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Introduction: Fungal diseases are a rising health problem globally, in humans,

nonhuman animals, and plants. Emerging fungal diseases have been associated

with mass mortality events. A recent example of fungal disease pathogenicity is

sea turtle egg fusariosis (STEF). The pathogenicity of STEF has been linked to

fungi within the Fusarium solani species complex (FSSC). This complex is

composed of over 45 phylogenetically identifiable species commonly found in

the environment. Species within the FSSC lineage have been isolated from the

nests of multiple sea turtle species and are linked to decreased hatching success

in all 7 of the extant sea turtle species. Fungi within this lineage are also known to

cause cutaneous and subcutaneous infections. These fungi are not only a threat

to sea turtles but also to other animals, including humans, that use coastal waters

and beaches inhabited by Fusarium spp. The presence of Fusarium spp., in the

context of sea turtle health, has not been investigated on southeastern Florida

beaches which are fundamentally important for at least three sea turtle species

that nest there in large numbers.

Methods: We performed a retrospective assessment of necropsy reports from

dead captive leatherback neonates from 2010 to 2022 to assess the most

common microscopic diagnoses and the presence of skin lesions associated

with mycotic dermatitis. Additionally, live captive leatherbacks and dead-in-nest

samples from the 2022 hatching season were used to assess the presence and

effect of mycotic dermatitis in Juno Beach and Boca Raton, Florida, USA. This

was accomplished by observing gross lesions, fungal cultures, and blood values.

Results: The retrospective analysis of dead captive neonates revealed that the

diagnosis of mycotic dermatitis on histopathology has significantly increased since

2010. The assessment of gross skin lesions associated with mycotic dermatitis in

dead and live captive leatherback neonates also revealed a similar increase.

Investigations in live captive leatherbacks revealed fungal cultures positive for
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Fusarium spp. and significant differences in blood values at emergence between

healthy turtles and those that later developed mycotic dermatitis.

Discussion: Positive dead-in-nest culture results suggest that Fusarium spp. are

likely present in leatherback sea turtle nests in Boca Raton and Juno Beach,

Florida, USA. Additionally, the occurrence of mycotic dermatitis in dead and live

captive leatherback neonates suggests that the presence of Fusarium spp. in the

nest likely affects leatherback neonates even after emergence.
KEYWORDS

fusarium, sea turtle egg fusariosis (STEF), sea turtle, leatherback, mycotic dermatitis,
emerging disease
Introduction

Fungal diseases are a rising health problem globally in wildlife

(Fisher et al., 2012; Casadevall, 2018; Fisher et al., 2020; Thornton,

2020). Some fungal pathogens can even cause disease across large

taxonomic groups (i.e., trans-kingdom pathogenicity), spanning

vertebrates, invertebrates, and plants (Jain et al., 2011; Gauthier

and Keller, 2013). Consequently, emerging fungal diseases are truly

a One Health concern (Sáenz et al., 2020). A driving force

worsening the growing problem of fungal diseases is climate

change (Garcia-Solache and Casadevall, 2010; Casadevall, 2018;

One Health, 2019). Changes in local weather patterns are increasing

stress on both plants and animals, making them more susceptible to

fungal infections (One Health, 2019). Additionally, with regional

climatic shifts the thermal exclusion zone, which previously

provided protection from fungal pathogens, is now shrinking

(One Health, 2019). Fungal pathogens are now able to thrive in

previously uninhabitable regions, increasing the risk of infection to

naive animals and plants (One Health, 2019). Fungal diseases are

not only a threat at the individual level, but they can also devastate

whole populations (Fisher et al., 2012). To date, newly emerging

fungal diseases have caused mass mortality events in animal and

plant populations around the world (Berger et al., 1998; Anderson

et al., 2004; Lötters et al., 2009; Sarmiento-Ramıŕez et al., 2010;

Kwon et al., 2017; Yadav et al., 2020; Hoyt et al., 2021).

