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ARTICLE INFO ABSTRACT

Keywords: Snake Fungal Disease (SFD) negatively impacts wild snake populations in the eastern United States and Europe.

Fever Ophidiomyces ophidiicola causes SFD and manifests clinically by the formation of heterophilic granulomas around

(T)leJhidiOT;ll)"CUSiS_ ™ | eradi the mouth and eyes, weight loss, impaired vision, and sometimes death. Field observations have documented
amnophis saurita, Thermal gradient early seasonal basking behaviors in severely infected snakes, potentially suggesting induction of a behavioral
Thermoregulation

febrile response to combat the mycosis. This study tested the hypothesis that snakes inoculated with Ophidio-
myces ophidiicola would seek elevated basking temperatures to control body temperature and behaviorally induce
a febrile response. Eastern ribbon snakes (Thamnophis saurita, n = 29) were experimentally or sham inoculated
with O. ophidiicola. Seven days after inoculation, snakes were tested on a thermal gradient and the internal body
temperature and substrate temperature of each snake was recorded over time. Quantitative PCR was used when
snakes arrived, during pre-inoculation, and post-inoculation to test snakes for the presence of O. ophidiicola.
Some snakes arrived with O. ophidiicola and were subsequently inoculated, allowing for an assessment of sec-
ondary exposure effects. Snake thermoregulatory behavior was compared between 1) O. ophidiicola inoculated
vs. sham inoculated treatments, 2) infected vs. disease negative groups, and 3) disease naive vs. pre-exposed
immune response categories. Neither internal nor substrate temperatures differed among initially prescribed,
and qPCR recovered disease states, although infected snakes tended to reach a preferred body temperature faster
than disease negative snakes. Snakes experiencing their first exposure (disease naive) sought higher substrate
temperatures than snakes experiencing their second exposure (pre-exposed). Here, we recover no evidence for
behaviorally induced fever in snakes with SFD but do elucidate a febrile immune response associated with
secondary exposure.

1. Introduction

A number of fungal pathogens hypothesized to threaten vertebrate
population viability were described over the past three decades (Fisher
et al,, 2012). Notable mycoses like white nose syndrome (Pseudo-
gymnoascus destructans; Blehert et al., 2009), and two species of chytrid
fungi (Batrachochytrium dendrobatidis; Berger et al., 1998 and Batra-
chochytrium salamandrivorans; Martel et al., 2013; 2014) jeopardize the

viability of bats, anurans, and salamanders, respectively. Fungal path-
ogens and the resulting mycosis can reduce host animal growth and
development (Davidson et al., 2007), modify behavior (Hossack et al.,
2013), decrease population size (Stuart et al., 2004), and contribute to
localized extinctions (Skerratt et al., 2007). Snake Fungal Disease (SFD),
caused by Ophidiomyces ophidiicola (previously Ophidiomyces ophiodii-
cola [Guarro, Deanna A. Sutton, Wickes & Rajeev] Sigler, Hambl. &
Paré), is a recent emerging fungal infection known to cause disease in

Abbreviations: SFD, Snake Fungal Disease; qPCR, Quantitative Polymerase Chain Reaction; LPSs, Lipopolysaccharides; Ty, Baseline Temperature; Ts, Selected

Temperature; SVL, Snout Vent Length; TL, Total Length.
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snakes (Allender et al., 2015a,b; Lorch et al., 2015).

The distribution of SFD and its suspected prevalence in monitored
snake populations has increased since 2009 (Rajeev et al., 2009; Clark
et al., 2011; Allender et al., 2015a; Lorch et al., 2015; Grisnik et al.,
2018; Walker et al., 2019). Data suggest that O. ophidiicola uses soil as a
reservoir, can withstand a broad spectrum of temperatures and pH
levels, utilizes multiple energy sources, and reproduces asexually
(Rajeev et al., 2009; Allender et al., 2015a; Walker et al., 2019). While
the disease is most prominent in the Eastern and Midwestern United
States, reports of SFD infections in snakes have emerged among wild
snakes in Europe (Franklinos et al., 2017) and captive snakes in
Australia (Sigler et al., 2013; Lorch et al., 2016). Modeling approaches
have suggested that host species susceptibility is phylogenetically and
ecologically random, possibly indicating that a broad host range of
snake species are susceptible to O. ophidiicola (Burbrink et al., 2017).

