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testavorans Infection in Freshwater
Aquatic Turtles
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Abstract
A newly described onygenalean fungus, Emydomyces testavorans, has been isolated from ulcerative shell and skin lesions of
freshwater aquatic chelonians. To investigate the shell lesions associated with infection and determine if any lesional features
were unique to E. testavorans, tissues from turtles housed in zoological institutions (n ¼ 45) in the United States and free-living
turtles (n ¼ 5) submitted for diagnostic biopsy or necropsy were examined. Free-living turtles were from geographically distinct
habitats in Florida (n ¼ 1) and Washington (n ¼ 4) at the time of sampling. Histologic shell sections were evaluated for the
presence or absence of specific lesional features. Infection with E. testavorans was evaluated in all cases by screening GMS
(Grocott-Gomori’s methenamine silver)-stained histologic sections for the presence of morphologically consistent fungi and by
quantitative PCR (polymerase chain reaction) on representative frozen tissue or formalin-fixed paraffin-embedded sections.
Additionally, culture was performed for 15 cases with available fresh/frozen tissue. In total, there were 17 PCR-confirmed
E. testavorans cases, 29 cases with morphologically consistent fungi on GMS-stained sections, and 21 cases of shell lesions
without histologic or molecular evidence of E. testavorans infection. Epithelial inclusion cysts, defined as cystic structures within
the dermis lined by keratinized stratified squamous epithelium and containing necrotic bone and keratin debris, were significantly
(P < .01) associated with E. testavorans infection. Other significantly associated shell lesions included squamous metaplasia,
hyperkeratosis, inflammation, and osteonecrosis (P < .05). This study identified characteristic shell lesions associated with
E. testavorans infection. Further studies to prove causality are needed.
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Several fungi in the genera Nannizziopsis, Paranannizziopsis,

and Ophidiomyces have been identified as primary reptile

pathogens that can impact in situ conservation efforts, most

notably Ophidiomyces ophiodiicola.2,3,6 These keratinophilic

fungi belong to the order Onygenales and many are known to

exist as environmental saprophytes.3,23,25 Nannizziopsis sp.

infection in lizards results in ulcerative dermatitis that may

progress to localized granulomatous cellulitis and osteomyeli-

tis.5,18,28 In many cases, infections are of such severity that the

animal is euthanized or dies due to complications. O. ophiodii-

cola infection has been reported in a variety of snake species,

including the endangered Eastern massasauga (Sistrurus cate-

natus catenatus), in which fungal infection causes severe facial

deformities.2 Rare cases progress to systemic mycotic infec-

tion.20 O. ophiodiicola infection has also been associated with

population decline in the timber rattlesnake (Crotalus horri-

dus), which is endangered in portions of its range.6,14 The

current understanding of the epidemiology and pathogenesis

of onygenalean fungal infections in reptiles is limited, although

one study has suggested that cutaneous damage enhances, but

1University of Illinois at Urbana-Champaign, Brookfield, IL, USA
2University of Illinois at Urbana-Champaign, Urbana, IL, USA
3A. Watson Armour III Center for Animal Health, John G. Shedd Aquarium,

Chicago, IL, USA
4Chicago Zoological Society, Brookfield Zoo, Brookfield, IL, USA
5Wildlife Program, Washington Department of Fish and Wildlife, Olympia,

WA, USA
6Lincoln Park Zoo, Chicago, IL, USA
7University of Florida, Gainesville, FL, USA

Corresponding Author:

Karen A. Terio, Zoological Pathology Program, University of Illinois, 3300 Golf

Road, Brookfield, IL 60513, USA.

Email: kterio@illinois.edu

Veterinary Pathology
1-9
ª The Author(s) 2021
Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/0300985820985217
journals.sagepub.com/home/vet

https://orcid.org/0000-0001-6951-6070
https://orcid.org/0000-0001-6951-6070
https://orcid.org/0000-0003-4924-5503
https://orcid.org/0000-0003-4924-5503
mailto:kterio@illinois.edu
https://sagepub.com/journals-permissions
https://doi.org/10.1177/0300985820985217
http://journals.sagepub.com/home/vet
http://crossmark.crossref.org/dialog/?doi=10.1177%2F0300985820985217&domain=pdf&date_stamp=2021-02-12


is not required for, disease development.18 There are few

reports of onygenalean fungi isolated from chelonians. Fungi

identified as Chrysosporium have been isolated from the

cloaca and eggs of sea turtles but without report of associated

disease, and Aphanoascella galapagosensis has been isolated

from a Galapagos tortoise (Chelonoidis nigra microphyes) with

carapace keratitis.8,19,27

Shell disease is a common cause of morbidity and mortal-

ity in free-living chelonians and those under human care.4,9,21

Septicemic cutaneous ulcerative disease (SCUD) is an

example of shell disease in aquatic turtles, in which bacterial

dermatitis and osteomyelitis develop secondary to superficial

trauma and poor water quality.4,11 In addition to bacteria,

common causes of shell lesions include traumatic injury and

metabolic/nutritional imbalances, although often the cause

is unknown.4,21 A newly described onygenalean fungus,

Emydomyces testavorans, has been isolated from unusual

ulcerative shell lesions of freshwater aquatic turtles.29 This

retrospective descriptive study was initiated to describe the

shell lesions associated with E. testavorans infection.