In 2020, sea turtle egg fusariosis (STEF) was identified as an

emerging disease in sea turtles (Gleason et al., 2020). Sea turtle egg

fusariosis is caused solely by fungi in the Fusarium solani species

complex (FSSC) lineage (Gleason et al., 2020). The FSSC is

composed of over 45 phylogenetically distinct species commonly

found and isolated from soil and plant debris (O’Donnell, 2000;

Zhang et al., 2006). As ubiquitous fungi, commonly found in the

environment, species within the FSSC have been isolated from the

nests of multiple sea turtle species (Phillott et al., 2001; Sarmiento-

Ramıŕez et al., 2010; Sarmiento-Ramıŕez et al., 2014; Sarmiento-

Ramıŕez et al., 2017; Sidique et al., 2017; Hoh et al., 2020; Candan

et al., 2021). Furthermore, FSSC has been linked to decreased

hatching success in all 7 of the extant sea turtle species

(Sarmiento-Ramıŕez et al., 2014; Gleason et al., 2020).
02
Fusarium keratoplasticum (Fk) and Fusarium falciforme (Ff) fall

within the FSSC lineage and have been identified as causative agents of

STEF (Smyth et al., 2019). However, Fk and Ff are also known to cause

cutaneous and subcutaneous infections in both humans and marine

animals (Higgins, 2000; Nucci and Anaissie, 2002; Tanaka et al., 2012;

Smyth et al., 2019; Cafarchia et al., 2020). Mycotic dermatitis due to

Fusarium spp. has been reported in many marine animals, including

but not limited to: false killer whales, white sided dolphins, pygmy

sperm whales, California sea lions, grey seals, sharks, seahorses, and

loggerhead sea turtles (Higgins, 2000; Salter et al., 2012; Tanaka et al.,

2012; Pirarat et al., 2016; Desoubeaux et al., 2018; Cafarchia et al.,

2020). In marine animals Fusarium spp. are believed to be

opportunistic pathogens normally found on the skin (Higgins, 2000;

Tanaka et al., 2012). The pathogenesis of the disease is thought to be

associated with decreased immunocompetence (Higgins, 2000; Tanaka

et al., 2012; Smyth et al., 2019; Cafarchia et al., 2020).

Immunosuppression may be due to multiple factors such as

environmental stressors, physiologic stressors due to niche alterations

or captivity, or illness (Higgins, 2000; Tanaka et al., 2012).

While STEF has been documented as an emerging disease that

impacts hatchling production of multiple imperiled sea turtle

species, to date, there is no information on the presence or effect

of Fusarium spp. on sea turtle nests, eggs, or neonates from two

well-studied nesting beaches along Florida’s east coast in Palm

Beach County: Juno Beach and Boca Raton. In 2021, over 37,000 sea

turtle nests were reported in this county, accounting for

approximately 1/3 off all leatherback nests in the continental

U.S.A. (Florida Statewide Nesting Beach Survey, 2021). Although

previous research investigated the effect of STEF on hatchling

condition after emergence (Phillott and Parmenter, 2014), no

information exists on the potential long-term effects of STEF in

neonatal sea turtles after emergence from affected nests. As

Fusarium spp. are not only pathogens of sea turtle eggs but also

have the potential to affect humans and other animals, it is

important to document their presence and determine their

potential effect(s) on the densely nested and highly touristic

beaches of Boca Raton and Juno Beach, Florida (Palm Beach

County, 2023). Addressing these data gaps in Florida and

elsewhere could explain decreased hatching success in sea turtle
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nests and serve as a baseline for sea turtle conservation efforts on the

beaches in this region. Additionally, understanding the presence

and effect(s) of Fusarium spp. could help prevent downstream

effects in turtles, other animals, and immunocompromised humans.

Here we focus on the health of an endangered species, the

leatherback sea turtle (Dermochelys coriacea), that has a nesting “hot

spot” spanning Juno Beach and Boca Raton, Florida. We hypothesized

that Fusarium spp. are present in leatherback sea turtle nests and are

responsible for downstream effects in neonatal leatherback sea turtles.

The objectives of this study were to: (1) compare and identify

retrospective and current trends of gross and microscopic diagnoses

from all captive neonate leatherbacks that died across 12 nesting

seasons, 2010 to 2022; (2) detect the presence of Fusarium spp. in

dead-in-nest hatchlings, dead-in-nest eggs, live captive neonates, and

dead captive neonates sampled from the 2022 season; (3) identify

relationships between the detection of Fusarium spp. and nest hatching

success in 2022; (4) identify relationships between blood values of live

captive neonates and the development of mycotic dermatitis in 2022.
Materials and methods

Animals and study site

The leatherback sea turtle neonates involved in this investigation

originated from naturally oviposited nests on Juno Beach and Boca

Raton, Florida. Samples were collected from three sources. The first

source was dead captive neonates. From 2010 to 2022 a total of 83 dead

captive neonates from 57 different nests were included in this study.

