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ABSTRACT 

NATURAL AND EXPERIMENTAL OPHIDIOMYCOSIS 

Christina M. McKenzie 
University of Guelph, 2020

Advisors: 
Nicole Nemeth 
Claire Jardine 

Ophidiomycosis (snake fungal disease) is caused by the fungus Ophidiomyces 

ophiodiicola and is the most common cause of skin lesions in snakes in North America. 

Reports of this disease in the wild have been increasing over the past 10 years, 

including in Ontario. To better understand this disease, we examined naturally infected 

snakes (nine carcasses, 12 biopsies) submitted to the Canadian Wildlife Health 

Cooperative-Ontario/Nunavut node in 2012-2018. Affected species included the eastern 

foxsnake (Pantherophis vulpinus; n = 15), gray ratsnake (Pantherophis spiloides; n = 3), 

eastern massasauga (Sistrurus catenatus; n = 2) and queensnake (Regina 

septemvittata; n = 1). Lesion severity varied from incidental microscopic skin lesions to 

fatal, necrotizing, and ulcerative facial lesions. Although the dermal lesions of 

ophidiomycosis in free-ranging snakes are well described in numerous species, there 

are many knowledge gaps in our understanding of transmission, pathogenesis, 

morbidity and mortality, and the effects of brumation and temperature on disease 

development. We sought to fill some of these gaps by developing an experimental 

model using subcutaneous injection of O. ophiodiicola conidia in juvenile red 

cornsnakes (Patherophis guttatus). We then co-housed inoculated and non-inoculated 

snakes during brumation. Every inoculated snake developed gross and/or microscopic 
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ophidiomycosis lesions. These consisted primarily of heterophilic and granulomatous 

inflammation with intralesional fungal hyphae in the dermis, subcutaneous tissue, and 

muscle. We also observed embolic fungal granulomas in 21/23 (91 %) inoculated 

snakes throughout the liver and within the coelomic connective tissue. Quantitative PCR 

for O. ophiodiicola was positive for 21 % of skin swabs, 37 % of exuvia and 100 % of 

liver samples for inoculated snakes. A single post brumation skin swab from a co-

housed, non-inoculated snake tested positive using quantitative polymerase chain 

reaction. This snake had microscopic lesions consistent with ophidiomycosis, 

suggestive of horizontal transmission. Over the 70-day experiment, 87 % of inoculated 

snakes died of ophidiomycosis. No control snakes developed ophidiomycosis lesions or 

tested qPCR positive. Overall, our description of ophidiomycosis in Canadian free-

ranging snakes combined with the knowledge gained from our experimental work offers 

insight into the pathogenesis and ecology of this important disease of free-ranging 

snakes in North America.  
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1 Introduction and Literature Review 
1.1 Introduction 

Fungal diseases in wildlife have emerged as a major threat to global biodiversity, 

triggering extensive population-level declines in many species from bats and frogs to 

coral and bees (Daszak et al., 2000; Fisher et al., 2012). Pseudogymnoascus 

destructans, the fungus causing white nose syndrome, and Batrachochytrium 

dendrobatidis, the causative agent of chytridiomycosis, have decimated bat and 

amphibian populations respectively, and can lead to mortality rates of nearly 100 % 

(Schloegel et al., 2006; Skerratt et al., 2007; Fisher et al., 2012). Over the past decade, 

ophidiomycosis (snake fungal disease), caused by Ophidiomyces ophiodiicola, has 

been recognized as an important disease in captive and free-ranging snakes worldwide 

(Sigler et al., 2013; Lorch et al., 2016). Fungi such as O. ophiodiicola can be more 

threatening than other types of pathogens as they are often ubiquitous and stable in the 

environment, can cause opportunistic infections across a broad host range, and may be 

highly virulent within these hosts (Fisher et al., 2012). Ophidiomycosis was first 

recognized as a distinct entity in 2011, and was documented as causing facial swelling, 

dermatitis, and death in wild snakes (Rajeev et al., 2009; Allender et al., 2011). 

1.2 History of Fungal Disease in Snakes 

Fungal skin disease in reptiles has historically been under-diagnosed as it is 

grossly indistinguishable from bacterial dermatitis (Jacobson, 2007). Although many 

fungi can serve as primary pathogens in reptiles, dermatomycoses are often related to 
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husbandry issues such as improper environmental conditions (i.e., low temperature and 

high humidity), crowding, and poor sanitary conditions, all of which can promote fungal 

growth (Jacobson, 2007). Over the past 20 years, fungi in the genus Chrysosporium 

have been implicated as a major cause of dermatomycoses in reptiles (Jacobson, 2007; 

Sigler et al., 2013). Chrysosporium species are ubiquitous in soil and decaying matter 

and can act as primary pathogens in reptiles (Jacobson, 2007; Sigler et al., 2013). 

These species, which are often referred to as part of the Chrysosporium animorph of 

Nannizziopsis vriesii complex (CANV), were first isolated in Europe in 1997 and have 

caused disease in a wide variety of reptile species in North America, Asia, and Australia 

(Paré et al., 2003; Jacobson, 2007; Sigler et al., 2013; Paré and Sigler, 2016). Prior to 

the recognition of CANV as a cause of skin disease in reptiles, isolates were commonly 

misidentified as fungi from other genera such as Malbranchea, Trichophyton, or 

Geotrichum, as they can all appear histologically as club-shaped with aleuroconidia and 

hyphae that fragment into alternate or chained arthroconidia (Jacobson, 2007). Other 

than one isolate from the shed skin of an apparently healthy, captive African rock 

python (Python sebae), all CANV isolates have originated from lesions in diseased 

animals (Paré et al., 2003; Sigler et al., 2013). Grossly, CANV infection is characterized 

by hyperkeratosis and vesicles; the latter may rupture, leading to crusting, sloughing, 

and ulceration (Jacobson, 2007). In rare cases, such as with yellow fungus disease in 

bearded dragons, CANV (specifically Nannizziopsis guarroi) can infect the skin 

superficially and subsequently invade the underlying dermis and body wall and 

disseminate within the coelom, including to the liver (Vissiennon et al., 1999; Jacobson, 
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2007; Bowman et al., 2007; Schmidt, 2015; Paré and Sigler, 2016). In general, systemic 

fungal infections in reptiles are rare and can also be caused by Aspergillus species and 

Paecilomyces lilacinus, which often involve the lung (Jacobson, 2007). 

 The development of our understanding of fungal disease in snakes has been 

somewhat convoluted. “Hibernation sores” and “blister disease” have been reported in 

free-ranging snakes for decades without the determination of a specific causative agent 

(Clark et al., 2011). The first reported case of CANV in captive snakes was in a group of 

brown tree snakes (Boiga irregularis) in 1990 (Nichols et al., 1999). The first confirmed 

report of a fungal disease in free-ranging snakes was by Cheatwood et al. (2003), who 

noted dermal lesions in a population of pigmy rattle snakes (Sistrurus miliarus barbouri) 

in Florida between 1992 and 1999. In this instance, a variety of different fungi were 

identified based on morphology, including Geotrichum candidum, which is similar to 

CANV in appearance (Cheatwood et al., 2003; Jacobson, 2007). Recent reassessment 

of isolates from both the brown tree snakes and pygmy rattlesnakes determined that 

disease in both instances was due to O. ophiodiicola infection (Sigler et al., 2013; Lorch 

et al., 2016).  

Before O. ophiodiicola was given its current classification in 2013 (Sigler et al., 

2013), it was known as Chrysosporium ophiodiicola for four years (GenBank accession 

no. EU715819.1; Rajeev et al., 2009). Genetic sequencing of samples from black rat 

snakes (Elaphe obsoleta obsoleta; Rajeev et al. 2009) revealed that it was closely 

related to, but distinct from, other Chrysosporium spp. and therefore, it was placed into 

the monotypic genus Ophidiomyces (Sigler et al., 2013). The genome of O. ophiodiicola 
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was fully sequenced in 2017 (Ohkura et al., 2017). All reports of C. ophiodiicola 

infection and all unclassified isolates from snakes (McKenzie and Green, 1976; 

Vissiennon et al., 1999; Eatwell, 2010) have since been reclassified as O. ophiodiicola 

(Sigler et al., 2013). 

1.3 Ophidiomyces ophiodiicola: The Fungus 

Ophidiomyces ophiodiicola (MycoBank accession no. MB 550166) is in the order 

Onygenales (Ascomycota) in the family Onygenaceae (Sigler et al., 2013). It is the only 

species in the genus and has been reported to cause disease exclusively in snakes 

(Sigler et al., 2013; Allender et al., 2015a). Although other fungi can cause 

dermatomycoses in snakes, by convention, the term ‘snake fungal disease’ refers 

specifically to disease caused by O. ophiodiicola and the term ophidiomycosis is often 

used to decrease confusion when the identity of the fungus has been confirmed (Lorch 

et al., 2015).   

 The primary propagules of O. ophiodiicola are arthroconidia, which are often 

arranged in chains and are produced asexually via schizolytic dehiscence of the 

vegetative hyphae (Paré et al., 1997; Sigler et al., 2013; Allender et al., 2015a). 

Arthroconidia are 3 to 12.5 μm long and 1.5 to 3.5 μm wide (Sigler et al., 2013).  

Ophidiomyces ophiodiicola can also asexually reproduce through rhexolytic dehiscence 

to form aleurioconidia and solitary conidia (Rajeev et al., 2009; Sigler et al., 2013). 

Aleurioconidia are cylindrical to club-shaped and are 2.5 to 7.5 μm long by 1.5 to 2.5 μm 

wide (Sigler et al., 2013). Hyphae are pale staining by hematoxylin and eosin, 4 to 6 μm 
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diameter, septate, branch at acute to right angles, and often undulate (Sigler et al., 

2013; Last et al., 2016). A sexual phase of O. ophiodiicola has not yet been 

documented (Rajeev et al., 2009; Sigler et al., 2013; Allender et al., 2015a). 

 When cultured on potato dextrose agar (PDA), O. ophiodiicola grows moderately 

quickly and forms flat, dense, powdery, yellow-white, up to 6 cm diameter colonies with 

superficial droplets of clear fluid (Rajeev et al., 2009; Sigler et al., 2013; Allender et al., 

2015a). It also produces a pungent, mercaptan-like odor (Rajeev et al., 2009; Sigler et 

al., 2013). Ophidiomyces ophiodiicola can survive in the environment (i.e., outside of a 

host) and can grow on dead fish, insects, mushrooms, and demineralized shrimp 

exoskeletons (Allender et al., 2015a). It is able to grow on this variety of substrates with 

the help of enzymes such as urease, keratinase, gelatinase, B-glucosidase, and lipase 

(Allender et al., 2015a). Urease is a virulence factor (Rutherford, 2014), while 

keratinase, gelatinase, and lipase may help O. ophiodiicola invade the skin (Allender et 

al., 2015a). Ophidiomyces ophiodiicola can grow at pH levels that range from 5 to 11, 

but grows best at a pH of 9 (Allender et al., 2015a). Similarly, it can grow at 

temperatures from 7 to 35 °C, but grows best between 14 and 25 °C and can survive 

freezing (Rajeev et al., 2009; Allender et al., 2015a; Paré and Sigler, 2016). This range 

of tolerance for substrates, pH levels, and temperatures makes the fungus well adapted 

to a wide variety of environments. 

 When O. ophiodiicola was first implicated as a causative agent of disease in 

snakes, it was unclear if it was a recently introduced pathogen or an opportunistic 

fungus in the environment that was previously unrecognized or had a recent change in 
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virulence (Rajeev et al., 2009; Allender et al., 2011). The current understanding is that 

O. ophiodiicola is most likely an environmental saprobe whose emergence as a disease 

causing agent has been driven, in part, by environmental changes (Allender et al., 

2015a; Lorch et al., 2016). Evidence for this line of thought includes the intrinsic ability 

of the fungus to use many different energy sources as well as its tolerance for a wide 

pH range, naturally occurring sulfur compounds and matric-induced water stress 

(Allender et al., 2015a). Epidemiological evidence supporting the theory of an 

environmental reservoir includes the detection of O. ophiodiicola in many species and in 

multiple locations since 2006 (Lorch et al., 2016). Ophidiomyces ophiodiicola DNA was 

found in 2/48 environmental soil samples correlating with capture sites of positive 

snakes (Walker et al., 2019). These findings suggest that transmission may occur via 

contact with the environment. Other transmission routes for O. ophiodiicola, including 

direct contact among snakes, may occur but have not yet been proven experimentally 

(Allender et al., 2011; 2015a; Guthrie et al., 2016). There have been multiple reports of 

wild-caught O. ophiodiicola infected gravid females giving birth to live neonates or laying 

eggs in captivity, which subsequently developed ophidiomycosis (Britton et al., 2019; 

Stengle et al., 2019). 

1.4 Ophidiomycosis in Free-ranging Snakes 

Although fungal disease had been observed in wild snake populations in the 

United States as early as 1992 (Cheatwood et al., 2003), little research was published 

on ophidiomycosis until two distinct snake populations were observed to be affected in 
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2006 and 2008 (Allender et al., 2011; Clark et al., 2011). Although at the time, Clark et 

al. (2011) were not able to confirm a fungal etiology and Allender et al. 2011 identified 

the causative agent as a Chrysosporium sp., both disease outbreaks were later 

confirmed to be caused by O. ophiodiicola (Sigler et al., 2013; McBride et al. 2015). 

 The outbreak described by Clark et al. (2011) occurred between 2006 and 2008 

in the last known population of free-ranging timber rattlesnakes (Crotalus horridus) in 

New Hampshire. Snakes were observed to have skin lesions affecting the head and 

mouth and many of these snakes were either found dead or not seen again on 

subsequent surveys. The causative agent was not confirmed to be O. ophiodiicola in the 

initial report. It is estimated that the population decreased by approximately 50 % over 

the course of one year. Clark et al. hypothesized that the high prevalence of skin 

disease in 2006 may have been related to cooler temperatures and higher precipitation 

levels during the preceding year. In 2006, snakes were more frequently observed 

basking outside hibernacula late in the year. The high level of mortality was not solely 

attributed to ophidiomycosis as other recognized contributing factors included severe 

inbreeding, habitat fragmentation, and climate change (Clark et al., 2011). However, the 

impact that ophidiomycosis can have when combined with factors commonly known to 

affect snake populations (e.g., habitat degradation, motor vehicle collisions) is 

concerning from a conservation standpoint. 

 Allender et al. (2011) described an outbreak of fungal dermatomycosis in a 

population of eastern massasauga rattlesnakes (Sistrurus catenatus) in southern Illinois 

between 2008 and 2010. As part of a long-term monitoring program that started in 2000 



 

 

8 

 

in the same region, 4.4 % of snakes in 2008 and 1.8 % in 2010 had clinical signs, 

including severe facial lesions. However, between 2000 and 2007, no snakes were 

noted to have lesions consistent with ophidiomycosis and the reason for its emergence 

in 2008 is unknown. Snakes with lesions were found at two separate sites, suggesting 

that direct contact is not required for maintenance of transmission. Three snakes with 

lesions died within three weeks, leading to speculation that ophidiomycosis could have 

a negative impact on snake populations (Allender et al., 2011). 

 Subsequent to the two aforementioned publications introducing ophidiomycosis 

as an entity and outlining the clinical signs, ophidiomycosis has been documented in 

over 30 species of wild snakes spanning six different families across much of the United 

States, as well as Ontario, Canada (Sigler et al., 2013; Lorch et al., 2016). 

Ophidiomyces ophiodiicola is thought to be the most common cause of skin lesions in 

free-ranging snakes in the eastern United States, with 76 % (n = 82) of cases of fungal 

dermatitis being confirmed as O. ophiodiicola infections by culture (Allender et al., 2011; 

Sigler et al., 2013). Prior to 2019, ophidiomycosis was thought to be limited to wild 

snakes in eastern North America, but it has since been reported on the west coast 

(“Snake Fungal Disease Detected in California,” 2019). A current summary of 

documented ophidiomycosis cases is provided in Table 1. 

 In addition to its diagnosis in the free-ranging snakes of North America, 

ophidiomycosis has also been documented in free-ranging snakes in Europe 

(Franklinos et al., 2017; Meier et al., 2018) and potentially in South America (Bustos et 

al., 2018). Between 2010 and 2016, 333 free-ranging snake specimens (shed skins and 
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carcasses) were examined for gross lesions and qPCR confirmed the presence of O. 

ophiodiicola in 8.6 % of all samples, verifying its presence in both Great Britain and the 

Czech Republic. The European O. ophiodiicola strain is genetically and phenotypically 

distinct from the North American strain. Both strains produce similar lesions, but the 

European strain grows 4.8 times more slowly in vitro, which may influence virulence in 

the host. Ophidiomycosis was thought to be the direct or indirect cause of mortality in 80 

% of snakes with histological lesions; however, the majority of these samples were shed 

skins, and thus, infections in these animals may not have been fatal (Franklinos et al., 

2017). A single false yarara (Xenodon merremii) in Argentina was reported as having 

gross skin lesions including ulceration and crusting, consistent with snake fungal 

disease (although there was no fungus observed in the skin after treatment), as well as 

hepatic fungal granulomas and fungal pneumonia. Additional testing to determine the 

identity of the fungus was not performed (Bustos et al., 2018). 

1.5 Ophidiomycosis in Captive Snakes 

Many early cases of dermal fungal disease in captive snakes have been 

reclassified as being caused by O. ophiodiicola (Sigler et al., 2013). Re-examination of 

fungal morphology in a case originally reported in 1976 as Geotrichum candidium 

dermatomycosis in locally captured captive Australian carpet snakes (Morelia spilotes 

variegata) led to the determination of O. ophiodiicola as the likely causative agent 

(McKenzie and Green, 1976; Sigler et al., 2013). Ophidiomycosis has been confirmed in 

captive snakes in England since at least 1985, when O. ophiodiicola DNA was found in 



 

 

10 

 

subcutaneous lesions in a ball python (Python regius; Sigler et al., 2013). Genetic 

testing of a historical sample from a subcutaneous nodule in the tail of a captive corn 

snake (Elaphe guttata guttata) from Ithaca, New York confirmed that O. ophiodiicola has 

been present in captive snakes in the eastern United States since at least 1986 (Sigler 

et al., 2013). Reassessment of an outbreak of ophidiomycosis in a colony of brown tree 

snakes in 1990, captured the year before in Guam, confirmed that the disease was due 

to O. ophiodiicola and not CANV, as originally reported (Nichols et al., 1999; Sigler et 

al., 2013). Dermal lesions progressed quickly and all four snakes died within two weeks 

of lesion detection, despite treatment with antifungal agents (Nichols et al., 1999). A 

disseminated fungal infection in a garter snake (Thamnophis sp.) originally classified as 

Chrysosporium queenslandicum in Germany was also reclassified as O. ophiodiicola 

(Vissiennon et al., 1999; Sigler et al., 2013). Rajeev et al. (2009) first identified O. 

ophiodiicola (Chrysosporium ophiodiicola at the time of publication) as a distinct primary 

disease-causing agent in a captive black rat snake. However, this snake had been 

collected from the wild four years earlier, so it is unclear where and when the fungal 

infection was contracted, a common complication in diagnosis of ophidiomycosis in 

captivity (Rajeev et al., 2009).  

Archived samples, increased awareness, careful observation, and improved 

diagnostic capabilities have contributed to our ability to retrospectively identify cases of 

ophidiomycosis in captive snakes well before it was observed in free-ranging snakes. 

Although this information has allowed for a better understanding of ophidiomycosis in 
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wild snakes, it remains unknown whether the disease originated in captive or wild snake 

populations. 