Materials and Methods

Study Subjects

Study subjects (cases) included were submitted for diagnostic

necropsy or biopsy between 1996 and 2019 to the Zoological

Pathology Program (ZPP) at the University of Illinois Urbana-

Champaign (n ¼ 48) and the Aquatic, Amphibian, and Reptile

Pathology Program at the University of Florida (n ¼ 2).

Archived cases were identified by conducting a search of the

ZPP laboratory database (VADDS v9.0) using the keywords

“carapace” and “plastron” and limiting to freshwater aquatic

and semiaquatic turtle species. Cases from freshwater turtles

for which there were both documented shell lesions and

formalin-fixed, paraffin-embedded (FFPE) lesional shell tissue

available for histologic examination and PCR (polymerase

chain reaction) were considered for inclusion. Final inclusion

was further limited to cases in which histologic shell sections

included keratin layer, epidermis, dermis, and shell (dermal)

bone. Cases in which only partial shell sections were available,

for example, consisting of superficial keratin or necrotic

debris, were excluded. Where individual turtles were associ-

ated with multiple submissions, such as when a shell biopsy

was submitted prior to death and necropsy, histopathologic and

E. testavorans detection data were collated so that each case

used in final analyses represented a single turtle. Selected tur-

tles were free-living from the states of Florida and Washington

or were managed under human care in either zoological collec-

tions or as pets in the United States.

Histopathologic Evaluation

Formalin-fixed tissues were processed for histopathology at the

University of Illinois Veterinary Diagnostic Laboratory (n¼ 48)

and the Veterinary Histology Laboratory at the University of

Florida (n ¼ 2). As chelonian shells contain both bone and

keratin, formalin-fixed shell sections at the University of Illinois

were pretreated sequentially with both a commercially available

decalcifying agent containing 15% formic acid (DeltaFORM,

Delta Medical, Inc) and a keratin softening solution (3% HCl

and 9% Tween80 in aqueous solution). Shell sections at the

University of Florida were decalcified in in 0.5 M EDTA, pH

8.0, for *72 hours. Tissues were then processed routinely and

stained with hematoxylin and eosin (HE). One representative

shell slide from each case was also stained with Grocott-

Gomori’s methenamine silver (GMS) to enhance detection of

fungi and evaluation of fungal morphology within lesions.

Signalment information, gross necropsy findings, and gross

images, as available, were examined and recorded for each

submission. From necropsy submissions, sections from various

organs were also reviewed histologically to identify any under-

lying or systemic disease processes. Shell tissues were evalu-

ated for any morphologic changes to the epidermis, dermis, and

bone, and lesions were identified descriptively with respect to

process and potential cause. If any potentially infectious organ-

isms were detected in HE-stained sections, their morphology

and location (ie, whether along the leading edge of lesions or

along the surface of the shell [superficial]) were recorded.

During the course of preliminary histologic evaluation,

unusual shell lesions were detected in a subset of cases. These

lesions consisted of cystic structures within the dermis and/or

bone lined by stratified squamous keratinizing epithelium and

containing abundant keratin, necrotic debris, and fragments of

necrotic bone. For the purposes of analysis, these lesions were

termed “epithelial inclusion cysts.”

To allow for statistical comparison between lesional fea-

tures associated with E. testavorans infection and those due

to other causes, shell sections were specifically evaluated for

the strict presence or absence of epithelial inclusion cysts,

ulceration, hyperkeratosis, squamous metaplasia of the scute

epidermis, necrosis of shell (dermal) bone (osteonecrosis), and

inflammation of any nature.

Fungal Detection

The presence or absence of E. testavorans within shell tissues

was determined using 3 different modalities. For all cases (n ¼
50), GMS-stained sections were evaluated for the presence or

absence of fungi, fungal morphology, and location of fungal

elements (lesional or superficial). Hyphae that were 1 to 4 mm

diameter with regular septations and acute to right-angle

branching were considered morphologically consistent with

E. testavorans.29 Cases having fungi consistent with E. testa-

vorans were recorded as a positive detection by GMS.

Fresh or frozen lesional tissue were available from a subset

of cases (n¼ 15; cases 1–12, 14, 16, 17) including 5 free-living

turtles and 10 turtles from zoological institutions. Culture of

E. testavorans was performed using previously published

methods and selective media.29 The specific identity of all

cultured fungal isolates was confirmed via PCR and sequence

analysis of the internal transcribed spacer (ITS) region
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according to previously published methods.29 For fresh or fro-

zen tissues from which fungal culture was unsuccessful, the

same ITS PCR and sequence analysis was performed directly

on tissue DNA extracts.

