to increase the confidenceof the diagno-
sis. Measurements of sporangia were performed with a
calibrated eyepiece and expressed as mean j: standard
deviation (SD). Histologic slides were examined "blind,"
without reference to dates that the frogs were collected, to
decrease any opportunity for bias in diagnosis.

Exact versionsof chi-square tests were used to analyze
bivariate associations between chytridiomycosis preva-
lence and host species, region in SouthAfrica (southwest-
em, eastern,and central), and season.Bivariate time trends
of prevalenceswere analyzed by exact chi-square tests for
trend.Multivariatelogistic regressionmodelswere applied
to assess potential confounding effect of species, region,
and season on the time trend of chytridiomycosispreva-
lence. Confidence intervals (Cl) were calculated by using
exact binomial probabilities. Longitudinal and latitudinal
historical patterns of spread were analyzed with linear
regressionmodels.

Results
Zoosporangia with a diameter (mean % SD) of 5.2 %

0.72 JlDl (maximum 6 J1IIl)were seen in the stratum
corneum of the digital webbing of infected frogs
(Figure 1). Most sporangia were empty spherical stroc-
tures, but occasional sporangia were observed with devel-
oping stages, septa, or discharge papillae. The structures
stained brown (indicating positivity) in the immunoperox-
idase test with the specific anti-Batrachocl9Jlriumanti-
body (Figure 1). Lesions usually associated with
chytridiomycosis. including hyperplasia of the epidermis
and hyperkeratosisof the stratumcorneum, were mild and
localizedto areas of infection.

Overall, chytridiomycosis prevalence from the survey
was 2.']0/0(19 positives out of 697 specimens)and did not
differ significantly across species (p = 0.7; Table I). The
earliest date for a chytridiomycosis-po:,'itivespecimen was

A

B

Figure 1. Mia'ographs of irnmunoperoxidasestained sections
through the interdigital webbing of Xenopus giI1i,showing the mor-
phologic features and size of ZOO5pOrangia consistent with
Batrachochytttum dendrobatidis. A) Arrow a indicates localized

. hyperplastic epidermal response; arrow b indicates an uninfected
region of the epidermis. B) Arrows indicate two zoosporangia with
internal sepia. Circle incfJCateslocation of the infection in the stra-
tum corneum. Bar, 10 JUT\.

1938 in an X 1aevi3collected fiom the Western Cape
coastal lowland. This specimen is housed in the South
African Museum. Cape Town (SAMZR 18921).The next
earliest positive specimen detected was an X gilli fiom
1943 (specimen n~ber NMB 1I2, National Musemn,
Bloemfontein).The distribution of dates specimens were
collected was greatly skewed to the latter half of the 20th
centUIy(fable 2). The breakdown for the time interval
1'i!:l1-194Ois presentedin order (decadt:,numberof frogs
infected/number of frogs examined) as follows:
r8'71=1880, 0/1; 188f-1890, 010; 1891-1900, 0/6;
1901-1910, 0/6; 1911-1920, 0/4; 1921-1930, 012;
1931-1940, 1/37. No statistically significant change of
chytridiomycosis prevalence occum:d over the decades
since the 19405(p = 0.36), or when the broaderintervalof
pre-I911 is used as the baseline for the calculations
(p = 0.22; Figure 2). No evidence for any trend in preva-
lence over time could be found u:.'"ingmultivariate modeling
where the odds ratios for the time intervals were adjusted
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Table 1. Prevalence of chytridiomycosis in archived Xenopus spp. from southern Africa"

Species No. examined % positive (95% CI) Earliest positive detected

Xenopus laavis 583 2.6 (1.5-4.2) 1938

X maulleri 53 3.8 (0.5-13.0) 1991

X gilli 61 3.3 (0.4-11.4) 1943
Total 697 2.7
"p = 0.7; CI, confidence Interval.

Counby
South Africa
Swaziland

South Africa

for the potential confounders of species, season, and region.
The multivariate odds ratios in these models were not sig-
nificant and very similar to the bivariate findings, which
indicate no confounding effects. The prevalence of chytrid-
iomycosis in South Afiica showed no significant change
over time after 1940. No significant change of the geo-
graphic distribution of chytridiomycosis was detected after
1973. By 1973 the distribution of chytridiomycosis, as
proved by positive specimens, covered already the area
from 270 to 340 latitude and 18.250 to 32.50 longitude. This
finding implies that positive specimens were detected from
all regions of southern Amca by 1973. Infected frogs were
found in 5 of the 9 provinces in South Afiica, including the
Western Cape (5 of 171), Northern Cape (2 of 22), Free
State (6 of 141), Kwazulu-NataI (3 of 152), and Eastern
Cape (1 of 137), as well as in Swaziland (2 of 42).
Prevalence of B. dendrobatidis did not differ (p = 0.24)

between the designated three broader regions with preva-
lences 00.0"10 in the southwest:. 3.8% in the central region,
and 1.5% in the eastern region. Overall, the seasons (wet
versus dry) when the specimens were collected were not
significantly associated with prevalence (p =0.22).Only in
the eastern region, was a significantly higher prevalence
found in the wet season than the dry season.