The second source was live captive neonates from 2021 and 2022. This

included a total of 127 live captive neonates (77 and 50, respectively)

from 27 different nests. All live captive neonates were maintained for 4-

70 days in a research colony at the Florida Atlantic University (FAU)

Marine Laboratory for an on-going unrelated study. The neonates were

housed indoors in an open-flow sea water system with UVA-UVB

fluorescent lighting 45 cm above the tanks. The lights were on a 12:12

hour cycle. The seawater used to house the neonates was Atlantic ocean

water that was filtered through two (100 mm) filtration socks, cleaned

via protein skimming, and then treated with ultraviolet light exposure

sufficient to eliminate microbes. The water was also sent through a

chiller to maintain the temperature at 23-25°C. Neonates were housed

in tanks individually or in groups with other neonates from the same

nest. If a neonate showed clinical signs of mycotic dermatitis,

biosecurity measures were taken to prevent the spread of disease and

the neonate was isolated. The third source was dead-in-nest hatchlings

and eggs from 2022. A total of 14 individual dead-in-nest hatchlings or

eggs from 9 nests were available for sampling. Dead-in-nest hatchlings

successfully hatched from the egg but died prior to full emergence.
Histopathology

From 2010 to 2022, full necropsies were performed on 83 dead

captive leatherback neonates within 72 hours of death. Prior to

necropsy all neonates were stored in a refrigerator at 3-5°CC. Based
Frontiers in Marine Science 03
on the pathologist’s knowledge and extensive experience with this

species’ samples, the quality of all samples was sufficient for inclusion

in this study. During necropsy sections of multiple tissues were placed

into 10% buffered formalin for histopathology. Tissues examined

included skin, muscle, brain, heart, lung, pancreas, stomach,

intestines, liver, spleen, kidney, gonads, and adrenal glands. All

formalin-fixed tissues were submitted to the University of

Tennessee Knoxville Department of Biomedical and Diagnostic

services for histologic examination. They were routinely processed

and stained with hematoxylin and eosin (H&E). Additional special

stains for fungal hyphae (Gomori methenamine silver, GMS) or

bacteria (Gram; acid-fast) were used as indicated by the pathologist.

The two most common microscopic diagnoses each year were

converted into percent of occurrence per year to account for

different numbers of available necropsy reports each year. Linear

least squares regressions were used to assess trends of the percent of

occurrence over time.

Percent   of   occurrence = (
occurrence   of   disease

total   number   of   turtles   necropsied
)*100
Gross skin lesions

Gross skin lesions associated with mycotic dermatitis were

reported in both dead captive and live captive neonates. In dead

captive neonates, gross skin lesions associated with mycotic

dermatitis included white patches, tan areas, white films, brown

discoloration, yellow discoloration, and ulceration. In live captive

neonates, gross skin lesions associated with mycotic dermatitis

included white-grey discoloration or patches, scale sloughing, yellow-

tan discoloration, and ulceration (Figure 1). The occurrence of gross

skin lesions in dead captive neonates from 2010-2022 and live captive

neonates from 2021-2022 was converted to percent of occurrence each

year. For dead captive neonates a linear least squares regression was

used to identify trends in the change of percent of occurrence of gross

skin lesions from 2010 to 2022.

Percent   of   occurrence =   (
occurrence   of   gross   skin   lesions

total   number   of   turtles
)*100
Fungal culture

All dead-in-nest fungal samples (hatchlings and eggs) were

collected during the 2022 season. Nest inventory occurred after the

mass emergence event or between 70-80 days of incubation if there

was no emergence as per our Marine Turtle Permit. All dead-in-

nest hatchlings and eggs were stored in the refrigerator at 3-5°CC

(<24 hours) prior to sampling. Using sterile technique, sterile swabs

were used to sample multiple regions on and in dead-in-nest

hatchlings and eggs (i.e., skin, inside the yolk sac, internal surface

of the eggshell, external surface of the eggshell) for fungal culture.

Prior to external surface swabs all external surfaces (i.e., skin or
frontiersin.org
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external surface of the eggshell) were first rinsed with 200 mL of

sterile water. A total of 19 swabs were collected from 9 dead-in-nest

hatchlings and 5 dead-in-nest eggs across 9 nests (Table 1).

Swabs for fungal culture were collected from live captive

neonates during the 2022 season. Each week neonates were

thoroughly examined for gross skin lesions. Diagnostic culture

samples were collected when gross skin lesions associated with

mycotic dermatitis were first seen on examination (Figure 1).

Following rinsing with 200 mL of sterile water, a sterile swab was

used to swab the leading edge of the lesion(s). A total of 20 swab

samples were collected from symptomatic neonates originating

from 6 different nests (Table 2). Additionally, one asymptomatic

neonate was swabbed and cultured as a negative control for

diagnostic comparison.