For the remaining cases (n ¼ 35), only FFPE shell was

available for molecular testing. Because the ITS PCR targets

a 630 bp fragment and formalin fixation degrades DNA, a

qPCR targeting an 83 base-pair segment of the E. testavorans

28S rRNA gene was developed to test for E. testavorans in

these FFPE samples. Using DNA alignments generated for

previous phylogenetic analyses of E. testavorans and related

onygenalean fungi29 a custom TaqMan MGB (Applied Biosys-

tems) probe-based qPCR assay was designed. The assay had an

analytical sensitivity of 9.2 copies of target sequence per

microliter, a reaction efficiency of 94.1%, and a coefficient

of determination (r2) of 0.997. Specificity of the assay was

confirmed by testing available DNA extracts of onygenalean

fungal isolates (Aphanoascus fulvescens [telomorph of Chry-

sosporium keratinophilum], Coccidioides immitis, Ophidio-

myces ophiodiicola, and Nannizziopsis arthrosporioides). To

test the ability of this assay to identify E. testavorans DNA

in FFPE samples, all samples (n ¼ 50) were tested, including

the 15 with previous positive culture and or ITS PCR identifi-

cation. DNA was extracted from one representative block of

FFPE shell tissue according to previously published proto-

cols.24 DNA extracts were tested in triplicate via qPCR, and

samples for which target DNA was amplified with a mean Ct

value �37 were considered positive for E. testavorans.

Statistical Analyses

Data analysis was performed using R Statistic Software v3.6.0.

Univariate and multivariate logistic regression models were

used to evaluate associations between E. testavorans infection

and specific lesion characteristics. Manual backward stepwise

regression was used to sequentially eliminate variables using

information-theoretic model selection and the Akaike informa-

tion criterion (AIC). Biologically meaningful pairwise interac-

tions were assessed between model variables. As multiple

detection methods were utilized, 2 sets of analyses were per-

formed with different criteria for confirmation of E. testavorans

infection. In the first analysis, all cases in which morphologi-

cally consistent hyphae were apparent in GMS-stained tissue

sections were considered to have confirmed E. testavorans

infection. In the second and more stringent set of analyses, only

cases in which E. testavorans was detected via PCR and/or

culture were considered to have confirmed infection. For both

sets of analyses, significance of association between lesional

features and E. testavorans infection was determined at the

P < .05 level.

Results

Study Animals

In total, 62 submissions met criteria for inclusion in this study.

Submissions consisted of 24 biopsies and 38 necropsies from

50 individual turtles (Table 1). Nine turtles had multiple sub-

missions, either biopsy and necropsy (cases 7, 16, 17, 26, 28,

39, 47) or multiple biopsies only (cases 12, 15). Ten cases only

had a single biopsy submission (cases 1–4, 13, 20, 21, 25, 26,

34). Turtles were taxonomically diverse spanning 20 genera

and 27 species: Actinemys marmorata (n ¼ 5), Apalone ferox

(n ¼ 1), Apalone spinifera (n ¼ 2), Chelus fimbriatus (n ¼ 3),

Chrysemys picta (n ¼ 3), Clemmys guttata (n ¼ 2), Emydura

macquarii (n ¼ 1), Emydura subglobosa (n ¼ 5), Geoemyda

spengleri (n ¼ 3), Graptemys oculifera (n ¼ 2), Heosemys

spinosa (n ¼ 1), Hydromedusa tectifera (n ¼ 2), Kinosternon

scorpioides (n ¼ 1), Malaclemys terrapin (n ¼ 1), Phrynops

hilarii (n ¼ 1), Platemys platycephala (n ¼ 1), Platysternon

megacephalum (n ¼ 1), Podocnemis expansa (n ¼ 1), Podoc-

nemis unifilis (n ¼ 4), Podocnemis vogli (n ¼ 3), Pseudemys

floridana (n ¼ 1), Pseudemys nelsoni (n ¼ 1), Pseudemys

rubriventris (n ¼ 1), Terrapene carolina (n ¼ 1), Terrapene

ornata (n ¼ 1), Trachemys decorata (n ¼ 1), and Trachemys

scripta (n ¼ 1). Sex distribution of study turtles was 22

females, 18 males, and 10 turtles of unspecified or undeter-

mined sex. There were 39 adults, 10 juveniles, and 1 turtle of

unspecified age. At the time of sampling, 5 turtles were free-

living within the states of Washington (cases 1–4) and Florida

(case 6) in the United States of America. Turtles from

Washington State had been previously housed in a zoological

facility as part of a “head-start” program before being released

into the wild.

Pathologic Evaluation

Thirty-two cases had gross reports available for review and

gross shell lesions were documented in 31 of 32 (97%) cases

at necropsy. In most cases (n ¼ 24), external lesions were

described as multifocal ulcerations affecting carapacial and/

or plastronal scutes. Additional reported gross lesions included

smooth pitted depressions typical of previously healed damage

(cases 6, 11, 31, 35), discoloration and flaking of scute keratin

(cases 6, 23, 47), increased pliability of the shell (cases 6, 11,

41), thickening and exudation along plastronal scute margins

(cases 11, 19), and traumatic perforation (case 44).