Discussion
Our study has extended the date for the earliestcase of

chytridiomycosisin wild amphibiansby 23 years.The next
earliest case outside South Afiica was found in Rana
c/amitans from Saint-Pierre-de-Wakefield, Quebec,
Canada, in 1961(22). After the case in Canada,the earli-
est cases from other countries follow sequentiallyover a
period of38 years from 1961to 1999(Figure3).

X /aevis in the wild does not show clinical signs, nor
has it experienced any sudden die-offs. Moreover, only
subclinical chytrid infections have been observed among

captive colonies of X /aevis (26,27). A frog of a related
species, X tropica/is, died in captivity from chytridiomy-
cosis, it was suspected of having contracted the fungus
from X laevis (27). An ideal host for transmission of
chytridiomycosis through international translocation
would be a species of amphibian that does not become dis-
eased or die from the infection; hence, X /aevis could take
on the role of a natural carrier.

The sudden appearance of chytridiomycosis can best be
explained by the hypothesis that B. dendrobatidis was
recently introduced into new regions and subsequently
infected novel host species (1). Dispersal of B. dendroba-
tidis between countries is most likely by the global trans-
portation of amphibians (1,2,23,28,29). The World
Organization for Animal Health has recently placed

amphibian chytridiomycosis on ~e Wildlife Diseases List
in recognition of this risk. If Amca is the source of B. den-
drobatidis, a feasible route of dissemination by infected
amphibians needs to be identified. Some m~bers of the
family Pipidae have been exported, in particular
Hymenochirus curtipes and X /aevis, to North Ameljica
and Europe (30).

In terms of a most likely candidate for spread from
Afiica, the number of frogs and geographic dissemination
favor X /aevis. Soon after discovery of the pregnancy
assay for humans in 1934 (30), enormous quantities of the
species were caught in the wild in southern Amca and
exported around the world The pregnancy assay is based
on the principle that owlation in X /aevis is induced by
injection with urine from pregnant women because of high
levels of gonadottopic hormones in the urine (31,32). X
/aevis was selected as the most suitable amphibian for
investigating the mechanism of the mating reflex because
of the relative ease with which the animal can be main-
tained in captivity (33). For 34 years, the trade in X /aevis
in South Amca was controlled by the then Cape of Good

Table2. Prevalenceof chytridiomycosisin archivedXenopus,by time intervals"
TIme interval No.examined No. positives
1871-1940 56 1
1941-1950 16 1
1951-1960 63 0
1961-1970 17 0
1971-1980 230 6
1981-1990 145 3
1991-2001 170 8
Total 697 19
"p = 0.36; cr, confidence interval.

2102

% positive (95% 01)

1.8 (0.0-9.6)

6.3 (0.2-30.2)

0.0 (0.0-5.7)

0.0 (0.0-19.5)

2.6 (1.0-5.6)

2. 1 (0.4-5.9)

4.7 (2.0-9.0)

2.7 (1.7-4.2)
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Figure 2. Historical time-trend of chytridiomycosis prevalence in
southern Africa. No significant change was shown in the preva-
lence over time (p =0.22, 95% confidence intelVal).

Hope Inland Fisheries Deparbnent (Western Cape Nature
Conservation Board) at the 10nkershoek Fish Hatchery. As
an indication of the numbers involved in this trade, 10,866
trogs were distributed in 1949, of which 3,803 (35%) were
exported, and of the 20,942 ftogs distributed in 1970, a
total of 4,950 (24%) were shipped abroad (34,35). After
the introduction of nonbiologic pregnancy tests, X laevis

became important as a model for the scientific study of
immunity and later embryology and molecular biology. X
laevis could have carried the disease globally, particularly
if the prevalence was similar to that seen in wild-caught X
laevis today. In the importing country, escaped ftogs, the
water they lived in (36), or both, could have come into
contact with local amphibian species, and subsequent
transmission of the disease could have followed. The

establishment of feral populations of X laevis in
Ascension Island. the United Kingdom, the United States,
and Chile in 1944, 1962, the 196Os, and 1985 (37), respec-
tively, show that transmission could have become ongoing
if these feral populations were infected.