The following description of clinical signs and pathology of SFD are
derived from Lorch et al. (2016). Snakes infected with SFD exhibit
epidermal clinical signs such as deformed scales with lesions (hetero-
philic granulomas) and swelling of the head and face. Infection of the
respiratory passages and loreal pits is also common. Snakes exhibiting
SFD lesions undergo ecdysis more frequently, which is presumably an
attempt to rid themselves of the mycosis. In extreme cases, the fungal
hyphae associated with heterophilic granulomas can penetrate bone and
muscle tissue and result in death. Infections of the mouth and eyes could
lead to reduced foraging success and starvation.

Immunologically, snakes are capable of combating virulent patho-
gens within the thermal constraints required for ectothermic immune
function (Zimmerman et al., 2010). Snakes can behaviorally increase
their body temperature to combat pathogens, inducing a process known
as behavioral febrile response (Burns et al., 1996). Behaviorally induced
fever via basking serves to increase leukocyte mobility, lymphocyte
response to antigens, and the effects of interferon in the absence of a
pyrogen-mediated fever mechanism (Vaughn et al., 1974; Evans et al.,
2015). Additionally, basking can raise the internal body temperature
beyond the critical thermal maximum of the pathogen (Kluger et al.,
1975; Zimmerman et al., 2010). Experimental evidence suggests that
when reptiles are exposed to live or dead strains of pathogens or bacteria
lipopolysaccharides (LPSs), their selected temperature (Ts) often rises
compared to temperature baseline (Tp) (Vaughn et al., 1974; Monagas
and Gatten, 1983; Lang, 1987; Merchant et al., 2007; Rakus et al., 2017).
In addition, reptiles inoculated with pathogens and given limited ther-
mal choice (excluding higher temperatures) experience higher mortality
than those that are allowed to thermoregulate at higher temperatures
(Kluger et al., 1975; Goessling et al., 2019). While the majority of reptile
febrile response studies have used live or dead strains of bacteria or
LPSs, the use of a cultured fungus as the pathogen to elicit an immune
response is much less common.

Observations from field studies suggest that snakes exhibiting clin-
ical signs of SFD bask earlier in the year, perhaps to increase their Ty,
(McBride et al., 2015). In captivity, snakes infected with O. ophidiicola
occupy more open areas of their enclosure, possibly searching for a
warmer basking location to combat the mycosis (Lorch et al., 2015).
Studies of the immunological response to SFD are needed to understand
the mechanisms leading to mortality and elucidate effective manage-
ment protocols (sensu Bernard et al., 2020). Here, we aimed to test for a
behaviorally induced febrile response in snakes experimentally inocu-
lated with cultured O. ophidiicola and hypothesize that O. ophidiicola
inoculated snakes will seek higher basking temperatures than snakes
that receive a sham (control) inoculation. Additionally, and due to
experimental snakes arriving with ophidiomycosis, we tested for ther-
mal preferences between infected and disease negative snakes (based on
gPCR data), and disease naive and pre-exposed snakes.
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2. Methods
2.1. Specimens and husbandry

Eastern ribbon snakes [Thamnophis saurita(us) depending on root
origin; Kraus and Cameron (2016), n = 29) were purchased from a
wholesale reptile dealer in February 2019. The snakes ranged in size
from 30 to 53 cm snout vent length with a mix of female (n = 7), male (n
=9), and juvenile (n = 12) individuals. This species was selected for the
experiment because it was readily available in the pet trade and a known
host of O. ophidiicola in wild populations (Cheatwood et al., 2003). Upon
arrival, snakes were randomly assigned to either O. ophidiicola inocu-
lated or sham inoculated (control) treatment groups and tested for
O. ophidiicola via cutaneous swabs and quantitative PCR (qPCR) using
the methods described in Bohuski et al. (2015). Mass, snout vent length
(SVL), and total length (TL) were also recorded. All specimens were
housed at the Middle Tennessee State University (MTSU) animal testing
facility under IACUC 19-3001. Snakes were held at a 12/12 h light/dark
schedule and at an ambient temperature of 23.8°C. Each snake was
housed in an individual plastic enclosure (33 X 19 x 10.06 cm) within a
rack system. Each enclosure consisted of aspen bedding, a hide box, and
water bowl. Snakes were fed an appropriately sized minnow (Pimephales
promelas) once a week and given water ad libitum. Snakes were accli-
mated for three weeks before thermal testing began.

