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Characterisation, prevalence

and severity of skin lesions caused
by ophidiomycosis in a population
of wild snakes

Steven J. R. Allain®3, David I. Leech?, Kevin Hopkins©3, Katharina Seilern-Moy®?3,
Julia Rodriguez-Ramos Fernandez®*, Richard A. Griffiths 1" & Becki Lawson®?

Ophidiomycosis is an emerging infectious disease affecting wild snakes in the Northern Hemisphere.
Recently confirmed in Great Britain, the prevalence, severity and significance of ophidiomycosis has
yet to be characterised in free-living snakes at a population level in Europe. Therefore, a population
of barred grass snakes (Natrix helvetica) in eastern England was monitored for three seasons (May
2019 to October 2021), to investigate the prevalence (25.5%; 191/750 snakes) and severity of skin
lesions and their aetiology. The most frequently observed skin lesion characteristics were changes

in scale colour, crusting, and scale margin erosion. The majority of such lesions (96.9%; 185/191
snakes) was observed on the ventral surface along the length of the body. The severity of skin lesions
was considered mild in more than half of the cases (53.1%; 98/191 snakes). Predominantly, skin
lesions were observed in adult snakes (72.8%; 139/191 snakes). Combined histological examinations
and gPCR tests of skin lesions from N. helvetica sloughs and/or carcasses confirmed a diagnosis of
ophidiomycosis. Further targeted surveillance, supported by molecular and histological examinations
to confirm skin lesion aetiology, is required to determine the extent to which our findings reflect the
occurrence of ophidiomycosis in populations within wider landscapes.

In recent decades, infectious diseases have emerged that threaten wildlife health, many of which are caused by
fungi?. Ophidiomyces ophidiicola (Oo) is the causative agent of ophidiomycosis (commonly known as snake
fungal disease or SFD)*. Ophidiomycosis was first detected in wild snakes in the USA in 2008* and is known to
affect a diversity of species occupying different habitats in North America®. Through retrospective examination
of museum specimens, Oo was detected in wild snakes in the USA since at least 1945°. Population genetic studies
of Oo suggest multiple recent introductions of the fungus into North America, from an as yet unsampled source
population’. Historical detections of the disease in captive snakes on multiple continents raises the possibility
that transport of snakes may have been involved in inadvertent Oo introductions’~’. The disease typically leads to
skin lesion formation with variable characteristics (e.g., crusting, erosion, ulceration, granuloma formation) and
severity of presentation'’. Ophidiomycosis has the potential to impact wild snake health and lead to mortality
via direct or indirect (e.g. altered behaviour leading to increased predation risk) mechanisms>'"'2

Increased interest in wild reptile health led to the detection of ophidiomycosis in wild snakes in Europe'?, and
subsequently in Asia'*'®. The disease has been diagnosed in three species of the genus Natrix: the barred grass
snake (Natrix helvetica) in southern and central England'’; the dice snake (N. tessellata) in the Czech Republic,
Germany and Italy’>!®'7; and the European grass snake (N. natrix) in Switzerland'®. Clinical signs of the disease
have also been observed in a European grass snake (N. natrix) from Italy'®. Recent analysis of museum specimens
found evidence of Oo in N. helvetica since at least 1959 in Italy, and 1961 in N. tessellata in Switzerland®. All
three of these Natrix species are semi-aquatic predators, primarily of amphibians and fish**!.

Phylogenetic analyses and mycological examination of Oo isolates derived from N. helvetica in England
confirmed that they are genetically and phenotypically distinct from isolates in North America”'®. Whether
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Oo is endemic or introduced to Great Britain, or if the clade II lineages of Oo in North America and clade I in
Europe have different rates of transmission, virulence or may result in different clinical signs remains unknown'’.

While a growing number of studies have investigated the occurrence and impact of ophidiomycosis in free-
living populations of snakes in North America’*?, research in Europe is relatively limited. To date, small numbers
of snakes in the Czech Republic, Germany, Italy, Poland, and the Slovak Republic have tested qPCR positive for
Oo DNA!¢2425 However, there is a paucity of information on disease progression and recovery in free-living
snakes through serial recaptures®. Longitudinal population studies of individual snakes are required to develop
an understanding of the epidemiology of the condition.

Here we present findings from a three-year study of a population of N. helvetica in eastern England in which
the presence of Oo had been confirmed through molecular examination of lesions from multiple skin sheds
collected in 20157**. Standardised survey protocols were conducted combined with opportunistic pathological
examinations of snake carcasses and skin sheds to address the following: (1) to investigate the character, distri-
bution, severity, prevalence, and aetiology of skin lesions; (2) to determine whether the presence of skin lesions
is related to sex, size, slough cycle, presence of trauma, or month of capture; and (3) to compare the severity of
skin lesions between serial recaptures to assess progression of, or recovery from, disease over time.

Materials and methods

Field surveys and sample collection

Field surveys for N. helvetica (hereafter grass snake) were conducted at a wetland system with a size of approxi-
mately 0.5 km? in eastern England over a 3-year period, 2019-2021, during the active season (May-September).
Ten grass snake carcasses and 42 snake sloughs were opportunistically collected from the site during this period
and stored at — 20 °C pending pathological investigations.

A total of 69 artificial cover objects (ACOs) made of corrugated bitumen (35 of which were 2 m?, and 34 of
which were 1 m?) were placed at average intervals of 52 m (range of intervals: 18.0 m to 238.6 m apart depending
on topography) in potential grass snake habitat and checked one to three times a week. Morning surveys were
conducted between 09.00 and 11.00 h and afternoon surveys between 16.00 and 19.00 h, when weather condi-
tions allowed for safe working. While infrequent (< 4% of total captures), when snakes were encountered basking
in the open, they were also captured and sampled using the same protocol as per snakes found under ACOs.

Snakes were captured by hand and placed in individual transparent plastic bags. During the initial capture and
processing phases, snake behaviour was observed for any indicators of poor health status (e.g. lethargy, evidence
of recent feeding, abnormal clinical signs). Photographs of the ventral scale patterns of captured snakes were
taken to allow post-hoc individual snake identification®.