1.6 Gross and Histological Lesions of Ophidiomycosis 

Clinical signs and gross lesions of ophidiomycosis present as a continuum based 

on the stage of infection, with severity often varying with season in free-ranging snakes 

(Clark et al., 2011; Lorch et al., 2015; McCoy et al., 2017; Lind et al., 2018a). The most 

commonly reported gross lesions in free-ranging, captive, and experimentally infected 

snakes include facial swelling, dermatitis, vesicle formation, dysecdysis, myositis, and 

osteomyelitis (Rajeev et al., 2009; Clark et al., 2011; Allender et al., 2011; McBride et 

al., 2015; Tetzlaff et al., 2015; Allender et al., 2015c; Lorch et al., 2015; Guthrie et al., 

2016). The characteristic histologic lesions associated with ophidiomycosis are 

granulomatous dermatitis with serocellular crusting, hyperkeratosis, and intralesional 4 

to 6 μm diameter right-angle branching fungi (Cheatwood et al., 2003; Allender et al., 

2011). Dermatitis most commonly affects the skin of the head, especially around the 

nasolabial pits, eyes, and mouth in Viperidae species, but are more likely to occur on 

the ventral body in colubrids (Clark et al., 2011; Allender et al., 2011; McBride et al., 

2015; Allender et al., 2015c; Lorch et al., 2015; Licitra et al., 2019). Facial swelling is 

due to a combination of edema, granulomas, vesicles, and crusting, and can lead to 

functional deficits (Clark et al., 2011; Allender et al., 2011; McBride et al., 2015; Allender 

et al., 2015c; Lorch et al., 2015). Gross signs of dermatitis range from relatively mild, 

with subtle discoloration of scale edges, to severe, necrotizing ulceration and granuloma 
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formation that can extend to and affect the underlying skeletal muscle and bone (Rajeev 

et al., 2009; Clark et al., 2011; Allender et al., 2011; McBride et al., 2015; Allender et al., 

2015c; Lorch et al., 2015). Thickened or displaced scales contain the most O. 

ophiodiicola DNA, followed by (in order of most to least fungal DNA detected) 

granulomas, necrotic scales, and ulcerative lesions (Baker et al., 2019).  

Multiple grading schemes for gross skin lesions have been proposed (McCoy et 

al., 2017; Baker et al., 2019). The first to be proposed based lesion grade primarily on 

location, rather than lesion type (McCoy et al., 2017). The second grading scheme 

assigns points for gross lesion type (e.g., necrosis, crust, granuloma, ulcer), lesion 

location (e.g., tail, head, mouth/nasolabial pits/cloaca), lesion number, and area affected 

to determine a final score, recognizing that the importance of different lesions will vary 

by species (Baker et al., 2019). In experimental infection trials, swelling at the site of 

exposure is grossly noticeable within four to eight days and quickly progresses to scale 

edema, thickening and discoloration followed by crusting and necrosis (Lorch et al., 

2015). The gross swelling corresponds microscopically to dermal accumulation of 

heterophils, which are thought to be responsible for the gross discoloration of scales 

(Allender et al., 2011; Lorch et al., 2015). Heterophils are part of the innate immune 

system, while monocytes are part of the acquired immune system and are associated 

with fungal diseases; both cell types accumulate as part of the inflammatory response to 

O. ophiodiicola (Allender et al., 2016a). Dermal granulomas are characterized by central 

necrosis encompassing fungal elements and pyknotic cellular debris, surrounded (from 

inner to outermost aspects of the granuloma) by foamy epithelioid macrophages, 
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heterophils, erythrocytes, lymphocytes, and plasma cells (Vissiennon et al., 1999; 

Dolinski et al., 2014). 

Dermatitis frequently leads to dysecdysis, as the outer layers of skin may 

become adhered to the underlying layers at lesion sites, which can be a mode of 

reinfection (Allender et al., 2011; Lorch et al., 2015). Fungi are often present in the more 

superficial skin layers prior to moulting, which can promote shedding of the fungus and 

subsequent clearing of infection if ecdysis is complete (Jacobson, 2007; Allender et al., 

2011; Lorch et al., 2015; Meier et al., 2018). Fluid accumulates between the skin layers 

at the site of lesions, which facilitates shedding, and infected snakes may shed their 

skin more frequently than uninfected snakes (Lorch et al., 2015). Lesions are visible 

grossly as thickened, brown crusts on shed skins, which microscopically correspond to 

keratin, inflammatory cells, necrotic debris, and fungal elements (Lorch et al., 2015; 

Franklinos et al., 2017).  

Tissue involvement in the middle or deep dermis can lead to the development of 

subcutaneous nodules (Rajeev et al., 2009), and granulomas may form in the dermis, 

hypodermis, skeletal muscle, and bone (Allender et al., 2011). When there is deep 

tissue involvement in the head, lesions such as gingivitis, panophthalmitis, orbital 

cellulitis, cataracts, sialadenitis, and tooth loss can occur (Allender et al., 2011; Dolinski 

et al., 2014). Fungi have been found in the cornea as well as in periorbital connective 

tissue (Allender et al., 2011). If a fungus such as CANV is inoculated under the skin, it 

can lead to the formation of a mycetoma, a well-circumscribed, firm, grey-yellow, greasy 
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mass, especially in colubrids such as corn snakes (Jacobson, 2007). However, this 

manifestation has not been specifically documented with ophidiomycosis. 

 Although lesions of ophidiomycosis are most often limited to the skin, this 

disease can produce systemic lesions. In one report of naturally acquired 

ophidiomycosis in free-ranging water and terrestrial snakes, 37.1 % of these snakes 

had visceral fungal lesions, sometimes with no associated cutaneous lesions. The liver 

was the organ most commonly affected by granulomas (Pohly et al., 2019). 

Disseminated O. ophiodiicola granulomas have been reported in conjunction with 

dermal lesions in a free-ranging garter snake (Thamnophis radix; Dolinski et al., 2014), 

a captive garter snake (Vissiennon et al., 1999), captive and free-ranging eastern 

massasaugas (Robertson et al., 2016), and suspected in a free-ranging false yarara 

(Bustos et al., 2018). Although Chrysosporium queenslandicum was originally reported 

as the etiologic agent in the captive garter snake, it was later confirmed as O. 

ophiodiicola (Vissiennon et al., 1999; Sigler et al., 2013). In addition to skin and liver, 

ophidiomycosis granulomas have been observed in the spleen, kidney, lung, air sacs, 

coelomic fat, brain, salivary glands, and ovary (Vissiennon et al., 1999; Dolinski et al., 

2014; Robertson et al., 2016). In both the captive garter snake described above, as well 

as the captive eastern massasauga, systemic infection was associated with cloacal 

lesions, while the wild garter snake had facial lesions involving the eye (Vissiennon et 

al., 1999; Dolinski et al., 2014; Robertson et al., 2016). Systemic granulomas are 

histologically similar to those seen in the dermis (Vissiennon et al., 1999; Dolinski et al., 

2014).  
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 Early reports of ophidiomycosis often described affected snakes to be in poor 

nutritional condition, perhaps related to anorexia (Vissiennon et al., 1999; Lorch et al., 

2015; Lind et al., 2018a). Emaciation was thought to be the combined result of 

functional deficits related to facial lesions as well as the high-energy requirement of 

fighting disease (including immune response), which is discussed later. Further field 

research has revealed that there is no association between weight, body length, sex, or 

age class and O. ophiodiicola infection status (Chandler et al., 2019; Long et al., 2019).  

1.7 Pathogenesis and Outcomes of Ophidiomyces ophiodiicola Infection 

In general, dermatomycoses in reptiles are initiated through skin contact with 

fungal spores or conidia, which germinate and colonize the keratinized layers and 

eventually penetrate into the stratum spinosum and stratum germinativum (Jacobson, 

2007). The latter triggers a heterophilic response, leading to necrosis and eventual 

granuloma formation (Jacobson, 2007; Lorch et al., 2015). Given the propensity for 

ophidiomycosis lesions to involve the nasolabial pits, especially in viper species, this 

site has been proposed as a common point of entry for O. ophiodiicola (Allender et al., 

2013; 2015c). Experimentally-induced disruption of the epithelial barrier through 

abrasion or puncture enables O. ophiodiicola to establish locally, although epithelial 

disruption is not required if the fungal dose is sufficiently high (Allender et al., 2015c; 

Lorch et al., 2015; Paré and Sigler, 2016). Ophidiomyces ophiodiicola detection on the 

skin of infected snakes is not limited to grossly or microscopically affected regions; 

rather, it also can be detected in non-affected skin distant to lesions (Allender et al., 

2018). Fungal hyphae can migrate through the skin to underlying muscle and 
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subsequently disseminate through transmural, hematogenous (Vissiennon et al., 1999), 

or lymphatic means (Jacobson, 2007). Internal ophidiomycosis lesions have been 

reported without corresponding skin lesions (Pohly et al., 2019). 

 There is wide variation in the responses of individual snakes to O. ophiodiicola 

infection. Mortality rates of up to 100 % have been reported among wild populations in 

some outbreaks (Allender et al., 2011), while some report recapture probability to be the 

same for infected and noninfected snakes (Lind et al., 2018a). In some populations, 

particularly the eastern massasauga in Illinois, the survival rate appears to be low, and 

depends on initial clinical presentation (i.e., severity and distribution of lesions; Allender 

et al., 2015c). However, up to half of even severe infections can completely resolve 

without clinical intervention in some snake populations (Lind et al., 2018a). Skin 

samples from snakes without gross lesions have tested PCR positive, suggesting either 

that these snakes were sampled early in the clinical course of the disease (i.e., prior to 

the development of gross lesions) or that some subclinically-infected snakes shed 

fungus (Bohuski et al., 2015; Lind et al., 2018a; McKenzie et al., 2018). The time from 

initial infection to overt disease manifestation or death in free-ranging snakes is 

unknown and likely variable, but has been reported to be as short as 21 days after 

diagnosis in eastern massasaugas (n = 3; Allender et al., 2011), and up to 155 days in 

timber rattlesnakes (n = 8; McBride et al., 2015).  

In experimentally-infected cottonmouths (Agkistrodon piscivorous), inoculated 

snakes had a mortality rate of 40 % (Allender et al., 2015c). However, free-ranging 

pygmy rattlesnakes in central Florida are reported to have a complete recovery rate of 
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up to 50 % at recapture following prior diagnosis of severe ophidiomycosis (Lind et al., 

2018a). These differences may be partially due to dose-dependent responses, 

inoculation routes, as well as varied host responses in regions where ophidiomycosis is 

endemic as opposed to emerging (Lind et al., 2018a). Protective immunity to O. 

ophiodiicola after initial infection is unlikely, as snakes that are infected with O. 

ophiodiicola and apparently clear infection after shedding infected skin can be 

subsequently reinfected (Lorch et al., 2015). 

 In free-ranging snakes, the development of ophidiomycosis is likely multifactorial 

and the mechanisms by which it leads to mortality are currently unknown (Lorch et al., 

2016; Lind et al., 2018a). Facial lesions can negatively impact sensory systems and 

thereby impair feeding ability. Further, the energy requirements for mounting an immune 

response are high. Some snakes found with ophidiomycosis in the wild are emaciated, 

which may play a role in infection outcome, although it is not associated with infection 

status (Vissiennon et al., 1999; Lorch et al., 2016; Lind et al., 2018a; Long et al., 2019).  

Even in snakes with regression of clinical disease, sublethal effects on fitness may 

go undetected or be difficult to detect and quantify (Lind et al., 2018a). Ophidiomycosis 

appears to affect reproductive hormones in mature snakes, as infected females are less 

likely to have an increase in estradiol to promote vitellogenesis during the spring and 

infected males have lower testosterone levels in the summer and fall breeding seasons 

(Lind et al., 2019a). However, pregnant pygmy rattlesnakes are still capable of carrying 

litters to term while infected (Lind et al., 2019b). Predisposing factors to O. ophiodiicola 
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infection and development of ophidiomycosis, as well as how these factors impact 

morbidity and mortality are discussed in more detail below.  

1.8 Variables that Affect Host Vulnerability 

Host species taxonomy appears to play a role in the vulnerability of snakes to 

ophidiomycosis, despite the observation that ophidiomycosis seems to lack strong 

phylogenetic or ecological patterns in snakes across a variety of taxa, utilizing different 

niches across a wide geographic range (Burbrink et al., 2017). The majority of the initial 

research into ophidiomycosis focused on species in the family Viperidae and 

documented severe facial lesions and potentially meaningful population impacts 

(Allender et al., 2011; Clark et al., 2011; McBride et al., 2015). Further research 

revealed that colubrids can also have severe, fatal infections with lesions more common 

on the ventral skin surface, rather than the face (Lorch et al., 2016; Licitra et al., 2019). 

Amongst colubrids, aquatic snakes are more likely to test positive for O. ophiodiicola 

than terrestrial snakes (McKenzie et al., 2018). Given that moist conditions can facilitate 

fungal growth (Lorch et al., 2016), it is unclear whether aquatic colubrids are more 

susceptible to ophidiomycosis or if they are simply more likely to be exposed to the 

fungus, given their habitat requirements (McKenzie et al., 2018). 

Ophidiomycosis varies seasonally both in prevalence and severity of disease, with 

clinical disease in snakes most often observed as they emerge from brumation (a state 

of severe energy restriction; Guthrie et al., 2016; Lorch et al., 2016; Lind et al., 2018b; 

Long et al., 2019; Chandler et al., 2019). In one study of 257 free-ranging pygmy 
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rattlesnakes in central Florida, the prevalence of clinical ophidiomycosis was 100 % in 

the winter, compared to only 25 % in the summer (McCoy et al., 2017). Because snakes 

are ectothermic, factors such as season, temperature, and brumation have major 

impacts on behaviour, immune response, metabolism, and stress levels, which can 

create a complex interplay of physiologic trade-offs when combined with disease 

(Figure 1.1; Allender et al., 2013; Lorch et al., 2015; McCoy et al., 2017; Lind et al., 

2018a; 2019a). 

 Reptiles thermoregulate through a combination of microhabitat choice, activity 

levels, and posturing (Vitt and Caldwell, 2013; Webb et al., 2017). In more temperate 

regions (i.e., higher latitudes), decreasing winter temperatures prompt ectothermic 

animals to retreat into hibernacula, where they enter a state of brumation (Seigel and 

Collins, 1993; Vitt and Caldwell, 2013). Hibernacula are often in underground burrows 

that are dark and moist, where snakes congregate in high densities for months at a time 

(Prior and Weatherhead, 1996; Lorch et al., 2015). It has been suggested that when 

snakes infected with O. ophiodiicola enter hibernacula to brumate, they could 

subsequently transmit O. ophiodiicola to other snakes, providing a possible explanation 

as to the aforementioned high prevalence of ophidiomycosis in snakes when they 

emerge from brumation (Lorch et al., 2015). This could occur through prolonged direct 

contact or by contamination of hibernacula, which provide ideal conditions for fungal 

growth (Lorch et al., 2015). Eastern massasaugas with ophidiomycosis have been 

reported to brumate in concentrated areas, including shared burrows, and are known to 

have strong hibernacula fidelity over the years (Tetzlaff et al., 2017). In addition, snakes 
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in brumation are at a higher risk of infection due to the potential immunosuppression 

and negative energy balance associated with hypothermia and fasting (Nelson and 

Demas, 1996; Webb et al., 2017).  

In mammals, being in a state of hibernation is known to affect both the innate and 

adaptive immune systems (Nelson and Demas, 1996; Bouma et al., 2010; Lilley et al., 

2017). Immunosuppression and other physiologic factors are not well understood in 

ectotherms such as reptiles, especially in conjunction with brumation (Allender et al., 

2013). However, it is clear that decreased temperatures negatively impact immune 

function and metabolic rate in ectotherms, making it energetically expensive to combat 

infection and heal damaged tissues in the winter (Le Morvan et al., 1998; Gillooly et al., 

2001; Raffel et al., 2006). Some reptile species undergo involution of the thymus, 

reduced splenic white pulp, and weakened humoral responses in the winter months 

(Nelson and Demas, 1996). The bacteria-killing capacity of plasma is part of the innate 

immune response in snakes and this response also varies seasonally and is at its 

lowest in the fall (McCoy et al., 2017). Although ophidiomycosis stimulates increased 

numbers of leukocytes in affected tissues, hematology results are not statistically 

different between infected and noninfected snakes (Allender et al., 2016a). To help 

combat disease, snakes can behaviourally induce a fever response by basking in the 

sun, reaching temperatures of over 35 °C, at which point O. ophiodiicola growth is 

reduced (Burns et al., 1996; May et al., 1996; Rajeev et al., 2009; Paré and Sigler, 

2016). Environmental temperature also affects the pathogenicity of chytrid fungus in 

amphibians, with increased pathogenicity at lower temperatures (Lannoo et al., 2011). 
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However, it is unclear if this is also true for ophidiomycosis in snakes. Snakes at 

northern latitudes are unable to effectively thermoregulate through behavioural 

modifications in the winter and this is one possible explanation for the observation of 

snakes with ophidiomycosis basking in the open at inappropriate times of year. This has 

been observed both in free-ranging snakes as well as in experimental trials (Clark et al., 

2011; Lorch et al., 2015). Although temperature may be an important cofactor for 

ophidiomycosis, low temperatures are not a prerequisite for infection. For example, 

ophidiomycosis has been observed in captive snakes with no history of temperature 

change as well as in snake populations that are active year-round (Glorioso et al., 2016; 

Lorch et al., 2016).  

Although temperature is the primary driver of brumation in reptiles, decreased 

resource availability is a contributing factor (Vitt and Caldwell, 2013). Food scarcity is 

one of the most common stressors in wild animals and can directly impact the immune 

system by decreasing the production of tumor necrosis factor (part of the acquired 

immune response) and dampening macrophage function (Bouma et al., 2010). Snakes 

with adequate fat stores, especially juvenile snakes, have a stronger acquired immune 

response, which makes them more resistant to infection (Allender et al., 2016a). 

Juvenile snakes are rarely reported with ophidiomycosis lesions, although this may 

reflect a detection bias, as smaller snakes (both live or as carcasses) are less likely to 

be found and sampled than larger, adult snakes (Glorioso et al., 2016). When neonates 

born in captivity develop ophidiomycosis, they develop lesions quickly, are often in poor 

nutritional condition, and have a high mortality rate (up to 100 % in some clutches; 
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Britton et al., 2019). In young-of-the-year with consistent lesions, there was no effect of 

nutritional condition on infection status (Chandler et al., 2019). The role of poor 

nutritional status and emaciation in ophidiomycosis is unclear, with conflicting reports as 

to its association with infection. In some cases, as the severity of ophidiomycosis 

lesions increases, nutritional condition decreases (McCoy et al., 2017; Lind et al., 

2018a). The high energetic costs of fighting infection may further drive snakes into the 

open at inappropriate times to search for food (Lorch et al., 2015). Bats with white nose 

syndrome (caused by the fungus Pseudogymnoascus destructions) metabolize their fat 

stores twice as quickly as uninfected bats, due to increased arousal frequency, leading 

to starvation as the immediate cause of death (Verant et al., 2014). A negative caloric 

balance also affects the stress response in snakes, as evidenced by elevated plasma 

corticosterone levels when food is experimentally withheld (Webb et al., 2017; Lind et 

al., 2018b).  

In addition to creating overt lesions in snakes, ophidiomycosis can disrupt bacterial 

and fungal microbiomes in the skin, with O. ophiodiicola as the dominant fungal species 

in affected animals (Allender et al., 2018; Walker et al., 2019). The skin microbiome is 

likely one of the first lines of defense against numerous pathogens, including O. 

ophiodiicola (Hill et al., 2017). Snake skin microbiomes are relatively unique among 

snake species, change with geographic location and the season, and are different from 

the environmental bacterial and fungal microbiome (Walker et al., 2019). In eastern 

massasaugas, the abundance of Pyrenochaetopsis pratorum, a fungus in the order 

Pleosporales which is common on snake skin, decreases significantly with O. 
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ophiodiicola infection (Allender et al., 2018). This work has revealed the need for further 

investigations into the potential role of P. pratorum in inhibiting the growth of O. 

ophiodiicola (Allender et al., 2018). The bacterial microbiome is also altered in snakes 

with ophidiomycosis, with increased numbers of Janthinobacterium and Serratia spp. 

and decreased Xylanimicrobium, Cellulosimicrobium, and Rhodococcus spp. in O. 

ophiodiicola positive snakes (Allender et al., 2018). This is significant because 16 

species of bacteria from snake skin have been shown experimentally to inhibit the 

growth of O. ophiodiicola (Hill et al., 2017). At this stage, it is unclear if O. ophiodiicola 

directly affects the skin microbiome, or if pre-existing alteration to the skin microbiome 

predisposes snakes to infection (Walker et al., 2019). With chytridiomycosis in 

amphibians, the fungus Batrachochytrium dendrobatidis has been shown experimentally 

to alter the skin microbiome, with more drastic changes in more severe infections (Jani 

and Briggs, 2014). However, skin microbiomes also change naturally with 

environmental conditions, e.g., temperature and rainfall, which also can impact the 

growth of O. ophiodiicola (Allender et al., 2018; Walker et al., 2019). 