2.2. Fungal inoculum preparation

The inoculum of O. ophidiicola was prepared according to the pro-
tocol in Lorch et al. (2015) and stored at 4°C for up to four days when
snakes were being tested on the thermal gradient. Briefly, a small dermal
abrasion was made using fine grain sandpaper on the dorsal anterior
third, ventral mid body, and dorsal posterior third of the snake’s body.
The O. ophidiicola inoculum containing 100,000 conidia (asexual spores)
was applied to a waterproof bandage and placed onto the abrasion sites.
The sham inoculated snakes were given the carrier solution (phosphate
buffered saline containing 0.5% Tween 20 [PBST]) without conidia.
Topical application (no bandage) of the inoculum or sham solution were
also performed to the snout and chin of each snake (Lorch et al., 2015).
Bandages were removed from snakes if they remained intact after three
days. Both O. ophidiicola inoculated snakes and sham inoculated snakes
were moved to a separate sealed shelving unit within the animal testing
facility to reduce the risk of cross contamination and examined for
clinical signs (Fig. 1).

2.3. Quantitative PCR detection of SFD

Snakes were tested for the presence of O. ophidiicola DNA, via cuta-
neous swab, at four time points during the experiment including day of
arrival, one week after arrival, the day of inoculation (or sham inocu-
lation) just prior to applying the conidia solution, and one week after
inoculation at the time of thermal gradient testing. The swabbing
technique was derived from Walker et al. (2019) where snakes were
rinsed with autoclaved molecular grade water for 60 s and swabbed with
sterile rayon tipped swabs (Puritan. VWR cat #10808-146) 15 times
along a 15 cm length of the middle third of the body twice. DNA was
extracted from the swab and quantitative PCR (qPCR) amplified ac-
cording to Walker et al. (2019) using the primers and probe from
Bohuski et al. (2015). In each DNA extraction, a blank sample was used
to serve as a control for contamination. Isolated DNA was concentrated
to approximately 25 pl and utilized to confirm the molecular presence of
O. ophidiicola using quantitative PCR on a Bio-Rad CFX96 Touch
Real-Time PCR Detection System. Reactions were run in triplicate and
contained 5 pL IDT 2 x Primetime MasterMix, 0.4 pL of Oo-rt-ITS-F
forward primer (10 pM), 0.4 pL of Oo-rt-ITS-R reverse primer (10 pM),
0.1 pL (20 pM) Oo-rt-ITS-P probe, 2.1 pL PCR-grade water, and 2 pL of
DNA template. No template negative controls, DNA extraction blanks,
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Fig. 1. Inoculation site and progression of granulomas. Specimen TS-111I prior to face and mid body inoculation (A, B) and one-week post inoculation (C, D)
showing mycosis on the eye (C) and body (D) typical of SFD after one week. Scale bar equals 10 mm.

and a positive control of O. ophidiicola DNA were run in triplicate on
each plate. Thermocycling conditions consisted of denaturing at 95 °C
for 3 min, followed by 45 cycles of 95 °C for 10 s and 60 °C for 30 s.
Samples were considered positive if they had an exponential phase of
amplification at C; < 39 (Walker et al., 2019). If a sample did not amplify
in triplicate (only one or two reactions) during the first reaction, they
were rerun in triplicate on a second plate and considered positive if
amplification occurred in one or more reactions. To control for
contamination, DNA extraction and qPCR preparation were conducted
in separate PCR hoods with separate sets of pipettes that were routinely
autoclaved and/or UV crosslinked prior to use.