In 7 cases (cases 5, 7, 11, 16, 17, 18, 26), there were firm to

hard, expansile, nodular masses within the shell that could not

be detected externally but were apparent following exposure of

the internal coelomic surface (Fig. 1). Nodules displaced the

coelomic membrane, distorted the internal contour of the shell,

and compressed coelomic viscera, but were not noted to pene-

trate into the coelomic cavity. Nodules were cystic with central

tan to gray-brown caseous to granular material, and in some

cases communicated with surface ulcerations (Fig. 2).

Results for histopathologic evaluation and fungal detection

are presented for each case in Table 1. Histologically, normal

chelonian shells are composed of a thick layer of compact

acellular surface b-keratin, a layer of pseudostratified columnar

epithelial cells, a thin layer of superficial dermal connective

tissue, and full thickness shell bone that ranges from compact

to cancellous depending on the species and location on the shell

Woodburn et al 3



Table 1. Signalment, Detection of Emydomyces Testavorans, and Associated Histologic Lesions in Turtles Examined by Histopathology in this Study.

Emydomyces
detection method Histologic features of shell lesions

Case
no. Turtle species Sex Age GMSa PCR Culture Cystsb

Squamous
metaplasia Hyperkeratosis Ulcer Osteonecrosis Inflammationc

1 Actinemys marmoratad U A þ þ þ þ þ þ þ þ þ
2 Actinemys marmoratad U A þ þ þ þ þ þ þ þ þ
3 Actinemys marmoratad U A þ þ þ þ þ þ þ þ þ
4 Actinemys marmoratad U A þ þ þ þ þ þ þ þ þ
5 Apalone spinifera M A þ þ þ þ þ þ þ þ þ
6 Pseudemys floridanad F A þ þ þ þ þ þ þ þ þ
7 Apalone spinifera M A þ þ � þ þ þ þ þ þ
8 Chelus fimbriatus F A þ þ � þ þ þ þ þ þ
9 Emydura subglobosa U J þ þ � þ þ þ þ þ þ
10 Hydromedusa tectifera F A þ þ � þ þ þ þ þ þ
11 Malaclemys terrapin F J þ þ � þ þ þ þ þ þ
12 Phrynops hilarii M A þ þ � þ þ þ þ þ þ
13 Podocnemis expansa U A þ þ n/d � þ þ � � �
14 Podocnemis unifilis M A þ þ � þ þ þ þ þ þ
15 Podocnemis unifilis M A þ þ n/d þ þ þ þ þ þ
16 Podocnemis vogli F A þ þ � þ þ þ þ þ þ
17 Podocnemis vogli M A þ þ � þ þ þ þ þ þ
18 Actinemys marmorata F A þ � n/d þ þ þ þ þ þ
19 Chelus fimbriatus M A þ � n/d þ þ þ þ þ þ
20 Clemmys guttata F A þ � n/d þ þ þ þ þ þ
21 Emydura subglobosa F J þ � n/d � � � þ þ þ
22 Graptemys oculifera F A þ � n/d þ þ þ þ þ þ
23 Heosemys spinosa F A þ � n/d þ þ þ þ þ þ
24 Hydromedusa tectifera M A þ � n/d þ þ þ þ þ þ
25 Podocnemis unifilis F A þ � n/d þ þ þ þ þ �
26 Podocnemis vogli F A þ � n/d þ þ þ þ þ þ
27 Pseudemys nelsoni F A þ � n/d þ þ þ þ þ þ
28 Pseudemys rubriventris M A þ � n/d þ þ þ þ þ þ
29 Trachemys decorata F A þ � n/d þ þ þ þ þ þ
30 Apalone ferox M A � � n/d � � � þ þ þ
31 Chelus fimbriatus F A � � n/d � � þ � � �
32 Chrysemys picta M J � � n/d � � þ � � �
33 Chrysemys picta F A � � n/d � þ þ þ þ þ
34 Chrysemys picta M A � � n/d � � þ � � �
35 Clemmys guttata M A � � n/d � þ þ � � �
36 Emydura macquarii M A � � n/d � � � þ þ �
37 Emydura subglobosa F J � � n/d � � � þ þ þ
38 Emydura subglobosa U J � � n/d � � � þ þ þ
39 Emydura subglobosa F A � � n/d � þ þ þ � þ
40 Geoemyda spengleri F J � � n/d � � � þ þ þ
41 Geoemyda spengleri U J � � n/d � � � � � �
42 Geoemyda spengleri U J � � n/d � � � � � �
43 Graptemys oculifera M A � � n/d � þ þ � � �
44 Kinosternon scorpioides M A � � n/d � � þ � � �
45 Platemys platycephala F A � � n/d � þ þ þ � þ
46 Platysternon megacephalum F A � � n/d � þ þ � � �
47 Podocnemis unifilis F A � � n/d � þ þ þ þ þ
48 Terrapene carolina M U � � n/d þ þ þ þ þ þ
49 Terrapene ornate U J � � n/d � � � � � �
50 Trachemys scripta M A � � n/d � þ þ þ þ þ