The entire body of each snake was inspected for evidence of skin lesions. Body length (to the nearest 0.5 cm)
and body mass (to the nearest 5 g) were recorded using a tape measure and Pesola spring balance, respectively.
The size class of individuals was based on their snout-to-vent length (SVL) with neonates regarded as snakes
with an SVL below 20 cm, sub-adults with an SVL between 20 and 50 cm, and adults with an SVL greater than
50 cm. Snakes were sexed based on the length and profile of their tail; individuals with a noticeable vent swell-
ing and more than 62 sub-caudal scales were identified as males®®. The phase in the slough cycle was recorded
using a three-point scale; freshly sloughed were assigned to Phase 0, dulling ventral scales to Phase 1 and opaque
eyes to Phase 2.

To reduce the risk of cross-contamination and the potential exposure of clinically healthy snakes to Oo, clean
handling procedures were used whilst processing snakes and collecting samples. Nitrile gloves were changed
between handling snakes and all equipment was sanitised using dimethyl benzyl ammonium saccharinate (0.1%
active ingredient; Dettol All-in-One Disinfectant spray) for a minimum contact time of 10 min®, rinsed with
clean tap water and air dried before re-use. A 1% Virkon S (LANXESS) solution with a 10-min contact time was
used to disinfect field equipment and boots at the end of each survey®.

If skin lesions were detected, these were swabbed in duplicate using two different MW-100 swabs (Medical
Wire & Equipment), moistened with molecular-grade nuclease-free water (Thermo Fisher Scientific). Where
snakes had multiple skin lesions, as many as possible were swabbed, ensuring consistency by sampling the same
lesions with both swabs. Control samples were collected from every fifth snake captured without detectable skin
lesions: samples were taken in duplicate from the ventral body, swabbing five times from neck to vent. Swabs
were stored in a portable insulated freezer bag for the duration of the fieldwork and transferred to a dedicated
—20 °C freezer within 30 min of leaving the site.

Skin lesions were classified based on their appearance and were assigned one or more of the following seven
characteristics; change of scale colour, crusting, dysecdysis, scale distortion, scale margin erosion, swelling,
and ulceration. (See Supplementary Materials for definitions of skin lesion characteristics). The distribution of
skin lesions was recorded for each of the five sections of the body (i.e. the head and the four quarters along the
remaining body), and whether they occurred on the dorsal, ventral and/or lateral body surfaces. Photographs
of the skin lesions were taken on a digital SLR camera (Pentax K-50 with an 18-55 mm lens).

A scoring system (4-16) was developed, adapted from Baker et al.*’, to rank the severity of skin lesions
based on their characteristics, number, and distribution (See Supplementary Materials). Skin lesion scores were
subsequently categorised as very mild (score 4), mild (5-8), moderate (9-12), or severe (13-16). Snakes were
also examined for skin injuries with an appearance consistent with trauma, e.g. punctures, lacerations, or tail tip
injuries. When present, details were recorded, and photographs taken as previously described.
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Laboratory protocols

Pathological examinations

Post-mortem examinations (PMEs) were conducted on grass snake carcasses using a standardised protoco
Briefly, systematic external and internal inspection of all body systems was conducted, supported by micro-
biological, parasitological, and/or histological examination as indicated based on macroscopic findings and as
permitted by the state of carcass preservation. Samples of detected skin lesions were stored at —80 °C prior to
Oo qPCR and fixed in 10% buffered formal saline pending histological examination using routine methods.

Sloughs were measured in length (to the nearest cm) and assessed regarding their level of completeness to
estimate the size class of the snake. Each slough was inspected for the presence of areas of thickening or changes
of colour, potentially consistent with skin lesions. If these were present, samples were collected using a sterile
scalpel blade and stored at — 20 °C pending Oo qPCR. If more than one lesion was present on a slough, a subset
of samples was fixed in 10% buffered formal saline for histological examination.

Histopathological examination of a subset of both skin lesions from PMEs and slough lesions was conducted
to screen for the presence of fungal hyphae and arthroconidia with morphology consistent with Oo. Haema-
toxylin and eosin (H&E) stain was used as routine, combined with periodic acid-Schiff (PAS) and Gram stains
where indicated on the basis of case findings.

113,

Real-time PCR for Ophidiomyces ophidiicola detection

DNA was extracted from swab samples using the protocol described by Franklinos et al.'; however, whilst for
cotton swab tips, 60 ul of PrepMan Ultra (Applied Biosystems) was added to the sample, for skin lesion tissues
only 50 pl of PrepMan Ultra was used?’. The collected supernatant was then diluted to a 1 in 10 solution, using
PCR-grade water. For negative extraction controls, sterile MW-100 swabs were used.

The Oo qPCR was conducted on a StepOnePlus™ Real-Time PCR Machine (ThermoFisher Scientific) as per
Bohuski et al.*? running 60 cycles (instead of 40) and using the primers Oo-rt-ITS-F and Oo-rt-ITS-R in a 20 pl
reaction with 5 pl of the 1:10 template DNA®!. Each DNA extract was run in duplicate, and ambiguous results
were repeated until consistent results were obtained: samples which generated ambiguous results after three
separate runs were considered inconclusive and excluded from further analyses. Samples were considered posi-
tive if one or both of the duplicate skin swabs tested Oo qPCR positive with a cycle threshold (Ct) value of <36,

Internal control PCR for host DNA detection

An internal control PCR targeting a section of the host’s Early B-cell Factor 3 (EBF3) gene was used*. The pro-
tocol was modified as follows: HOT FIREPol master mix was used to prepare 10 ul PCR reactions containing 0.6
uM of each primer EBF3N_F and EBF3N_R and 2 pl of either diluted template DNA (1:10) or negative controls.
Thermocycling was performed using an Applied Biosystems GeneAmp 9700 PCR system and the following set-
tings: 95 °C for 15 min, followed by 35 cycles of 95 °C for 20 s, 60 °C for 1 min, and 72 °C for 1 min, with a final
10 min at 72 °C. PCR products were visualised in a 1-2% agarose gel using 6X loading dye (GelRed, Biotium).
Samples testing negative on the internal control PCR were excluded from the study.