2.4. Thermal gradient testing

Thermal gradient trials were conducted one week after inoculation
because previous work (Allender et al., 2015b; Lorch et al., 2015)
recorded visible signs of SFD within this time period. A 2.5m x 1m
thermal gradient, that was divided by plastic siding lengthwise to
accommodate two snakes per round of testing, was used to test for dif-
ferences in thermal preference between O. ophidiicola inoculated and
sham inoculated snakes. The gradient floor was heated from below by
hanging light fixtures outfitted with 100-W ceramic heat bulbs, at
different distances from the track floor. A 6 cm layer of sand was placed
in the gradient to disperse the heat from the metal underside. The
gradient was turned on 2 h prior to testing to ensure appropriate heat
dispersal and desired temperatures ranged between 40°C and 18°C
typical of previous snake febrile response study temperature ranges
(Burns et al., 1996; Todd et al., 2016). Wire mesh was affixed to the top
of the gradient to prevent animal escape.

Snakes were placed in the middle of the thermal gradient at 2:00 a.m.
and allowed to acclimate for an 8-h period and to be able to discern
thermoregulatory versus exploratory behavior. The 8-h acclimation time
allowed snakes to overcome transport stress, thermocouple insertion,
and sufficiently explore their enclosure as noted by Stewart (1965) and
Blouin-Demers and Weatherhead (2001). After the acclimation period,
temperature data were collected every 30 min for 8 h starting at 10:00 a.
m. and ending at 6:00 p.m. resulting in 17 data points across time.
Temperature data included internal snake temperature via a cloacal
probe and thermometer (30 gauge type T thermocouple wire from
Omega and Omega RDXL4SD) and substrate temperature via a laser

temperature gun (General Tools IRT207). The cloacal probe was lubri-
cated with a water based lubricant and inserted one cm into the vent of
the snake and secured by two strips of 2-3 mm wide surgical tape for
duration of the trial. Substrate temperature was collected by use of the
laser temperature gun aimed at the substrate three cm adjacent to the
mid body of the snake perpendicular to the gradient length from 1 m
away. Once testing was completed snakes were removed from the
gradient and humanely euthanized.

2.5. Disease designation

The qPCR analyses revealed that multiple snakes were shipped and
arrived with O. ophidiicola. Because the snakes were shipped in a single
mesh bag, it would be possible for infected snakes to shed O. ophidiicola
DNA to non-infected snakes resulting in false positives. The qPCR results
from one week after arrival, day of inoculation, and day of gradient
testing were used to eliminate false positives and establish an in-
dividual’s disease state. To ensure transparency and effective hypothesis
testing, analyses were performed using three disease state designations:
1- initial intended treatments (O. ophidiicola inoculated or sham inocu-
lated), 2- infected or disease negative based on qPCR detection of
O. ophidiicola at seven days after snake shipment arrival, 3- an ad hoc
subset designation of disease naive or pre-exposed depending on the
absence (disease naive) or presence (pre-exposed) of prior exposure to
O. ophidiicola in our experimentally inoculated subset. More specifically,
snakes that tested qPCR positive at any time point and also received an
additional inoculation treatment were considered in the pre-exposed
immune response group. Snakes that consistently tested gPCR nega-
tive prior to inoculation with O. ophidiicola were considered in the naive
group. This was intended to test for a difference in thermoregulatory
patterns between snakes potentially utilizing an adaptive immune
response to the pathogen versus those without humoral capability.

2.6. Data analyses

Prior to hypothesis testing we ensured no morphological differences
existed among subjects assigned to each experimental treatment (Sup-
plemental Tables 1 and 2). A Shapiro-Wilk test of normality determined
the thermal data were not normally distributed (p < 0.001) and when
plotted against repeated trial time (time point from 1 to 17) did not
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display a linear relationship with standardized variances. Therefore,
variation in the relationships between trial time and internal body
temperature (T},) and substrate temperatures (Ts) for each disease state
were assessed using generalized additive mixed models (GAMMs). For
each GAMM, the response variable was temperature (either snake or
substrate) and fixed effects included a smoothing term for trial time
(continuous, range = 1-17) and a binomial factor representing disease
state at three levels: (1) O. ophidiicola inoculated vs. sham inoculated,
(2) infected vs. disease negative and (3) pre-exposed vs. disease naive
treatments. Models were fit with a “scaled t” distribution family to ac-
count for over-dispersed temperature data and random effects “Snake
ID” and “trial date” were included to account for repeated measures
from individual snakes, as well as lack of independence in trial periods
(not all snakes were placed on gradients at the same time/date). The
GAMM analyses were used to visualize thermal trends over trial periods,
detect significant differences in the intercepts among groups, and detect
significant trends in thermal response variables across trial time within
groups (smoothing parameter). The command “summary(model$lme)”
was added to each analysis to specifically use linear mixed effects
models to test for differences among groups. Based on GAMM results, an
ANOVA was used to test for the range of substrate temperatures utilized
(Ts) by pre-exposed versus disease naive snakes. Analyses were per-
formed in R 1386 4.02 (R Core Team, 2020) using the packages ‘stat’ and
‘mgev’ (Wood, 2011) and code published in Supplemental File 2.