Abbreviations: PCR, polymerase chain reaction; F, female; M, male; U, unknown; A, adult; J, juvenile; n/d, not done due to lack of available fresh/frozen tissue.
aE. testavorans detected by the presence of morphologically compatible hyphae within lesional histopathology sections using Grocott-Gomori’s methenamine
silver stain (GMS).
bInclusion cysts lined by stratified squamous keratinizing epithelium, some of which are contiguous with the overlying epidermis, that contain fragments of necrotic
bone, keratin and or necrotic cellular debris.

c Inflammation includes any histiocytic, lymphoplasmacytic, or histiocytic infiltrates within the lesion.
dTurtles were free-living (wild) at the time of sampling in the states of Washington (cases 1–4) and Florida (case 6).
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(Fig. 3). Epithelial inclusion cysts were detected in 28 of 50

individuals (56%, cases 1–12, 14–20, 22–29, 48), including the

7 cases with grossly evident nodular lesions and in 27 of the 29

(93%) cases with E. testavorans–consistent fungi. Histologically,

cysts were multilocular intradermal and intraosseous structures

and were associated with loss of shell bone (Fig. 4). Cysts were

lined by well-differentiated stratified squamous epithelium (squa-

mous metaplasia) with orderly maturation and gradual keratiniza-

tion; lining epithelium was contiguous with the overlying

epidermis in sections where cyst lumens communicated with shell

ulcers. Cyst lumens contained large amounts of lamellated and

fragmented keratin, fragments of necrotic bone, and necrotic cel-

lular debris (Fig. 5). Except for one individual (case 48), all turtles

with inclusion cysts also had hyphae morphologically consistent

with E. testavorans, as detected by GMS, within squamous

epithelium and among keratin debris (Fig. 6). In the remaining

case (case 48), there were lesional intrahistiocytic acid-fast bac-

teria (consistent with Mycobacterium spp.), but fungi were not

detected by PCR or on GMS stains. In many cases with inclusion

cysts (n ¼ 21, cases 1–7, 10, 11, 14–20, 23, 25–27) bacteria

ranging from pure cocci to mixed populations were also noted

within lesional necrotic debris, but not within the cyst epithelium.

In cases with inclusion cysts, concurrent inflammation was

minimal and characterized by necrotic heterophils within cyst

lumens and few scattered heterophils, macrophages, multi-

nucleated giant cells, lymphocytes, and/or plasma cells. In

10 cases (cases 12, 13, 15, 18, 19, 20, 23, 25, 28, 29) no

inflammatory cells were present although in 3 of these cases

(cases 13, 20, 25) evaluated submissions were from biopsy

material. There were no distinct granulomas.

Fungi were not detected within coelomic organs. Skin

lesions were noted in 6 necropsy submissions with fungal shell

lesions (cases 5, 8, 10, 19, 24, 26). Morphologically consistent

fungi were only noted in the skin in 2 cases (cases 8, 26). Other

skin lesions included coagulative necrosis associated with bac-

terial sepsis (case 24) and ulcerative dermatitis associated with

bacteria (cases 5, 19) or 10 to 20 mm diameter fungi not con-

sistent with E. testavorans (case 10).

In cases for which inclusion cysts were not observed, morpho-

logic changes were within the spectrum of shell lesions previ-

ously reported for aquatic turtles. These included acute to chronic

bacterial infections (n ¼ 8, cases 30, 32, 33, 39, 40, 43, 47, 50)

characterized by ulceration, necrosis, and predominantly hetero-

philic inflammation. With increasing chronicity, additional

changes indicative of repair such as fibrosis, bony remodeling,

squamous metaplasia, and hyperkeratosis were noted. In 2 cases

(cases 34, 44), lesions were restricted to the stratum corneum and

consisted of hyperkeratosis, with superficial layers of scute ker-

atin colonized by mixed organisms including mixed bacteria,

yeast, and fungal hyphae not morphologically consistent with

E. testavorans. In one case (case 38), there was ulceration and

osteonecrosis associated with fungal hyphae not morphologically

consistent with E. testavorans. Three additional cases (cases 36,

37, 45) had acute ulcerative and necrotizing lesions where an

infectious etiology was suspected, but organisms were not

detected within the examined shell sections.

Noninfectious causes of shell lesions included fibrous osteo-

dystrophy resulting from renal or nutritional secondary hyper-

parathyroidism (cases 41, 42, 49), healed defects resulting from

previous damage of unknown etiology (cases 31, 35), and acute

traumatic injury (case 46).

Fungal Detection

On GMS-stained sections, fungal elements morphologically

consistent with E. testavorans were identified in 29 of 50 cases

Figures 1–2. Emydomyces testavorans infection, shell, turtles. Figure 1. Podocnemis vogli, case 16. The shell has multiple coalescing firm
and expansile nodules. The figure shows the internal surface of the carapace with viscera and appendicular skeletal elements removed. Figure
2. Actinemys marmorata, case 18. Nodules are cystic, and filled with brown caseous to granular debris. Some lumens communicate with overlying
scute ulcerations. The figure shows a cross section of carapace.