Statistical analysis
A total of 656 individual snakes were captured over the study period across 1,164 capture events. To maintain
independence of observations within years for univariate analyses, a snake was counted just once within a year
and classified as ‘without lesions’ or ‘with lesions’ based on its first capture in that year. As some snakes transi-
tioned between ‘without lesions’ to ‘with lesions’ between years (and vice versa: see Results) recaptured snakes in
subsequent years were also counted in the same way. As this means that some recaptures are included between
years the total number of captures across years is higher than the number of individual snakes captured.
Binomial Generalised Linear Mixed Models (GLMMs) were used to determine which of the following fixed
factors: sex, SVL, phase of the slough cycle, presence of trauma, and month of capture, were associated with
the occurrence of skin lesions. As a small number of recaptured snakes were included in the analysis (that were
recaptured between years), individual snake was included as a random factor within the models. The models
were constructed using the data taken from the first capture of each snake caught each year from 2019 to 2021.
The generalized variance-inflation factor (GVIF) was used to test for evidence of correlation between the factors
to ensure there were no confounding variables (Supplementary Table S1;**). The Akaike Information Criterion
(AIC) was used to assess the fit and rank the models®. Analyses were conducted using R (version 4.2.2), pack-
age Ime4’%%7,

Ethics declaration

The protocol for snake capture and handling received ethical approval from both the School of Anthropology
and Conservation (University of Kent) and the Zoological Society of London (I0Z35), and adhered to the animal
ethical guidelines of both institutions. The authors complied with ARRIVE guidelines.

Results

Pathological examinations of carcasses and skin sloughs

Post-mortem examinations were conducted on three adult and one neonate grass snakes with skin lesions found
dead over the period 2019-2021. One of the adults was female, the other carcasses were of indeterminate sex
due to their size and/or state of preservation. Severe skin lesions characterised as changes of scale colour, crust-
ing, and scale margin erosion were detected in the adult female which tested Oo qPCR positive (Supplementary
Fig. S1): upon histopathological examination, fungal hyphae and arthroconidia with morphology consistent
with Oo were observed, confirming a diagnosis of ophidiomycosis (Supplementary Fig. S2). Swab samples from
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the neonate, with evidence of mild skin lesions, and the two other adult snakes (one with mild skin lesions, the
other in an advanced state of decomposition which precluded lesion scoring) tested Oo qPCR negative. The
proximate cause of death of the adult female snake and one of the other adults remained undetermined due to a
poor state of carcass preservation. The findings for the remaining two snakes with skin lesions were consistent
with trauma as the cause of death.

No skin lesions were detected on the remaining six grass snakes examined post mortem, and skin swabs
collected from these animals tested Oo qPCR negative (n=>5) or inconclusive (n=1).

Evidence of lesions was detected in 39.0% (n=16) of skin sloughs collected from the study site (Supplemen-
tary Fig. S3, S4), of which 56.3% (9/16 snakes) tested Oo qPCR positive. However, no apparent difference was
noted in the appearance of skin slough lesions in Oo qPCR positive versus negative samples. All skin slough
samples tested positive for host DNA using the internal control PCR.

Of the skin sloughs for which size data were available, lesions from a total of six sub-adult and three adult
snakes tested QPCR positive for Oo. Samples of apparently normal skin sloughs from 10 snakes (of all size classes)
screened as a control tested Oo qPCR negative: histological examination was conducted on samples from three
of these sloughs and no evidence of microscopic lesions or fungal elements consistent with ophidiomycosis was
detected.

Histopathological examination of single lesions from five sloughs revealed the presence of fungal hyphae
(n=4) and arthroconidia (n=3) with a morphology consistent with Oo. Briefly, fungal hyphae had parallel walls,
were occasionally septate and branching at approximately 1-4 um in diameter, whilst the arthroconidia were
rectangular in shape and approximately 2 um x 4 pm in size, forming dense aggregates. Samples from four of the
sloughs with fungal hyphae and/or arthroconidia were Oo qPCR positive.

Prevalence of skin lesions

Of the 1,164 captures, 1,122 (96.4%) were of snakes found under ACOs, and 42 comprised snakes basking in
the open (3.6%). Relatively more captures in the open (n=18; 42.9%) were snakes with skin lesions compared to
those under ACOs (n=253; 22.5%; X2 =7.09,df=1, p<0.01), with the majority of captures in the open (n=17)
having occurred in 2021. The annual prevalence of skin lesions varied significantly across the study period, with
26.1% (77/295 snakes) with skin lesions encountered in 2019, 14.5% (35/241 snakes) in 2020, and 36.9% (79/214
snakes) in 2021 (x2=29.79, df=2, p<0.01). No evidence of clinical signs indicative of general debility, such as
lethargy, were observed in captured snakes with or without skin lesions.

Character and distribution of skin lesions
Examples of the most frequently encountered skin lesion characteristics in grass snakes are shown in Fig. 1. The
most common skin lesion characteristic observed (from the first capture of individuals with multiple recaptures)
was a change in scale colour, seen in 97.9% of cases (187/191 snakes): lesions were tan, red, brown, or a com-
bination thereof. Changes of colour were typically concurrent with crusting (89.5%; 171/191 snakes) and scale
margin erosion (73.2%; 140/191 snakes). Less frequently encountered skin lesion characteristics were swelling
(26.7%; 51/191 snakes) and distortion of scales (10.9%; 21/191 snakes; Supplementary Fig. S5), whilst the rarest
characteristics recorded were ulceration (7.7%; 13/191 snakes) and dysecdysis (2.9%; 5/191 snakes).

The vast majority of lesions occurred on the ventral body surface with relatively even distribution along the
body length (Fig. 2).

Figure 1. Examples of the most commonly encountered skin lesion characteristics observed in snakes during
the period 2019-2021. These include a change of scale colour (a), change in colour with ulceration (b), and
change in colour, crusting, and scale margin erosion (c). The severity score of lesions was recorded as mild (a),
moderate (b), and severe (c).
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Figure 2. Total number and percentage of snakes with detected skin lesions categorised by location along
the body length (a) and body surface (b). A total of 191 snakes with skin lesions was caught during the period
2019-2021.