Glucocorticoid levels also influence immunocompetence and wound healing and 

act to reallocate energy use to more effectively respond to a variety of stressors in many 

species, including snakes (Simmaco et al., 1997; Wingfield et al., 1998; Lind et al., 

2018b). In general, snakes exhibit higher levels of circulating cortisol in the fall and 

winter compared to the summer, which could contribute to decreased resistance to 

infection in the fall and winter (Lind et al., 2018b). In addition, some snakes with 

ophidiomycosis have been found to be highly stressed and can have baseline plasma 
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cortisol levels that are twofold higher than those of unaffected snakes (Lind et al., 

2018b). Cortisol levels have been noted to be higher in animals with other fungal 

diseases such as white nose syndrome and chytridiomycosis and are thought to 

contribute to immune system suppression during hibernation (Reeder et al., 2004; 

Bouma et al., 2010; Gabor et al., 2013; Lind et al., 2018b).  

1.9 Population Outcomes of Ophidiomycosis 

As with many other wildlife species and species groups, snake populations are 

threatened worldwide, primarily due to anthropogenic changes (Reading et al., 2010). 

Although extinction of wild species attributed to disease has previously been 

uncommon, chytridiomycosis has been identified as the cause of extinction in the sharp-

snouted day frog (Taudactylus acutirostris; Schloegel et al., 2006) and has been 

implicated in the presumed or confirmed extinction of at least 89 more species (Scheele 

et al., 2019). Few studies have attempted to determine the population-level effects of 

ophidiomycosis on snakes. Population declines associated with ophidiomycosis have 

only been reported once, and in that case, ophidiomycosis was one of multiple 

confounding factors that led to the decline of the population (Clark et al., 2011). The 

prevalence of O. ophiodiicola in wild populations varies, even within a single population 

in consecutive years. For example, an 18 % prevalence (as determined using 

quantitative polymerase chain reaction (qPCR) on skin swabs) was reported in a 

population of eastern massasaugas in 2013, with an increase to 24 % in 2014 (Allender 

et al., 2016a). Prevalence of O. ophiodiicola also varies among populations of eastern 

massasaugas in the same region, species and time period, with 17 % at one site and 3 
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% at two others in the same year, in the same state using a combination of qPCR of 

skin swabs and single-season, single-species occupancy models (Hileman et al., 2018). 

Population-wide mortality is difficult to assess over time because of confounding 

environmental factors, differences in sampling techniques, and a general lack of 

baseline population data. Determining mortality levels in hibernacula is also challenging, 

despite observations that many snakes with ophidiomycosis enter and exit these areas 

(Paré and Sigler, 2016). Variable prevalence combined with the difficulties associated 

with gathering population-wide ophidiomycosis mortality data makes it challenging to 

determine the overall population-level impact of this disease. 

The sublethal effects of O. ophiodiicola infection on fitness are nebulous and 

complex to assess. For example, examination of the reproductive costs of infection 

revealed that female snakes with gross ophidiomycosis lesions are 50 % less likely to 

reproduce than those without gross lesions, and that pregnant snakes are less likely to 

have clinical signs (McCoy et al., 2017; Lind et al., 2018a). This may be related to the 

sharp decline in nutritional condition associated with reproductive effort, leaving snakes 

more prone to infection post-partum as opposed to during pregnancy, or vice versa 

(McCoy et al., 2017). Conversely, if infected females are fed in captivity during 

pregnancy, the ophidiomycosis lesions are more severe concurrent with increased 

reproductive failure (Lind et al., 2019b). This may be due to diversion of energy towards 

metabolism and away from immune function (Lind et al., 2019b). An additional 

consideration is that mortality rates in some species are higher where ophidiomycosis 

may have recently emerged than in endemic areas, where ophidiomycosis has been 
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present for at least 20 years (Lind et al., 2018a). Although it is difficult to determine the 

negative impacts of disease across populations, disease can be an added factor 

pushing at risk populations toward or beyond the tipping point of extinction, especially in 

the context of habitat destruction and fragmentation (Smith et al., 2009; Clark et al., 

2011; Allender et al., 2011).  

1.10 Experimental Models of Ophidiomycosis 

Ophidiomyces ophiodiicola has been confirmed as a causative agent of fungal 

disease in snakes through experimental studies (Allender et al., 2015c; Lorch et al., 

2015). Developing a reliable and relevant experimental model of ophidiomycosis is 

integral to furthering our understanding of the disease, as many aspects are difficult to 

study in free-ranging snakes for reasons ranging from difficulty accessing underground 

hibernacula to laws protecting the manipulation of endangered snake species. 

 A study by Allender et al. (2015c) replicated the lesions of ophidiomycosis in five 

cottonmouths by inoculating the nasolabial pits with O. ophiodiicola using a catheter. 

Cottonmouths were chosen as the model species as they are closely related to and 

have an overlapping range with the eastern massasauga and timber rattlesnakes 

(Allender et al., 2015c). However, because cottonmouths are highly venomous snakes, 

they are difficult and dangerous to handle and are thus a suboptimal experimental 

model species. The nasolabial pits were chosen as the site of inoculation as 

ophidiomycosis lesions are typically found on the head and often severely affect the 

pits, suggesting that they may be a site of entry for the fungus in wild snakes (Allender 
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et al., 2011; 2013; 2015c). The lesions created were analogous to but less severe than 

those in natural cases of ophidiomycosis in the wild, namely facial swelling and 

ulcerative heterophilic dermatitis (Allender et al., 2015c). In addition, the abundance of 

fungal hyphae within the lesions was highly variable and some snakes appeared to 

clear the infection, indicating that nasolabial inoculation may not be the most reliable 

mode of infection for experimental studies (Allender et al., 2015c). In this study, the 

snakes with nasolabial pits that were swabbed exhibited more facial swelling versus 

those in which the pits were sampled using a saline flush, raising the possibility that 

epidermal abrasion may facilitate infection and thus increase severity of associated 

lesions (Allender et al., 2015c). The epidermis acts as a nonspecific barrier and the 

cutaneous microbiome is known as a first line of defense against a variety of pathogens, 

including O. ophiodiicola (Harris et al., 2006; Jacobson, 2007; Woodhams et al., 2014; 

Hill et al., 2017).  

 Lorch et al. (2015) selected corn snakes as an experimental model for 

ophidiomycosis because this species is readily available in captivity, easy to handle, 

and can be maintained at a range of temperatures. In this study, the snakes were 

infected by applying bandage material that was soaked in a conidia suspension to the 

skin, which was first abraded with sandpaper in some cases (Lorch et al., 2015). 

Depending on the anatomic site, each location received either 104 or 105 conidia, 

although the quantity of conidia that were in contact with the skin versus those that 

remained trapped within the bandage material is unknown (Lorch et al., 2015). Skin 

exposure was chosen because ophidiomycosis causes skin lesions and dermal contact, 
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especially when facilitated by a damaged epithelium, is presumed to be a common 

mode of fungal transmission. This method created lesions comparable to those seen in 

wild snakes with ophidiomycosis. Scarification expedited fungal invasion, but dosage 

did not impact the severity of lesions. This study was complicated by the observations 

that snakes appeared to clear infection through skin shedding. Therefore, multiple 

reinoculation attempts were required to achieve infection, thereby complicating the 

interpretation of study results (Lorch et al., 2015).  

1.11 Diagnosis of Ophidiomycosis 

When dermatomycosis is suspected, a combination of histopathology, qPCR, 

and/or culture (ideally of affected tissue) are used to reach an accurate diagnosis and 

thus to ensure appropriate treatment (Jacobson, 2007; Paré and Sigler, 2016; 

Robertson et al., 2016; Long et al., 2019). A combination of diagnostic techniques is 

best, because many fungal species are morphologically similar, mixed fungal infections 

are possible (McBride et al., 2015), and visualizing the agent in the lesion helps to prove 

causality. Although the majority of reported cases of fungal dermatitis in snakes are due 

to O. ophiodiicola, at least one case of dermatitis caused by Fusarium sp. has been 

reported in a blotched water snake (Nerodia erythrogaster transversa; Barber et al. 

2016). The affected skin from this snake was negative by a qPCR test for O. 

ophiodiicola on formalin fixed tissue, although formalin can degrade DNA and prevent 

successful amplification. Fusarium sp. are morphologically similar to O. ophiodiicola, are 

often cultured from skin lesions, and are generally interpreted as secondary invaders 

(Barber et al. 2016). Fusarium spp. and Aspergillus spp. have been cultured from both 



 

 

29 

 

O. ophiodiicola positive and negative animals, suggesting that these fungal species are 

often present on snake skin (Allender et al., 2018). However, in the case reported by 

Barber et al. (2016), the lesions were severe and extensive, and no other causative 

agent was detected (Barber et al. 2016).  

The advent of a qPCR test has simplified the diagnosis of ophidiomycosis, but this 

method is highly prone to false negatives for a variety of reasons, mostly relating to 

sample collection methods (Hileman et al., 2018). Quantitative PCR detects a segment 

of the internal transcribed spacer region between the 18S and 5.8S ribosomal RNA 

gene and can detect as few as 1.05 x 101 genes per reaction, making it more sensitive 

than conventional PCR (Allender et al., 2013; 2015b).  

Swabbing of the surface of the skin is one of the most common methods that has 

been used to assess for ophidiomycosis experimentally and in the field. However, qPCR 

of swab samples leads to false negative results 73 % of the time when clinical lesions 

are present and 97 % of the time when snakes are clinically normal when only a single 

swab is used (Hileman et al., 2018). Based on serial swabs collected from 

experimentally infected snakes, it appears that once the fungus invades deeper into the 

skin, it may no longer be detectable on the surface, potentially leading to false negative 

results for O. ophiodiicola infections (Allender et al., 2015c). Thus, aggressive swabbing 

and skin biopsies are recommended to demonstrate causality (Allender et al., 2013; 

2015c; 2016b Paré and Sigler, 2016).  
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A set of case definitions has been outlined by Baker et al. (2019), using a 

combination of consistent gross lesions, qPCR, fungal culture, and/or fungal 

morphology on histopathology to divide cases into “Ophidiomyces present,” “possible 

ophidiomycosis,” “apparent ophidiomycosis,” and “confirmed ophidiomycosis.” Using 

this scheme, for a case to be considered as “confirmed ophidiomycosis”, arthroconidia 

must be visualized on histopathology in addition to intralesional hyphae consistent with 

O. ophiodiicola, a distinction which is not made in the current CWHC case definitions (J. 

Parmley personal communication). The category for “possible ophidiomycosis” includes 

those with gross lesions consistent with documented cases (Lorch et al., 2016), even 

though similar lesions could be caused by bacterial infections or trauma. “Possible 

ophidiomycosis” also includes cases where there are intralesional hyphae 

microscopically, but no arthroconidia observed, PCR, or fungal culture performed, even 

though this would confirm a fungal dermatopathy in those cases, providing more 

information than the gross lesions in the same category. These case definitions help to 

establish consistent nomenclature to apply to ophidiomycosis cases and facilitate 

comparison among cases in the literature. However, the many different combinations of 

gross lesions, histological lesions (with or without arthroconidia), qPCR results, and 

fungal culture still makes applying case definitions to this disease unintuitive. 

1.12 Treatment of Ophidiomycosis 

Many different treatment regimens have been attempted in snakes with 

ophidiomycosis. However, in numerous cases, snakes either fail to recover following 

treatment or spontaneously recover without treatment (Vissiennon et al., 1999; Rajeev 
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et al., 2009; Dolinski et al., 2014; Lind et al., 2018a). A key part of treatment is surgical 

debulking and debridement, which help antifungal medications reach the deeper tissues 

(Rajeev et al., 2009; Paré and Sigler, 2016). Systemic antifungals, such as vorconazole, 

terbinafine, and itraconazole, are often used along with topical antifungals, such as 

silver sulfadiazine cream (Vissiennon et al., 1999; Paré and Sigler, 2016; Robertson et 

al., 2016). Antibiotics, such as ceftiofur and enrofloxacin, are used to treat secondary 

bacterial infections that can result from skin ulceration (Paré and Sigler, 2016; 

Robertson et al., 2016). Supportive care including fluids and nonsteroidal anti-

inflammatories are also common components of treatment regimens (Dolinski et al., 

2014). 

 Appropriate biosecurity protocols are a fundamental aspect of treatment and 

prevention, especially in veterinary hospitals and wildlife rehabilitation centres (Paré and 

Sigler, 2016). This is also important in the field, as ophidiomycosis could be spread by 

researchers while collecting samples, placing transmitters, or relocating snakes 

(Hileman et al., 2018). Disinfectants commonly used in medical settings, such as 

chlorhexidine, have no effect on O. ophiodiicola (Rzadkowska et al., 2016). However 3 

% bleach or 70 % ethanol are effective on agar with a contact time of only two minutes 

while calcium lime and rust remover (CLR®), lysol® and formula 409® are effective at a 

contact time of 10 minutes (Rzadkowska et al., 2016).  

1.13  Study Rationale and Objectives 

Although our knowledge of ophidiomycosis and O. ophiodiicola has grown 

immensely over the past decade, it remains difficult to experimentally replicate the 
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ecological intricacies of natural conditions, leaving many integral questions unanswered. 

These include whether and to what extent transmission occurs horizontally among 

snakes, the duration of development of lesions and disseminated disease, and the 

impacts of ophidiomycosis during brumation.  

The primary goals of this thesis were to explore how ophidiomycosis impacts 

Ontario snakes through the lens of pathology and to investigate transmission and the 

impact of temperature and brumation on this disease. To address these goals, our 

objectives were to: 

1) Describe the pathology of ophidiomycosis in free-ranging snakes in Ontario 

(Chapter 2) 

2) Determine if subcutaneous injection of O. ophiodiicola in juvenile corn snakes 

is an effective experimental model for ophidiomycosis (Chapter 3) 

3) Use this model to (Chapter 3): 

a. Examine the impact of brumation on mortality and shed rates in O. 

ophiodiicola-infected snakes vs. noninfected 

b. Assess for horizontal transmission of O. ophiodiicola during brumation 

c. Examine the impact of post brumation temperature on mortality and 

shed rates 

d. Determine the efficacy of skin swabs, liver tissue, and shed skin 

samples for the detection of O. ophiodiicola via qPCR 
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Improving our understanding of how this disease continues to emerge and affect 

free-ranging snakes was the motivation behind this project and is integral to the 

development of conservation strategies, as many of the snake species affected by 

ophidiomycosis are species at risk in Ontario, including the eastern foxsnake 

(Pantherophis gloydi), and massasauga rattlesnake (Lorch et al., 2016; Hileman et al., 

2018).  
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1.14  Table 

Table 1.1. A summary of the first reported detection of Ophidiomyces ophiodiicola 
infection in each known host species by year, taxonomy, lifestyle and geographic 
location of origin (adapted from Lorch et al. 2016) 

Year Family Species Lifestyle Origin Reference 
1985 Pythonidae Python regius, ball 

python 
captive England Sigler et al., 2013 

1986 Colubridae Elaphe guttata guttata, 
corn snake 

not 
specified 

USA, New York Sigler et al., 2013 

1989 Colubridae Boiga irregularis, 
brown treesnake 

captive USA, Maryland Nichols et al., 1999; 
Sigler et al., 2013 

1999 Colubridae Thamnophis sp., 
gartersnake sp. 

captive Germany Sigler et al., 2013; 
Vissiennon et al., 

1999 
2001 Colubridae Lampropeltis sp., 

milksnake 
captive USA, Wisconsin Sigler et al., 2013 

2003 Acrochordidae Acrochordus sp., Java 
wart snake sp. 

captive Australia, 
Queensland 

Sigler et al., 2013 

2006 Colubridae Nerodia clarkii 
taeniata, Atlantic 

saltmarsh watersnake 

captive USA, Florida Sigler et al., 2013 

2006 Viperidae Crotalus adamanteus, 
eastern diamond-

backed rattlesnake 

not 
specified 

USA, Florida Sigler et al., 2013 

2006 Viperidae Crotalus horridus, 
timber rattlesnake 

wild USA, New 
Hampshire 

Clark et al., 2011 

2008 Boidae Eunectes murinus, 
green anaconda 

captive USA, California Sigler et al., 2013 

2008 Viperidae Sistrurus catenatus, 
massasauga 

wild USA, Illinois Allender et al., 
2011 

2010 Elapidae Hoplocephalus 
bungaroides, broad-

headed snake 

captive Australia, 
Victoria 

Sigler et al., 2013 

2012 Colubridae Thamnophis radix, 
plains gartersnake 

wild USA, Illinois Dolinski et al., 2014 

2012 Colubridae Thamnophis sirtalis, 
common gartersnake 

wild USA, Wisconsin Lorch et al., 2016 

2012 Viperidae Agkistrodon 
piscivorus, 

cottonmouth 

captive USA, Florida Lorch et al., 2016 

2012 Viperidae Sistrurus miliarius 
barbouri, dusky pygmy 

rattlesnake 

wild USA, Florida Lorch et al., 2016 
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2013 Colubridae Lampropeltis nigra, 
eastern black 

kingsnake 

wild USA, Alabama Lorch et al., 2016 

2013 Colubridae Lampropeltis 
triangulum, eastern 

milksnake 

wild USA, New York Lorch et al., 2016 

2013 Colubridae Lampropeltis 
triangulum campbelli, 
Pueblan milksnake 

captive France Picquet et al., 2018 

2013 Colubridae Pantherophis vupinus, 
eastern foxsnake 

wild USA, Wisconsin Lorch et al., 2016 

2013 Homalopsidae Subsessor bocourti, 
Bocourt water snake 

captive France Picquet et al., 2018 

2013 Viperidae Agkistrodon contortrix, 
copperhead 

wild USA, South 
Carolina 

Lorch et al., 2016 

2014 Colubridae Coluber constrictor, 
North America Racer 

wild USA, Virginia Guthrie et al., 2016 

2014 Colubridae Farancia 
erytrogramma, 
rainbow snake 

wild USA, Virginia Guthrie et al., 2016 

2014 Colubridae Farancia abacura, 
red-bellied mudsnake 

wild USA, South 
Carolina 

Lorch et al., 2016 

2014 Colubridae Nerodia sipedon, 
common watersnake 

wild USA, Virginia Guthrie et al., 2016 

2014 Colubridae Nerodia taxispilota, 
brown watersnake 

wild USA, Virginia Guthrie et al., 2016 

2014 Colubridae Pantherophis 
alleghaniensis, 

eastern ratsnake 

wild USA, Virginia Guthrie et al., 2016 

2014 Colubridae Pituophis catenifer 
sayi, bullsnake 

wild USA, Minnesota Lorch et al., 2016 

2014 Colubridae Regina septemvittata, 
queensnake 

wild USA, Kentucky Price et al., 2015 

2014 Colubridae Pantherophis 
spiloides, grey 

ratsnake 

wild USA, Ohio Long et al. 2019 

2015 Colubridae Nerodia fasciata 
confluens, broad-

banded watersnake 

wild USA, Louisiana Glorioso et al., 
2016 

2015 Colubridae Pituophis ruthveni, 
Louisiana pinesnake 

wild USA, Louisiana Lorch et al., 2016 

2015 Colubridae Thamnophis 
proximus, western 

ribbonsnake 

wild USA, Louisiana Lorch et al., 2016 

2015 Colubridae Virginia valeriae, 
smooth earthsnake 

wild USA, Kentucky Lorch et al., 2016 

2015 Colubridae Carphophis amoenus, 
worm snake 

wild USA, Kentucky McKenzie et al., 
2018 
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2015 Colubridae Diadophis punctatus, 
ring-necked snake 

wild USA, Kentucky McKenzie et al., 
2018 

2015 Colubridae Nerodia erythrogaster, 
plain-bellied water 

snake 

wild USA, Kentucky McKenzie et al., 
2018 

2015 Colubridae Opheodrys aestivus, 
rough green snake 

wild USA, Kentucky McKenzie et al., 
2018 

2015 Colubridae Storeria 
occipitomaculata, 

redbelly snake 

wild USA, Kentucky McKenzie et al., 
2018 

2016 Colubridae Drymarchon couperi, 
eastern indigo snake 

wild USA, Georgia Chandler et al., 
2019 

2016 Colubridae Lampropeltis getula, 
eastern kingsnake 

wild USA, North 
Carolina 

Stengle et al. 2019 

2017 Colubridae Storeria dekayi 
dekayi, Dekay's 

brownsnake 

wild USA, 
Connecticut 

Licitra et al., 2019 

not 
specified 

Pythonidae Python sebae, African 
rock python 

captive USA, New 
Mexico 

Paré et al., 2003; 
Sigler et al., 2013 

not 
specified 

Viperidae Vipera berus, 
European adder 

wild Europe Franklinos et al., 
2017 

not 
specified 

Colubridae Coronella austriaca, 
smooth snake 

wild Europe Franklinos et al., 
2017 

not 
specified 

Colubridae Natrix natrix, 
grasssnake 

wild Europe Franklinos et al., 
2017 

not 
specified 

Colubridae Natrix tessellata, dice 
snake 

wild Europe Franklinos et al., 
2017 
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1.15  Figure 

 
Figure 1.1. Hypothesized predisposing factors to the development of ophidiomycosis. 