All fungal cultures were performed in-house. Samples were

plated on Inhibitory Mold Agar (IMA) and grown at room
Frontiers in Marine Science 04
temperature (22-24°CC) for 7-21 days (Scognamiglio et al., 2010).

Fungal identification was performed using lactophenol aniline blue

dye and the morphologic descriptions of Fusarium spp. in the

Fusarium Laboratory Manual (Leslie et al., 2006). All live captive

neonates with gross skin lesions and a positive fungal culture were

diagnosed with mycotic dermatitis.
Hatching success

During nest inventory, the total number of eggs in each nest

was estimated using the remaining eggshells plus remaining

unhatched eggs. During the 2022 season, 13 different nests were

included in this study, 6 from Boca Raton, Florida and 7 from

Juno Beach, Florida. Nests included those from which dead-in-

nest samples (hatchling or egg) were taken and those from

which all live captive neonates emerged from. Hatching success

of each nest was estimated by dividing the number of hatched

eggs by the total number of eggs in the nest. Hatching success

was then compared to the detection of Fusarium spp. in

samples originating from each nest using a Wilcoxon Rank

Sum test.

Percent  Hatching   success =   (
number   of   hatched   eggs

total   number   of   eggs   in   the   nest
)*100
TABLE 1 Number and sample sites of dead-in-nest hatchling and egg
swabs taken from each study nest in 2022.

Nest ID DH
sampled

DE
sampled Skin Inside

yolk sac IE EE

DC-032822-
7AT-JB

1 NS
1

NS NS NS

BR22-DC10 1 NS 1 NS NS NS

DC-042322-
10AT-JB

1* NS
1

1 NS NS

BR22-DC12 1* NS 1 1 NS NS

BR22-DC17 1* 1 1 1 1 NS

DC-051622-
5AT-JB

1 NS
NS 1 NS NS

BR22-DC15 2 2* 2 NS 2 2

DC-061022-
11AT-JB

1 1
1 NS 1 NS

DC-061022-
10AT-JB

NS 1
NS NS 1 NS
DH, Dead-in-nest hatchling; DE, Dead-in-nest egg; IE, Internal surface of the egg; EE,
External surface of the egg; NS, Not sampled; *Multiple swabs taken from dead-in-nest
hatchling or egg.
A total of 19 swabs were collected across 9 nests. Nine dead-in-nest hatchlings and 5 dead-in-
nest eggs were sampled, with some having multiple swabs taken.
TABLE 2 Number of live captive neonates swabbed for fungal culture
per nest in 2022.

Nest ID Live captive neonates sampled

BR22-DC01 4

DC-042022-7BT-JB 3

BR22-DC09 5

BR22-DC10 2

DC-042322-10AT-JB 5

BR22-DC12 1
A total of 20 swabs were taken from 20 symptomatic individuals across 6 nests.
The negative control was from nest BR22-DC17.
DA B C

FIGURE 1

Gross skin lesions associated with mycotic dermatitis in live captive neonates. (A) small grey-white discoloration or patch with scale sloughing
(arrow) (B) large region of grey-white discoloration with scale sloughing, shown as the dull black scales (encircled by the dashed line), (C) yellow-tan
discoloration of the normally white scales (arrows) (D) ulceration (arrows).
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Blood analyses

During the 2022 hatching season, blood samples were collected

from live captive neonates (n = 48) on the day of emergence. After a

single application of 0.05% chlorhexidine solution and 70%

isopropyl alcohol, blood was collected from the external jugular

vein using a heparinized 26-gauge needle. Blood collection did not

exceed 0.7% of the total body weight (g) of the animal or 0.2 mL.

Packed cell volume (PCV) was determined immediately following

blood collection. A microhematocrit capillary tube was filled,

centrifuged (13,000 g) for 1 minute, and a microhematocrit

reader was used to measure the PCV. The remaining blood, prior

to clotting, was transferred into a 1.5 mL microcentrifuge tube and

centrifuged at 6000 RPM for 1 minute. A small amount of the

plasma was used to estimate total protein via refractive index using

a Fisherbrand™ handheld analog clinical refractometer with

automatic temperature compensation. The remaining plasma was

then transferred to a 1.5 mL cryotube and stored at -80°CC. Frozen

plasma was then submitted to the Avian & Wildlife Laboratory

(University of Miami, Miami, Florida) for analysis by agarose gel

protein electrophoresis within 28 days of collection. The methods

described by Cray (2021) were used to perform agarose gel

electrophoresis. All blood values were compared between mycotic

dermatitis positive and negative neonates using the Wilcoxon Rank

Sum test.