Skin lesion severity
The most common category of skin lesion severity was mild (51.3%; 98/191 snakes), followed by moderate
(34.0%), with very few classified as severe (8.9%) or very mild (5.8%; Fig. 3). The average severity score (includ-
ing recaptures) was 8.8 in 2019, 8.2 in 2020, and 8.1 in 2021, with no significant variation by year (R*=0.623,
F(1,1)=1.69, p=0.418).

Real-time PCR results from skin swabs collected from live snakes

Over the 3-year study period, the majority of skin swabs collected from 271 live snake captures of 191 individu-
als with skin lesions tested Oo qPCR positive on the first duplicate swab (i.e. 78.7%; 215/271 snakes), and 69.3%
(188/271 snakes) on the second duplicate swab, with no significant difference between the repeat swabs (paired
t-test, t=0.37, df=4, p=0.73). In contrast, a minority of skin swabs from snakes without detected skin lesions
tested Oo qPCR positive (i.e. 2.5% (4/165 snakes) on the first duplicate and 3.0% (5/165 snakes) on the second
duplicate.

The internal control PCR targeting the EBF3N gene was run on the DNA extracts from all 469 skin swabs
which tested Oo qPCR negative. Amplification of the internal control was detected in 97.2% (226/232) of skin
swabs from the first duplicate, and 100% (237/237) of swabs from the second duplicate (Supplementary Table S2).
The six samples with no internal control amplification were excluded from the study.

The median Ct value of the qPCR was compared across the skin lesion severity score groupings. There was
a significant difference between the Ct values for very mild, mild, moderate, and severe skin lesions (One-way
ANOVA, F(3, 413) =14.37, p<0.01). Snakes with skin lesions in the greater severity score categories had lower
Ct values on average than milder cases, indicating an inferred higher fungal load within the sample due to an
increased quantity of Oo DNA (Supplementary Fig. S6).

Seasonality of skin lesions

The detection of skin lesions in the snake population peaked in May during 2019 (44.1%, 34/77 snakes), July in
2020 (88.6%, 31/35 snakes), and June in 2021 (37.9%, 30/79 snakes). The 2020 field season was truncated due to
impacts of the COVID-19 pandemic, which meant that surveys could not be conducted in May and June that
year (Supplementary Table S3). There was evidence of variation between the months of capture with regards
to the frequency of snakes caught with skin lesions. Across all three years, fewer snakes with skin lesions were
detected after July (Tables 1, 2).

20
»
g 31 30
1215 27
'g 24
310 1o
13
2 1 g 12
g s i
£ [
i .
4 5 6 7 8 9 10 M1 12 13 14 15 16

Skin lesion severity score

Figure 3. Total number and percentage of individual snakes with skin lesions with each of the severity scores
during the first capture in each year (n=191). Skin lesion severity categories were as follows: very mild (n=11;
i.e. score 4), mild (n=98; i.e. score 5-8), moderate (n=65; i.e. score 9-12), and severe (n=17; i.e. 13-16). The
data do not follow a normal distribution (Shapiro-Wilk: W(194) =0.96, p <0.01).
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Predictor Number of parameters (K) | AIC AAIC | Weight | Loglikelihood
Il;/{lt)ar;gr:rsrz;inout Vent Length (SVL) + Slough Cycle 12 602.92 0.00 | 079 28925
Month + Sex + SVL + Slough Cycle Phase 11 605.51 2.59 10.21 —291.58
SVL + Slough Cycle Phase + Trauma 7 620.40 17.59 | 0.00 -303.13
Slough Cycle Phase+SVL 6 621.11 18.19 | 0.00 -304.50
Month +SVL 7 643.80 40.89 | 0.00 -314.83
Sex+SVL 4 656.76 53.85 | 0.00 —324.36
SVL + Trauma 4 657.59 54.67 |0.00 —324.77
SVL 3 658.86 55.94 |0.00 —326.41
Month + Slough Cycle Phase 9 727.66 | 124.74 | 0.00 -354.71
Month + Trauma 7 736.83 | 133.91 |0.00 —-361.34

Table 1. A summary of the top ten Binomial Generalised Linear Mixed Models used to determine association
of various factors with the occurrence of skin lesions in snakes, ranked by their Akaike Information Criterion
(AIC) score.

Parameter Estimate Standard error z-value p value
(Intercept) -3.83 0.64 -6.03 <0.01
June 0.53 0.35 1.52 0.13
July -0.79 0.32 -2.49 0.01*
August —-0.62 0.39 -1.59 0.11
September -0.88 0.49 -176 0.07
Sex: Male 0.46 0.22 2.09 0.04*
Snout Vent Length 0.07 0.01 9.22 <0.01*
Slough Cycle: Phase 0 -1.40 0.52 -2.72 <0.01*
Slough Cycle: Phase 1 -0.11 0.54 -0.21 0.83
Slough Cycle: Phase 2 -0.01 0.56 -0.02 0.98
Trauma: Present 0.81 0.37 2.18 0.03*

Table 2. Parameter estimates, standard errors, z-values, and P-values for the most supported generalised
linear mixed model (Month + Sex + Snout Vent Length + Slough Cycle + Trauma), investigating which factors
are most associated with skin lesions. ‘May’ is used as the baseline for comparing variation between months;
‘Female’ is used as the baseline for Sex; ‘Absent’ is used as the baseline for Trauma. Significant results are
marked with an asterisk.

Size and sex of snakes with skin lesions
The majority of snakes captured without skin lesions had a SVL that is consistent with sub-adults. However, most
of the snakes with skin lesions had a SVL consistent with adults (72.8%, 139/191; Fig. 4). Consequently, there was
a significant association between the presence of skin lesions and size of the snakes (Tables 1, 2).

The number of male and female snakes without skin lesions was almost identical, with 272 females (50.3.%)
and 269 males (49.7.0%) captured during the sampling period, whereas there was a slightly higher number of

S
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o
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Figure 4. Total number and percentages of size classes of snakes captured 2019-2021 inclusive, comparing
snakes with skin lesions (n=191) to snakes without skin lesions (n=>541). There were 18 individuals that were
captured but escaped during measuring, so no measurements were taken.
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male snakes seen with skin lesions (54.9%; 105/191 snakes) (Tables 1, 2). There were a small number of individu-
als (n=18) where the sex could not be determined.