3. Results

Two snakes died during the study, therefore, analyses incorporated
12 sham inoculated and 15 O. ophidiicola inoculated snakes (initial
designations), 17 infected and 10 disease negative snakes (QPCR desig-
nations), and 6 pre-exposed and 6 disease naive snakes (ad hoc test).
Summation of group T}, and T (Q1, median, Q3, and range) are listed in
Table 1.

Model output reveals that internal temperature (T}) did not differ
between sham inoculated and O. ophidiicola inoculated snakes (Fig. 2A),
disease negative and infected snakes (Fig. 2C), or pre-exposed and dis-
ease naive snakes (Fig. 2E; summary statistics in Table 2). Ty signifi-
cantly varied over time (smoothing terms) in both O. ophidiicola
inoculated (df = 2.887, F = 15.87, p < 0.001) and sham inoculated (df
= 2.373, F = 20.68, p < 0.001, adj. R? = 0.09) snakes; infected (df =
2.828,F =15.16, p <0.001) and disease negative (df = 2.535, F = 20.98,
p < 0.001, adj. R? = 0.099) snakes; and pre-exposed (df = 2.376, F =
7.30, p < 0.001) and disease naive (df = 2.758, F = 13.57, p < 0.001,
adj. R2 = 0.11) snakes (Fig. 2).

Substrate temperature (Ts) did not differ between sham inoculated
and O. ophidiicola inoculated snakes, nor disease negative and infected
snakes, but did differ between pre-exposed and disease naive snakes (df
=190, t=3.19, p = 0.001; further summary statistics in Table 3, Fig. 2B,
D, F). Smoothing terms for the relationships between trial number and Tj
significantly varied over time in both O. ophidiicola inoculated (df =
1.903, F = 8.38, p < 0.001) and sham inoculated (df = 2.593, F = 11.46,
p < 0.001, adj. R? = 0.06) snakes; infected (df = 1.898, F = 7.32, p <
0.001) and disease negative (df = 2.614, F = 13.76, p < 0.001, adj. R’=
0.07) snakes; and disease naive (df = 1.512, F = 16.62, p < 0.001, adj.

Table 1
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R? = 0.08), but not pre-exposed (df = 1, F = 1.09, p = 0.299) snakes
(Fig. 2). Pre-exposed snakes also selected a narrower range of T, than did
disease naive snakes (ANOVA of individual snake T variances among
groups: df = 1, F = 6.94, p = 0.025; Fig. 2F).

4. Discussion

This work experimentally tested the differential behavioral febrile
response in snakes infected with O. ophidiicola. Results indicate that
ophidiomycosis in snakes is not predictive of internal body temperature
and preferred substrate temperature. Our results falsify the hypothesis
that snakes infected with a single experimental dose of O. ophiodiicola
seek higher temperatures than non-infected snakes. Interestingly, prior
exposure to O. ophidiicola appeared to have an effect on the behavioral
febrile response potentially associated with adaptive immunity not
tested here. These results are inconsistent with other studies that
demonstrate pathogen elicitation of a febrile response in reptiles (Burns
et al., 1996; Todd et al., 2016; Goessling et al., 2017), however, those
studies did not test a fungal pathogen. Previous studies that have
investigated thermal immune responses to fungal pathogens also present
inconsistencies. Richards-Zawacki (2010) reported wild Panamanian
golden frogs (Atelopus zeteki) exhibited a febrile response during a
chytrid epidemic with increased body temperature correlating with
reduced chytrid infection rates. However, experiments attempting to
induce a febrile response in frogs, with chytrid as the primary pathogen,
suggest chytrid does not elicit a febrile response but that individual frogs
with higher preferred temperatures are less susceptible to Bd infections
because the increased temperature negatively impacts Bd development
(Sauer et al., 2018).