The central triad of negative energy balance, compromised immunity and increased 

stress levels (dark blue) create a feedback loop and are the major ways in which other 

factors influence development of ophidiomycosis. The cyclical flux of ophidiomycosis 

prevalence is thought to be due to the impact of season on snake behaviour as well as 

decreased temperatures forcing both the snakes and their prey into brumation or 

hibernation. The environment also impacts the degree of humidity and precipitation, 

which can increase fungal growth and the likelihood of snakes contracting 

ophidiomycosis (arrow not shown). The lowered temperatures and resulting decreased 

metabolic rate experienced during brumation directly compromise immunity, and long-



 

 

38 

 

term fasting leads to a negative energy balance. Brumation can also serve to 

concentrate fungal load in one area shared by a high density of infected and/or 

susceptible hosts. Habitat fragmentation can lead to inbreeding depression and thus 

compromised immunity. 
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2 Pathology Associated with Ophidiomycosis in Wild 
Snakes in Ontario, Canada 
This chapter is formatted for The Canadian Veterinary Journal as: McKenzie CM, 

Oesterle PT, Stevens BA, Shirose L, Lillie BN, Davy CM, Jardine CM, Nemeth NM. 

2020. Pathology associated with ophidiomycosis in wild snakes in Ontario, Canada. 

Canadian Veterinary Journal. 2020;61(9):1-6. 

2.1 Abstract 

Ophidiomycosis (snake fungal disease) is the most common cause of skin lesions in 

free-ranging snakes in North America. Naturally infected snakes with ophidiomycosis (9 

carcasses, 12 biopsies) were examined grossly and histologically. These cases 

comprised 32 % of the 66 snake cases submitted to the Canadian Wildlife Health 

Cooperative-Ontario/Nunavut Node in 2012 through 2018. Affected species included the 

eastern foxsnake (Pantherophis vulpinus; n = 15), gray ratsnake (Pantherophis 

spiloides; n = 3), eastern massasauga (Sistrurus catenatus; n = 2), and queensnake 

(Regina septemvittata; n = 1). Severity of disease varied widely from mild microscopic 

skin lesions to fatal, necrotizing, and ulcerative facial lesions. 

2.2 Introduction 

Ophidiomycosis, also known as snake fungal disease, is caused by the fungus 

Ophidiomyces ophiodiicola and can cause facial swelling, granulomatous dermatitis, 

and death in both captive and free-ranging snakes (1-3). The disease was first 

described in a free-ranging population of timber rattlesnakes (Crotalus horridus) in 2011 

in New Hampshire, and has since been documented in over 30 species, encompassing 
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6 families of wild snakes across North America and in some areas of Europe (1,3-5). 

Further, O. ophiodiicola is thought to be the most common cause of skin lesions in free-

ranging snakes in the eastern United States (3,6). The observed prevalence and 

severity of ophidiomycosis lesions vary seasonally in some species. Clinical disease in 

snakes often corresponds to their emergence from brumation, a time of severe energy 

restriction and communal behaviour in snakes (1,7,8).  In free-ranging snakes, the 

development of ophidiomycosis is likely multifactorial, and the mechanisms by which it 

causes mortality are currently unknown (1,8). Thirteen of Ontario’s native, free-ranging 

snake species are considered species at risk, 4 of which have been found with 

ophidiomycosis as discussed in this study (9). They are subject to numerous threats, 

including habitat loss and degradation, vehicular trauma, and deliberate persecution by 

humans, in addition to the potential threat posed by infectious diseases, such as 

ophidiomycosis (9). We sought to describe the pathology of ophidiomycosis in naturally 

infected free-ranging snakes in Ontario, Canada, at the northern limit of the currently 

recognized range of O. ophiodiicola.  

2.3 Materials and Methods 

We reviewed all snake cases diagnosed with ophidiomycosis at the Canadian 

Wildlife Health Cooperative (CWHC) Ontario/Nunavut node from 2012-2018 (including 

whole carcasses and snake skin biopsies) that met the following criteria: available 

formalin-fixed, paraffin-embedded tissues, a positive quantitative PCR (qPCR) result for 

O. ophiodiicola, and microscopically visible fungal elements. For each snake, the 

species, sample submission type, diagnosed cause of death, and gross lesions were 
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recorded. Prior to 2012, no snakes submitted to the CWHC in Ontario were reported to 

have lesions consistent with ophidiomycosis. Prior to 2015, qPCR for O. ophiodiicola 

was not available at the provincial diagnostic laboratory (Animal Health Laboratory, 

University of Guelph, Guelph, Ontario) and thus, frozen skin samples collected from 

2012 and 2014 were retrospectively tested by qPCR. Whole carcasses were typically 

frozen prior to submission. After thawing, the skin over the dorsal, ventral, and lateral 

body walls was swabbed, as well as any grossly visible skin lesions, with a polyester-

tipped applicator and a standard necropsy was performed. A common alternative to 

carcass submission was field collection of a skin biopsy sample from live snakes along 

with an additional section of fresh skin or a skin swab for qPCR test. Biopsy samples 

submitted in lysis buffer were placed in 10 % neutral-buffered formalin for at least 24 h 

prior to processing for histopathology. Formalin-fixed samples were routinely processed, 

embedded in paraffin, sectioned at 5 μm, and stained with hematoxylin and eosin (HE), 

as well as Gomori’s methenamine silver (GMS) stain. When a fresh skin or swab 

sample was not available, the lysis buffer fluid that contained the skin biopsy was tested 

by qPCR. In 1 case, formalin-fixed paraffin-embedded tissue was deparaffinized and 

used for qPCR analysis. When multiple tissues were submitted for qPCR from the same 

snake, the sample with the greatest amount of fungal DNA, as indicated by the lowest 

cycle threshold (ct) value, was used for analysis. 

Histopathology scoring was performed on the most affected skin section from 

each snake, based on estimated percent of the section with a lesion. Inflammation and 

necrosis were subjectively scored based on depth and amount of tissue affected as 0, 



 

 

56 

 

1, 2, or 3. The presence or absence of serocellular crusting and ulceration was also 

scored. A histologic grade (Table 2.1) was then assigned to each snake skin as 0 (i.e., 

absent), I (i.e., mild; Figure 2.1a), II (i.e., moderate; Figure 2.1b) and III (i.e., severe; 

Figure 2.1c). In many biopsy samples, deep muscle involvement could not be assessed 

due to superficial sampling; thus, the maximum number of points for skin inflammation 

in these cases was 2.  

Nucleic acid (DNA) was extracted from fresh-frozen skin swabs, fresh-frozen 

skin, and formalin-fixed paraffin-embedded samples using a commercially available kit 

(DNeasy Plant mini Kit, Qiagen, Valencia, California, USA) following the manufacturer’s 

instructions. A TaqMan qPCR assay was performed using primers and probe from IDT 

(Coralville, Iowa, USA) and master mix from Roche (Laval, Quebec) to amplify the 

internal transcribed spacer between the 18S and 5.8S ribosomal RNA gene specific for 

O. ophiodiicola as described in Allender et al (10). All histology processing and staining 

and qPCR were performed at the Animal Health Laboratory (Guelph, Ontario). 

2.4 Results 

Of the 66 snake cases submitted to the CWHC from 2012 to 2018, 21 (32 %) met 

the criteria of having both histological lesions consistent with ophidiomycosis and a 

positive qPCR result for O. ophiodiicola (9 carcasses, 12 skin biopsies; Table 2.1). 

Species included the eastern foxsnake (Pantherophis vulpinus; n = 15), gray ratsnake 

(P. spiloides; n = 3), eastern massasauga (Sistrurus catenatus; n = 2), and queensnake 

(Regina septemvittata; n = 1).  
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 The cause of death was attributed to ophidiomycosis in 3 of the 21 (14 %) 

snakes (W.C.05, W.C.08 and W.C.09), 2 of which were eastern massasaugas. The 2 

rattlesnakes had severe gross lesions with brown crusting over the head, affecting the 

spectacles and nasolabial pits, and swelling of the rostrum (Figure 2.1d). Caudal to the 

crusted areas, there was loosely adhered, unshed skin, indicating dysecdysis. The 

ventral and dorsal subcutis of both snakes had approximately 12, 1- to 3-mm diameter, 

raised, firm, nodules randomly scattered along the length of the body. Snake W.C.09 

had 2, firm, 5 mm diameter nodules within the caudal lung. Both snakes were in good 

nutritional condition with abundant intracoelomic and pericardial adipose tissue, as 

these 2 snakes were held in a rehabilitation facility and force fed for 5 wk prior to 

submission. Microscopically, these lesions corresponded to severe granulomatous and 

heterophilic, necroulcerative dermatitis, cellulitis, myositis, keratitis, stomatitis, and 

osteomyelitis with intralesional fungal hyphae and conidia consistent with O. 

ophiodiicola (Figure 2.1e). Fungal hyphae were amphophilic, 4 to 6 μm wide, septate, 

and had undulating walls and acute angle branching consistent with O. ophiodiicola. 

Conidia were rectangular and approximately 3 to 8 ´ 3 μm. The fungus stained positive 

with GMS (Figure 2.1f). Both snakes had extensive, ≤ 150 μm deep foci of serocellular 

crusting and necrosis of the epidermis and dermis, affecting approximately 20 to 80 % 

of the skin over the head. In the snout of snake W.C.09, there was extensive necrosis 

with aggregates of fungal hyphae that effaced the epidermis, dermis, skeletal muscle, 

bone, and nasal turbinates. In the more caudal portions of the head, fungal hyphae and 

associated inflammation extended from the skin into underlying bone and, to a lesser 
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extent, the brain (Figure 2.1e). In the epidermis, fungal hyphae and conidia most often 

formed dense aggregates within the keratin and serocellular crust, underlain by a layer 

of heterophils and epithelioid macrophages. In the deeper tissues, fungal hyphae were 

most often found in a central area of necrosis, surrounded by a ring of epithelioid 

macrophages with interspersed heterophils that increased in number towards the 

periphery. The pulmonary nodules in snake W.C.09 were fungal granulomas, which 

were also seen in the lung of snake W.C.08, although they were not recognized grossly. 

Inflammation, hyphae and debris extended from the faveolar septa into airspaces and 

the central lumen (Figure 2.1g).  

 The third snake in which mortality was directly attributed to ophidiomycosis was 

an eastern foxsnake (W.C.05). The cause of death was determined to be emaciation 

(i.e., empty gastrointestinal tract, no fat bodies, and reduced muscle mass) secondary 

to facial ophidiomycosis lesions. There was an opaque, right, ocular spectacle and a 5 

mm diameter, firm swelling at the caudal aspect of the right mandible. Microscopically, a 

heterophilic, serocellular crust containing fungal hyphae and conidia covered the 

corneal surface, with a granuloma in the adjacent eyelid and extraocular connective 

tissue. Over the mandibular skin, there was serocellular crusting and a 2 mm diameter 

granuloma in the underlying dermis, with heterophils and macrophages in the subjacent 

skeletal muscle.  

In 2 additional snakes (W.C.06 and W.C.07), ophidiomycosis was considered to 

be an incidental finding or potentially contributing to death. In snake W.C.06, an eastern 

foxsnake, anesthetic complications during transmitter implantation surgery were 
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considered the proximate cause of death. Gross lesions attributed to ophidiomycosis 

included three, 1 to 2 mm diameter crusts over the caudodorsal head, which 

corresponded to grade III skin lesions with dermal and skeletal muscle granulomas, 

ulceration and crusting with intralesional fungi. The proximate cause of death in snake 

W.C.07, a gray ratsnake, was determined to be septicemia secondary to traumatic tail 

amputation. There were two, 1.5 x 1.0 cm foci of crusting and irregular scales in the skin 

over the lateral body wall (Figure 2.1h), which corresponded to skin lesions with a 

histologic grade of II with inflammation in the dermis, and a moderate amount of 

necrosis and serocellular crusting.  

Two snakes (eastern foxsnakes, W.C.01 and W.C.03) had microscopic lesions 

compatible with ophidiomycosis and tested qPCR positive for O. ophiodiicola, but the 

fungal infection was considered incidental due to lack of gross lesions and mild (grade I) 

histologic lesions. Snake W.C.01 was egg bound with resulting sepsis. Microscopically, 

W.C.01 had serocellular crusting affecting half of a single scale on the head, with rare 

fungal hyphae, and a few heterophils in the underlying dermis with no necrosis. Snake 

W.C.03 had extensive damage to the cranial portion of the body, attributed to vehicular-

induced trauma. Microscopically, W.C.03 had a very similar lesion on the head, with a 

small amount of necrosis. 

The cause of death was not determined in 2 snakes (W.C.02 and W.C.04, both 

eastern foxsnakes) with microscopic ophidiomycosis lesions that were considered 

subclinical (i.e., mild and of limited distribution) and positive qPCR results. In snake 

W.C.02, there were a few thickened scales grossly over the dorsal aspect of the head, 
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which microscopically correlated to grade II skin lesions with primarily heterophilic 

inflammation. In snake W.C.04 there were no gross lesions of ophidiomycosis, but the 

snake was in poor nutritional condition and had numerous nematodes in the lungs, and 

a transmitter had been previously implanted in the coelomic cavity. Microscopically, 

there was a grade I skin lesion with heterophilic inflammation. 

 Of the 12 snakes for which skin biopsy samples were submitted, all were 

reported by the submitter to have had gross lesions. All samples had serocellular 

crusting with heterophils and visible fungal hyphae. Samples from 2 snakes (W.B.06 

and W.B.07) were limited to crusts removed from the skin (presumed supraepidermal), 

with no epidermis or dermis for evaluation; these samples could not be graded. Among 

the remaining 10 samples, 1 had grade I skin lesions, 2 had grade II skin lesions, and 7 

had grade III skin lesions. Only 2 skin samples (snakes W.B.05 and W.B.12) were 

sufficiently deep to assess the underlying skeletal muscle for involvement, which 

included inflammation in both cases (Figure 2.1c). 

2.5 Discussion 

All of the snakes in this study displayed varying degrees of heterophilic and 

granulomatous dermatitis, cellulitis, and myositis, as well as additional lesions 

potentially attributable to invasive or disseminated O. ophiodiicola infection, consistent 

with previous reports of ophidiomycosis in the United States and Europe (1,5). 

Lesion severity associated with O. ophiodiicola infection varied greatly among 

individual snakes. Previous studies have suggested that species within the family 
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Viperidae may be more susceptible to the effects of ophidiomycosis (4,11,12). Indeed, 2 

of the 3 snakes we observed with fatal ophidiomycosis were viperids. The potential 

population-level impacts of ophidiomycosis on free-ranging snakes were first recognized 

in a population of eastern massasaugas in Illinois (11). The eastern massasauga is 

Ontario’s only extant, native species in the family Viperidae (13). However, many other 

snake species, including colubrids, also can develop severe infections (1). Both eastern 

massasaugas in this study had extensive facial lesions, including fungal stomatitis, 

keratitis, osteomyelitis, and encephalitis. This most likely led to fungal pneumonia in 

both snakes through either inhalation or direct extension, rather than hematogenous 

embolization, given the presence of fungal hyphae and debris in the central airspaces. 

All of the other snakes diagnosed with naturally acquired ophidiomycosis in this study 

were species within the family Colubridae, which encompasses the majority of native, 

free-ranging snake species in Ontario. Lesions in these snakes were primarily confined 

to the superficial skin. Eastern foxsnakes are overrepresented among the naturally 

infected species in this study, as many samples came from a single, free-ranging 

population that is intensively monitored and sampled as part of a research initiative.  

In the colubrids in the present study, ophidiomycosis was usually considered an 

incidental finding, or potentially contributing to the cause of death. The only colubrid in 

which ophidiomycosis was considered the cause of death was an eastern foxsnake, 

which was emaciated, presumably secondary to facial ophidiomycosis. Lesions 

involving the head are thought to decrease the snake’s ability to obtain food and lead to 

a negative caloric balance and subsequent immunosuppression (1,14). The function of 
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the innate immune system could also be compromised by direct fungal damage to the 

physical barrier of the skin and dysecdysis. Ophidiomycosis can also lead to behavioral 

changes (e.g., increased time spent basking), which may predispose to other mortality 

causes (e.g., vehicular trauma, predation). This may have been the case with an 

eastern massasauga, which had multiple ophidiomycosis skin lesions, but died from 

sepsis due to a traumatic tail amputation. Affected snakes of some species are often 

observed basking in the open more often than uninfected snakes in both experimental 

and natural settings (4,15). This behavior may in part be an adaptation toward 

combatting pathogens, as basking increases body temperature and metabolic rate (15-

17).  

Skin from biopsied snakes in the present study displayed a wide range of lesion 

severity. Although the samples that consisted only of supraepidermal crusts were 

sufficient for demonstrating fungus in the lesion, the deeper sections allowed for 

assessment of skeletal muscle involvement, which may have been prognostically 

significant. When collecting biopsy samples from snakes for ophidiomycosis 

assessment, the benefits of a deeper, more complete biopsy sample must be weighed 

against the negative effects of a more invasive procedure that may be detrimental to the 

snake.  

The ophidiomycosis microscopic skin lesion grading scheme described in the 

present study proved a useful tool to create semi-quantitative data based on lesion 

characteristics and severity. The scheme allowed us to compare skin lesions in both 

carcasses and biopsy samples. This grading scheme provides a template for future 
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assessments of ophidiomycosis, allowing for more consistent lesion comparisons 

across studies. It may also prove useful as a prognostic indicator, but this would require 

further studies (e.g., a prospective study). 

Although the population-level impacts of ophidiomycosis are unclear, snake 

species in Ontario are subject to a variety of significant threats, primarily due to human 

activity, and it is integral that all risk factors, including disease, be considered in 

conservation initiatives (9). Ophidiomycosis is a complex disease, especially in natural 

settings in which season, stress, food availability and habitat degradation play a role in 

pathogenesis (1,7,15,18-20). Further targeted studies as well as ongoing surveillance, 

including population monitoring, are required to determine the potential impacts of 

ophidiomycosis on snakes in Ontario, as well as in the rest of Canada. 
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2.7 Tables 

Table 2.1. Grading scheme for Ophidiomyces ophiodiicola microscopic skin lesions in 
snakes. 
 

Skin Histologic Feature Score 

Feature Description Points 
Inflammation None 0 

 Heterophils in epidermis  1 

 Mixed inflammation, dermal 
involvement 2 

 Mixed inflammation, muscle 
involvement 3 

Necrosis None 0 
 Minimal 1 
 Coalescing areas, < 1 scale width 2 
 Coalescing areas, > 1 scale width 3 

Other Serocellular crust 1 
 Ulceration 1 

Skin Grade Determination 

Histologic Grade Total 
Points 

0  0 
I  1-3 
II  4-5 
III   6-8 
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Table 2.2. Summary of gross and microscopic lesions and qPCR results from carcasses and biopsy samples of wild snakes naturally infected with 
Ophidiomyces ophiodiicola in Ontario, Canada, 2012 - 2018. 