Slough cycle

There was a significant association between the slough cycle and the presence of skin lesions (Tables 1, 2).
Although most snakes were captured during the long phase between sloughing (i.e. phase 0), relatively more
snakes with lesions than without lesions were captured in phases 1 and 2 (Fig. 5). A total of 24 individuals from
both groups of snakes were removed from the analysis, as they were captured during the pilot stage of the project,
before individuals were assigned to the three phases of the slough cycle.

Trauma

Skin injuries consistent with trauma were observed in 13.6% (26/191 snakes) with concurrent skin lesions over
the study period, of which the most commonly recorded were damage to the tail (n=19), lacerations (n=3),
puncture wounds (n=3), and combinations of the above (n=1) (Supplementary Fig. S7). An additional 20 snakes
(3.7%, 20/541) without skin lesions had injuries consistent with trauma. The type of these traumatic injuries
was similar to those seen in snakes with skin lesions; damage to the tail (n=15), lacerations (n=2), puncture
wounds (n=2), and combinations of the above (n=1). Signs of trauma were detected more frequently in snakes
with skin lesions than those without (Tables 1, 2).

Modelling predictors of skin lesions

Investigation of the generalised GVIF indicated that there were no significant correlations between the covariates
as demonstrated by GVIF scores between 1 and 2 (Supplementary Table 3). The model that included ‘individual
as a random factor was a better fit than the best-fitting model with fixed effects only, indicating that accounting
for individual variation was important (XZ =211.9,df=11, p<0.01).

The best-fitting GLMM model was that which contained all potential predictor variables: month, sex, SVL,
phase of slough cycle, and trauma (Table 1). Indeed, all of these variables were significant predictors of the pres-
ence of skin lesions (Table S1). Models that excluded one or more of these variables were ranked lower than
the top model by AIC, and were therefore a poorer fit (Table 1). In summary, the prevalence of skin lesions was
lower in July compared to the baseline month of May; males had a slightly higher prevalence of lesions than
females; the presence of lesions increased with snake SVL; fewer snakes displayed skin lesions in Phase 0 of the
slough cycle than in the other phases; and skin lesions occurred slightly more often in snakes with evidence of
trauma than those without.

Comparison of severity score between recaptures

A total of 54 within-year recaptures of 36 individuals (with 18 snakes being caught on at least three occasions)
was recorded over the three-year study: the average intervals between recaptures varied per year, with 14.5 days
(3-32;n=15) in 2019, 6.3 days (2-17; n=7) in 2020, and 17.4 days (1-84; n=32) in 2021. An increase in score
severity between paired capture intervals was recorded in 33 of these cases, representing potential disease pro-
gression, while a decrease was observed in 21 cases, consistent with recovery (Fig. 6). The severity of skin lesions
in 25 individuals remained relatively constant (i.e. within 1-3 points) over a period of 1 to 84 days, whereas in
11 individuals a greater difference in score (i.e. > 4 point difference) was observed over a period that varied from
2 to 58 days, within the year of capture. There was a small number (n=12) of snakes with apparent recurrence
of skin lesions between years (i.e. snake had skin lesions on initial capture, was subsequently observed with no
detectable skin lesions in the same year, and then recaptured with skin lesions in a subsequent year).
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Figure 5. Total number and percentages of snakes, captured 2019-2021 inclusive, in each phase of the slough
cycle, comparing snakes with skin lesions (a) to snakes without skin lesions (b). The total numbers of snakes
displayed above do not match those reported earlier as these figures are based on the first encounter of each
individual each season, which does not take into account any transition in disease state.

Scientific Reports |  (2024) 14:5162 | https://doi.org/10.1038/s41598-024-55354-5 nature portfolio



www.nature.com/scientificreports/

-
o

()]

Change in skin lesion severity score
o

0 20 40 60 80

Time between recaptures (days)

Figure 6. A graphical representation of the change in skin lesion severity score between the initial capture and
a subsequent recapture of 36 snakes within the same year (n=>54). Each colour represents a different individual
snake. Eighteen snakes were caught on at least three occasions: change in skin lesion score between within-year
paired captures are represented in two (or more) lines of the same colour.

Discussion

During this three-year study, we found a prevalence of skin lesions in a population of wild grass snakes of 25.5%
(191/750 snakes). The most common skin lesion characteristics were changes in colour, crusting, and scale
margin erosion. Whilst skin lesion appearance for ophidiomycosis is not pathognomonic, the common charac-
teristics of changes in scale colour, crusting and scale margin erosion observed in captured live animals, were
similar to those described in the same species with confirmed ophidiomycosis at PME'®. Our results represent
the first field data for this species, which are similar to findings in other Natrix spp.'®**?, but contrast markedly
with published observations in some other wild snake species (e.g. cottonmouths (Agkistrodon piscivorus), corn
snakes (Pantherophis guttatus), and timber rattlesnakes (Crotalus horridus)) in North America, where facial
deformities and swelling are observed with ophidiomycosis®****.

The high percentage of skin lesions testing Oo gPCR positive in this study is comparable with findings in
other snake species (such as common watersnake (Nerodia sipedon) and queen snake (Regina septemvittata))
with similar ecological niches in aquatic habitats from North America?. Dillon et al.”® noted that exposure to
Oo is likely linked to habitat type, with marsh habitats having the highest probability of disease manifestation
in the form of skin lesions in the eastern fox snake (Pantherophis vulpinus) in Ontario, Canada, based on qQPCR
detection. The semi-aquatic nature of N. helvetica (and other closely related Natrix spp. in Europe) may therefore
predispose this species to ophidiomycosis, in contrast to snakes from drier habitats, such as the European adder
(Vipera berus), in which ophidiomycosis has yet to be diagnosed in Great Britain.

The majority of skin lesions observed in snakes in this study occurred on the ventral surface, which has
greatest contact with the ground and may therefore be more exposed to the fungal spores of Oo within the
environment. A similar ventral distribution of skin lesions has previously been reported by Chandler et al.*! in
the eastern indigo snake (Drymarchon couperi) in Georgia, USA. Scarification of the stratum corneum has been
noted to facilitate infection with Oo in challenge studies’, with mechanical abrasion caused by a snake navigating
its environment likely to have a similar result.