This study used a North American colubrid species that is susceptible
to SFD in nature (Cheatwood et al., 2003). Given the broad host range of
SFD, we might expect that different snake species have different
immunological responses including variation in the febrile response.
Burns et al. (1996) tested six species of snakes and reported variation in
snake febrile response with some species behaviorally inducing a febrile
response (Pituophis melanoleucus and Arizona elegans), some showing no
febrile response (Lampropeltis getulus, Elaphe obsolete, and Nerodia sipe-
don), and one undergoing a hypothermic condition (Thamnophis sirtalis).
Variation of the febrile response throughout reptilian taxa is not un-
common. For example, studies have indicated some reptile species will
exhibit the febrile response and increase their internal temperature
(desert iguanas, Dipsosaurus dorsalis, Vaughn et al. (1974); eastern box
turtle, Terrapene carolina and northern painted turtle, Chrysemys picta
Monagas and Gatten (1983)) and gopher tortoises, Gopherus polyphemus,
Goessling et al. (2017)),

while other species do not exhibit changes in body temperature
(leopard tortoise, Geochelone pardalis Zurovsky et al. (1987)) or exhibit a
hypothermic response (green anole lizards, Anolis carolinensis, Merchant
et al. (2008)). Additionally, the febrile response could be dependent on
pathogen dose or time until onset of disease (Burns et al., 1996). An ad
hoc GLMM performed here revealed no association between thermal
data and fungal load (Supplemental Table 3). Future work investigating
different inoculation doses or time allowed for SFD to develop prior to
gradient testing may further inform snake febrile response to fungal

First quartile, median, third quartile, and range of internal body temperature (T;,) and substrate temperature (Ts) measurements for each treatment designation.

Internal Temperature (T},)

Substrate Temperature (Ts)

Treatment (n) Data points Q1 Median Q3 Range Q1 Median Q3 Range
O. ophidiicola inoculated (15) 255 25.6 27.4 30.1 16.8 27.2 29.2 33.7 16.8
Sham inoculated (12) 204 24.9 27.3 30.2 16.2 26.2 28.8 31.9 16.6
Infected (17) 289 25.6 27.5 30.3 16.8 27.2 29.2 33.8 16.8
Disease negative (10) 170 24.9 27.2 29.4 16.2 26.0 28.4 31.2 16.6
Pre-exposed (6) 102 26.1 27.4 28.8 14.6 26.7 28.8 32.7 14.4
Disease naive (6) 102 24.4 27.8 31.5 16.8 27.5 30.6 34.1 16.8
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Fig. 2. General additive mixed model (GAMM) analysis of snake internal body temperatures and substrate temperatures among disease designations over
experimental trial time point. Internal body temperatures did not differ between O. ophidiicola inoculated versus sham inoculated (A), infected versus disease
negative (C), or pre-exposed versus naive (E). Substrate temperatures occupied by experimental snakes did not differ between inoculated versus sham (B) or infected
versus negative (D), but did differ between pre-exposed versus naive groups (F). For summary statistics see results and Table 3.

Table 2
Summary statistics from the generalized additive mixed model (GAMM) and smoothing terms.
Treatment Estimate  Std. error  t value Pr(>|t|) Smoothing term edf Ref. F p-value  adj. R?
df
O. ophidiicola inoculated/intercept ~ 27.94 0.628 44.5 <0.001 O. ophidiicola inoculated: Trial — 2.887  2.887 15.87 <0.001 0.09
Sham inoculated 0.057 0.942 0.06 0.95 Sham inoculated: Trial 2.373 2.373 20.68  <0.001
T,  Infected/intercept 28.12 0.588 47.855 <0.001 Infected: Trial 2.828 2.828 15.16  <0.001  0.099
Disease negative —0.43 0.966 —0.441 0.66 Disease negative: Trial 2,535  2.535 20.98 <0.001
Pre-exposed/intercept 27.8 0.982 28.315 <0.001 Pre-exposed: Trial 2.376 2376  7.30 <0.001  0.11
Disease naive 0.301 1.389 0.217 0.83 Disease naive: Trial 2.758 2.758 13.57 <0.001
O. ophidiicola inoculated/intercept ~ 30.01 0.64 46.919 <0.001 O. ophidiicola inoculated: Trial ~ 1.903  1.903  8.38 <0.001  0.06
Sham inoculated —0.65 0.959 —-0.683 0.5 Sham inoculated: Trial 2593  2.593 11.46  <0.001
Ts  Infected/intercept 30.08 0.595 50.548 <0.001 Infected: Trial 1.898 1.898 7.32 <0.001  0.07
Disease negative —0.98 0.978 -0.997  0.32 Disease negative: Trial 2,614 2.614 13.76 <0.001
Pre-exposed/intercept 29.61 1.07 27.676 <0.001 Pre-exposed: Trial 1 1 1.09 0.299 0.08
Disease naive 1.213 1.513 0.802 0.42 Disease naive: Trial 1.512 1.512 16.62  <0.001