Woodburn et al 5



(58%, cases 1–29) within the squamous epithelium lining

inclusion cysts and among keratin debris (Fig. 6). Arthroco-

nidia were not noted. In addition to lesional E. testavorans

hyphae, one case also had yeast (case 22) and another (case

28) had a second form of hyphae that were aseptate, larger

than E. testavorans (up to 25 mm diameter), and adherent

to superficial scute keratin but not present within cysts.

These superficial fungi were interpreted as environmental

contamination. Similar superficial environmental hyphae or

yeasts were also noted in 6 cases lacking inclusion cysts or

E. testavorans hyphae (cases 34, 35, 37, 38, 44, 46). All but

2 cases (cases 13, 21), which had morphologically consistent

hyphae also had epithelial inclusion cysts. Both cases 13 and

21 were submissions from biopsies comprised of small sec-

tions of shell tissue.

E. testavorans was confirmed via PCR and/or qPCR in

17 cases (cases 1–17). ITS PCR and sequencing were positive

in fresh or frozen tissues for E. testavorans in 15 cases (cases

1–12, 14, 16, 17). qPCR on FFPE tissues was positive in only

4 cases (cases 11, 12, 13, 15) including 2 cases with morpho-

logically consistent fungi but from which culture and ITS PCR

was negative (cases 11, 12). For 13 cases (cases 1–10, 14, 16,

17) in which E. testavorans was detected via ITS PCR and/or

culture from fresh or frozen tissue, the organism could not be

detected via qPCR of FFPE tissue. Fungal culture isolated

E. testavorans in 6 of 15 (40%) cases (cases 1–6). Identity of

fungal isolates was confirmed with ITS PCR and sequencing.

In one case (case 8), fungal culture yielded growth of Fusarium

sp.; however, E. testavorans was detected via PCR of lesional

tissue. For all cases in which E. testavorans was detected via

Figure 3. Normal carapace, Chrysemys picta, case 33. The normal chelonian shell has superficial keratin, a thin band of dermal connective tissue,
and shell bone. Hematoxylin and eosin (HE). Figures 4–6. Emydomyces testavorans infection, shell, turtles. Figure 4. Plastron, Podocnemis unifilis,
case 25. Shell bone is replaced by multifocal to coalescing epithelial inclusion cysts, some of which are contiguous with the overlying ulcerated
epidermis. HE. Figure 5. Carapace, Podocnemis vogli, case 17. Inclusion cysts are lined by stratified squamous keratinizing epithelium and contain
fragments of necrotic bone, keratin, and necrotic cellular debris. HE. Figure 6. Plastron, Podocnemis unifilis, case 25. Within inclusion cysts are
numerous fungi morphologically consistent with Emydomyces testavorans. Grocott-Gomori methenamine silver.
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molecular modalities and/or culture, morphologically consis-

tent hyphae were also detected in GMS-stained sections of

lesional tissue.

Statistical Analyses

A summary of univariate logistic regression models is presented

in Table 2. There was no significant association between age

and infection. The results of univariate analyses indicated that

multiple histologic features were significantly associated with

E. testavorans infection. When infection was defined by the pres-

ence of hyphae in GMS sections, inclusion cysts (P < .0001),

squamous metaplasia (P ¼ .0011), hyperkeratosis (P ¼ .0105),

ulceration (P¼ .0035), osteonecrosis (P¼ .0011), and inflamma-

tion (P¼ .0016) were significantly associated with E. testavorans

infection. Using the more stringent molecular (PCR) detection

criterion, only inclusion cysts (P ¼ .0023), osteonecrosis (P ¼
.0428), and inflammation (P ¼ .0428) were significantly associ-

ated with E. testavorans infection. The best fit final multivariant

logistic regression model contained only inclusion cysts irrespec-

tive of how infection was defined. Because there were larger

numbers of Actinemys marmorata than other species within the

exposed group, to ensure results were not influenced by this bias

in our study population, significance of inclusion cysts was

confirmed using a multivariate model that excluded this species.

Discussion

Emydomyces testavorans is a newly described onygenalean

fungus that has been isolated from shell lesions of freshwater

aquatic turtles.29 While anecdotal evidence has suggested that

infection may be associated with unique shell lesions, namely,

epithelial inclusion cysts, the purpose of this descriptive retro-

spective study was to describe the shell lesions associated with

the fungus. In the present analysis, epithelial inclusion cysts

were indeed the most striking and consistent lesions signifi-

cantly associated with E. testavorans infection within all multi-

variate models. Although 2 cases with confirmed infection did

not present with inclusion cysts, both cases were biopsy sub-

missions. While containing all shell layers, sections were small

and fragmented, which may have precluded identification of

inclusion cyst architecture. It is also notable that one turtle

(case 48) had inclusion cysts in the absence of confirmed

E. testavorans infection. Lesions in this turtle were associated

with mycobacterial infection, and thus epithelial inclusion

cysts are highly suggestive of, though not necessarily pathog-

nomonic for, E. testavorans infection in chelonians.

