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Abstract A species of Aphanomyces was isolated from

juvenile soft-shelled turtles, Pelodiscus sinensis, cultured

in Japan. Typically, an infected turtle showed small whitish

maculae on the carapace. Many hyphae were observed in

the epidermis. The hyphae were isolated using glucose–

yeast (GY) agar plates. The morphological characteristics

were very similar to those of Aphanomyces laevis, but a

clear nuclear spot was observed in the center of the oospore

in the strains isolated from the soft-shelled turtles. The

optimal growth temperature for the isolates was 25–30�C

and the optimum pH was 6–9. Experimental infection tests

with isolates produced small whitish maculae on the car-

apace, and soft-shelled turtles artificially infected with the

zoospores showed high mortality, especially in the high-

dose group. Phylogenetic analysis based on the internal

transcribed spacer (ITS) region of ribosomal DNA (rDNA)

indicated that the isolates from the soft-shelled turtles were

unidentified species of Aphanomyces. As a result, the strain

was described as a new species, Aphanomyces sinensis.

Keywords Artificial infection � Fungal infection �
Histopathology � Identification � Oomycetes

Introduction

The genus Aphanomyces includes saprotrophs, phytopath-

ogens, and animal pathogens (Scott 1961; Johnson et al.

2002). Diéguez-Uribeondo et al. (2009) classified the

phylogenetic relationship of Aphanomyces spp. based on

internal transcribed spacer (ITS) regions of ribosomal RNA

gene (rDNA) sequences. Most fungal disease pathogens of

fishes and shellfish belong to the genus Aphanomyces

(Hatai 1989) (Table 1).

Aphanomyces piscicida Hatai was first reported as a

pathogen causing mycotic granulomatosis in ayu Plecog-

lossus altivelis Temminck & Schlegel from Japan (Hatai

1980). Later, A. invadans Willoughby, Roberts & Chniabut

was reported as the causative agent of epizootic ulcerative

syndrome (EUS) in Thailand (Willoughby et al. 1998).

Furthermore, some diseases caused by the same fungus were

found in some fishes from Southeast Asian countries

(Willoughby and Roberts 1994; Lilley et al. 1998) and in

sand whiting Sillago ciliate from South Africa (Andrew et al.

2008). Similarly, A. invadans was found to cause ulcerative

mycosis in Atlantic menhaden Brevoortia tyrannus from the

United States (Dykstra et al. 1986) and red spot disease

(RSD) in sea mullet Mugil cephalus and yellowfin bream

Acanthopagrus australis from Australia (Fraser et al. 1992).

In 2002, a group of experts on fungal diseases of fish

from Japan, Australia, the United States, India, the Phil-

ippines, and Thailand concluded that mycotic granuloma-

tosis (MG), RSD, ulcerative mycosis (UM), and EUS are

all the same disease and proposed a new name—epizootic

granulomatous aphanomycosis (EGA) (Baldock et al.

2005). This effort helped bring continuity to the variety of

reports on fungal fish disease from around the world in

which A. invadans had been isolated from fish suffering

from the disease.
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Reports also indicate that A. laevis de Bary has been

repeatedly isolated from the guppy Lebistes reticulates

(Shanor and Saslow 1944). Similarly, A. stellatus de Bary

was isolated from the common carp Cyprinus carpio (Shah

et al. 1977) and the Japanese eel Anguilla japonica

(Hoshina et al. 1960). All of these Aphanomyces spp. were

isolated from fish suffering from pathogenic fungal growth.

Mycosis has also been reported in chelonians. Egusa

(1970) has reported a fungal infection of cultured soft-shel-

led turtles, caused by Mucor sp. The disease first occurred in

Ooita Prefecture, Japan, in 1969. Ulcerative epidermitis

associated with a Mucor sp. infection has been described in

the United States in soft-shelled turtles Trionyx ferox

(Schneider) (Jacobson et al. 1980). Aspergillus sp. was iso-

lated from the Musk turtle Sternotherus adoratus (Frye and

Dutra 1974), and Fusarium solani Sacc. was isolated from

the Loggerhead turtle Caretta caretta (Cabanes et al. 1997).

Fusarium semitectum Berk. & Ravenel was isolated from

Texas tortoises Gopherus berlandieri (Rose et al. 2001), and

Paecilomyces lilacinus Samson was isolated from Chinese

soft-shelled turtles (Trionyx sinens) (Li et al. 2008). In 1996,

Sinmuk et al. reported Aphanomyces infection in juvenile

soft-shelled turtles imported from Singapore.

In 2007–2009, outbreaks of fungal disease were found in

juvenile cultured soft-shelled turtles in Japan. In the present

study we describe this new fungal disease and compare the

causal fungus with other animal parasitic Aphanomyces, using

morphological, physiological, and phylogenetic criteria.