Results

Histopathology

The most common microscopic diagnoses in dead captive

neonates across all years were pneumonia (granulocytic and

granulomatous; 38/83), mycotic dermatitis (27/83), pneumonitis (11/

83), and nephrosis (14/83). Twenty dead captive neonates had more

than one of these microscopic diagnoses. From 2010 to 2019,

pneumonia (Figure 2A) was the most common microscopic

diagnosis, but from 2020 to 2022 the most common microscopic

diagnosis shifted to mycotic dermatitis (Figures 2B, 3). The percent

occurrence of mycotic dermatitis significantly increased from 2010 to

2022 (r2 = 0.65; p = 0.02; Figure 4). No other microscopic diagnoses had

statistically significant changes in percent of occurrence from 2010

to 2022.
Gross skin lesions

From 2010 to 2022, the most common external gross necropsy

findings in dead captive neonates were skin lesions (Figure 5). Since

2010, the percent of occurrence of skin lesions significantly

increased (r2 = 0.67; p = 0.01; Figure 6). In 2021, gross skin

lesions were reported in 31 of the 77 (40%) live captive neonates

maintained at the FAU Marine Laboratory. In 2022, 23 of the 50

(46%) live captive neonates maintained at the FAU Marine

Laboratory developed gross skin lesions.
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Fungal culture

Fusarium spp. were isolated from 9 of the 19 swabs taken from

dead-in-nest hatchlings and eggs (Table 3). Locations swabbed

included the internal and external surfaces of intact eggshells, skin,

and the inside of the yolk sac. Multiple individuals were sampled

from 3 of the 5 nests that were positive for Fusarium spp. However,

not all samples from each Fusarium-positive nest were positive for

Fusarium spp. One sample from each of these 3 Fusarium-positive

nests was negative via fungal culture. In 2022, a total of 23 live captive

neonates developed gross signs of mycotic dermatitis. Of those, 20

were swabbed for fungal culture and all were positive for Fusarium

spp. The one additional swab from the asymptomatic neonate (i.e.,

negative control) had no fungal growth after 21 days.

All Fusarium spp. colonies isolated on culture grew rapidly and

had white to cream-colored aerial mycelium (Figure 7A). On

microscopic examination macroconidia were curved, fusiform, and

cylindrical (Figure 7B). Most macroconidia had 3 septae (Figure 7B).

Abundant microconidia formed from long lateral phialides, were one

or two-celled, and cylindrical or oval (Figure 7C). All findings were

suggestive of Fusarium spp. within the FSSC.
Hatching success

Hatching success for all nests used in 2022 are included in

Table 4. There was no significant difference in hatching success

between nests that had Fusarium spp. identified or mycotic

dermatitis in one or more live captive neonate, dead captive

neonate, dead-in-nest hatchling or dead-in-nest egg samples and

those that did not. However, comparing the 9 nests in which dead-

in-nest hatchling and egg samples were obtained revealed that nests

with dead-in-nest samples that tested positive for Fusarium spp.

had significantly lower hatching success than those in which all

dead-in-nest samples tested negative (p = 0.02; W = 20).
TABLE 3 Fungal culture results from dead-in-nest hatchling and dead-
in-nest egg samples across 9 nests in 2022.

Nest ID Skin Inside yolk Sac IE EE

DC-032822-7AT-JB – NS NS NS

BR22-DC10 – NS NS NS

DC-042322-10AT-JB + + NS NS

BR22-DC12 – – NS NS

BR22-DC17 – – + NS

DC-051622-5AT-JB NS – NS NS

BR22-DC15 +* NS +* +*

DC-061022-11AT-JB – NS + NS

DC-061022-10AT-JB NS NS + NS
frontiersin
IE, Internal surface of the eggshell; EE, External surface of the eggshell; NS, not sampled; - all
samples negative for Fusarium spp.; + Fusarium spp. cultured from one or more samples;
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A B

FIGURE 3

H&E stained microscopic images from dead captive leatherback neonate samples. (A) A cross section of neonate skin in 2015. Fungal hyphae (purple
linear structures; arrows) are infiltrating the keratin, epidermis, and dermis. (B) A cross section of neonate skin from 2022. Fungal hyphae (purple
linear structures; arrows) are infiltrating the keratin, epidermis, and extend into the underlying dermis.
FIGURE 4