Shell disease is a significant cause of morbidity and mortal-

ity in aquatic chelonians.4,21 Similar cysts lined by thick cor-

nified epithelium with luminal keratin, necrotic bone, and

cellular debris have been reported previously in river cooters

(Pseudemys concinna) and yellow-bellied turtles (Trachemys

scripta).7,16 In these cases, cysts were presumed to be a chronic

lesion and indicative of a healing process with cysts walling off

and expelling the necrotic bone. However, cysts were less

extensive and less numerous than those noted herein. In the

current study, cysts were the defining characteristic and did

not appear to be part of a continuum. Similar cysts were also

noted in desert tortoises as part of a disease presumed associ-

ated with dyskeratosis.10 Although fungi were described within

Table 2. Univariate Logistic Regression Models for the Association of E. Testavorans Infection Detected via the Presence of Hyphae in GMS
Stained Sections or PCR Confirmation and Presence of Shell Lesionsa.

Variable b SE

95% CI

P valueLower Upper

GMS Age
Adult Reference
Juvenile �1.4663 0.7656 �3.1200 �0.0315 .0554

Inclusion cysts 5.5984 1.2598 3.5790 8.7833 <.0001
Squamous metaplasia 3.6200 1.1090 1.8125 6.5930 .0011
Hyperkeratosis 2.8470 1.1120 1.0141 5.8212 .0105
Ulceration 3.2370 1.1070 1.4266 6.2073 .0035
Osteonecrosis 3.6200 1.1090 1.8125 6.5930 .0011
Inflammation 2.6980 0.8532 1.1896 4.6797 .0016

PCR Age
Adult Reference
Juvenile �0.8755 0.8554 �2.8521 0.6627 .3060

Inclusion cysts 3.3320 1.0920 1.5686 6.2874 .0023
Squamous metaplasia 3.6993 2.0838 �1.3753 11.5900 .0758
Hyperkeratosis 3.4890 1.9019 �1.7934 11.3796 .0666
Ulceration 1.9400 1.0980 0.1461 4.8990 .0773
Osteonecrosis 2.2130 1.0920 0.4392 5.1668 .0428
Inflammation 2.2130 1.0920 0.4392 5.1668 .0428

Abbreviations: GMS, Grocott-Gomori’s methenamine silver; PCR, polymerase chain reaction; CI, confidence interval.
aThe analysis shows lesional features significantly (P < .05) associated with E. testavorans infection when confirmation of infection was determined by the presence
of morphologically compatible hyphae in GMS-stained lesional tissue, or by PCR testing of lesional tissue.
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lesions in both case series, they were presumed contaminants

and a definitive cause was not confirmed. Whether these rep-

resent previous, unrecognized cases of E. testavorans infection

is unknown. Isolation of E. testavorans is enhanced by selec-

tive media containing b-keratin but remains difficult as evi-

denced by a 40% success rate in this study.29 Growth of

E. testavorans is slow and bacterial overgrowth is common.

Although in our case series, hyphae morphologically consistent

with E. testavorans were typically easy to identify on

GMS-stained sections, fungal morphology was similar to that

of other environmental fungi and thus their presence may have

been previously discounted. In the cases described herein,

molecular techniques helped identify the fungi.

Reports of fungal causes for shell infections are rare. An

Aldabra tortoise (Aldabrachelys gigantea) with deep flaking

lesions and necrotic bone had brown-pigmented fungi within

keratin and PCR sequence consistent with Exophiala oligos-

perma.26 Purpureocillium lilacinum (formerly Paecilomyces

lilacinus) was cultured from shell and systemic lesions from

Fly River turtles (Carettochelys insculpta).13 Fusarium incar-

natum (formerly F. semitectum) was cultured from scute

lesions on Texas tortoises (Gopherus berlandieri) and

Hermann’s tortoises (Testudo hermanni).17,22 Finally, an ony-

genalean fungus, Aphanoascella galapagosensis, has been

isolated from a Galapagos tortoise (Chelonoidis nigra micro-

phyes) with carapace keratitis.27 Inclusion cysts were not

described in any of these cases.

The present study also associated squamous metaplasia,

hyperkeratosis, osteonecrosis, and inflammation with E. testa-

vorans infection in univariate models when infection was

determined by GMS staining. Despite a statistically significant

association with E. testavorans, these features were also pres-

ent in cases of shell lesions due to other infectious and non-

infectious causes and were deemed nonspecific. Ulceration,

squamous metaplasia, and hyperkeratosis were not significant

when considering the more stringent criterion of PCR-based

detection. A variety of gross lesions were also described in

affected shells including ulceration, pitting, discoloration, flak-

ing, and increased shell pliability. These lesions were noted in

both infected and noninfected cases. Flaking is likely associ-

ated with the histologic finding of hyperkeratosis. Gross

description of these lesions was obtained from reports and

could not be independently assessed for this study. To avoid

bias, gross lesions were not included in the statistical analysis.