Materials and methods

Fungal isolation

Lesions began to appear on some turtles 10–20 days after

their arrival, from local hatcheries, at the Laboratory of

Fish Diseases, Nippon Veterinary and Life Science

University. Small pieces from the carapace were rinsed

in sterilized tap water (STW) and placed on glucose–

yeast (GY) agar (1% glucose, 0.25% yeast extract,

and 1.5% agar containing 500 mg/ml of both ampicil-

lin and streptomycin in 90 9 20 mm disposable Petri

dishes. Inoculated plates were incubated at 25�C for

4–6 days.

Histopathological observation

All turtle bodies were fixed in 10% phosphate-buffered

formalin solution, decalcified in ethylene diamine tetra-

acetic acid (EDTA) with 5% formalin and processed for

routine histology, as described by Hendrickson (1985).

Paraffin sections from the specimens were stained with

hematoxylin and eosin (H&E), Gomori’s methenamine

silver nitrate, Grocott’s variation counterstained with

H&E (Grocott-H&E), Uvitex 2B counterstained with

H&E (Uvitex 2B-H&E, Wada et al. 2003), and Gram

stains.

Morphology

Mycelia were grown from an agar block cut from the edge

of a colony, immersed in GY broth, and incubated at 25�C

for 3 days. Growing mycelia were rinsed twice in STW and

re-suspended in STW to induce the development of zoo-

spores. Sexual reproduction was induced using hemp seed

culture; the hemp seeds with fungi were first cultured at

25�C for 2 days, and then they were incubated at 20�C

(Seymour 1970).

The isolated fungi were identified from the character-

istics of zoospore production and sexual reproduction

according to Sparrow (1960) and Scott (1961).

Table 1 Aphanomyces spp.

isolated from fish and shellfish
Species Host Reference

Aphanomyces helicoides Common carp Srivastava and Srivastava (1976)

A. laevis Guppy Shanor and Saslow (1944)

A. stellatus Eel Hoshina et al. (1960)

Common carp Shah et al. (1977)

A. astaci Crayfish Unestam (1972)

A. repetans Crayfish Royo et al. (2004)

A. frigidophilus Japanese char egg Kitancharoen and Hatai (1997)

Crayfish Ballesteros et al. (2006)

A. invadans (=A. piscicida) Ayu Hatai (1980)

Atlantic menharden Dykstra et al. (1986)

Sea mullet Fraser et al. (1992)

Yellowfin bream Fraser et al. (1992)

Sand whiting Fraser et al. (1992)

Aphanomyces sp. Soft-shelled turtle Sinmuk et al. (1996)
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Effect of temperature on fungal growth

The effect of temperature on vegetative growth was

determined using isolates NJM 0719, NJM 0817, and NJM

0818. Agar blocks (approximately 5.5 mm in diameter)

were taken from the advancing edge of 5-day-old colonies

cultured on GY agar and placed in the center of

90 9 20 mm Petri dishes containing 20 ml of GY agar,

and incubated at 15, 20, 25, 30, 35, or 40�C.

The diameters of the colonies were estimated from the

average of the widest and narrowest radial measurements

minus the 5.5 mm of the original agar block. Estimates of

colony diameter were determined 3, 5, and 7 days after

inoculation.

Effect of pH on fungal growth

The effect of pH on vegetative growth was determined

using isolates NJM 0719, NJM 0817, and NJM 0818. The

pH of sterile GY broth was adjusted to various values, in

the range of 2–13, with 5 N NaOH or 5 N HCl. The broth

was filtered through 0.2 lm cellulose acetate (Advantic;

Tokyo Roshi Kaisha, Tokyo, Japan) into a test tube. The

control was unadjusted GY broth (pH 6.6). After 5 days, an

agar plug with mycelia from each isolate was placed into

10 ml of the GY broth. All test tubes were incubated at

25�C. Hyphal growth in the test tube was measured on days

3, 5, and 7.

Pathogenicity

Zoospore suspensions of the isolates NJM 0719 and NJM

0817 were prepared as described above. Fifty healthy soft-

shelled turtles (40.5 mm average carapace length and

12.0 g average body weight) were divided into five equal

groups. The zoospore concentrations in NJM 0719 were

2,000 and 200 zoospores/ml in high-dose and low-dose

suspensions, respectively, and those in NJM 0817 were

1,700 and 170 zoospores/ml, respectively; STW was used

as a negative control. Turtles were immersed in the zoo-

spore suspensions or STW (500 ml in each) in 2 l beakers

for 5 h. After immersion, the inoculated animals were

transferred to tanks filled with tap water for 14 days. The

tank water was changed daily and the turtles were fed every

4 days with commercial food. The water temperature in

each tank was maintained at 20�C. After 14 days, the

surviving turtles were euthanized with diethylether and

autopsied. Small pieces of skin stripped from the carapaces

were examined under light microscopy to detect fungal

elements. Initially, the fungi were re-isolated from the

lesions on carapaces, then, whole turtles were fixed in 10%

phosphate-buffered formalin solution for histopathological

examination with H&E, Grocott-H&E, and Uvitex

2B-H&E. A total of 8 freshly dead turtles (four from the

high-dose suspensions with NJM 0719, two from the high-

dose suspensions with NJM 0817, and two from the low-

dose suspensions with NJM 0817) were also collected for

histopathological examination of infected carapaces.