Plot of the percent of occurrence of mycotic dermatitis in dead captive leatherback neonates from 2010 to 2022. The percent of occurrence
significantly increased over time (r2 = 0.65; p = 0.02).
A B

FIGURE 2

Histomicrographs from dead captive neonates. (A) H&E stained section of lung from 2019 with granulomatous pneumonia. Within the lung there is a
small granuloma (arrow) with a central area of cellular necrosis that is hypereosinophilic and surrounded by macrophages and few lymphocytes and
granulocytes. (B) A gomori methenamine silver (GMS) stained section of the plastron from 2022 with mycotic dermatitis. The keratin layer is
expanded and disrupted by fungal hyphae represented as linear grey structures (arrows).
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A B

FIGURE 5

Gross skin lesions from dead captive leatherback neonates in 2010 and 2022. (A) Gross grey-white skin lesion on a front limb from 2022 (arrow) (B)
Gross grey-white skin lesion on a front limb from 2010 (arrow).
FIGURE 6

Plot of the percent of occurrence of gross skin lesions in dead captive leatherback neonates from 2010 to 2022. The percent of occurrence
significantly increased over time (r2 = 0.67; p = 0.01).
A B C

FIGURE 7

Fungal culture results from live captive leatherback neonates with fungal morphology characteristic of the FSSC. (A) IMA plate with white to cream
colored aerial mycelium (B) macro and microconidia (lactophenol aniline blue dyed, 100X) (C) long lateral phialides forming one-celled microconidia
(lactophenol aniline blue dyed, 100X).
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Blood analysis

Packed cell volume was significantly lower at emergence in live

captive neonates that developed mycotic dermatitis (p = 0.002, W =

435; Figure 8). There was no significant difference in estimated TP
Frontiers in Marine Science 08
at emergence between neonates that developed mycotic dermatitis

and those that did not. Gamma globulins were significantly higher

at emergence in neonates that developed mycotic dermatitis (p =

0.005, W = 150; Figure 9). No other blood values were significantly

different between groups.
TABLE 4 Summary of all samples (i.e., swabs for fungal culture, histopathology) used to detect the presence of Fusarium spp. or mycotic dermatitis in
2022 and the hatching success of each individual nest.

Nest ID
DH and DE
(n = 19)

Dead captive
(n = 5) Live captive (n = 20) Hatching success (%)

BR22-DC01 NS + + 64

DC-032822-7AT-JB – NS NS 93

DC-042022-7BT-JB NS NS + 35

BR22-DC09 NS NS + 92

BR22-DC10 – NS + 62

DC-042322-10AT-JB + + + 25

BR22-DC12 – NS + 67

DC-051322-9AT-JB NS NS NS 29

BR22-DC17 + + – 35

DC-051622-5AT-JB – NS NS 45

BR22-DC15 + – NS 8

DC-061022-11AT-JB + NS NS 1

DC-061022-10AT-JB + NS NS 1
DH, Dead-in-nest hatchling; DE, Dead-in-nest egg; NS, not sampled; - all samples negative for Fusarium spp.; + one or more samples positive for Fusarium spp. or mycotic dermatitis.
FIGURE 8

Boxplot of the PCV values from live captive leatherback neonates at emergence comparing values between those that later developed mycotic
dermatitis and those that did not. PCV was significantly lower in neonates that developed mycotic dermatitis (p = 0.002, W = 435). Gray boxes are
the first and third quartiles; thick black lines designate the median value; dashed lines are the minimum and maximum values; open circles are
outliers. Outliers may have lower PCV due to undetected hemodilution from lymph contamination during venipuncture but were not removed
because the Wilcoxon Rank Sum Test is resistant to outliers.
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Discussion
In this set of studies, we demonstrate that Fusarium spp. are

likely present in leatherback sea turtle nests in Boca Raton and Juno

Beach, Florida. Additionally, based on the occurrence of mycotic

dermatitis in captive neonates (live and dead) it is likely that the

presence of Fusarium spp. in nests is affecting leatherback neonates

even after emergence. This result is consistent with the findings of

Miller et al. (2009), as they interpreted finding microorganisms on

histopathology of dead captive and dead-in-nest hatchlings as likely

originating in the environment. Furthermore, the isolation of

Fusarium spp. from the internal surface of intact eggshells

suggests that STEF is infecting leatherback sea turtle eggs on the

beaches in Boca Raton and Juno Beach, Florida. Sea turtle egg

fusariosis can cause mass mortality events and has been implicated

in decreased hatching success in all 7 species of sea turtles

(Sarmiento-Ramıŕez et al., 2010; Sarmiento- Ramıŕez et al., 2014;