In the majority of cases with observed skin lesions with an appearance consistent with ophidiomycosis, the
presence of Oo was confirmed by qPCR, supporting the hypothesis that ophidiomycosis is their primary cause
(Supplementary Table S2). Additionally, the observed significant association between the higher severity score of
skin lesions and lower Ct value, which indicates more Oo spores to be present, further supports ophidiomycosis
as the aetiology. Following the terminology developed by Baker et al.*’, cases of snakes with qPCR positive skin
lesions can be categorised as apparent ophidiomycosis. However, histopathological investigation of skin lesions
in living snakes to further investigate causality was not considered feasible or ethical, due to the requirement of
biopsies and/or scale clips. Therefore, confirmation of presence of Oo DNA as well as fungal elements invading
the skin tissue could only be attempted in six cases (one carcass and five skin sloughs): one carcass and three
sloughs had confirmed ophidiomycosis, one slough had possible/apparent ophidiomycosis, and one slough had
Oo present (according to classification developed by Baker et al.*°). The small number of qPCR positive swabs
from N. helvetica without detected skin lesions may indicate subclinical infection or environmental contamina-
tion and are classified as Ophidiomyces present™.

Where qPCR failed to detect Oo DNA despite the presence of skin lesions (i.e. 20.4% of cases), potential false
negative qQPCR results have to be considered. It is also possible that other potential pathogens, such as Paranan-
nizziopsis spp. were involved, which have the ability to cause skin disease in snakes*>*. Disease surveillance with
a combination of ancillary diagnostic tests to investigate the aetiology of such lesions should continue to gain a
better insight into the range of aetiologies for skin disease in wild European snakes.

None of the snakes with detected skin lesions, even those classified as severe, exhibited altered patterns of
behaviour consistent with systemic ill health, or a moribund state. This contrasts with reports of affected snakes
in North America (e.g. C. horridus and Agkistrodon piscivorus) where clinical signs of ill health, such as ema-
ciation, lethargy, or a lack of a righting reflex, were observed'®*. Collectively, our findings indicate that direct
mortality caused by ophidiomycosis in grass snakes may be low, however, further research is required to explore
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this hypothesis. Radiotelemetry to track affected individual snakes could provide a reliable method to further
monitor disease progression and survival.

The increased occurrence of traumatic injuries in snakes with skin lesions observed in this study suggests a
higher frequency of encounters with predators, therefore supporting the theory of increased basking behaviour
in snakes with ophidiomycosis and subsequent higher risk of predation'2 It has been suggested that such behav-
iour might relate to higher frequencies of thermoregulatory postures*, or to the increased metabolism needed
to promote sloughing required for clearing fungal infections’. While puncture wounds are highly suggestive of
predation, the cause of tail damage and lacerations, which were classed as predation injuries in this study, is less
certain, although may still be linked to predation®>*.

We further found that skin lesions were more likely to be associated with the later phases of the slough cycle,
potentially because affected snakes may slough more frequently, which may then inadvertently lead to higher
predation rates due to snakes being unable to see for comparatively longer periods of time or having to slough
in riskier microhabitats?’. Alternatively, the association of skin lesions with the later stages of sloughing could
simply be due to the more delicate condition of the skin at this stage.

In contrast to Lind et al.**, who found no link between sex or reproductive status and Oo detection in pygmy
rattlesnakes (Sistrurus miliarius), we observed that male grass snakes had a higher likelihood of presenting with
skin lesions compared to females. Since male snakes are more active, ranging over larger distances while searching
for suitable females during the breeding season®, they may have an increased likelihood of ventral scale scari-
fication and exposure to Oo in the environment. Adult snakes were more commonly found to have skin lesions
compared to juveniles or subadults. When investigating the presence of Oo in North American water snakes
(Nerodia spp.), Harding et al.** also found that adults had the highest prevalence of Oo qPCR positive skin lesions.

Our data indicate a strong seasonality of ophidiomycosis in grass snakes with approximately 30% of detec-
tions of skin lesions coinciding with their peak active season in May and June. This is a similar outcome to other
studies where skin lesions were found to be more prevalent in snakes following emergence from hibernation'®?.
For the two study years with complete field season data available, skin lesions peaked in May as snakes were
encountered post-hibernation, with affected individuals less frequently encountered later in the year. This may
be linked to an increase in ambient temperature in the summer months, which may aid in enhancing immune
function and clearing infection, or it may be more closely correlated to hibernation and/or the seasonality of
the slough cycle of snakes®-2.

Through the use of serial recaptures, we found evidence of different rates of skin lesion progression as well as
apparent recovery from ophidiomycosis among individual snakes. In cases where potential disease recurrence
was observed, fungal hyphae may have remained in the skin (either by penetrating deeper layers or through the
presence of improperly sloughed skin), leading to subsequent reappearance of skin lesions’.

The extent to which the findings of this study reflect the occurrence of ophidiomycosis affecting N. helvetica
populations (or other Natrix spp.) throughout Europe requires further investigation. Future targeted surveillance
programmes with active sampling strategies for Oo detection in wild snakes might optimise the efficiency and
maximise the likelihood of pathogen detection by adopting a risk-based approach and focusing on sampling of
adult snakes early in the season soon after emergence from hibernation. In conclusion, there is a need for further
surveillance to improve assessment of the impact of disease on free-living snake populations.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.

Received: 14 November 2023; Accepted: 22 February 2024
Published online: 02 March 2024

References

1. Fisher, M. C. et al. Emerging fungal threats to animal, plant and ecosystem health. Nature 484(7393), 186-194 (2012).

2. Fisher, M. C., Gow, N. A. & Gurr, S. J. Tackling emerging fungal threats to animal health, food security and ecosystem resilience.
Philos. Trans. R. Soc. B. 371(1709), 20160332 (2016).

3. Lorch, J. M. et al. Experimental infection of snakes with Ophidiomyces ophiodiicola causes pathological changes that typify snake
fungal disease. mBio 6(6), €01534-15 (2015).

4. Allender, M. C. et al. Chrysosporium sp. infection in eastern massasauga rattlesnakes. Emerg. Infect. Dis. 17(12), 2383 (2011).