Phylogenetic relationship

The ITS 1 and 2 including the 5.8S rRNA gene region (ITS

rDNA) were sequenced. DNA was extracted from hyphae

cultured at 25�C in GY broth. Sampled mycelia were dried

on tissue paper and transferred to separate 1.5 ml micro-

centrifuge tubes. The samples were frozen at -85�C prior

to DNA extraction (Abliz et al. 2004).

Mycelial fragments of approximately 50 mg were sus-

pended in 600 ll of extraction buffer (200 mM Tris–HCl,

pH 7.5, 25 mM EDTA, 0.3% w/v sodium dodecyl sulfate,

250 mM NaCl). The mixture was vortexed for 15 s, incu-

bated at 100�C for 15 min, kept on ice for 60 min, and then

centrifuged at 14,0009g for 15 min. The supernatants were

transferred to new tubes and extraction was performed with

phenol–chloroform–isoamyl alcohol (25:24:1). Each sam-

ple DNA was precipitated with cold isopropanol (-20�C),

dried, and resuspended in 100 ll distilled water.

We used a nested PCR for the determination of the ITS

rDNA sequence, using universal primers (rDNA primer

sequences at http://www.biology.duke.edu/fungi/mycolab/

primers.htm; and Kurtzman and Robnett 1997). The first-

round PCR was as follows: We mixed 2.5 ll of the DNA

extract with a Readyto-Go bead (Amersham Pharmacia

Tokyo, Japan), 2.5 ll of 10 pM of the primers NS-7

(50-GAG GCA ATA ACA GGT CTG TGA TGC-30) and

NL-2 (50-CTT GTT CGC TAT CGG TCT C-30), and

17.5 ll of distilled water. The reaction mixture was sub-

jected to 1 cycle of denaturation at 95�C for 4 min, 30

cycles of amplification at 94�C for 1 min, 54 or 55�C for

1 min, and 72�C for 2 min, and a final extension cycle at

72�C for 10 min with a PCR Thermal Cycler MP (TaKaRa,

Ohtsu, Japan).

Then the first-round PCR products were purified with a

commercial kit (QIAquick�; Qiagen, Tokyo, Japan) and

diluted 10- to 100-fold. The second round of PCR ampli-

fications was performed using 3 combinations of fungal

universal primers; NS-7 and ITS-2 (50-GCT GCG TTC

TTC ATC GAT GC-30), ITS-5 (50-GGA AGT AAA AGT

CGT AAC AAGG-30) and ITS-4 (50-TCC TCC GCT TAT

TGA TAT GC-30), and ITS-3 (50-GCA TCG ATG AAG

AAC GCA GC-30), and NL-2. The condition of the second-

round PCR was the same condition as that of the first one

regardless of the primer combinations.

The second-round PCR products were visualized by

electrophoresis in 1.0% agarose in 19 TBE buffer [0.04 M

Tris–boric acid, 0.001 M EDTA (pH 8.0)] followed by
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ethidium bromide staining. The PCR products were purified

with the QIAquick� kit and labeled with BigDye� Termi-

nator Ver. 1.1 (Applied Biosystems, Foster City, CA, USA),

following the manufacturer’s protocol, using 6 primers;

NS-7, ITS-2, ITS-5, ITS-4, ITS-3, and NL-2. The condi-

tions of labeling PCR were: 0.25 min at 96�C, 0.5 min at

55�C, and 4 min at 60�C for 25 cycles, followed by a 4�C

soak. The labeled samples were directly sequenced on an

ABI PRISM 3100 sequencer (Applied Biosystems).

Twenty-five nucleotide sequences from Aphanomyces

spp. were selected on the basis of a BLAST search of the

GenBank database (http://www.ncbi.nlm.nih.gov/BLAST/

Blast.cgi), a sequence from Pithium ultinum (GenBank

accession number EU253560) was used as an outgroup

sequence, and the present 5 sequences shown in Table 2

were aligned using the computer program CLUSTALX

(Version 1.8) (Jeanmougin et al. 1998) followed by manual

adjustments with a text editor.

Phylogenetic analyses were performed with a computer

program; PAUP v4.0 (beta 10) (Swofford 2001), using a

heuristic search for maximum parsimony (MP) trees. We

determined base-pair composition and transition and/or

transversion patterns of the dataset. Bootstrap values were

calculated over 1,000 replicates to assess branch topology.