Although we have demonstrated that B. dendrobatidis

was in southern Aftica since 1938, our studies provide no
indication regarding whether this region was the original
source within Aftica. B. dendrobatidis has been found in

wild ftogs in Kenya and in ftogs (X tropicalis and X lae-
vis) wild-caught in Western Aftica and detected after
importation into the United States (12,26,27,38), which
indicates that B. dendrobatidis is widely disseminated in

Origin of Amphibian Chytrid Fungus

Aftica. Xenopus consists of 17 species that are found in
sub-Saharan Aftica, with a varying degree of sympatry
between species (17). The overlap in the distribution and,
in some cases, the sharing of habitats could facilitate
transmission of B. dendrobatidis between these species.
This finding would imply that chytridiomycosis could
have originated elsewhere in AtTica and spread within
multiple host-region combinations. More detailed histori-
cal studies of archived AtTican amphibians may indicate
whether B. dendrobatidis was originally present in a small
area of Aftica ftom which it emerged to occupy large
areas of the continent Until the deficit in distribution data

and comparative genetic studies is remedied, locating the
source of the origin of B. dendrobatidis within Aftica
remains speculative. The relationship appears to have coe-
volved within an anuran host, and the opportunity to dis-
seminate across the globe existed for B. dendrobatidis in
southern Aftica.

If X laevis did carry B. dendrobatidis out of AtTica as
we propose, other amphibian species subsequently could
have distributed it between and within countries. The

American bulltrog, Rana catesbeiana, has been proposed
as an important vector, mainly through international trade
as a food item, but also within countries as populations
established for the food trade escape and spread (29). The
earliest current record for the occurrence of chytridiomy-
cosis in R. catesbeiana is 1978 in South Carolina (38),40
years after the first record in southern AtTica, but details on'
the intensity of the search for chytridiomycosis in archived
bullfrogs are not available. The transmission of chytrid-
iomycosis globally may involve a series of key steps: 1)
occurrence of B. dendrobatidis in an amphibian vector in
southern Aftica that is relatively resistant to disease (X
laevis), 2) sudden rise in 1935 of export trade in this vec-
tor because of technologic advances (Xenopus pregnancy
test), 3) escape of the pathogen from the exported Xenopus
to establish new foci in other countries (possibly expedit-
ed in some countries by establishment of feral populations
of X laevis), 4) transmission into other vector amphibians
(food and pet trade), aDd 5) further transmission to other
countries along different trade routes in key amphibian
vectors that move in high numbers and become established
in commercial populations and closely interact with wild

....
=
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-Figure -3.'rtme bar indica1lngwhen chyirid-
iomycosis first appeared in the major cen-
ters of occurrence in relation to each other.
Following a 23-year interruption in occur-
rences after the Xenopus laevis infection in
1938, records outside Africa appear with
increasing frequency up until the present;
North America (22), Australia (2,23), South
America (5), Central America (24), Europe
(6), Oceania (New Zealand) (25).
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frogs, which likely leads to feral populations (food frogs R.
catesbeiana). Spread through native amphibian popula-
tions with epidemic disease in some species could have
occurred at any point after B. dendrobatidis entered a naive
native species.

We have provided epidemiologic evidence that Afiica is
the origin of the amphibian chytrid fimgus. Support for six
of the seven criteria proposed for the source of B. dendra-
batidis has been demonstrated: 1) the major host (X laevis)
shows minimal or no apparent clinicaJ effects, 2) site of the
earliest global occurrence (1938),3) this date precedes any
amphibian declines in pristine areas, 4) the prevalence in
the source host or hosts (Xenopus spp.) has been stable over
time, 5) no geographic spreading pattern could be observed
over time, and 6) a feasible means of global dissemination
exists via the internationaJ trade in wild-caught X laevis,
which commenced in 1935 and continues today. Criterion
7, greater genetic diversity of B. dendrobatidis at the
source, has not been investigated. A low level of genetic
variation was shown for 35 strains of B. dendrobatidis and

suggested that B. dendrobatidis was a recently emerged
clone (39). The strains had been colJected in North
America, Australia, Panama, and Africa uom wild and cap-
tive amphibians. Three strains isolated ftom captive X
tropicalis in United States had been imported ftom Ghana.
Although these showed no significant differences uom the
U.S. strains (39), their assignment to Africa assumes no
cross-infection had occurred within the importing facility.
Future work on the genetic diversity of B. dendrobatidis in
Africa compared with strains ftom regions outside Africa
will add weight to the hypothesis if greater genetic diversi-
ty is found in African strains.
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