5. Burbrink, E. T, Lorch, J. M. & Lips, K. R. Host susceptibility to snake fungal disease is highly dispersed across phylogenetic and
functional trait space. Sci. Adv. 3(12), e1701387 (2017).

6. Lorch, J. M, Price, S. J., Lankton, J. S. & Drayer, A. N. Confirmed cases of Ophidiomycosis in museum specimens from as early as
1945. United States. Emerg. Infect. Dis. 27(7), 1986 (2021).

7. Ladner, J. T. et al. The population genetics of the causative agent of snake fungal disease indicate recent introductions to the USA.
PLOS Biol. 20(6), €3001676 (2022).

8. Sigler, L., Hambleton, S. & Paré, . A. Molecular characterization of reptile pathogens currently known as members of the Chrys-
osporium anamorph of Nannizziopsis vriesii complex and relationship with some human-associated isolates. J. Clin. Microbiol.
51(10), 3338-3357 (2013).

9. Takami, Y. et al. First report of ophidiomycosis in Asia caused by Ophidiomyces ophiodiicola in captive snakes in Japan. J. Vet. Med.
Sci. 83(8), 1234-1239 (2021).

10. Lorch, J. M. et al. Snake fungal disease: An emerging threat to wild snakes. Philos. Trans. R. Soc. B. 371(1709), 20150457 (2016).

11. Allender, M. C., Raudabaugh, D. B., Gleason, E H. & Miller, A. N. The natural history, ecology, and epidemiology of Ophidiomyces
ophiodiicola and its potential impact on free-ranging snake populations. Fungal Ecol. 17, 187-196 (2015).

12. Tetzlaff, S. J. et al. Snake fungal disease affects behavior of free-ranging massasauga rattlesnakes (Sistrurus catenatus). Herpetol.
Conserv. Biol. 12(3), 624-634 (2017).

13. Franklinos, L. H. V. et al. Emerging fungal pathogen Ophidiomyces ophiodiicola in wild European snakes. Sci. Rep. 7(1), 3844 (2017).

Scientific Reports |

(2024) 14:5162 | https://doi.org/10.1038/s41598-024-55354-5 nature portfolio



www.nature.com/scientificreports/

14. Grioni, A. et al. Detection of Ophidiomyces ophidiicola in a Wild Burmese Python (Python bivittatus) in Hong Kong SAR. China.
J. Herpetol. Med. Surg. 31(4), 283-291 (2021).

15. Sun, P. L. et al. Infection with Nannizziopsis guarroi and Ophidiomyces ophiodiicola in reptiles in Taiwan. Transbound. Emerg. Dis.
69(2), 764-775 (2021).

16. Schiiler, L. et al. Ophidiomycosis in wild dice snakes (Natrix tessellata) in Germany. J. Herpetol. Med. Surg. https://doi.org/10.5818/
JHMS-D-23-00025 (2024).

17. Marini, D. et al. Pilot survey reveals ophidiomycosis in dice snakes Natrix tessellata from Lake Garda. Italy. Vet. Res. Commun. 47,
1707-1719 (2023).

18. Meier, G., Notomista, T., Marini, D. & Ferri, V. First case of snake fungal disease affecting a free-ranging Natrix natrix (Linnaeus,
1758) in Ticino Canton. Switzerland. Herpetol. Notes. 11, 885-891 (2018).

19. Origgi, E. C. et al. Ophiodimyces ophiodiicola, etiologic agent of snake fungal disease, in Europe since late 1950s. Emerg. Infect. Dis.
28(10), 2064-2068 (2022).

20. Gregory, P. T. & Isaac, L. A. Food habits of the grass snake in southeastern England: Is Natrix natrix a generalist predator?. ] Her-
petol. 38(1), 88-95 (2004).

21. Scali, S. Ecological comparison of the dice snake (Natrix tessellata) and the viperine snake (Natrix maura) in northern Italy.
Mertensiella 18, 131-144 (2011).

22. Long, R. B. et al. Host factors and testing modality agreement associated with Ophidiomyces infection in a free-ranging snake
population in southeast Ohio, USA. J. Zoo Wildl. Med. 50(2), 405-413 (2019).

23. Dillon, R. M. et al. Seasonal and interspecific variation in the prevalence of Ophidiomyces ophidiicola and ophidiomycosis in a
community of free-ranging snakes. J. Wildl. Dis. 58(4), 00134 (2022).

24. Blanvillain, G. et al. Hotspots for snake fungal disease across Europe are maintained by host and pathogen identity. BioRxiv, https://
doi.org/10.1101/2022.11.10.515990.

25. Ptibyl, M. et al. Ophidiomyces ophidiicola in free-ranging and captive snakes in the Czech and Slovak Republics. J. Vertebr. Biol.
72(23050), 23050-23051 (2023).

26. Duffus, A. L. ]., Hughes, D. F, Kautz, A., Allain, S. J. R. & Meshaka, W. E. Jr. Repeated sampling of wild individuals reveals Ophidi-
omyces ophidiicola infection dynamics in a Pennsylvania snake assemblage. J. Wildl. Dis. 58(2), 290-297 (2022).

27. Baker, J. M. R. & Allain, S. J. R. Photographic Identification of individual barred grass snakes Natrix helvetica. Trans. Norfolk
Norwich Nat. Soc. 53(1), 67-70 (2020).

28. Langton, T. E. S. Snakes and Lizards (Whittet Books, 1989).

29. Rzadkowska, M., Allender, M. C., O’Dell, M. & Maddox, C. Evaluation of common disinfectants effective against Ophidiomyces
ophiodiicola, the causative agent of snake fungal disease. J. Wildl. Dis. 52(3), 759-762 (2016).

30. Baker, S.]. et al. Case definition and diagnostic testing for snake fungal disease. Herpetol. Rev. 50(2), 279-285 (2019).

31. Hyatt, A. D. et al. Diagnostic assays and sampling protocols for the detection of Batrachochytrium dendrobatidis. Dis. Aquat. Org.
73(3), 175-192 (2007).

32. Bohuski, E., Lorch, J. M., Griffin, K. M. & Blehert, D. S. TagMan real-time polymerase chain reaction for detection of Ophidiomyces
ophiodiicola, the fungus associated with snake fungal disease. BMC Vet. Res. 11(1), 95 (2015).