The maximum numbers of trees was adjusted to 1,000 trees

at the initial setting. Briefly, 662 base pairs of the ITS

rDNA were aligned. The consistency index (CI), retention

index (RI), rescaled consistency index (RC), and homo-

plasy index (HI) were obtained.

Results

Isolation

From 2007 to 2009, a number of juvenile soft-shelled

turtles, Pelodiscus sinensis, 34.7–63.2 mm in carapace

length, kept at local hatcheries in Fukuoka and Oita pre-

fectures, Japan, were transferred to the Laboratory of Fish

Diseases, Nippon Veterinary and Life Science University.

Although healthy individuals were selected at the local

hatcheries, the turtles developed whitish lesions on the

carapaces and died 10–20 days after arrival. The original

water temperature of the culturing pond was 30�C, whereas

the water temperature of the rearing tanks in the laboratory

was 20�C. Typically, an infected turtle showed a small

whitish macula on the carapace (Fig. 1).

The resulting fungal colonies were transferred onto new

GY agar plates. From 2007 to 2009, five fungal colonies

were isolated from infected turtles. The strains were des-

ignated: NJM 0719, NJM 0817, NJM 0818, NJM 0901, and

NJM 0902. Details of the isolates are shown in Table 3.

Histopathological observation

In infected turtles, many sparsely branched aseptate hyphae

were observed in the carapace epidermis. However; these

hyphae did not penetrate into the dermal layers (Fig. 2).

Numerous Gram-negative short rods were often observed

in the mycotic lesions on the affected epidermis of carap-

aces. The hyphae and bacteria were not observed in the

internal organs.

Morphology

Colonies of all isolated strains developed white, flat

mycelia when grown on GY agar (Fig. 3). Vegetative

hyphae were delicate, about 3–12 lm in diameter, aseptate,

smooth, slightly wavy, and moderately branched. Zoospo-

rangia were slender and the same diameter as the hyphae;

that is, isodiametric. Primary zoospores were produced in a

single row within the zoosporangium and were encysted in

a cluster at the orifice of the zoosporangium (Figs. 4a–c,

5a–c). The primary zoospores were about 8–12 lm in

diameter. Secondary zoospores were reniform and laterally

biflagellate.

Based on this mode of zoospore formation and other

morphological criteria, strains NJM 0719, NJM 0817, NJM

0818, NJM 0901, and NJM 0902 were identified as mem-

bers of the genus Aphanomyces (Figs. 4, 5).

NJM 0719 and NJM 0901 strains produced sexual

reproductive structures in hemp seed culture. The oogonia

of isolate NJM 0719 were abundant, usually spherical or

sub-spherical, and only rarely pyriform; their diameters

ranged from 18 to 25 lm, and even the immature oogonia

had a smooth surface (Figs. 4d, e, 5d, e). Singly sprouted

oospores were mostly filled with an oogonium, and were

generally spherical, ranging from 15 to 22 lm in diameter.

The internal structure of oospores was dominantly centric

to sub-centric with a large shiny vesicle with antheridia

(Figs. 4f, 5f). A nuclear spot, which was often clear, was

observed in the center of the oospore (Figs. 4g, 5g, h).

Oogonial stalks were unbranched. Antheridial branches,

when present, were predominantly diclinous, and infre-

quently monoclinous and androgynous (Fig. 5f–h). Oogo-

nia with double or triple antheridia predominated.

Antheridial cells were simple and vermiform, and often

irregular.

Effect of temperature on fungal growth

The vegetative growth of isolates NJM 0719, NJM 0817,

and NJM 0818 was robust at 20–30�C, with maximal

growth at 25–30�C. At temperatures above 35�C, mycelial

growth declined and growth ceased at 40�C (Table 4).
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Table 2 List of accession numbers of the internal transcribed spacer (ITS) of Aphanomyces spp. at the GenBank database

Species Host Genbank accession no. Reference

Aphanomyces spp.

Aphanomyces frigidophilus Japanese char eggs AY647192 Unpublished

Aphanomyces piscicida Ayu AY283643 Unpublished

Aphanomyces piscicida Striped snakehead AY455773 Unpublished

Aphanomyces invadans No data AY082908 Unpublished

Aphanomyces invadans No data AY082907 Unpublished

Aphanomyces astaci Crayfish AY310499 Oidtmann et al. (2004)

Aphanomyces astaci Crayfish AY683893 Royo et al. (2004)

Aphanomyces astac Crayfish AY683894 Royo et al. (2004)

Aphanomyces euteiches Alfalfa AY353908 Levenfors and Fatehi (2004)

Aphanomyces euteiches Green bean AY353910 Levenfors and Fatehi (2004)

Aphanomyces euteiches Green bean AY353909 Levenfors and Fatehi (2004)

Aphanomyces euteiches Garden pea AY353902 Levenfors and Fatehi (2004)