              Skin   qPCR 

Submission Case Species Year  
Gross 

Lesions   Inflammation Necrosis  Crust Ulceration 
Histologic 

Grade   Sample 
Cycle 

Threshold 

Carcass W.C.01 
Pantherophis 

vulpinus  2012  -  1 0 1 0 Ia  fresh skin 38.69 
Carcass W.C.02 P. vulpinus  2014  +  2 1 1 1 IIa  fresh skin 23.35 
Carcass W.C.03 P. vulpinus  2016  -  1 1 1 0 IIa  skin swab 34.42 
Carcass W.C.04 P. vulpinus  2016  -  1 1 1 0 Ia  skin swab 26.85 
Carcass W.C.05 P. vulpinus  2017  +  3 2 1 0 IIIa  skin swab 34.62 
Carcass W.C.06 P. vulpinus  2018  +  3 3 1 1 IIIa  skin swab 36.83 
Carcass W.C.07 P. spiloides 2018  +  2 2 1 0 IIa  skin swab 30.46 

Carcass W.C.08 
Sistrurus 
catenatus 2018  +  3 3 1 1 IIIa  skin swab 30.79 

Carcass W.C.09 S. catenatus 2018  +  3 3 1 1 IIIa  skin swab 29.71 
Biopsy W.B.01 P. vulpinus  2015  +  1 0 1 0 Ia  shed skin 21.48 
Biopsy W.B.02 P. vulpinus  2016  +  2 3 1 1 IIIa  fresh skin 33.61 
Biopsy W.B.03 P. vulpinus  2016  +  2 1 1 1 IIa  FFPE 23.1 

Biopsy W.B.04 
Regina 

septemvittata 2016  +  2 1 1 0 IIa  skin swab 33.95 
Biopsy W.B.05 P. vulpinus  2017  +  3 3 1 1 IIIa  skin swab 27.69 
Biopsy W.B.06 P. spiloides 2018  +  NA NA 1 NA NAa  skin swab 22.65 
Biopsy W.B.07 P. spiloides 2018  +  NA NA 1 NA NAa  skin swab 33.66 
Biopsy W.B.08 P. vulpinus  2018  +  2 3 1 1 IIIa  LB 24.27 
Biopsy W.B.09 P. vulpinus  2018  +  2 3 1 1 IIIa  LB 20.49 
Biopsy W.B.10 P. vulpinus  2018  +  2 3 1 1 IIIa  LB 19.49 
Biopsy W.B.11 P. vulpinus  2018  +  2 3 1 1 IIIa  LB 24.68 
Biopsy W.B.12 P. vulpinus  2018   +   3 3 1 1 IIIa   LB 24.73 

NA, not applicable; +, present; -, absent; FFPE, formalin-fixed paraffin-embedded tissue; LB, lysis buffer; aFungal hyphae observed in affected tissue. 
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2.8 Figures 

 
Figure 2.1. Natural Ophidiomyces ophiodiicola infections in snakes from Ontario, 

Canada. Figure 2.1a. Skin, Pantherophis vulpinus, grade I lesion with heterophilic 

inflammation limited to the epidermis and serocellular crusting with intralesional fungal 

hyphae, antemortem biopsy sample, snake W.B.01. Hematoxylin and eosin stain. Scale 

bar 50 μm. Figure 2.1b. Skin, P. vulpinus, grade II lesion with heterophilic and 

granulomatous inflammation extending into the dermis, with a small amount of necrosis, 

serocellular crusting and ulceration, postmortem specimen, snake W.C.02. Hematoxylin 

and eosin stain. Scale bar 100 μm. Figure 2.1c. Skin, P. vulpinus, grade III lesion with 
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heterophilic and granulomatous inflammation extending into the skeletal muscle, with 

extensive necrosis, serocellular crusting and ulceration, antemortem biopsy sample, 

snake W.B.05. Hematoxylin and eosin stain. Scale bar 500 μm. Figure 2.1d. Head, 

Sistrurus catenatus, severe locally extensive swelling, crusting and ulceration with oral 

and ocular involvement, postmortem specimen, snake W.C.08. Figure 2.1e. Head, S. 

catenatus, severe heterophilic and granulomatous, necroulcerative dermatitis, cellulitis, 

and myositis (black arrowhead), stomatitis (black chevron), with serocellular crusts over 

the head and eyes (asterisk), postmortem specimen, snake W.C.09. There is also 

osteomyelitis and encephalitis in this specimen, not visible at this low magnification. 

Hematoxylin and eosin stain. Scale bar 2 mm. Figure 2.1f. Scale, S. catenatus, a large 

number of O. ophiodiicola hyphae (black arrowhead) and arthroconidia (black chevron) 

in the keratin of a scale overlying necrotic tissue, postmortem specimen, snake W.C.09. 

Gomori’s methenamine silver stain. Scale bar 20 μm. Figure 2.1g. Lung, S. catenatus, 

heterophilic and granulomatous fungal pneumonia, postmortem specimen, snake 

W.C.08. Hematoxylin and eosin stain. Scale bar 200 μm. Figure 2.1h. Skin, 

Pantherophis spiloides, thickened, irregular and dull scales on the lateral body wall 

(white asterisk), postmortem specimen, snake W.C.07. 
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3 Ophidiomycosis in red cornsnakes (Pantherophis 
guttatus): Potential roles of brumation and temperature on 
pathogenesis and transmission  
This chapter is formatted for submission to Veterinary Pathology as: McKenzie CM, 

Oesterle PT, Stevens B, Shirose L, Mastromonaco GF, Lillie BN, Davy CM, Jardine CM, 

Nemeth NM. 2020. Ophidiomycosis in red cornsnakes (Pantherophis guttatus): In press. 

3.1 Abstract 

Ophidiomycosis (snake fungal disease) is caused by the fungus Ophidiomyces 

ophiodiicola. As ophidiomycosis is difficult to study in free-ranging snakes, a reliable 

experimental model is needed to investigate questions about transmission, 

pathogenesis, morbidity and mortality, and the effects of brumation and temperature on 

disease development. Our objective was to develop such a model via subcutaneous 

injection of O. ophiodiicola conidia in red cornsnakes (Pantherophis guttatus). The 

model was used to evaluate transmission and the effects of brumation and temperature 

in co-housed inoculated and noninoculated snakes. All 23 inoculated snakes developed 

lesions consistent with ophidiomycosis, including heterophilic and granulomatous 

dermatitis, cellulitis, and myositis, and embolic fungal granulomas throughout the liver 

and the coelomic connective tissue in 21/23 (91 %). In the inoculated snakes, 21 % of 

skin swabs, 37 % of exuvia and all liver samples tested positive by qPCR for O. 

ophiodiicola. A post brumation skin swab from 1/12 noninoculated snakes that brumated 

in contact with inoculated snakes tested positive by qPCR, suggesting possible contact 

transmission. That snake had skin lesions consistent with ophidiomycosis, but no visible 

fungal elements. Of the 23 inoculated snakes, 20 (87 %) died over the 70-day 
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experiment, with ophidiomycosis considered the primary cause of death; 12 (52 %) of 

inoculated snakes died during brumation. Overall, this experimental model of 

ophidiomycosis reproduced skin lesions analogous to those of many natural cases, 

internal lesions similar to the most severe natural cases, provided tentative 

experimental evidence for horizontal transmission in brumation, and offers a tool for 

future studies of this widespread snake disease.  

3.2 Introduction 

Over the past decade, ophidiomycosis (snake fungal disease), caused by the 

fungus Ophidiomyces ophiodiicola, has been documented in captive and free-ranging 

snakes worldwide.26,38 Ophidiomycosis was first described in 2011, and commonly 

reported lesions include facial swelling, granulomatous dermatitis, emaciation, and 

death.26,35 Since then, ophidiomycosis has been documented in over 30 snake species 

in North America and Europe.14,26,38 Further, O. ophiodiicola is thought to be the most 

common cause of skin lesions in free-ranging snakes in the eastern United States.7,38 At 

northern latitudes, and depending on snake species, the prevalence and severity of 

ophidiomycosis is generally highest immediately after emergence from brumation (i.e., a 

hibernation-like state in ectotherms), a time of severe energy restriction and 

cohabitation.17,24,26,40 However, the relative effects of brumation, environmental 

temperature, and nutritional status on the pathogenesis of ophidiomycosis, including 

aspects of transmission, are unknown.23,26  

Ophidiomyces ophiodiicola was demonstrated as the causative agent of fungal 

disease in snakes through experimental studies using two different models.2,27 The first 
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study introduced the fungus into the nasolabial pits of cottonmouths (Agkistrodon 

piscivorus) using a catheter.2 The second applied fungus to abraded and non-abraded 

skin of red cornsnakes (Pantherophis guttatus) using a bandage.27 Both approaches 

resulted in lesions analogous to those seen in mild natural ophidiomycosis cases. 

However, the methods applied in these studies prevented exact quantification of the 

amount of fungus actively participating in the infection, as conidia could have been lost 

to the environment or trapped within the bandage, and there was apparent clearing of 

the fungus in many snakes. 

Developing a reliable experimental model of ophidiomycosis could facilitate 

direct, experimental investigation of the relative impacts of host and environmental 

factors in disease progression. Such studies can complement and inform work with free-

ranging snakes, where natural conditions can be studied but confounding factors or 

small sample sizes may limit statistical power. We sought to experimentally replicate 

lesions of naturally acquired ophidiomycosis by subcutaneous inoculation with a known 

dose of O. ophiodiicola in juvenile red cornsnakes and to examine potential 

transmission dynamics and the effects of temperature and brumation on pathogenesis. 

3.3 Materials and Methods 

Experimental Animals 

 Forty-two captive bred, three- to six-month-old (4.5 to 17.0 g, young-of-the-year) 

red cornsnakes were obtained from two established breeding colonies in southern 

Ontario, Canada. Upon arrival, a general health assessment of each snake was 

performed by passive observation of behavior and external physical examination using 
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manual restraint. Each snake was weighed and we swabbed the skin along the dorsal, 

lateral, and ventral surfaces of the body, including the head, using a dry polyester-

tipped applicator. Swabs were stored dry in individual cryovials at -20 °C. Snakes were 

initially housed individually in 46.9 x 21.5 x 21.5 cm polysulfonate vent rack cages 

(Allentown cage and Equipment, Allentown, NJ, USA) in a biosafety level 2 facility at the 

University of Guelph. Each enclosure contained a halved plastic container for cover, a 

clay water dish, and paper lining. Snakes were provided with freshwater ad libitum and 

a ~2.5 g neonatal mouse (Tails and Scales, Toronto, Canada) once per week, except 

during pre-brumation and brumation periods. Snakes were acclimated to the laboratory 

environment for three weeks prior to inoculation, during which time they were 

maintained at 22 to 28 °C on a 12-hour light and 12-hour dark cycle (Supplemental Fig. 

S3.4). This study was approved by the University of Guelph Animal Care Committee 

(animal use protocol 3812) and conducted in accordance with applicable Canadian 

Council on Animal Care guidelines. 

Fungus  

 The fungus stock consisted of O. ophiodiicola isolate UAMH 11863 from the 

University of Alberta Microfungus and Herbarium Centre for Global Microfungal 

Biodiversity (Toronto, Ontario, Canada) grown on potato dextrose agar (PDA) substrate. 

This sample was collected from a skin lesion of an eastern foxsnake (Pantherophis 

vulpinus, 2015 001) from Point Pelee National Park, Leamington, Ontario, and 

submitted by IDEXX Laboratories. 
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 Conidia for the inoculum were cultured at 26 °C for 22 to 28 days on irradiated 

Sabourand’s agar or PDA plates and harvested by flooding the plates with 7 mL of 

phosphate buffered saline with 1 % Tween 20 (PBST). A sterilized glass stick was used 

to remove fungus from the plate. Approximately 3 mL of fluid was removed from each 

plate using a sterile plastic transfer pipette. Another 5 mL of PBST was added to this 

fluid, which was then vortexed for 2 minutes, filtered through a sintered glass wool plug, 

and centrifuged at 4000 X g for 10 minutes. The resulting conidia pellets were washed 

once with 1 mL of saline, vortexed for 5 seconds, and centrifuged at 4000 X g for 5 

minutes. Conidia were enumerated using a hemocytometer and resuspended in 0.2 mL 

of sterile saline to approximately 105 conidia/mL. This inoculum dosage is similar to the 

number of conidia used in previous infection studies.2,27 

Experimental Design 

 Snakes were assigned to one of three groups to include a range of weights and 

ages within each: a fungus-inoculated group (n = 23; hereafter referred to as 

“inoculated”), snakes which were housed with inoculates during brumation, but not 

injected with any material (n = 12; hereafter referred to as “contact”), and sham-

inoculated controls (n = 7; hereafter referred to as “control”). At 0 days post inoculation 

(dpi), inoculates were injected subcutaneously with 0.2 mL of conidia solution with a 25 

g needle, equally divided between two locations: right lateral cranial body wall 

(immediately caudal to the head) and right lateral mid-body wall. Control snakes were 

sham-inoculated with sterile saline by the same method. Initially, control, contact, and 

inoculated treatment groups were housed on separate sides of the same room, and 
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husbandry and handling of treatment groups was always completed in the order listed. 

Throughout the experiment, all snakes were monitored at least once daily for clinical 

signs, including the development of skin lesions and lethargy. All gross skin lesions 

were measured, described, and recorded. Lethargy was recorded when snakes were 

subjectively slow to react to handling in comparison to other snakes or were 

unresponsive. Snakes were also weighed and skin-swabbed weekly, except during the 

brumation period (21 to 49 dpi), during which time disturbance of snakes was 

minimized.  

 Environmental conditions from 1 to 21 dpi included one week with a 12-hour light 

and 12-hour dark cycle, weekly feedings and ambient temperatures maintained at 26 to 

28 °C with 10-cm-wide electrical heat tape at 30 °C running underneath enclosures. 

Two weeks prior to brumation, feedings and heat tape usage were discontinued, and 

the light cycle and ambient temperatures gradually decreased (by 1-2 hours per day 

and 1-2 °C per day) to a 4-hour light and 20-hour dark cycle and 10 °C, respectively. 

Temperatures were monitored using a digital thermometer placed on the shelving in 

each room and an analogue thermometer placed directly on the heat tape. 

In addition, seven days prior to initiation of brumation, snakes were individually 

placed into 2 cm of fresh water for 5 minutes each to stimulate defecation and thus clear 

the gastrointestinal tract.  

 The brumation period was from 21 to 49 dpi, during which time snakes were 

grouped together to simulate a communal hibernaculum. Inoculated and contact snakes 
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were housed in six treatment groups of three inoculates and two contact snakes each, 

and control snakes were housed in two treatment groups, each with 3 or 4 snakes. 

Ambient brumation temperatures were between 4 and 13 °C and the daily light cycle 

was 1 hour of light and 23 hours of dark. Snakes were visually monitored during this 

time but not handled or fed.  

 Snakes were roused from brumation starting at 49 dpi by returning them to 

individual housing, gradually increasing the temperature by 1-2 °C per day, increasing 

the light cycle by 1-2 hours per day to 12-hours each of light and dark, and resuming 

weekly feedings. Half of the remaining snakes across both treatment groups were 

placed into a “spring room” in which the temperature was gradually increased to a 

maximum ambient temperature of 19 °C with heat tape at 24 °C, while the other half 

was placed into a “summer room,” in which the temperature was increased to a 

maximum of 29 °C with heat tape at 32 °C. 

 All snakes that survived to the predetermined endpoint of 70 dpi were 

anesthetized with an overdose of ketamine (80 mg/kg) administered via intramuscular 

injection into the dorso-cranial epaxial muscles. Snakes were weighed and swabbed 

after 15 minutes to allow for snakes to reach a deep plane of anesthesia, which was 

determined by absent jaw tone, absent righting reflex, and no response to tail pinching. 

Death was assured by severing of the spinal cord just caudal to the head. 

Pathology 
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 Postmortem examination was performed within 60 minutes of finding a snake 

dead and within 15 minutes of euthanasia at the endpoint. There were up to 12 hours 

between visual evaluations of the snakes for clinical signs and mortality. Gross findings 

were documented, and representative samples of fresh liver and skin were collected 

and stored at -20 °C. The remainder of each carcass was preserved in 10 % neutral-

buffered formalin. 

 After fixation, each carcass was serially cross-sectioned at 3 mm intervals from 

the rostrum to cloaca and embedded in paraffin, sectioned at 5 μm, and stained with 

hematoxylin and eosin (HE), as well as Gomori’s methenamine silver stain (GMS) for 

tissues from all inoculates, allowing microscopic examination of all major organs at 

multiple levels for each snake. Histopathology of the skin was scored following the 

grading scheme previously described in McKenzie et al.30 Briefly, points were assigned 

for degree of inflammation, extent of necrosis, ulceration, and serocellular crusting to 

determine a final histologic grade of I, II, or III corresponding to mild, moderate and 

severe skin lesions, respectively. Liver histopathology was assessed by analyzing the 

most affected and intact section from each snake that comprised at least 30 % of the 

diameter of the coelom, to ensure accurate representation of as maximal a section of 

liver as possible. The percentage of the analyzed liver section affected was measured 

using the software ImageJ.37  

All snakes were subjectively assessed microscopically for poor nutritional 

condition by evaluation of adipose stores (pericardial and visceral) and degree of 

muscular and pancreatic atrophy. Muscle atrophy was identified when there were 
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angular and variably sized muscle fibers and pancreatic atrophy when there were 

reduced zymogen granules. Comorbidities with other infectious agents other than O. 

ophiodiicola were not assessed beyond microscopic examination for consistent lesions. 

Polymerase Chain Reaction Test 

 A commercially available kit (DNeasy Plant mini Kit, Qiagen, Valencia, CA, USA) 

was used following the manufacturer’s instructions to extract nucleic acid (DNA) from 

samples including skin swabs, fresh-frozen skin, and fresh-frozen liver. The internal 

transcribed spacer between the 18S and 5.8S ribosomal RNA gene specific for O. 

ophiodiicola was amplified using a TaqMan qPCR assay as described in Allender et al.3 

using primers and probe from IDT (Coralville, Iowa, USA) and master mix from Roche 

(Laval, Quebec, Canada). All histology processing and staining and qPCR tests were 

performed at the Animal Health Laboratory (Guelph, Ontario, Canada). 

Corticosterone levels in exuvia 

All shed skin samples collected from control, contact, and inoculated snakes 

(both pre and post inoculation) of at least 0.002 g in weight were extracted for 

corticosterone analysis as previously described,10 with minor modifications. In brief, skin 

samples were cut into 0.5 cm pieces and weighed (up to 0.02 g) into glass vials. 

Samples were washed briefly by adding 4 mL of 100 % methanol and vortexing for 10 

seconds. The wash methanol was removed and the sample left for 30 minutes at room 

temperature for any alcohol residue to evaporate. The samples were then extracted by 

adding 100 % methanol at a ratio of 0.005 g/mL and mixing on a rotator for 24 hours. 
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The extract was then transferred to a clean vial, evaporated under air, and stored at -20 

oC until analyzed. 

 Quantification of corticosterone concentrations in the shed extracts was done by 

enzyme immunoassay (EIA) as previously described.9 Extracts were reconstituted in 

EIA buffer for a final 20X concentration (or less if sufficient extract volume was not 

available; 2-15X concentration in 25 % of samples). Corticosterone standards 

(Steraloids, Newport, RI; Q1550) ranged from 39 to 10,000 pg/mL. Assay components 

were diluted as follows: goat anti-rabbit IgG polyclonal antibody (Sigma-Aldrich, 

Mississauga, ON, Canada), 0.25 ug/well; corticosterone polyclonal antibody (CJM006; 

C. Munro, University of California, Davis, CA), 1:200,000; corticosterone-horseradish 

peroxidase conjugate (C. Munro, University of California, Davis, CA), 1:1,000,000. 

Results are presented as ng of corticosterone / g of shed skin.  

Statistical Analysis 

 All statistical analyses were performed in R,33 with survival analysis done using 

the survival package41 and figures produced using the package ggplot2.44 Risk 

difference was calculated to compare the development of gross lesions between 

inoculated and control snakes. A simple linear regression was used to assess for an 

association between percentage of liver affected by granulomas and severity of 

microscopic lesions, as well as liver Ct values. For categorial variables, Kaplan-Meier 

survival functions were compared using the logrank test, and for continuous variables, 

analyses were performed using a Cox proportional hazards model, to identify 



 

 

82 

 

correlations with survival time. A one-way analysis of variance was used to compare 

shed rates and corticosterone levels in exuvia amongst different experimental groups 

and nutritional conditions. A simple linear regression was used to assess for an 

association between weight and shed rate. For all statistical analyses, a significance 

level of 5 % was used (i.e., α = 0.05). 