33. Leung, W. T. et al. A quantitative-PCR based method to estimate ranavirus viral load following normalisation by reference to an
ultraconserved vertebrate target. J. Virol. Methods. 249, 147-155 (2017).

34. Fox, J. & Monette, G. Generalized collinearity diagnostics. J. Am. Stat. Assoc. 87(417), 178-183 (1992).

35. Akaike, H. A new look at the statistical model identification. IEEE Trans. Automat. Contr. 19(6), 716-723 (1974).

36. Bates, D., Maechler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models using Ime4. J. Stat. Softw. 67(1), 1-48 (2015).

37. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria.
https://www.R-project.org/ (2022).

38. Allender, M. C. et al. Development of snake fungal disease after experimental challenge with Ophidiomyces ophiodiicola in cot-
tonmouths (Agkistrodon piscivorous). PLoS One 10(10), €0140193 (2015).

39. McBride, M. P. et al. Ophidiomyces ophiodiicola dermatitis in eight free-ranging timber rattlesnakes (Crotalus horridus) from
Massachusetts. J. Zoo Wildl. Med. 46(1), 86-94 (2015).

40. McKenzie, J. M. et al. Field diagnostics and seasonality of Ophidiomyces ophiodiicola in wild snake populations. EcoHealth 16(1),
141-150 (2019).

41. Chandler, H. C. et al. Ophidiomycosis prevalence in Georgia’s eastern indigo snake (Drymarchon couperi) populations. PLoS One
14(6), €0218351 (2019).

42. Rainwater, K. L. et al. Novel Paranannizziopsis species in a Wagler’s viper (Tropidolaemus wagleri), tentacled snakes (Erpeton
tentaculatum), and a rhinoceros snake (Rhynchophis boulengeri) in a zoological collection. Med. Mycol. 57(7), 825-832 (2019).

43. Lorch, J. M. et al. Paranannizziopsis spp. associated with skin lesions in wild snakes in North America and development of a real-
time PCR assay for rapid detection of the fungus in clinical samples. Front. Microbiol. 14, 1302586. https://doi.org/10.3389/fmicb.
2023.1302586 (2023).

44. Lind, C. M., Agugliaro, J., Lorch, J. M. & Farrell, T. M. Ophidiomycosis is related to seasonal patterns of reproduction, ecdysis,
and thermoregulatory behavior in a free-living snake species. J. Zool. 319(1), 54-62 (2022).

45. Gregory, P. T. & Isaac, L. A. Close encounters of the worst kind: Patterns of injury in a population of grass snakes (Natrix natrix).
Herpetol. J. 15(4), 213-219 (2005).

46. Santos, X. et al. Tail breakage frequency as an indicator of predation risk for the aquatic snake Natrix maura. Amphib-Reptil. 32(3),
375-383 (2011).

47. King, R. B. & Turmo, J. R. The effects of ecdysis on feeding frequency and behavior of the common garter snake (Thamnophis
sirtalis). J. Herpetol. 31(2), 310-312 (1997).

48. Madsen, T. Movements, home range size and habitat use of radio-tracked grass snakes (Natrix natrix) in southern Sweden. Copeia
1984(3), 707-713 (1984).

49. Harding, S. E. et al. Comparative host-pathogen associations of Snake Fungal Disease in sympatric species of water snakes (Nero-
dia). Sci. Rep. 12(1), 12303 (2022).

50. ElRidi, R., Badir, N. & Rouby, S. E. Effect of seasonal variations on the immune system of the snake. Psammophis schokari. J. Exp.
Zool. 216(3), 357-365 (1981).

51. Tripathi, M. K., Singh, R. & Pati, A. K. Daily and seasonal rhythms in immune responses of splenocytes in the freshwater snake.
Natrix piscator. PLoS One 10(2), €0116588 (2015).

52. Farag, M. A. & El Ridi, R. Mixed leucocyte reaction (MLR) in the snake Psammophis sibilans. Immunology 55(1), 173 (1985).

Acknowledgements

We are grateful to past and present Trustees (Angela and Louisa Knapp) of Watermill Broad Nature Reserve,
Cranwich, Norfolk, for granting us access to complete this study, to Sarah Gelpke and Professor Iain Barr (UEA)
for pilot surveys and analyses. We thank Dr Jeffrey M. Lorch from the National Wildlife Health Center, U.S.
Geological Survey, Madison, Wisconsin for input and guidance on laboratory testing protocols and Matthew

Scientific Reports |  (2024) 14:5162 | https://doi.org/10.1038/s41598-024-55354-5 nature portfolio


https://doi.org/10.5818/JHMS-D-23-00025
https://doi.org/10.5818/JHMS-D-23-00025
https://doi.org/10.1101/2022.11.10.515990
https://doi.org/10.1101/2022.11.10.515990
https://www.R-project.org/
https://doi.org/10.3389/fmicb.2023.1302586
https://doi.org/10.3389/fmicb.2023.1302586

www.nature.com/scientificreports/

Perkins from the Institute of Zoology, ZSL, for laboratory assistance. This work was supported by the Natu-
ral Environment Research Council through the EnvEast Doctoral Training Partnership [grant number NE/
L002582/1] to S.J.R.A.

Author contributions

The author contributions were as follows: Conceptualisation—B.L., D.L.L, and R.A.G; Methodology S.J.R.A, B.L.,
D.IL, and R.A.G; Data curation—S.J.R.A, B.L., and R.A.G.; Formal analysis—S.].R.A and R.A.G; Methodology—
K.H., K.S.M, and B.L.; Investigation—S.J.R.A, B.L., K.S.M., JR.R.E and K.H.; Validation—K.H.; Funding acquisi-
tion and supervision—B.L., D.LL, and R.A.G; Supervision B.L., D.LL, and R.A.G; Writing original draft—S.J.R.A.,
B.L., and R.A.G. Writing review and editing—All.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-55354-5.

Correspondence and requests for materials should be addressed to R.A.G.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:5162 | https://doi.org/10.1038/s41598-024-55354-5 nature portfolio


https://doi.org/10.1038/s41598-024-55354-5
https://doi.org/10.1038/s41598-024-55354-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