Aphanomyces laevis No data AY683885 Royo et al. (2004)

Aphanomyces laevis No data AM947028 Vralstad et al. (2009)

Aphanomyces laevis No data AY310497 Oidtmann et al. (2004)

Aphanomyces stellatus Water AY455774 Unpublished

Aphanomyces stellatus Unknown AM947029 Vralstad et al. (2009)

Aphanomyces stellatus Soil AY283647 Unpublished

Aphanomyces cladogamus Spinach AY353918 Levenfors and Fatehi (2004)

Aphanomyces cladogamus Alfalfa AY353913 Levenfors and Fatehi (2004)

Aphanomyces cladogamus Red clover AY353915 Levenfors and Fatehi (2004)

Aphanomyces repetans Crayfish AY683889 Royo et al. (2004)

Aphanomyces repetans Crayfish AY683892 Royo et al. (2004)

Aphanomyces repetans Crayfish AY683890 Royo et al. (2004)

Aphanomyces repetans Crayfish AY683891 Royo et al. (2004)

Outgroup

Pythium ultimum No data EU253560 Unpublished

Fig. 1 Diseased juvenile

soft-shelled turtle showing

small whitish macula on the

carapace (arrow). a Turtle that

was immersed in NJM 0719

isolate. b Turtle that was

immersed in NJM 0817 isolate
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Effect of pH on fungal growth

The optimum pH for the vegetative growth of isolates

NJM 0719, NJM 0817, and NJM 0818 in GY broth was

pH 6–9 and some growth occurred between pH 5–11

(Table 5).

Pathogenicity

All turtles in the inoculated groups developed small whitish

maculae on the carapaces (Fig. 6). Though the small

whitish maculae were also observed after 4 days’ immer-

sion, no deaths were recorded in the control group. No

fungal and/or bacterial elements were found in the carap-

aces of the control group. In all turtles exposed to fungal

zoospores, we observed many sparsely branched aseptate

hyphae by microscopic observation of the carapace skins,

and re-isolation of the inoculated fungus from the skin

lesions showed high success rates (Table 6). The turtles in

groups exposed to fungi became anorectic; anorexia was

especially apparent in the high-dose groups.

In both high-dose groups, we observed white maculae

on the carapaces of all turtles 4 days after immersion, and

mortalities were recorded 6 days after immersion. In the

high-dose NJM 0719 group, all turtles (10) had died by

11 days after immersion. Nine turtles died by 12 days after

immersion in the high-dose NJM 0817 group (Table 7). All

of the turtles in the low-dose NJM 0719 and NJM 0817

groups showed white maculae on the carapaces at 7 and

5 days after inoculation, respectively. By the end of the

experiment, one turtle in the low-dose NJM 0719 group

had died and four turtles in the low-dose NJM 0817 group

had died (Table 7).

Many sparsely branched aseptate hyphae were observed

in the cuticle and epidermis of the carapace (Fig. 7a, b) in

surviving and dead turtles. In 6 out of 26 turtles examined

(three from the high-dose NJM 0719 group, one from the

low-dose NJM 0719 group, and two from the low-dose

Table 3 Isolates isolated from soft-shelled turtles

Isolation no. Isolation date Location Accession no.

NJM 0719 8 Nov 2007 Fukuoka AB531971

NJM 0817 10 Oct 2008 Oita AB531972

NJM 0818 10 Oct 2008 Oita AB531973

NJM 0901 5 Jan 2009 Oita AB531974

NJM 0902 5 Jan 2009 Oita AB531975

Fig. 2 Histopathological characteristics of the diseased turtle. Many

hyphae were observed in the epidermis of the carapace (arrows).

a Grocott-H&E. b Uvitex 2B–H&E. Bar10 lm

Fig. 3 A colony of the NJM 0719 isolate cultured on glucose–yeast

(GY) agar at 20�C for 5 days
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NJM 0817group), hyphae also penetrated the dermal layers

(Fig. 7c, d).

Phylogenetic relationship

The sequences were submitted to the DNA Data Bank of

Japan (DDBJ; Mishima, Shizuoka, Japan). The accession

numbers of the five strains, NJM 0719, NJM 0817, NJM

0818, NJM 0901, and NJM 0902 were AB531971,

AB531972, AB531973, AB531974, and AB531975,

respectively.

The sequence identities, based on 662 base pairs of ITS

rDNA for isolates NJM 0719, NJM 0817, NJM 0818, NJM

0901, and NJM 0902 were 80.9 and/or 80.1 (A. stellatus),

Fig. 4 Morphological

characteristics of Aphanomyces
sp. NJM 0719 isolated from

soft-shelled turtle. a, b Primary

zoospores, which were encysted

as clusters at the orifice of the

zoosporangium. c Zoospores

swimming away from the

zoosporangium in a row

(arrows). d, e An immature

oogonium with a smooth outer

surface. f A mature oogonium

with an antheridium; the

oogonium has a centric oospore.

g A mature oogonium with an

antheridium; there is a clear

nuclear spot in the center of the

centric oospore (arrow). Bars a,

b 30 lm; c 50 lm; d–g 10 lm
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80.3 (A. frigidophilus), 79.5 (A. astaci), 79.2 (A. invadans),

77.6 (A. cladogamus), 76.7 (A. laevis), 76.5 (A. euteiches),

75.8 (A. repetans), and 58.3% (Pithium ultimum) (Table 8).