3.4 Results 

Pathology 

Gross Pathology 

 Of the 23 inoculated snakes, gross skin lesions developed in 11 (48 %; 95 % 

confidence interval [CI95%]: 27.41 – 68.24, P = 0.029). Lesions included skin and scale 

discoloration (n=2; 9 %), thickened scales (n=3; 13 %; Fig. 3.1a), dysecdysis (n = 5; 22 

%), vesicles (n = 3; 13 %; Fig. 3.1b), ulcers (n = 2; 9 %), and serocellular crusts (n = 6; 

26%; Fig. 3.1c; Table 3.1). The earliest death (snake I.01) occurred at 3 dpi and this 

snake did not exhibit gross skin lesions. The earliest skin lesion (snake I.06) was noted 

at 7 dpi and consisted of a small number of discolored, raised scales and mild swelling 

at the cranial inoculation site. Throughout the experiment, skin lesions progressed from 

scale discoloration to vesicle formation and later, to serocellular crusting.  

 Gross internal lesions were observed in 13/23 of the inoculated snakes (57 %; 

CI95%: 31.76 – 72.50, P = 0.010). Of these, 12 had hepatic granulomas (52 %; CI95%: 

31.76 – 72.50, P = 0.029; Fig. 3.1d). Five (22 %) had granulomas within the 

intracoelomic connective tissue. These granulomas were primarily along the trachea 



 

 

83 

 

and adjacent to the heart base (Fig. 3.1e) but were less commonly throughout the 

remainder of the coelomic cavity. Granulomas were discrete, nodular, solid, white, and 

chalky, and ranged from < 1 mm to 3 mm in diameter. None of the contact or control 

snakes developed gross lesions consistent with ophidiomycosis. 

Histopathology 

 All 23 of the inoculated snakes developed microscopic lesions that contained 

visible fungal elements, either in the skin or visceral organs (Table 3.1). Fungal hyphae 

were amphophilic, 4 to 6 μm wide, septate, and had undulating walls and acute angle 

branching consistent with O. ophiodiicola. Conidia were rectangular and approximately 

3-8 x 3 μm. The fungal elements stained positively with GMS. None of the control 

snakes developed notable microscopic lesions and none had visible fungal elements 

(Fig. 3.2a).  

 Of the 23 inoculated snakes, 20 (87 %) developed microscopic skin lesions 

consistent with O. ophiodiicola infection. Of these, three (13 %) displayed mild 

inflammation, with only a few scattered heterophils within the dermis; eight had 

moderate inflammation, with heterophils, macrophages, and lymphocytes both in the 

epidermis and dermis; and nine had severe inflammation, with a similar population of 

inflammatory cells expanding into the underlying musculature, and varying degrees of 

associated necrosis. The degree of necrosis was mild in 4/23 inoculated snakes, 

moderate in five with coalescing areas that affected less than a single scale width, and 

severe in seven with coalescing foci of necrosis affecting an area greater than one scale 
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width. The skin lesions had serocellular crusting in 14/23 (61 %) of snakes, and 11 (48 

%) had epidermal ulceration. Collectively, three snakes (13 %) had a histologic grade of 

I (Fig. 3.2b), eight (35 %) had a grade of II (Fig. 3.2c), and nine (39 %) had a grade of III 

(Fig. 3.2d). The skin lesions had intralesional fungus consistent with O. ophiodiicola in 

20/23 (87 %) of snakes (Fig. 3.2e). The majority of these lesions were limited to the 

sites of inoculation but two snakes (I.06 and I.10) had skin lesions on contralateral body 

walls, within the same body segment (i.e., the same histologic section). Snake I.06 had 

a grade II skin lesion on one side and grade I lesion on the opposite, both with 

intralesional fungi. In snake I.10, there was a grade III lesion on one side and multiple 

granulomas with intralesional fungus within the superficial and deep dermis on the 

opposite body wall. 

One of the contact snakes developed skin lesions consistent with ophidiomycosis 

and tested positive using qPCR on a skin swab at one timepoint (described below), but 

no fungus was visualized in twenty slides stained with GMS. In three sections taken at 

least 3 mm apart at the level of the trachea and esophagus, there was mild serocellular 

crusting affecting 1-2 scales, with a few heterophils, lymphocytes and plasma cells 

within the superficial dermis (grade I skin lesions; Fig. 3.2f).  

 Microscopically, 21/23 (91 %) experimentally inoculated snakes had internal 

lesions consistent with O. ophiodiicola infection. Most snakes with internal lesions 

(20/21; 95 %) had multiple, randomly scattered, well-circumscribed granulomas 

throughout the liver (Fig. 3.3a). These granulomas effaced an average of 9 % (range 1 - 

25 %) of the liver parenchyma and consisted of central necrosis that often contained 
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fungal hyphae surrounded by a rim of macrophages, heterophils, and lymphocytes. 

Subcapsular hepatic granulomas often protruded into the coelomic cavity. The 

percentage of liver affected by granulomatous inflammation was not significantly 

associated with the severity of microscopic skin lesions (F = 0.622, r2 = 0.029, P = 

0.439; linear regression). 

Fourteen of the snakes with internal lesions attributed to O. ophiodiicola infection 

(61 %) had granulomas within the intracoelomic connective tissue. These granulomas 

were similar to those described in the liver and were located at various levels 

throughout the coelomic cavity (i.e., peritracheally in the cranial coelom; Fig. 3.3b, and 

in the caudal coelom within the mesentery and around the kidney). Granulomas were 

rarely observed in other organs, including the lung (snakes I.12 and I.14) and thyroid 

gland (snake I.09). Pulmonary granulomas were at the base of the faveolar septa, 

adjacent to the pleura (Fig. 3.3c).  

 Six of the 23 inoculated snakes (26 %), 3/12 contact snakes (25 %) and 5/7 

control snakes (71 %) were deemed to be in poor nutritional condition at the time of 

postmortem based on microscopic examination. Four inoculated snakes (snakes I.02, 

I.04, I.18, I.20), had mild, segmental, heterophilic enteritis, and two (snakes I.04 and 

I.07) had mild, heterophilic pneumonia, all with no apparent cause. Two contact snakes, 

which had diffusely dull skin at postmortem, had mild to moderate numbers of 

eosinophils within the epidermis of approximately 75 % of scale hinge regions. Both of 

these snakes had a prominent stratum intermedium, which sometimes contained 

clefting and was overlain by a second ß-layer. These changes were consistent with 
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oncoming ecdysis.28 None of the control snakes had heterophilic or eosinophilic 

inflammation in any tissue. There was mild variation in the lymphoid tissue of the 

thymus and spleen between snakes, primarily with regard to the prominence of the 

cortex; however, subjectively there was no discernable association with infection status 

or experimental time period.  

Survival 

Snakes that were still alive at the experimental endpoint (70 dpi) and required 

censoring from the population included three inoculated snakes (13 % survival during 

the experimental period), ten contact snakes (83 % survival) and five control snakes (71 

% survival). The mortality rate among inoculated snakes over the course of the 70-day 

experimental period was 87 %. The mean survival time for inoculated snakes, after 

censoring, was 35 days [N(n) = 23(20), 95 % confidence interval (CI): 27 - 50, range: 3 - 

63 days; Fig. 3.3]. Mean survival time could not be calculated for contact and control 

snakes because the survival function never reached 0.5 for either group. 

Ophidiomycosis was considered to be the primary cause of mortality in all inoculated 

snakes, as all had lesions consistent with ophidiomycosis at the time of death and no 

gross or microscopic lesions consistent with another disease process. 

Based on the Kaplan-Meier survival functions, survival rates were significantly 

different between inoculated and control snakes (P = 0.0089) and between inoculated 

and contact snakes (P = 0.0004). Survival rates were similar between contact and 

control snakes (P = 0.300). 
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Ophidiomycosis was not influenced by body weight in causing mortality, in either 

additive or multiplicative analyses, and body weight alone had no impact on survival (P 

= 0.768). Body weight at the time of inoculation as a continuous variable in univariate 

analyses met the proportional hazards assumption, but violated it when used as an 

additive term. However, for snakes in the lowest 25% percentile of weight at inoculation 

(i.e. < 7.05 g, n = 11), the Kaplan-Meier survival function was significantly different (P = 

0.016) for those with a “poor” nutritional condition compared to the others. The mean 

survival time for snakes in poor nutritional condition, after censoring, was 23 days [N(n) 

= 11(9), CI95%: 9 - infinity, range: 7 - 54 days] and the mean survival time for the others 

could not be determined as the survival function never was below 0.5.  

We also found differences among the Kaplan-Meier survival functions for the four 

histologic skin grades (P < 0.0001), although there was no clear pattern of association 

between grade and survival. The mean survival time for snakes was 7 days for 

inoculated snakes with grade I lesions, 9 days for snakes with grade 0 lesions, 30 days 

for snakes with grade II lesions and 49 days for snakes with grade III lesions. The 

percentage of liver microscopically affected by granulomatous inflammation 

microscopically as a continuous variable in univariate analysis met the proportional 

hazards assumption and did not have a statistically significant effect on survival (P = 

0.7). 

During brumation (40 % of the duration of the experimental trial), 12 of the 23 (52 

%) inoculated snakes died of ophidiomycosis. During that time, one control snake died 

of emaciation and zero contact snakes died. 
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At the start of the post brumation period, there were six surviving inoculated 

snakes, ten contact snakes, and six control snakes, which were divided evenly between 

the “spring” and “summer” rooms. All three of the inoculated snakes and one of the 

control snakes in the “spring” room died, while no snakes in the “summer” room died. A 

logrank test could not be performed on the Kaplan-Meier survival curves because the 

assumptions failed. 

qPCR test results 

At least one sample from each O. ophiodiicola-inoculated snake tested positive 

for O. ophiodiicola by qPCR at some point during the experimental trial (Table 3.2), but 

results were inconsistent among sample types and individuals. Serial skin swab 

samples from ten inoculated snakes consistently tested negative, including swabs from 

two snakes that survived for the full 70 days and were swabbed seven times. Cycle 

threshold (Ct) values for positive skin swab samples ranged from 31.6 to 39.9. Snakes 

frequently alternated between having positive and negative skin swabs at different time 

points throughout the experimental trial. The qPCR sensitivity for skin swabs from 

inoculated snakes was 21 % (n = 77, 95 % CI: 12.37 – 31.54) and the false negative 

rate was 79 %. All swabs of the cages (n = 8) and lining papers of inoculated snakes at 

49 dpi (i.e., immediately after brumation) tested negative by qPCR. 

All homogenized liver samples tested from inoculated snakes were positive for O. 

ophiodiicola with Ct values ranging from 23.0 to 34.8 (n = 19). There was no association 

between liver Ct values and the percentage of livers affected by granulomatous 
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inflammation, as determined histologically (P = 0.075; linear regression). Three of eight 

homogenized exuvia samples from inoculated snakes tested positive with a sensitivity 

of 37 % (n = 8, 95 % CI: 8.52 – 75.51) and a false negative rate of 63 %. Homogenized 

exuvia yielded a positive qPCR result for two snakes that never had a positive qPCR on 

a skin swab sample despite skin swabbing within 0 - 7 days of skin shedding. 

A skin swab sample from a single contact snake tested positive on 49 dpi, the 

first timepoint after the brumation period, with a Ct value of 37.8. Skin swabs from this 

snake at the three remaining time points tested negative, as did the homogenized liver 

sample and two exuvia samples collected on 65 and 70 dpi. 

Ecdysis frequency and cortisol levels 

 Among all snakes, there were 47 ecdysis events during the acclimation and post 

inoculation periods. Fourteen snakes did not shed skin during the study (13 weeks) 

while ten snakes shed 2 - 3 times in that period. During the post inoculation period, the 

mean ecdysis frequency was 0.015 sheds/day for inoculated snakes, 0.006 sheds/day 

for contact snakes, and 0.012 sheds/day for control snakes. Ecdysis frequency was 

similar among the experimental groups (F = 1.038, P = 0.363). Ecdysis frequency 

decreased with weight (F = 4.921, r2 = 0.088, P = 0.032) and with poor nutritional 

condition at the time of inoculation (F = 4.734, P = 0.035). 

The mean corticosterone concentration in exuvia was 3.69 ng/g from all shed 

events (n = 47, range = 0.78 – 22.54 ng/g, standard deviation = 4.24). All exuvia were 

representative of pre-inoculation circulating corticosterone levels, as no snake shed 
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more than once after inoculation. Corticosterone levels were similar across weights (F = 

0.951, r2 = -0.001, P = 335), between ‘poor’ and ‘adequate’ nutritional conditions (F = 

2.203, P = 0.146), and across experimental groups (F = 0.913, P = 0.443). 

3.5 Discussion 

This study demonstrates that subcutaneous injection of O. ophiodiicola in juvenile 

red cornsnakes causes ophidiomycosis with skin lesions analogous to those observed 

in natural infections and previous experimental challenges, as well as internal lesions 

consistent with severe natural infections.2,26,27,32 Inoculated snakes displayed varying 

degrees of heterophilic and granulomatous dermatitis, cellulitis, and myositis, as well as 

granulomas throughout the liver and coelomic connective tissue. One uninoculated 

snake in contact with infected snakes tested positive for O. ophiodiicola by qPCR and 

developed characteristic skin lesions, tentatively supporting the hypothesis of contact 

transmission during brumation.  

In general, dermatomycoses in reptiles are initiated through skin contact with 

fungal spores or conidia, which germinate to colonize the keratinized layers and 

eventually penetrate into the stratum spinosum and stratum germinativum.19 This 

triggers a heterophilic response, leading to necrosis and granuloma formation.19,27 In 

addition to causing skin lesions over the head and body, ophidiomycosis often involves 

the nasolabial pits, especially in vipers, which have been proposed as another common 

point of entry for O. ophiodiicola.2 Based on this premise, fungus was introduced 

topically in previous experimental models of ophidiomycosis.2,27 Allender et al.2 used 

105 colony forming units in aqueous solution per dose introduced to the surface of 
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nasolabial pits and Lorch et al.27 used bandages soaked in 104-5 conidia adhered to the 

skin, which was sometimes abraded prior to application. The drawback of topical 

application in these models is that the quantity of applied conidia that actively participate 

in the infection is unknown, as some may be lost to the environment2 or are retained 

within the bandage.27 The lesions that followed nasolabial inoculation were analogous 

to, but less severe than, those seen with naturally acquired ophidiomycosis and 

contained highly variable quantities of fungus. In addition, some snakes appeared to 

clear the infection.2 Topical application of fungi via bandages also produced comparable 

skin lesions to natural ophidiomycosis, but some snakes appeared to clear infection 

through ecdysis, leading to multiple inoculation attempts to achieve infection, 

complicating the interpretation of study results.27 Our use of subcutaneous injection 

guaranteed delivery of known quantities of fungal conidia to the tissues of each snake, 

and made it unlikely that snakes would clear the infection through ecdysis. Also, this 

ensured that inoculated snakes were infected for the brumation phase of the 

experiment, to assess for horizontal transmission to contact snakes. 

The systemic spread of O. ophiodiicola fungus in the experimentally inoculated 

snakes in the present study is distinct from prior experimental infection results, but has 

been reported in severe natural cases.2,27,32 Using subcutaneous injection as the mode 

of infection promoted systemic dissemination of the fungus, as it allowed the fungus to 

bypass the epithelial barrier and gain access to internal tissues. Although direct 

introduction of large numbers of conidia into the subcutaneous tissues is unlikely to 

occur naturally, fungus could be introduced in natural infections via penetrating wounds, 
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fungal infection of mucous membranes or deep ulceration associated with dermal 

ophidiomycosis. In naturally acquired infections, ophidiomycosis granulomas have been 

observed in the liver, spleen, kidney, lung, air sacs, coelomic fat, brain, salivary glands, 

and ovaries, in addition to skin.13,36,42 In one report of naturally acquired ophidiomycosis 

in free-ranging water and terrestrial snakes, 37% of these snakes had visceral fungal 

lesions, with the liver being most commonly affected by granulomas, and there were 

sometimes no associated cutaneous lesions.32 In reports of disseminated O. 

ophiodiicola granulomas with dermal lesions, mucous membranes, such as the cloaca 

or conjunctiva, were often affected.13,36,42 Discrepancies between reported prevalence 

of visceral lesions may be due to a combination of differences in susceptibility among 

species and perhaps a lack of thorough postmortem examination in cases focusing on 

skin lesions.  

The random distribution of the fungal granulomas throughout the liver and 

coelomic cavity of the experimentally inoculated snakes, and lack of generalized 

coelomitis, suggests hematogenous spread from the injection sites, as opposed to 

direct introduction during inoculation or direct extension through the body wall. It is 

unlikely that the fungus moved along fascial planes, given the intact hepatic capsule 

serving as a barrier and the high number of parenchymal hepatic granulomas. In 

addition to visceral dissemination of the fungus in the present study, the fungus also 

spread within the skin. Possible explanations for this finding include hematogenous 

spread within the dermis, or skin contamination with fungus by contact with the 

environment, fomites, or other infected snakes.  
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Despite direct inoculation of cornsnakes with a consistent, known fungal dose in 

the present study, the severity of resulting lesions varied widely. The first snake to die 

after inoculation (3 dpi) had grade I skin lesions and no granulomas in the liver. Of the 

inoculated snakes that survived to the predetermined endpoint, all had histologic grade 

II skin lesions and 0 to 25 % of the liver affected by fungal granulomas. Although thin 

body condition appeared to affect mortality, as discussed below, it did not seem to 

correlate with the severity of skin or internal ophidiomycosis lesions (Table 3.2). Lesions 

did not become noticeably more severe during brumation, although it is difficult to draw 

conclusions as all snakes were placed into brumation. The post brumation temperature 

may affect skin lesion development, as all three inoculated snakes that survived to the 

endpoint in the warmer room had less severe skin lesions than those in the cooler room, 

but samples sizes were too small to achieve significance. This is consistent with 

findings of increased severity of ophidiomycosis lesions with lower air temperatures.29 

Stress levels, as deduced from exuvia corticosterone levels, and concomitant 

immunosuppression, also did not appear to have a role in lesion development. It is clear 

that, even in an experimental setting, it is difficult to untangle the individual factors 

affecting lesion development and further research is required. 

The most important predictor of survival time in this experiment was inoculation 

with O. ophiodiicola, which drastically reduced survival. The mortality rate of 87 % in 

inoculated snakes in the present study is higher than those in other experimental 

trials,2,27 but similar to that reported in naturally infected, free-ranging eastern 

massasauga rattlesnakes.1,5 The high mortality rate reported here is likely due to a 
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combination of a high fungal dose injected subcutaneously leading to systemic 

dissemination and the use of juvenile snakes. Research on ophidiomycosis in this 

young age class is lacking, but reports in neonates indicate rapid disease development 

with high mortality.11,39 Body weight at the time of inoculation was not significant when 

considered as a continuous variable. This is consistent with other studies in which there 

were no associations between O. ophiodiicola infection and body weight, sex, age-

class, or body length in wild snakes.12,25  However, snakes with low body weights at the 

time of inoculation had reduced survival times, across all experimental groups. This 

suggests that there is a threshold for which reduced body weight becomes important in 

terms of survival.  

Survival time was not associated with microscopic lesion severity in skin and liver 

of snakes in the present study; however additional research including larger sample 

sizes would help clarify these associations. Microscopic skin lesion severity may not 

have been a significant predictor of mortality considering that the skin barrier was 

bypassed by using subcutaneous injection as the inoculation method. Although liver 

disease may have contributed to morbidity and mortality, it was likely not the sole factor 

based on lack of association between the percentage of liver affected and mortality. The 

amount of fungus in the liver, as estimated by the Ct values from homogenized liver, 

also did not correlate with the percentage of the liver affected by granulomas. This could 

be due to varying degrees in host response to the fungus, or different distribution of 

fungus and granulomas in the liver as different samples were used for histopathology 

and qPCR. Overall, our findings indicate that skin and liver lesion severity is not a good 
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predictor of mortality when juvenile cornsnakes are subcutaneously inoculated with O. 

ophiodiicola. 

Temperature and brumation are suspected to be major drivers in the 

epidemiology of ophidiomycosis in free-ranging snakes in temperate climates.12,25 

Brumation is a prolonged period of low temperatures leading to decreased activity in 

ectotherms that can negatively impact immune function and metabolic rate.15,22,34 In 

reptiles and other ectotherms, there is seasonal cyclicity in lymphoid tissue in both the 

thymus and the spleen, with abundance peaking in the spring and the autumn.45,46 

Seasonal cyclicity has also been observed in the bactericidal ability of plasma in 

snakes, and it is lowest in the fall.29 Overall fungal pathogenicity can also be affected by 

lower environmental temperatures.20,21 Snakes in temperate climates may attempt to 

thermoregulate through behavioral modifications such basking in the open at 

inappropriate times of year, perhaps to induce a fever response and decrease fungal 

proliferation.40 Over half of the inoculated snakes died during the brumation period and 

all of the inoculated snakes in the cooler ‘spring’ room died in the post brumation period, 

suggesting that lower temperatures and brumation had a negative impact on survival. 