Gleason et al., 2020). However, of the nests sampled during this

study, there was no significant difference in hatching success

between nests that had any Fusarium-positive sample and those

that did not. This is likely due to the low number of nests without

any Fusarium spp. detected across all sample types (i.e., dead-in-

nest hatchlings and eggs, live captive neonates, and dead captive

neonates). Of the 13 nests included in this study, only 2 had all

samples negative for Fusarium spp. Notably, when we focused on

the dead-in-nest samples alone, we found a significant decrease in

hatching success in Fusarium-positive nests compared to those with

no Fusarium spp. detected. This result leads us to infer that the
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relatively low emergence success of leatherback nests may reflect the

negative impact of microbial stressors on hatchlings, which is

consistent with findings from previous work (Sarmiento-Ramıŕez

et al., 2014; Gleason et al., 2020). However, the unsterile nature of

the samples used for dead-in-nest samples make it difficult to

determine a definitive relationship between Fusarium spp. and

hatching success. Future work should aim to further explore how

Fusarium spp. impact hatching success.

Not only are Fusarium spp. a problem for eggs but they also

appear to be a growing issue for leatherback neonates after

emergence. After using fungal cultures for diagnosis during the

2022 hatching season, it is likely that Fusarium spp. are the

causative agent of mycotic dermatitis in this population. Additional

diagnostics (i.e., cytology and histopathology) in live captive neonates

should be used to confirm this in the future. Furthermore, based on

the consistent pathologic findings and gross descriptions across years,

it is also likely that this same pathogen is the cause of most of the

mycotic dermatitis and characteristic skin lesions seen in dead captive

neonates since 2010. Unfortunately, the percent of occurrence of skin

lesions and mycotic dermatitis in dead captive neonates is increasing.

Mycotic dermatitis appears to be a significant threat to leatherback

neonates. While the neonates in this study were in a captive setting

and came from a single facility, this is currently the only large,

representative population available for neonatal leatherback sea turtle

research. Access to leatherback neonates in the wild is very limited

due to their oceanic pelagic niche. Moreover, the profound absence of

neonatal leatherback sightings at sea makes a wild assessment for

mycotic dermatitis impossible.

Although the source of the Fusarium spp. responsible for

mycotic dermatitis in captive leatherbacks is not fully understood,

the detection of Fusarium spp. from dead-in-nest hatchlings and

eggs suggests that exposure in the nest is likely. This theory is

further supported by the alterations in blood values at emergence

seen in live captive neonates that later developed mycotic

dermatitis. In live captive neonates that developed mycotic

dermatitis PCV was significantly lower while gamma globulins

were significantly higher. A decreased PCV can be caused by

chronic disease, systemic infections, inflammatory disease of the

liver, kidney, or lungs, and gastrointestinal disease (Stacy et al.,

2011). Generally, a decreased PCV is accompanied by a decrease in

TP, but we found no significant differences in estimated TP between

groups. However, this may be related to the method used to

measure estimated TP (i.e., refractometry). Estimated TP values

measured via refractometer can be skewed by blood glucose, urea,

and triglycerides (Hunsaker et al., 2016; Legendre et al., 2017). The

biuret method is the preferred method for measuring TP and should

be considered in future work. Additionally, other biochemical tests

and white blood cell counts should also be considered moving

forward if blood volumes allow. These blood values could help

determine if the hatchlings are suffering from other physiologic

challenges at emergence.

Protein electrophoresis in non-traditional species is generally

used to detect inflammation (Cray, 2021). Alterations in the

different protein fractions are then used to characterize the

inflammation (Cray, 2021). For example, increased gamma

globulins are associated with humoral immunity and more
FIGURE 9

Boxplot of the gamma globulins values of live captive leatherback
neonates at emergence comparing values between those that later
developed mycotic dermatitis and those that did not. Gamma
globulins were significantly higher in neonates that developed
mycotic dermatitis (p = 0.005, W = 150). Boxplot format as in
Figure 8. Outliers were not removed because the Wilcoxon Rank
Sum Test is resistant to outliers.
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specifically immunoglobulins (Eckersall, 2008; Cray, 2021). Reptile

and avian species have immunoglobulin Y (IgY) as a major part of

their humoral response against antigens (Pettinello and Dooley, 2014;

Rodgers and Rice, 2018). In chickens there is a strong correlation

between the IgY levels of the hen, the egg yolk, and the offspring

serum (Sun et al., 2013). Based on this, it is possible that elevated

gamma globulin values seen in the leatherbacks may be a

consequence of high maternal transfer of IgY via the egg yolk.