The present 5 isolates; NJM 0719, NJM 0817, NJM

0818, NJM 0901, and NJM 0902 derived from soft-shelled

turtles showed identical sequences at the ITS rDNA.

We obtained 27 unrooted trees after analysis, selected

one phylogenetic tree showing the features most identical to

the consensus, and drew with Tree View PPC (Roderic D.

M. Page, Glasgow, Scotland, UK, 1998; http://taxonomy.

zoology.gla.ac.uk/rod/treeview.html). The tree length, CI,

RI, RC, and HI values were 696, 0.796, 0.928, 0.739, and

0.204, respectively.

The present isolates, NJM 0719, NJM 0817, NJM 0818,

NJM 0901, and NJM 0902 formed an independent cluster

in the phylogenetic analysis. There were 8 clusters in the

phylogenetic tree, supported by a bootstrap value (Fig. 8).

The aligned dataset used in the analysis has been deposited

with TreeBASE under the accession number S10706.

Discussion

The results of the present study suggest that the mortalities

in 2007–2009 of the soft-shelled turtle, Pelodiscus sinensis,

were associated with an oomycete of a new species

belonging to the genus Aphanomyces. Numerous Gram-

negative short rods were also observed in these lesions,

suggesting that the lesions were caused by simultaneous

infections of bacteria and fungi. However, it was likely that

we satisfied Koch’s postulates in the artificial infection

tests and we suggest the primary causative agent for the

disease was Aphanomyces sp.

Many aquatic species exchange respiratory gases

through the integument. When submerged, soft-shelled

turtles may obtain up to 70% of their oxygen uptake

through the leathery shell (Mader 2006). Therefore, hyphal

growth by Aphanomyces infection in the major part of the

leathery shell could cause lethal deterioration in cutaneous

respiration. While we suspect that the infected turtles died

of hypoxia caused by the fungal infection on the carapaces,

the pathogenesis of the present disease remains to be

determined by other patho-physiological experiments.

Murray (2006) reported stressors within the captive

environment might suppress the immune system and thus

be conducive to fungal infection in captive reptiles. A

thermal environment below the lower preferred optimal

temperature zone appeared to be critically important in the

development of fungal pneumonia in a captive American

Fig. 5 Morphological characteristics of Aphanomyces sp. NJM 0719

isolated from soft-shelled turtle. a, b Primary zoospores, which were

encysted as clusters at the orifice of zoosporangium. c Zoospores

swimming away from the zoosporangium in a row (arrows). d, e An

immature oogonium, with a smooth outer surface. f A mature

oogonium with an antheridium; the oogonium has a subcentric

oospore. g, h A mature oogonium with an antheridium; there is a

clear nuclear spot in the center of a centric oospore (arrows). Bars
a, b 30 lm; c 50 lm; d–h 10 lm

Table 4 Effect of temperature on vegetative growth

Strains Day Temperature (�C)

15 20 25 30 35 40

NJM 0719 3 5.3 10.3 15.6 14.0 5.0 0

5 18.5 18.5 24.2 22.8 11.0 0

7 14.1 25.6 31.2 28.5 16.3 0

NJM 0817 3 5.7 12.4 17.9 17.2 7.4 0

5 9.4 18.4 24.5 24.0 12.1 0

7 13.6 24.1 30.8 31.4 18.7 0

NJM 0818 3 5.7 12.4 17.9 18.4 8.4 0

5 9.5 18.9 24.8 26.8 14.6 0

7 13.6 24.7 29.0 32.6 19.2 0
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alligator, by interfering with normal reptile immunologic

activity (Fromtling et al. 1979). We consider the sponta-

neous cases of fungal disease associated with

Aphanomyces sp. in juvenile soft-shelled turtles were

triggered by strong stress caused by the sudden drop of the

rearing temperature from 30 to 20�C. It is likely that the

turtles were already infected with the fungi in the original

culturing pond and the disease emerged following the

increased stress from the transfer and the low temperature

in the laboratory tanks.