disease.

Snakes with SFD have been observed to bask earlier in the season,
anecdotally indicating a behavioral febrile response. Increased basking
at suboptimal times of the year and/or suboptimal ambient tempera-
tures can potentially reduce survivorship via freezing or predator
exposure. In an experimental setting, exposed elapid snake models were
attacked by predators at higher proportions (13.3%) than snake models
under rock cover (1.6%) (Webb and Whiting, 2005). Hiding under cover
reduces risk of predation, however, this comes at the price of valuable
thermoregulation opportunities. In thermal preference experiments,
snakes inoculated with LPS basked at higher temperatures and forwent
shelter when compared to non-inoculated snakes that were provided the
same shelter regime (Todd et al., 2016). This study suggests that direct

exposure to a fungal pathogen may not elicit a behavioral febrile
response, but secondary infection may, and prior exposure is meaningful
in assessing febrile responses. The potential role of secondary infection
may be explanatory in the observation of anecdotal febrile basking. Fites
et al. (2013) showed a severe reduction in T lymphocyte proliferation
when exposed to chytrid fungi, elucidating an immunosuppressive effect
of fungal pathogens that may result in secondary infections. Such sec-
ondary infections may elicit a behavioral febrile response that
O. ophidiicola failed to elicit and might also suggest that pre-exposed
snakes are failing to mount an adaptive immune response and are sub-
ject to long-term fungal load. Further, cutaneous microbiome changes
associated with SFD may allow for potential infection by certain dele-
terious bacteria (Allender et al., 2018; Walker et al., 2019).
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Table 3

Summary statistics from the linear mixed effects (LME) run from the generalized
additive mixed model (GAMM) discerning differences across trial among treat-
ment groups.

Treatment Value Std. DF t-value p-value
Error
O. ophidiicola 27.939 0.629 430  44.404 <0.001
inoculated/intercept
Sham inoculated 0.056 0.943 25 0.060 0.952
O. ophidiicola 0.143 0.754 430  0.190 0.849
inoculated: Trial
Sham inoculated: Trial 0.684 0.637 430 1.072 0.284
T,  Infected/intercept 28.122 0.588 430  47.750 <0.001
Negative —0.426  0.967 25 —0.440  0.663
Infected: Trial 0.077 0.687 430 0.112 0.910
Disease negative: Trial 0.778 0.768 430 1.013 0.311
Pre-exposed /intercept 27.800 0.986 190 28.174 <0.001
Disease naive 0.300 1.395 10 0.215 0.833
Pre-exposed: Trial 0.509 0.854 190  0.596 0.551
Disease naive: Trial —0.084 1.058 190 —0.080 0.936
O. ophidiicola 30.006 0.640 430 46.816 <0.001
inoculated/intercept
Sham inoculated —0.654  0.9613 25 -0.681  0.502
O. ophidiicola 0.622 0.476 430 1.305 0.192
inoculated: Trial
Sham inoculated: Trial 0.172 0.847 430  0.203 0.839
Ts  Infected/intercept 30.076 0.596 430  50.437 <0.001
Negative -0.975 0.979 25 —0.995 0.329
Infected: Trial 0.515 0.444 430 1.159 0.247
Disease negative: Trial 0.314 0.935 430 0.336 0.736
Pre-exposed /intercept 29.613 1.075 190  27.538 <0.001
Disease naive 1.213 1.520 10 0.797 0.443
Pre-exposed: Trial 0.288 0.278 190 1.036 0.301
Disease naive: Trial 1.472 0.460 190 3.199 0.001*