While high maternal transfer of antibodies is generally considered

an advantage, in leatherbacks high maternal gamma globulins have

been negatively associated with both hatching success and emergence

success (Boulinier and Staszewski, 2008; Perrault et al., 2012).

Maternal health status likely plays an important role in the long-

term survival of hatchlings. While the increased gamma globulins

may not be the primary problem in either the mother or the

hatchlings, the increased maternal gamma globulin values may

indicate poor maternal health (Perrault et al., 2012). A recent

infection or physiologic strain in the adult female may have

diverted physiologic energy and resources away from reproductive

processes. Consequently, while a hatchling may have higher IgY, they

may also be deficient in other key resources that were not available for

reproductive use due to the mother’s physiologic strain.

Moreover, the gamma globulin region can also be affected by

the presence of acute phase proteins. Acute phase proteins are blood

proteins that increase in response to infection, inflammation,

trauma, or stress (Murata et al., 2004). One of the most

recognized stressors on sea turtle eggs and hatchlings over the last

few decades has been rising nest temperatures (Fuentes et al., 2009;

Fleming et al., 2020). There is evidence that high nest temperatures

increase physiologic stress on developing turtles and research in

chickens has shown that increased thermal stress does increase

acute phase proteins (Fleming et al., 2020; Hanafi et al., 2022;

Perrault et al., 2022). Thermal stress could be increasing gamma

globulin values and making developing turtles more susceptible to

pathogens such as Fusarium spp. both in the nest and after

emergence. In the future, tests to assess specific acute phase

proteins used in conjunction with nest temperature data may be

useful. Additionally, increased nest temperatures are likely altering

the nest microbial profile (Bérard et al., 2011). As a result, Fusarium

spp. may be outcompeting other microorganisms and overgrowing

in nests. Other environmental factors (moisture, sand pH) and

various anthropogenic effects may contribute to the potential for

pathogenesis and should be investigated. Regardless, an important

point is, given that Fusarium spp. were isolated from dead-in-nest

hatchlings and eggs, it is possible that wild leatherback neonates

emerging from nests affected by Fusarium spp. may be suffering

from the same disease process found in the live captive and dead

captive neonates.

Currently, the etiology and epidemiology of STEF is not fully

understood but some hypothesize an anthropogenic source (Smyth

et al., 2019). While one causative agent of STEF, Ff, is routinely

found in soil, the other, Fk, had only previously been isolated from

non-soil sources such as plumbing systems (Smyth et al., 2019).

Given the potential for Fusarium spp. to affect nonhuman animals,

plants, the environment, and humans, Fusarium spp. are truly a

One Health problem (Sáenz et al., 2020; Thornton, 2020). Fusarium
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spp. in sand have the potential to not only affect eggs and pre-

emergent hatchlings but this study has now shown Fusarium spp.

also have the ability to negatively impact seemingly healthy

leatherback neonates after emergence. Furthermore, reports of

fungal infections in humans are rising, likely due to the

implementation of new medical therapies such as antibiotics and

immunosuppressive therapies (One Health, 2019; Batista et al.,

2020; Thornton, 2020). It is possible that if beach Fusarium spp.

burdens increase, the sand could potentially serve as a nidus of

infection for other animals or humans using the beaches.

Moving forward, it is essential to further examine the presence

and impact of STEF on the important sea turtle nesting beaches in

Boca Raton and Juno Beach, Florida which, together host about1/3

of all leatherback nesting in the continental U.S.A. (Florida

Statewide Nesting Beach Survey, 2021). Determining the

prevalence of Fusarium spp. and STEF in the nests of all nesting

species on these densely nested beaches is important for

determining the full impact STEF may have on current

conservation efforts. Performing additional robust studies using

both fungal culture and next generation sequencing on samples

from eggs and nests will aid in the understanding of the microbial

community present in the nests and may provide a means to

combat Fusarium spp. Nest temperature, moisture, and sand pH

should also be investigated to identify any relationships with STEF.

Additional studies on neonates after emergence following exposure

to Fusarium spp. in the nest should also be undertaken to determine

the long-term health effect on individual leatherback neonates

(captive and wild) and its potential to impact the leatherback

population. Furthermore, a more robust blood analysis after

emergence could also help illuminate the pathogenesis of this

disease in leatherback neonates and provide insight into

mitigation measures for the development of mycotic dermatitis.
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