Although there was a small amount of variation in the lymphoid tissue between snakes, 

there was no association with infection status or experimental timepoint (i.e., 

prebrumation, brumation and post brumation). We may not have seen the typical 

lymphoid cyclicity, as the experimental brumation period was shorter than in most 

natural circumstances. Despite the potential role of temperature in pathogenesis, 

ophidiomycosis has been observed in captive snakes with no history of temperature 
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change as well as in snake populations that remain active (i.e., non-brumating) year-

round.16,26 Overall, a better understanding of the role of environmental factors such as 

temperature, which are linked to behavioral activities such as brumation, in 

pathogenesis of ophidiomycosis is needed. 

Quantitative PCR of skin swabs is a commonly used diagnostic tool for 

ophidiomycosis in snakes and allows for non-invasive sampling.18 However, results from 

inoculated snakes in the present study were inconsistent across individuals and over 

time. The high false negative rate for qPCR tests of skin swabs from inoculated snakes 

in the present study (79 %) is similar to false negative rate reported for skin swabs of 

wild snakes with clinical disease (73 %).18 Such false negative rates may be attributable 

to swabbing techniques and clearance of fungus on the skin surface after it invades 

deeper into the underlying tissue.2,18 Fungal abundance in skin lesions of naturally 

infected snakes varies, with increased fungus in abnormal scales and reduced fungus in 

ulcerative lesions based on qPCR results.8 This is the basis for the recommendation of 

aggressive swabbing of skin lesions and/or skin biopsies for diagnosis.2,4,6,31 The false 

negative rate was lower for homogenized exuvia (63 %) in the present study; this rate 

may have been less if whole shed skin samples were tested (partial sheds were tested 

due to concurrent testing for corticosterones). Exuvia may be a superior sample for 

qPCR, as O. ophiodiicola is often within the outer layers of the skin and snakes have 

been observed to clear infections through skin shedding.27 

Transmission ecology, including major routes, represents a knowledge gap in our 

understanding of the pathogenesis and epidemiology of ophidiomycosis. A single 



 

 

97 

 

contact snake in the present study attained the classification of “Ophidiomyces present” 

during brumation as per published case definitions for ophidiomycosis.8 A single skin 

swab from this snake tested positive at the first post brumation sampling time point. This 

snake did not develop gross lesions but had grade I (i.e., low grade) microscopic skin 

lesions with no visible fungal elements. Given the experimental methods and the lack of 

skin lesions in control and other contact snakes, we suspect that the microscopic skin 

lesions and concurrent positive skin swab result represents horizontal transmission. 

Microscopic lesions without fungal elements may suggest the fungi caused tissue 

damage but were then cleared prior to death. Alternatively, the snake may have been 

superficially contaminated with O. ophiodiicola from the environment, but not infected, 

and the low grade lesion seen microscopically at the end of the experiment could have 

resulted from another process that was not observed in other contact or control snakes. 

Previous experimental studies have documented infected snakes with microscopic 

lesions that lacked fungal hyphae, perhaps representing disease recovery phase.2 This 

finding of presumed contact transmission indicates that snakes can, at minimum, be 

exposed to O. ophiodiicola during brumation with infected snakes. Communal brumation 

sites have been proposed as important for disease transmission due to close contact of 

snakes and contamination of the shared environment.25 Some snake species have been 

shown to have strong brumation site fidelity and are known to share a single burrow, 

and O. ophiodiicola DNA has been recovered from soil samples in areas with infected 

snakes.25,43 However, we did not find environmental contamination of O. ophiodiicola 

DNA, which may partially reflect a lack of robust sampling efforts. It is possible that 
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subcutaneous injection of O. ophiodiicola reduced the amount of fungus on the skin 

surface, although fungus was observed on the surface of some snakes (Fig. 10), which 

limited the amount of environmental and direct contact transmission. Horizontal 

transmission of O. ophiodiicola has not been otherwise experimentally confirmed, 

although evidence of transmission has been observed in free-ranging snakes held in 

captivity.11,39 

Results from previous experimental trials of ophidiomycosis suggest that ecdysis 

frequency may increase with O. ophiodiicola exposure in adult snakes; however, this 

was not the case in the present study.27 This result may have been impacted by 

brumation, which involved an extended period of energy restriction, or by use of juvenile 

snakes, which have less available energy reserves to dedicate to ecdysis, as exuvia 

frequency decreased with weight. Exuvia from these ecdysis events were tested for 

corticosterone concentrations to assess for pre-existing physiological stress. The 

corticosterone levels in exuvia reflect circulating corticosterone two weeks prior to the 

previous shed, while the skin is differentiating, and will increase with stressful events.10 

Therefore, all of the exuvia collected in this study are reflective of the time spent at the 

supplier or the acclimation period. Although the range of corticosterone concentrations 

was wide, levels were similar between experimental groups, indicating that physiologic 

stress was not an important dissimilarity prior to inoculation. 

In this study, we demonstrated that subcutaneous injection of O. ophiodiicola into 

cornsnakes can experimentally replicate skin and internal lesions analogous to those 

observed in natural infections. We used this model to show that brumation and cooler 
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temperatures have a negative impact on survival of infected snakes, and that body 

weight does not play an important role in pathogenesis unless the snakes are in very 

poor nutritional condition. A single, non-inoculated snake co-housed with inoculated 

snakes during brumation developed a mild skin lesion consistent with ophidiomycosis, 

suggestive of horizontal transmission. Together, these findings imply that the cooler 

temperatures of brumation and close contact of snakes in hibernacula play an important 

role in disease severity and epidemiology in free-ranging snake populations. This 

information is key to developing effective mitigation strategies to help conserve snake 

populations that may be threatened by this disease. Further research is required to 

determine the relative importance of these factors and others such as host taxonomy, 

life history, habitat degradation, food availability, environmental conditions (e.g., 

temperature), season, and stress, as well as inoculation route and dose on disease 

development.4,17,23,24,26,27,29 
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3.9 Tables 
Table 3.1. Summary of gross and microscopic lesions of carcasses from cornsnakes (Pantherophis guttatus) experimentally infected 
with Ophidiomyces ophiodiicola. 

      Gross Lesions   Microscopic Lesions 
       

Skin 
 

Other 

Case Death 
(dpi) 

 
Skin Liver Other 

 
 Inflammation  Necrosis  

Crust 
 

Ulceration 
Histologic 

Grade 

 
Liver                 
(% 

affected) 

Coelomic 
Granuloma 

Poor 
Nutritional 
Condition 

I.01 3 
 

- - - 
 

1 0 1 0 Ia 
 

0 - + 

I.02 4 
 

- - - 
 

0 0 0 0 0 
 

2a - + 

I.03 5 
 

- - - 
 

1 0 1 0 Ia 
 

1a - + 

I.04 7 
 

- - - 
 

1 0 1 0 Ia 
 

4a - + 

I.05 9 
 

- - - 
 

0 0 0 0 0 
 

4a - - 

I.06 22 
 

+ - - 
 

3 2 0 0 IIa 
 

13a + - 

I.07 23 
 

- - - 
 

2 1 0 1 IIa 
 

2a - + 

I.08 27 
 

- - - 
 

0 0 0 0 0 
 

15a + - 

I.09 32 
 

+ + - 
 

2 1 1 0 IIa 
 

22a + + 

I.10 32 
 

- + - 
 

2 2 1 1 IIIa 
 

10a + - 

I.11 32 
 

- + - 
 

2 2 0 0 IIa 
 

5a + - 

I.12 35 
 

+ + + 
 

3 3 1 0 IIIa 
 

8a + - 

I.13 42 
 

+ + + 
 

3 2 0 0 IIa 
 

6a + - 

I.14 45 
 

+ + - 
 

3 3 1 1 IIIa 
 

14a + - 

I.15 45 
 

+ - - 
 

3 3 1 1 IIIa 
 

0 - - 



 

 

102 

 

I.16 48 
 

+ - - 
 

3 3 1 1 IIIa 
 

22a + - 

I.17 49 
 

+ + + 
 

2 3 1 1 IIIa 
 

3a + - 

I.18 50 
 

+ + - 
 

3 2 0 1 IIIa 
 

13a + - 

I.19 60 
 

+ + - 
 

2 3 1 1 IIIa 
 

6a + - 

I.20 63 
 

+ + + 
 

3 3 1 1 IIIa 
 

1a + - 

I.21 70 
 

- - + 
 

2 1 1 1 IIa 
 

0 + - 

I.22 70 
 

- + - 
 

3 2 0 0 IIa 
 

1a - - 

I.23 70 
 

+ + - 
 

2 1 1 1 IIa 
 

25a - - 

Total      11 12 5       14 11     20 14 6 

dpi, days post inoculation; +, present; -, absent.  

aVisible fungal elements present. 
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Table 3.2. Summary of qPCR results from cornsnakes (Pantherophis guttatus) experimentally infected with Ophidiomyces ophiodiicola 
or in contact with infected snakes. Results are reported as Ct (cycle threshold) values. 

   Skin Swab Samplesa  Homogenized Tissue Samples 

Case 
Experimental 

Group  7 dpi  14 dpi  21 dpi  49 dpi 56 dpi   Liver Exuvia 

I.04 Inoculate  37 na na na na  na na 

I.05 Inoculate  - - na na na  31.2 na 

I.06 Inoculate  - - na na na  27.3 na 

I.07 Inoculate  38.1 - - na na  31.7 na 

I.08 Inoculate  - - - na na  23 Neg (21 dpi)  

I.09 Inoculate  31.1 36.2 36.1 na na  26.3 Neg (4 dpi) 

I.10 Inoculate  - 39.9 - na na  28.7 na 

I.11 Inoculate  - - - na na  28.7 Neg (6 dpi) 

I.12 Inoculate  39.1 - 32.6 na na  26.3 na 

I.13 Inoculate  - - - na na  26.8 31.3 (12 dpi) 

I.14 Inoculate  - - - na na  26.4 na 

I.15 Inoculate  38.4 34.7 32.2 na na  35 na 

I.16 Inoculate  - - 30.6 na na  29.2 na 

I.17 Inoculate  - - - - na  27.9 38.6 (2 dpi) 

I.18 Inoculate  39.2 - - - na  26.3 na 

I.19 Inoculate  - - - - 31.6  25.4 na 

I.20 Inoculate  - - - - -  30.5 na 

I.21 Inoculate  - - - - -  31.9 Neg (64 dpi) 

I.22 Inoculate  38.5 - - - -  34.8 30.4 (63 dpi) 

I.23 Inoculate  - - - - -  32 Neg (14 dpi) 

C.01 Contact   - - - 37.8 -   - Neg (65 and 70 dpi)  
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asnakes I.20 - 1.23 and C.01 were additionally swabbed at 63 and 70 dpi and tested negative. 

dpi, days post inoculation; -, negative; na, not available, Neg, negative. 
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3.10  Figures 

 
Figure 3.1. Experimentally induced Ophidiomyces ophiodiicola infection via 

subcutaneous injection, red cornsnakes (Pantherophis guttatus). Figure 3.1a. Skin, 

snake I.09, (postmortem). Thickening and brown discoloration of scales associated with 

injection site, postmortem. Figure 3.1b. Skin, snake I.15, (antemortem at 7 days post 

infection). The skin is focally swollen by subcutaneous edema. Figure 3.1c. Skin, snake 

I.16, (postmortem). The skin is covered by a localized area of dry crust. Figure 3.1d. 

Liver, snake I.09, (postmortem). Hepatic granulomas are present throughout the liver. 

Figure 3.1e. Cranial coelomic cavity, snake I.20, (postmortem). Multiple granulomas. 
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Figure 3.2. Experimentally induced Ophidiomyces ophiodiicola infection via 

subcutaneous injection, red cornsnakes (Pantherophis guttatus). Figure 3.2a. Skin, 
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control snake. Normal. Hematoxylin and eosin (HE). Figure 3.2b. Skin, snake I.03. A 

grade I skin lesion with a few degenerate heterophils in the epidermis and minimal 

serocellular crust. HE. Figure 3.2c. Skin, snake I.12. A grade II skin lesion with 

heterophils, macrophages and lymphocytes extending from the epidermis into the 

dermis, minimal necrosis, and a serocellular crust. HE. Figure 3.2d. Skin, snake I.15. A 

grade III skin lesion with inflammation extending deep into the skeletal muscle, necrosis 

of more than one scale width, ulceration, and a serocellular crust. HE. Figure 3.2e. 

Skin, snake I.15. Fungal hyphae and conidia consistent with O. ophiodiicola within a 

serocellular crust. Gomori’s methenamine silver. Figure 3.2f. Skin, snake C.01. This 

snake was not inoculated with O. ophiodiicola but was exposed to inoculated snakes 

during brumation. A grade I skin lesion with lymphocytes and plasma cells in the dermis 

and serocellular crusting. HE. 
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Figure 3.3. Experimentally induced Ophidiomyces ophiodiicola infection via 

subcutaneous injection, red cornsnakes (Pantherophis guttatus). Figure 3.3a. Liver, 

snake I.23. Randomly distributed granulomas with central necrosis, multinucleated giant 

cell macrophages, heterophils and peripheral lymphocytes. Fungal elements are 
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present but not visible at this level of magnification. Inset: higher magnification of the 

area in the white box. Hematoxylin and eosin (HE). Figure 3.3b. Peritracheal 

connective tissue, snake I.14. Granuloma. HE. Figure 3.3c. Lung, snake I.12. 

Granuloma. HE. 
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Figure 3.4. Kaplan-Meier survival curves for 23 juvenile Pantherophis guttatus 

subcutaneously inoculated with Ophidiomyces ophiodiicola (inoculated), 12 contact 

snakes (contact) housed with inoculated snakes for four weeks of simulated brumation 

for days 21 - 49 post infection and 7 control snakes (control) inoculated with sterile 

saline and housed separately. Survival functions were compared to the control snakes 

using the logrank test. 
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3.11  Supplemental Figure 

 

 

Figure S3.5. Summary of workflow for an experimental model of Ophidiomyces 

ophiodiicola infection in juvenile cornsnakes (Pantherophis guttatus). Inoculated snakes 

S3.5 
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were subcutaneously injected with O. ophiodiicola conidia, control snakes were sham-

inoculated with saline solution, and contact snakes were not inoculated but were 

housed with inoculated snakes. dpi, days post inoculation; n, number.  
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4 General Discussion 
4.1 Summary 

The primary goal of this research was to develop a reliable experimental model of 

ophidiomycosis in order to help untangle the myriad factors that could affect disease 

development and how they relate to at risk Canadian snake species. To address this 

goal, our objectives were to (I) describe the pathology of ophidiomycosis in free-ranging 

snakes in Ontario (Chapter 2); (II) determine if subcutaneous injection of Ophidiomyces 

ophiodiicola in juvenile cornsnakes is an effective experimental model for 

ophidiomycosis (Chapter 3); and (III) use this model to answer questions pertaining to 

the disease ecology of ophidiomycosis (Chapter 3). We used this model to (a) examine 

the impact of brumation on mortality and shed rates; (b) assess for horizontal 

transmission of O. ophiodiicola during brumation; (c) examine the impact of post-

brumation temperature on mortality and shed rates; and (d) determine the efficacy of 

skin swabs, liver tissue, and shed skin samples for the detection of O. ophiodiicola via 

quantitative polymerase chain reaction (qPCR) test. 

In free-ranging snakes in Ontario, Canada (Chapter 2), we diagnosed 

ophidiomycosis in 21 of 66 snake cases submitted to the Canadian Wildlife Health 

Cooperative-Ontario/Nunavut Node in 2012 through 2018. Species with ophidiomycosis 

included the eastern foxsnake (Pantherophis vulpinus), gray ratsnake (Pantherophis 

spiloides), eastern massasauga (Sistrurus catenatus), and queensnake (Regina 

septemvittata).  
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In the naturally infected snakes in our study, ophidiomycosis lesions were 

restricted to the skin and muscle in the majority of the examined carcasses (nearly 80 

%), as compared to the 91 % of experimentally inoculated snakes with internal lesions. 

In wild snakes with internal lesions (fungal pneumonia), there were extensive facial 

lesions, including fungal stomatitis, keratitis, osteomyelitis, and encephalitis. The fungal 

pneumonia was most likely due to either inhalation or direct extension, given the 

presence of fungal elements and debris in the central airspaces. In experimentally 

inoculated snakes, randomly scattered fungal granulomas were observed primarily in 

the liver and coelomic connective tissue, but also rarely within other organs such as the 

lung and parathyroid gland. Based on the anatomic distribution of the lesions in these 

snakes, the fungus is suspected to have hematogenously spread from the site of 

inoculation. There was also evidence of skin lesions at sites other than those of 

inoculation, which could be the result of hematogenous spread to the dermis, or skin 

coming into contact either in the environment or infected snake skin. In the experimental 

trial, we saw no association between lesion severity and survival times. 

Overall, the study detailed in Chapter 3 demonstrated that subcutaneous injection 

of O. ophiodiicola in juvenile red cornsnakes creates lesions analogous to those 

observed with natural infections in a variety of snake species native to Ontario, Canada. 

Both experimentally and naturally infected snakes displayed varying degrees of 

heterophilic and granulomatous dermatitis, cellulitis, and myositis, as well as additional 

lesions attributable to invasive or disseminated O. ophiodiicola infection.  
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Lesion severity varied vastly among both the naturally infected and experimentally 

infected snakes. To help compare skin lesions between snakes in a semi-quantitative, 

repeatable way in both the naturally infected and experimental snakes, we developed a 

histologic grading scheme. In the naturally infected snakes, lesion severity appeared to 

be related to taxonomy, with the most severe lesions seen in eastern massasaugas, 

which are Ontario’s only extant native Viperidae species (Powell et al., 2016). Eastern 

massasaugas are well known to be susceptible to ophidiomycosis in the eastern United 

States (Allender et al., 2011; 2015a). The other naturally infected snake species from 

our work on Ontario snakes, are all in the Colubridae family, to which cornsnakes also 

belong. None of the free-ranging colubrids in this study had internal lesions as we 

observed in experimentally inoculated cornsnakes, but similar disseminated lesions 

have been reported in severe cases of ophidiomycosis in a variety of species 

(Vissiennon et al., 1999; Dolinski et al., 2014; Robertson et al., 2016; Pohly et al., 

2019). In some cases, free-ranging snakes with internal lesions also have skin lesions 

and affected mucous membranes, but in many cases there are no corresponding skin 

lesions (Vissiennon et al., 1999; Dolinski et al., 2014; Robertson et al., 2016; Pohly et 

al., 2019). It is unclear if these snakes with internal lesions and no skin lesions at 

postmortem had skin lesions that resolved, or if the fungus was directly introduced 

beneath the skin through a penetrating wound.  

Currently, the mechanism(s) by which O. ophiodiicola spreads amongst snakes in 

Ontario and other regions is unclear. Based on our understanding of other dermal 

fungal diseases, the distribution of lesions, and characteristics of the fungus in vitro, it is 
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most likely that the fungus spreads horizontally both between snakes and via 

contaminated environments and fomites (Allender et al., 2015b; Lorch et al., 2016). 

Many species of snakes in Ontario communally brumate during the winter, and 

brumation is hypothesized to be a time when snakes transmit the fungus to other 

snakes, as well as contaminate shared hibernacula (Allender et al., 2015b; Lorch et al., 

2016; Walker et al., 2019). In addition, it is likely that during this time, snakes have 

suppressed immune functions and thus, the fungus may be more pathogenic (Le 

Morvan et al., 1998; Gillooly et al., 2001; Kriger and Hero, 2006; Raffel et al., 2006; 

Lannoo et al., 2011). In our study, non-inoculated snakes were co-housed, and thus in 

contact, with inoculated snakes. Brumation was induced to assess for horizontal 

transmission, as well as whether brumation would impact lesion development and 

survival. There was evidence suggestive of horizontal transmission of O. ophiodiicola 

during brumation, as a single contact (i.e., non-inoculated) snake tested qPCR positive 

immediately after brumation and developed skin lesions consistent with ophidiomycosis, 

although no fungus was observed microscopically. 