The 2 sets of statistical analyses were conducted due to

limits on fungal detection imposed by the retrospective nature

of this study. Only FFPE sections were available for PCR test-

ing from some turtles. Both formalin fixation and formic acid

decalcification necessary for histologic processing of turtle

shells are known to fragment nucleic acids,1,12 resulting in

lower yields of amplifiable DNA. A sensitive real-time quan-

titative PCR (qPCR) was developed to specifically detect min-

ute quantities of E. testavorans. However, positive detection

was limited to only 4 cases, 3 of which (cases 12, 13, 15) were

small(er) biopsy submissions, processed after only a short time

in formic acid, presumably with less resultant DNA

degradation. Thus, qPCR, or indeed any molecular-based test-

ing including in situ hybridization, may result in false negatives

when applied to FFPE shell tissues. Conversely, GMS-based

confirmation of infection may result in false positives, as many

fungi can have similar morphologic features in histologic sec-

tion. Irrespective of the criteria for a positive case, inclusion

cysts were significantly associated with E. testavorans infec-

tion, and their presence should prompt a thorough search for the

fungus.

This study was able to demonstrate an association between

E. testavorans infection and specific shell lesions, but the retro-

spective nature has limitations and causation remains to be

determined. Temporal association with initial infection is

unknown and it is not yet known how lesions develop over

time in this infection. Given the general lack of understanding

of inflammatory responses and wound healing in turtle shells

and the number of previous case series describing shell disease

of unknown cause in other chelonians,7,10,16 following the

lesion progression over time may help with future investiga-

tions into shell diseases in other populations and with other

pathogens. Additionally, because other bacteria and fungi were

noted in some of these cases, it is uncertain whether E. testa-

vorans can cause disease on its own or is facilitated by other

risk factors or co-pathogens. In experimental Nannizziopsis

dermatitidis infections, previous trauma or abrasions facilitated

infection but was not required.18 Similarly, experimental stud-

ies of O. ophiodiicola have confirmed the pathogenic nature of

this related fungus in the absence of previous trauma, though

lesions developed at a higher rate in abraded inoculation

sites.15 Further research into the pathogenesis of E. testavorans

infection and general studies into wound healing in the turtle

shell are needed.

The present study found that E. testavorans infection is

associated with the development of cystic structures within the

shells of freshwater aquatic turtles that are lined by keratinized

stratified squamous epithelium and contain necrotic bone and

keratin debris. This study limited the analysis to shell lesions as

this was the site where the fungus was identified histologically

and its presence was confirmed by PCR or culture. Prospective

studies to assess potential involvement of other keratinizing

epithelium (eg, skin, nails) are needed. The International Union

for Conservation of Nature Red List (www.iucnredlist.org)

currently classifies 104 species of aquatic and semi-aquatic

chelonians as vulnerable or endangered. Of the species with

confirmed E. testavorans infection in the present study, three

are listed as endangered (Actinemys marmorata, Clemmys gut-

tata, and Heosemys spinosa), and two are listed as vulnerable

(Malaclemys terrapin and Podocnemis unifilis). In addition to

cases from turtles housed under human care, E. testavorans and

associated lesions were identified in free-living chelonians

from both the west and east coasts of the United States, sug-

gesting a potentially broad geographic distribution. Although

this fungus has only recently been described, it may represent a

significant, and previously overlooked, disease threat to both

free-living turtles and those under human care.
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23. Sigler L, Hambleton S, Paré JA. Molecular characterization of reptile pathogens

currently known as members of the Chrysosporium anamorph of Nannizziopsis

vriesii complex and relationship with some human-associated isolates. J Clin

Microbiol. 2013;51(10):3338–3357.

24. St. Leger JA, Begeman L, Fleetwood M, et al. Comparative pathology of

nocardiosis in marine mammals. Vet Pathol. 2009;46(2):229–308.

25. Stchigel AM, Sutton DA, Cano-Lira JF, et al. Phylogeny of chrysosporia infect-

ing reptiles: proposal of the new family Nannizziopsiaceae and five new

species. Persoonia. 2013;31:86–100.

26. Stringer EM, Garner MM, Proudfoot JS, et al. Phaeohyphomycosis of the car-

apace in an Aldabra tortoise (Geochelone gigantea). J Zoo Wildl Med. 2009;

40(1):160–167.

27. Sutton DA, Marı́n Y, Thompson EH, et al. Isolation and characterization of a

new fungal genus and species, Aphanoascella galapagosesnsis, from carapace

keratitis of a Galapagos tortoise (Chelonoidis nigra microphyes). Med Mycol.

2013;51(2):113–120.

28. Wellehan JFX, Divers SJ. Mycology. In: Divers SJ, Stahl SJ, eds. Mader’s

Reptile and Amphibian Medicine and Surgery. 3rd ed. Saunders; 2019:270–280.

29. Woodburn DB, Miller AN, Allender MC, et al. Emydomyces testavorans, a new

genus and species of onygenalean fungus isolated from shell lesions of fresh-

water aquatic turtles. J Clin Microbiol. 2019;57(2):e00628–18.

Woodburn et al 9

https://orcid.org/0000-0001-6951-6070
https://orcid.org/0000-0001-6951-6070
https://orcid.org/0000-0001-6951-6070
https://orcid.org/0000-0003-4924-5503
https://orcid.org/0000-0003-4924-5503
https://orcid.org/0000-0003-4924-5503


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