Results here also indicate that prior exposure to O. ophidiicola is
immunologically meaningful. Several snakes tested positive for
O. ophidiicola upon arrival, were subsequently re-exposed via inocula-
tion (pre-exposed), and exhibited different thermal behaviors than
snakes being exposed for the first time (disease naive). This suggests that
prior exposure elicits a unique immune response that should be further
investigated. An ad hoc analysis also revealed that the range of substrate
temperatures utilized (Ts) were far more specific (less variance) in pre-
exposed snakes versus disease naive (Tg: df = 1, F = 6.94, p = 0.025).
Further, variation between Ty, and Ts was detected in the pre-exposed
group by which snakes exhibited an increase in internal body temper-
ature without an increase in substrate temperature. Physiological pro-
cesses, such as vasodilation, may explain this observed phenomenon
(Tattersall and Cadena, 2010) and we encourage future studies to pay
close attention to individual snake variation, as well as instances of
decoupling between T}, and Ts. The authors admit that we do not have
knowledge of the snake’s infection history (a snake could have con-
tracted SFD, overcome the infection, and gained immunity prior to
occupation in the vivarium) and our statements are based solely on our
data and observations.

The inoculation technique utilized in this experiment was derived
from the methods described in Lorch et al. (2015). However, our success
with this protocol seems to have been more variable than was achieved
in its initial use. Several snakes initially assigned to the sham treatment
group, that arrived qPCR negative, did not test positive following
experimental inoculation. Previous experiments have shown that
numerous swabs may be necessary to detect the molecular presence of
O. ophidiicola DNA at any given time point, so it is possible that we
detected false negatives using qPCR (Hileman et al., 2018). Additionally,
the inoculum of O. ophidiicola was prepared at different time points
(using the same isolate) and stored for up-to 4 days at a time (at 4°C)
during which the viability of conidia may have decreased. Lastly, skin
microbial assemblages serve as an innate immune response (Hill et al.,
2018), are known to correlate with presence/absence of O. ophidiicola
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(Allender et al., 2018; Walker et al., 2019), and may explain the vari-
ability in inoculation success. Future work will benefit from antibody
testing to diagnose prior exposure. It is possible that those snakes that
arrived disease negative were actually those snakes that had mounted a
successful adaptive immune response that actually prevented secondary
infection. Experimentally testing the febrile responses in reptiles typi-
cally involves the use of live or dead bacteria exposure or bacterial
lipopolysaccharide (LPS) injections (Vaughn et al., 1974; Monagas and
Gatten, 1983; Lang, 1987; Burns et al., 1996; Merchant et al., 2007;
Rakus et al., 2017). Bacteria and LPS may elicit an immunological
response faster than a cutaneous fungal pathogen because injections of
bacteria and LPSs bypass the first line of defense: the skin and skin
microbiome which may have antibacterial and antifungal properties
(Hill et al., 2018). While the use of dermal abrasions was intended to
allow the fungus to bypass the integument, O. ophidiicola still may not
pass this physical barrier unimpeded.

Clinical signs were monitored over the course of the experiment.
While we recorded disease development one-week post inoculation, the
lesion size and spread was minimal compared to severe signs recorded in
wild snakes. Previous inoculation studies have detected development of
lesions and signs characteristic of ophidiomycosis as early as one week,
but conditions progressively worsen through time (Allender et al.,
2015b; Lorch et al., 2015). Future work should assess the febrile
response as the severity of the mycosis increases through time.
Furthermore, variation among species, biotypes, activity patterns,
movement patterns and foraging practices (sit and wait or active for-
agers), should be considered.

In conclusion, our results falsify the hypothesis that snakes infected
with O. ophidiicola seek higher temperatures than non-infected snakes.
As our knowledge of SFD is in its infancy, so is our understanding of the
immunological and ecological ramifications of the disease. Further ex-
plorations of ophidiomycosis and its impacts on wild snakes are war-
ranted with special consideration paid to secondary infection and prior
exposure to the fungal pathogen. Results here suggest that behavioral
febrile responses are not used to combat initial SFD infection and affirm
that SFD is widespread in the pet trade (Burbrink et al., 2017).
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