The spherical oogonia of NJM 0719 were similar to

those of Aphanomyces laevis. The superficial structures

resembled those of A. laevis. When antheridial branches

were present, the origin of the antheridial branches in the

isolates from soft-shelled turtles was mainly diclinous,

rarely monoclinous, but not androgynous. On the other

hand, the antheridial branches of A. laevis were predomi-

nantly diclinous and monoclinous, and rarely androgynous

(Johnson et al. 2002). Namely, the origin of the antheridial

branches of the isolates from soft-shelled turtles showed

distinct differences from the origin of the branches in

A. laevis. A nuclear spot was clearly observed in each

oospore of the isolate NJM 0719, but this was not observed

in strains IA 1370 and IA 1530 of A. laevis. Both strains

were distinguished in this point.

Optimal growth temperatures for the isolates in the

present study matched water temperature of the farm, in

which the turtles were kept. This differs from the optimal

growth temperatures established for other Aphanomyces

spp.: A. astaci Schikora 20–25�C (Unestam 1965),

Table 5 Effect of pH on vegetative growth

Strains Days pH

2 3 4 5 6 7 8 9 10 11 12 13 Controla

NJM 0719 3 0.0 0.0 0.0 49.8 76.8 90.7 100b 86.9 52.9 0.0 0.0 0.0 91.5

5 0.0 0.0 0.0 40.0 68.7 70.2 100 68.5 43.6 13.8 0.0 0.0 69.6

7 0.0 0.0 0.0 57.5 100 96.7 100 88.0 62.2 15.6 0.0 0.0 92.0

NJM 0817 3 0.0 0.0 0.0 31.7 70.6 100 67.2 76.2 30.9 0.0 0.0 0.0 67.9

5 0.0 0.0 0.0 24.9 100 82.5 100 64.5 28.5 0.0 0.0 0.0 59.5

7 0.0 0.0 0.0 33.8 100 100 100 84.7 41.5 18.0 0.0 0.0 100

NJM 0818 3 0.0 0.0 0.0 32.8 55.8 100 69.0 65.3 35.8 0.0 0.0 0.0 56.6

5 0.0 0.0 0.0 19.8 100 100 100 100 33.8 0.0 0.0 0.0 100

7 0.0 0.0 0.0 34.2 100 100 100 100 72.0 19.1 0.0 0.0 100

a Unadjusted GY broth
b The rate is the maximum growth (100%)

Fig. 6 Infected juvenile soft-shelled turtle in the group that was

immersed in low-dose NJM 0719 zoospore suspension; a small

whitish macula is seen on the carapace (arrow).

Table 6 Re-isolation from experimental turtles

Group High-dose Low-dose

NJM 0719 100a 60

NJM 0817 100 80

Control 0

a Re-isolation success rate (%)

Table 7 Mortality of experimental turtles

Group High-dose Low-dose

NJM 0719 100a 10

NJM 0817 90 40

Control 0

a Mortality at 14 days (%) after exposure to zoospore suspension
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A. frigidophilus Kitanch. & Hatai 25�C (Kitancharoen and

Hatai 1997), and Aphanomyces sp. NJM 9525 30–35�C

(Sinmuk et al. 1996). The vegetative growth of isolates

NJM 0719, NJM 0817, and NJM 0818 in GY broth in the

pH range of 5–11 was similar to that of A. frigidophilus

(Kitancharoen and Hatai 1997).

The isolates NJM 0719, NJM 0817, NJM 0818, NJM

0901, and NJM 0902 were limited to turtle hosts. Apha-

nomyces spp. occur in different ecological niches and

include host-specific plant or animal parasites and sapro-

trophic species growing on decaying animal and plant

debris (Scott 1961; Johnson et al. 2002). The host

specificities of Aphanomyces species closest to the isolates

NJM 0719, NJM 0817, NJM 0818, NJM 0901, and NJM

0902 were: A. astaci—crayfish, A. invadans and A. pisci-

cida—fish, A. frigidophilus—crayfish and/or fish eggs, and

A. stellatus, which lives on fish and in soil.

The nucleotide sequences of the ITS regions of rDNA

are now used for the identification of species and genus

levels of oomycetes (Bruns et al. 1991; Cooke et al. 2000;

Constantinescu and Fatehi 2002). The strains isolated from

the soft-shelled turtles in the present study could not be

clearly identified as a new species, but Diéguez-Uribeondo

et al. (2009) analyzed the phylogenetic relationship of

Fig. 7 Histopathological

characteristics of an infected

turtle in the group that was

immersed in low-dose NJM

0719 zoospore suspension .

a Many hyphae were observed

in the cuticle of the carapace

(arrow). Grocott-H&E. b High

magnification of a. c Hyphae

have infiltrated into the dermal

layers (arrow). Uvitex

2B–H&E. d High magnification

of c. Bars a, b 50 lm;

c, d 10 lm

Table 8 Identities compared with the present isolate, Aphanomyces sp. NJM 0719 (accession no. AB531971)