In addition to behavioral changes such as brumation, many different factors are 

synergistic with season, such as air temperature, rainfall, immune system functions, 

skin microbiome, fungal pathogenicity, and reproductive status (Nelson and Demas, 

1996; Lorch et al., 2016; McCoy et al., 2017; McKenzie et al., 2018; Walker et al., 

2019). It can be difficult to quantify the relative influence of each of these elements on 

fungal transmission and disease development in the field, so manipulating each in an 

experimental setting can be informative. This research sought to examine the effects of 
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weight, brumation, and temperature on pathogenesis and mortality of ophidiomycosis. 

Overall, we observed a mortality rate of 87 % in the experimentally inoculated snakes, 

as compared to 17 % mortality in the contact snakes and 29 % mortality in the control 

snakes. All of the contact and control snakes died from emaciation. Microscopically, 26 

% of the inoculated snakes, 25 % of the contact snakes and 71 % of the control snakes 

were in poor nutritional condition. We found that weight at the time of inoculation was 

not a significant factor in terms of survival, but that when snakes were in the lower 25th 

percentile of body weight, survival was negatively impacted. This suggests that there is 

a threshold at which weight becomes important for survival. Other studies in free-

ranging snakes have concluded that there was no association amongst body weight, 

sex, or age-class (Chandler et al., 2019; Long et al., 2019). During the induced 

brumation period in our study, the majority of the inoculated snakes died and following 

brumation, all of the inoculated snakes in the cooler ‘spring’ room died, thereby 

suggesting that lower temperatures and brumation had a negative impact on survival in 

infected individuals. There were no clear differences in lesion development when the 

snakes were in brumation as compared to pre-brumation, or when comparing groups 

held at the two different post-brumation room temperatures.  

The most common method of diagnosing ophidiomycosis is by qPCR test on skin 

swabs, as it is relatively inexpensive, generates a rapid result, is non-invasive and 

requires little training. However, this method of diagnosis is well known to be plagued 

with false negative results, primarily due to sample collection methods (Hileman et al., 

2018). One reason for the high false negative rate is that following infection, the fungus 
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likely invades deeper into the tissues and is no longer on the skin surface to be 

swabbed, even with a thorough swabbing method. False negatives could also be the 

result of inadequate swabbing, degraded skin samples (i.e., autolysis or environmental 

damage in carcasses) or improper swab storage. This was evidenced by our 

experimental study in corn snakes, in which there was a false negative rate of 79 %. A 

slightly lower false negative rate of 63 % resulted when testing homogenized exuvia 

from inoculated snakes. Ideally, snakes with suspect skin lesions of ophidiomycosis 

would both be swabbed and undergo histopathologic evaluation (either on a carcass or 

biopsy sample) to assess for causation (Baker et al., 2019), as was the requirement for 

all free-ranging snakes included in this thesis. 

4.2 Limitations 

There are several limitations to this research that should be acknowledged. First, 

sample collection of Ontario snake carcasses was by passive surveillance that relied on 

submissions from the public, biologists, and the Ontario Ministry of Natural Resources 

and Forestry. This also limited the sampling range to the relatively densely human 

populated areas of southern Ontario. In addition, all snake skin biopsies were submitted 

by the same research group from a single study population. Given that ophidiomycosis 

has been found almost everywhere it has been looked for, its range is likely much larger 

than currently known. This passive surveillance method of sample collection also limited 

the snake species that were submitted. For example, the eastern foxsnake is 

overrepresented in our description of ophidiomycosis in Ontario as the population is 
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heavily monitored by a research group that regularly submitted carcasses and skin 

biopsies. In addition, ancillary testing of snakes with skin lesions consistent with 

ophidiomycosis and microscopically visible fungus was limited to qPCR test for O. 

ophiodiicola; therefore, additional diagnostic information such as coinfections may have 

been missed. We did not pursue fungal culture and isolation in these cases because of 

the high false negative rate, prolonged growth time of fungus and economic expense 

(Long et al., 2019). Reliance on qPCR for the diagnosis of ophidiomycosis is a limitation 

found throughout the literature, and it is probable that coinfections have been 

underestimated and cases of true ophidiomycosis that tested qPCR negative have been 

missed, as there is no true gold standard diagnostic test for this disease. Despite these 

limitations, use of passively acquired samples provided the advantage of sample 

acquisition with little expense or time commitment.  

 The experimental portion of this research, detailed in Chapter 3, also had 

numerous limitations. First, ideally the study would have included an additional subset 

of snakes that were not placed into brumation. However, the numbers of available 

cornsnakes of similar age and source for the study were limited. In addition, biosafety 

level 2 animal space, especially that allowed for the conditions needed for this study 

(e.g., temperature alterations and ample space for many individual snake cages), was 

limited. A non-brumating subset of snakes would have allowed us to make direct 

comparisons of lesion development and mortality between brumating and non-

brumating snakes. Although we had the target sample size of snakes upon initiation of 

the study, the young age, small size of the snakes, and transport stress, contributed to 
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some loss of numbers during the acclimation period (i.e., prior to the experimental 

portion of the study). Therefore, the numbers of snakes in each treatment group was 

adjusted. In addition, the experimental inoculation led to sufficiently severe disease that 

the mortality rate early in the study was higher than expected. This led to depleted 

numbers of snakes for the subsequent brumation and post-brumation phases of the 

study, and lack of statistical robustness in assessing the impact of the two different 

room temperatures on disease development. It is possible that we would have seen 

more evidence of horizontal transmission if we had used a higher number of snakes, or 

if we had used a more superficial method of inoculation that kept higher numbers of 

fungus on the skin surface for contact transmission. 

 We chose to use cornsnakes as a model species for the study because they are 

captive-bred, readily available, and have been used previously as an experimental 

model (Lorch et al., 2015). As is the case with all experimental models, we cannot 

generalize our findings across all potential host species, as there are known differences 

in host response to ophidiomycosis (Allender et al., 2011; Lorch et al., 2016). However, 

the general principles of the study resulting from our methods (i.e., subcutaneous 

inoculation leading to systemic fungal dissemination, possible horizontal transmission 

during brumation, and low sensitivity of skin swab samples) would be expected to apply 

across species. We used juvenile cornsnakes because they are easily obtained, which 

allowed us to assess how ophidiomycosis affects this understudied age-class. However, 

this made our conclusions more difficult to generalize for older, reproductively active 

age-classes, which may be more applicable to understanding the population level 
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implications of ophidiomycosis. Use of older snakes also could have allowed for serial 

blood collection to be used to assess for immune function and corticosterone levels. 

4.3 Significance 

Ophidiomycosis is a relatively new and unstudied fungal disease with a wide host 

and geographical range, unknown mode(s) of transmission, and unknown population-

level impacts (Lorch et al., 2016). Pathogenic fungi like O. ophiodiicola are becoming 

increasingly of interest due to the devastating and widespread impacts of diseases such 

as chytridiomycosis of amphibians and white nose syndrome of bats (Daszak et al., 

2000; Fisher et al., 2012). Of the 17 species of snakes in Ontario, ten are classified as 

species at risk, and ophidiomycosis is considered an official risk for at least two species 

(Ontario Regulations, 2007; Environment and Climate Change Canada, 2016; 

Environment Canada, 2016). Ontario snakes are subjected to a variety of threats, such 

as habitat loss and degradation, deliberate persecution, and vehicular trauma, in 

addition to the possible threat of infectious diseases such as ophidiomycosis 

(COSEWIC, 2008). Snake species are typically not prioritized by the majority of 

conservationists, researchers, the public, or the government, but they are an irrefutably 

integral component of many ecosystems and the biodiversity they support, and can act 

as indicators of ecosystem health (Mullin and Seigel, 2011). The conservation 

implications of ophidiomycosis are not well understood, as there are a wide variety of 

species affected and variable reports of morbidity and mortality (Allender et al., 2011; 

Lorch et al., 2016; Hileman et al., 2018). Although ecosystem preservation and 
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management are fundamental to snake conservation, accurate risk assessment and 

development of functional disease management strategies for ophidiomycosis are also 

necessary components. Succeeding in this endeavor will require both experimental 

research and fieldwork. 

The research presented herein confirms that ophidiomycosis can impact at least 

four of the ten snake Species at Risk in Ontario. Ideally this information will inform future 

recovery strategies, and future research assessing the risk posed by ophidiomycosis to 

wild populations. We also documented evidence suggestive of horizontal transmission 

between snakes during brumation, which is an important consideration in disease 

management in temperate climates such as Ontario, Canada, where some snake 

species overwinter in shared hibernacula (Tetzlaff et al., 2017). We also analyzed the 

efficacy of using skin swabs to detect O. ophiodiicola, albeit in a controlled experimental 

setting. As this is the most commonly used method of detection for the fungus and 

associated disease in free-ranging snakes, this information has implications for the 

accuracy and value of field sampling. In addition to providing initial information about the 

epidemiology of ophidiomycosis, we created an experimental model to replicate the 

most severe cases of ophidiomycosis, which could help to inform future studies into the 

gradient of lesion presentation.  

4.4 Future Directions 

 This research offers insights on the pathology of ophidiomycosis in Canada and 

preliminary information from a controlled laboratory study into important factors in 
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disease transmission and development. We developed a grading scheme for 

histological skin lesions of ophidiomycosis primarily for ease and consistency in 

describing and comparing lesions in numerous snakes (Chapter 2). Although applying 

the grading scheme to the observed lesions was informative, it would be interesting to 

do a prospective study in which biopsies are taken from live snakes to assess initial 

histologic grade and then follow the snakes over time to see if there is any prognostic 

significance associated with initial skin lesion severity. This could help veterinary 

practitioners, biologists, and conservationists determine treatment protocols and 

management strategies. Further assessments of the dissemination of fungus to internal 

organs (e.g., liver) in naturally infected snakes should continue, as this information is 

important for understanding pathogenesis of natural infections and may allow for more 

thorough diagnostic evaluations and disease criteria.   

 With regard to the experimental aspect of ophidiomycosis research, it would be 

interesting to repeat the experiment, perhaps with a lower fungal dose to create less 

severe lesions and have a control group for the brumation period. During this trial, the 

“environment” (e.g., paper liners in cages) should be more frequently swabbed and 

tested to assess for environmental contamination. This would provide further insight into 

the potential importance of horizontal transmission among wild snakes. 

Spectrophotometry could be used to determine the concentration of O. 

ophiodiicola DNA in the skin and the liver of inoculated snakes. This would allow us to 

assess the relationship between fungal load and lesion severity from the starting point 

of an equal infectious dose, and if different temperature groups were used, allow 



 

 

131 

 

evaluation of temperature effects on fungal growth in vivo. We attempted to see how 

corticosterone levels in exuvia changed with ophidiomycosis infection, but none of the 

snakes lived long enough to create an exuvia representative of post inoculation. In a 

future study, the experimental trial could be longer or perhaps plasma corticosterone 

levels could be measured. This would require the use of snakes of sufficient size for 

safe and sufficient blood collection. If performed however, the potential for blood 

collection-induced skin defects that may allow for fungal invasion must be considered. 

Mature snakes with ophidiomycosis have been documented to have baseline plasma 

corticosterone levels that are twofold higher than noninfected snakes. In addition, 

circulating cortisol levels in mature snakes are higher in the fall and winter than in the 

summer in healthy, noninfected snakes, presumably due to a physiological stress 

response (Lind et al., 2018). The specifics of the responses and relationships between 

increased O. ophiodiicola infection and plasma cortisol concentrations and seasonality 

should be further evaluated in an experimental setting. 

 Ophidiomycosis is a multifaceted disease with numerous concomitant fungal, 

host, and environmental factors that could impact disease development. Because of the 

complexities of studying disease in free-ranging, cryptic species, there are many 

unanswered questions regarding ophidiomycosis, including the specifics of disease 

transmission and how individuals and populations will be affected by the disease. 

Moving forward, it will be integral to use experimental studies in conjunction with field 

studies and long-term disease surveillance to help uncover the mechanisms that lead to 

disease and develop conservation strategies for snake species that may be imperiled.  



 

 

132 

 

4.5 References 

Allender MC, Dreslik M, Wylie S, Phillips C, Wylie DB, Maddox C, Delaney MA, Kinsel 

MJ. Chrysosporium sp. infection in eastern massasauga rattlesnakes. Emerging 

Infectious Diseases. 2011, 17(12):2383. 

Allender MC, Baker S, Wylie D, Loper D, Dreslik MJ, Phillips CA, Maddox C, Driskell 

EA. Development of snake fungal disease after experimental challenge with 

Ophidiomyces ophiodiicola in cottonmouths (Agkistrodon piscivorous). PLoS One. 

2015a, 10(10):e0140193. 

Allender MC, Raudabaugh DB, Gleason FH, Miller AN. The natural history, ecology, 

and epidemiology of Ophidiomyces ophiodiicola and its potential impact on free-

ranging snake populations. Fungal Ecology. 2015b, 17:187-196. 

Baker SJ, Haynes E, Gramhofer M, Stanford K, Christman M, Conley K, Frasca Jr. R, 

Ossiboff RJ, Lobato D, Allender MC. Case definition and diagnostic testing for 

snake fungal disease. Amphibian and Reptile Diseases. 2019, 50(2), 279-285. 

Chandler HC, Allender MC, Stegenga BS, Haynes E, Ospina E, Stevenson DJ. 

Ophidiomycosis prevalence in Georgia’s eastern indigo snake (Drymarchon 

couperi) populations. PloS one. 2019, 14(6):e0218351. 

COSEWIC Annual Report 2007-2008. Committee on the status of endangered wildlife in 

Canada [homepage on the internet]. Committee on the Status of Endangered 

Wildlife in Canada c2019. Available from: 

http://publications.gc.ca/collections/collection_2013/ec/CW70-18-2008-eng.pdf 

Last accessed Sept 19, 2019. 



 

 

133 

 

Daszak P, Cunningham AA, Hyatt AD. Emerging infectious diseases of wildlife: Threats 

to biodiversity and human health. Science. 2000, 287(5452):443-449. 

Dolinski AC, Allender MC, Hsiao V, Maddox CW. Systemic Ophidiomyces ophiodiicola 

infection in a free-ranging plains garter snake (Thamnophis radix). Journal of 

Herpetological Medicine and Surgery. 2014, 24(1):7-10. 

Environment and Climate Change Canada. 2016. Recovery Strategy for the 

Queensnake (Regina septemvittata) in Canada. Species at Risk Act Recovery 

Strategy Series. Environment and Climate Change Canada, Ottawa. 3 parts, 28 

pp. + vi + 34 pp. + 5 pp.  

Environment Canada. 2016. Recovery Strategy for the Butler’s Gartersnake 

(Thamnophis butleri) in Canada [Proposed]. Species at Risk Act Recovery 

Strategy Series. Environment Canada, Ottawa. vi + 47 pp. 

Fisher MC, Henk DA, Briggs CJ, Brownstein JS, Madoff LC, McCraw SL, Gurr SJ. 

Emerging fungal threats to animal, plant and ecosystem health. Nature. 2012, 

484(7393):186. 

Gillooly JF, Brown JH, West GB, Savage VM, Charnov EL. Effects of size and 

temperature on metabolic rate. Science. 2001, 293(5538):2248-2251. 

Hileman ET, Allender MC, Bradke DR, Faust LJ, Moore JA, Ravesi MJ, Tetzlaff SJ. 

Estimation of Ophidiomyces prevalence to evaluate snake fungal disease risk. The 

Journal of Wildlife Management. 2018, 82(1):173-181. 

Kriger KM, Hero JM. Large-scale seasonal variation in the prevalence and severity of 

chytridiomycosis. Journal of Zoology. 2006, 271(3):352-359. 



 

 

134 

 

Lannoo MJ, Petersen C, Lovich RE, Nanjappa P, Phillips C, Mitchell JC, Macallister I. 

Do frogs get their kicks on Route 66? Continental US transect reveals spatial and 

temporal patterns of Batrachochytrium dendrobatidis infection. PLoS One. 2011, 

6(7):e22211. 

Le Morvan CA, Troutaud DA, Deschaux PI. Differential effects of temperature on 

specific and nonspecific immune defences in fish. Journal of Experimental Biology. 

1998, 201(2):165-168. 

Lind C, Moore IT, Akçay Ç, Vernasco BJ, Lorch JM, Farrell TM. Patterns of circulating 

corticosterone in a population of rattlesnakes afflicted with snake fungal disease: 

Stress hormones as a potential mediator of seasonal cycles in disease severity 

and outcomes. Physiological and Biochemical Zoology. 2018, 91(2):765-775. 

Long RB, Love D, Seeley KE, Patel S, Allender MC, Garner MM, Ramer J. Host factors 

and testing modality agreement associated with ophidiomyces infection in a free-

ranging snake population in southeast Ohio, USA. Journal of Zoo and Wildlife 

Medicine. 2019, 50(2):405-413. 

Lorch JM, Lankton J, Werner K, Falendysz EA, McCurley K, Blehert DS. Experimental 

infection of snakes with Ophidiomyces ophiodiicola causes pathological changes 

that typify snake fungal disease. MBio. 2015, 6(6):e01534-15. 

Lorch JM, Knowles S, Lankton JS, Michell K, Edwards JL, Kapfer JM, Staffen RA, Wild 

ER, Schmidt KZ, Ballmann AE, Blodgett D. Snake fungal disease: an emerging 

threat to wild snakes. Philosophical Transactions of the Royal Society B: Biological 

Sciences. 2016, 371(1709):20150457. 



 

 

135 

 

McCoy CM, Lind CM, Farrell TM. Environmental and physiological correlates of the 

severity of clinical signs of snake fungal disease in a population of pigmy 

rattlesnakes, Sistrurus miliarius. Conservation physiology. 2017, 5(1):1-10. 

McKenzie JM, Price SJ, Fleckenstein JL, Drayer AN, Connette GM, Bohuski E, Lorch 

JM. Field diagnostics and seasonality of Ophidiomyces ophiodiicola in wild snake 

populations. Ecohealth. 2018, 16(1):141-50. 

Mullin SJ, Seigel RA, editors. Snakes: ecology and conservation. Cornell University 

Press; 2011 Aug 15. 

Nelson RJ, Demas GE. Seasonal changes in immune function. The Quarterly Review of 

Biology. 1996, 71(4):511-48. 

Ontario Regulation 230/08. Species at Risk in Ontario List. Endangered Species Act, 

2007. Available at: https://www.ontario.ca/laws/regulation/080230. Last accessed 

Jan 31, 2020. 

Pohly AE, Haynes E, Allender MC, LoBato DN. Pathological characterization of natural 

Ophidiomyces ophiodiicola infection in wild-caught terrestrial and aquatic snakes: 

A standardized approach to determine the effect of lesion distribution, ecosystem, 

and comorbidities on disease. Poster presented at: 2019 Annual Meeting of the 

American College of Veterinary Pathologists; November 9-13; San Antonio, TX. 

Powell R, Conant R, Collins JT. Peterson field guide to reptiles and amphibians of 

eastern and central North America. Houghton Mifflin Harcourt; 2016 Apr 12. 



 

 

136 

 

Raffel TR, Rohr JR, Kiesecker JM, Hudson PJ. Negative effects of changing 

temperature on amphibian immunity under field conditions. Functional Ecology. 

2006. 20(5):819-828. 

Robertson J, Chinnadurai SK, Woodburn DB, Adkesson MJ, Landolfi JA. Disseminated 

Ophidiomyces ophiodiicola infection in a captive eastern massasauga (Sistrurus 

catenatus catenatus). Journal of Zoo and Wildlife Medicine. 2016, 47(1):337-340. 

Tetzlaff SJ, Ravesi MJ, Allender MC, Carter ET, DeGregorio BA, Josimovich JM, 

Kingsbury BA. Snake fungal disease affects behavior of free-ranging massasauga 

rattlesnakes (Sistrurus catenatus). Herpetological Conservation and Biology. 2017, 

12(3):624-34. 

Vissiennon T, Schüppel KF, Ullrich E, Kuijpers AF. Case report. A disseminated 

infection due to Chrysosporium queenslandicum in a garter snake (Thamnophis). 

Mycoses. 1999, 42(1-2):107-110. 

Walker DM, Leys JE, Grisnik M, Grajal-Puche A, Murray CM, Allender MC. Variability in 

snake skin microbial assemblages across spatial scales and disease states. The 

ISME Journal. 2019, 13:2209-2222. 

 