Species Accession no. bps PI AA AC AE AF AI AL AP AR AS1 AS2

Present isolate (PI) 662

A. astaci (AA) AY683894 663 79.5

A. cladogamus (AC) AY353918 655 77.3 80.4

A. euteiches (AE) AY353908 651 76.5 80.8 92.8

A. frigidophilus (AF) AY647192 650 80.3 93.4 82.5 82.4

A. invadans (AI) AY082907 634 79.2 92.4 81.9 81.9 96.5

A. laevis (AL) AY683885 657 76.7 78.0 76.5 75.9 79.5 79.4

A. piscicida (AP) AY283643 648 79.2 91.4 81.8 81.8 96.2 99.7 79.6

A. repetans (AR) AY683889 655 75.8 76.9 75.8 75.6 79.1 77.8 90.6 78.0

A. stellatus (AS1) AY283647 661 80.9 89.3 80.4 80.3 90.2 89.8 77.6 89.7 77.6

A. stellatus (AS2) AY455774 662 80.1 90.1 79.9 79.0 91.1 90.1 77.8 90.1 77.2 95.1

P. ultimum (PU) EU253560 684 58.3 62.4 60.8 60.8 62.1 61.9 61.1 60.7 61.1 60.7 63.3
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Aphanomyces spp. based on the ITS regions of rDNA, and

classified them into 10 clusters. However, the present iso-

lates were not included in these clusters. As a result, it was

thought that, based on the molecular phylogenetic analysis,

the present isolates could be classified as a new species.

Finally, the present isolates derived from soft-shelled

turtles were identified as a new Aphanomyces species,

based on their morphological, physiological, and phylo-

genetic status and species-specific virulence to the reptile.

The new name of A. sinensis has been registered with

Mycobank under the accession number MB 518613.

Aphanomyces sinensis sp. nov. Takuma, Hatai & Sano

Figs. 4 and 5

Mycelium aseptatum, subtile, 3–12 lm diametro, leave,

leviter undulatum, modice ramosum; zoosporangia isodi-

ametra, diametrum hyphae aequantia; zoosporae con-

globatae prope orificium incystatae; zoosporae secundae

reniformes, lateraliter biflagellatae. Oogonia plerumque

sphaerica raro pyriformia, 18–25 lm diametro, stipitata,

stipitibus non ramosis, oosporis singularibus, 15–22 lm

diamtro. A congeneribus sequentiis nucleotidi distinctus, a

specie proxima Aphanomycete frigidophilo 80.3 per cen-

tum identitati regionis ITS.

Type On the carapace of the soft-shelled turtle, Pelo-

discus sinensis on 8 November 2007, Oita Prefecture,

Japan, collected by D. Takuma (authentic culture NJM

0719 NBRC = 106581). Figure 5, showing the strain NJM

0719, is designated as the holotype, because there were

technical difficulties in preserving the type specimen: i.e.,

in the slide preparation of hyphae with zoospore and sexual

reproductive organs, the characteristic structures of this

species are easily destroyed.

Vegetative hyphae are delicate, about 3–12 lm in

diameter, aseptate, smooth, slightly wavy, and moderately

branched. Zoosporangia are slender and have the same

diameter as the hyphae; namely, being isodiametric. Pri-

mary zoospore production is in a single row within the

zoosporangium and the zoospores are encysted in a cluster

at the top of the zoosporangium. Primary zoospores are

about 8–12 lm in diameter. Secondary zoospores are

reniform and laterally biflagellate. Oogonia were abundant,

usually spherical or subspherical, and only rarely pyriform;

they were 18–25 lm in diameter and stipitate; the stipes

were not branched and even young oogonia had a smooth

surface. Singly sprouted oospores mostly filled the oogo-

nium, and were generally spherical, ranging from 15 to

22 lm in diameter. The internal structure of oospores was

dominantly centric or subcentric with a large shiny vesicle.

Oospores often had a clear nuclear spot. Oogonial stalks

were unbranched. Antheridial branches, when present, were

predominantly diclinous and infrequently monoclinous, but

not androgynous. Oogonia had double or triple antheridia.

Antheridial cells were simple and vermiform, and often

irregular. A sequence identity of 80.3% was obtained for a

662-base-pair region between the present isolates and the

most closely related species, A. frigidophilus. But the

Fig. 8 Phylogenetic tree of

Aphanomyces including isolates

NJM 0719, NJM 0817, NJM

0818, NJM 0901, and NJM

0902. One of twenty-seven

most-parsimonious trees

obtained from heuristic searches

based on 662 base pairs of the

internal transcribed spacer (ITS)

1-5.8S-ITS 2 rDNA sequence.

Clusters were supported by

bootstrap values above 75%.

The bars indicate 10 base

differences. Data are shown

with accession numbers and

fungal species. EU253560

derived from Pythium ultimum
was used as an outgroup

sequence. CI Consistency index,

RI retention index, RC rescaled

consistency index, HI
homoplasy index
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identity with A.laevis, which was morphologically the most

closely related species, was 76.7%.
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