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2 
 

Abstract 22 

There is growing concern about infectious diseases in wildlife species caused by 23 

pathogenic fungi. Detailed knowledge exists about host pathology and the molecular 24 

mechanisms underlying host physiological response to some fungal diseases affecting 25 

amphibians and bats but is lacking for others with potentially significant impacts on large groups 26 

of animals. One such disease is ophidiomycosis (Snake Fungal Disease; SFD) which is caused 27 

by the fungus Ophidiomyces ophidiicola and impacts diverse species of snakes. Despite this 28 

potential, the biological mechanisms and molecular changes occurring during infection are 29 

unknown for any snake species. To gain this information, we performed a controlled 30 

experimental infection of captive Prairie rattlesnakes (Crotalus viridis) with O. ophidiicola at 31 

different temperatures. We then generated liver, kidney, and skin transcriptomes from control 32 

and infected snakes to assess tissue specific genetic responses to infection. Given previous SFD 33 

histopathological studies and the fact that snakes are ectotherms, we expected highest fungal 34 

activity on skin and a significant impact of temperature on host response. In contrast, we found 35 

that most of the differential gene expression was restricted to internal tissues and fungal-infected 36 

snakes showed transcriptome profiles indicative of long-term inflammation of specific tissues. 37 

Infected snakes at the lower temperature had the most pronounced overall host functional 38 

response whereas, infected snakes at the higher temperature had overall expression profiles 39 

similar to control snakes possibly indicating recovery from the disease. Overall, our results 40 

suggest SFD is a systemic disease with a chronic host response, unlike acute response shown by 41 

amphibians to Batrachochytrium dendrobatidis infections. Our analysis also generated a list of 42 

candidate protein coding genes that potentially mediate SFD response in snakes, providing tools 43 
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for future comparative and evolutionary studies into variable species susceptibility to 44 

ophidiomycosis.  45 

 46 

Author summary 47 

Ophidiomycosis (Snake Fungal Disease; SFD) is an infectious fungal disease in snakes 48 

that has been documented in more than 40 species over the past 20 years. Though many snake 49 

species seem vulnerable to SFD, little is known about how snake physiology changes in response 50 

to infection with the causative fungus, Ophidiomyces ophidiicola. Here we report results from 51 

the first experimental transcriptomic study of SFD in a snake host. Our goals were to identify 52 

genes with a putative role in host response, use this information to understand what biological 53 

changes occur in different tissues in snakes when infected with O. ophidiicola, and determine if 54 

temperature has an impact in these ectothermic animals. We conclude that SFD is a systemic 55 

disease with a chronic inflammation leading to deterioration of internal organs and that these 56 

physiological impacts are more pronounced at low rather than high temperatures. These results 57 

contrast with fungal infections in amphibians where hosts show an acute response mostly 58 

restricted to skin. Our list of candidate genes carry utility in potentially diagnosing genetic 59 

susceptibility to SFD in snake species of conservation concern.  60 

 61 

Introduction 62 

Infectious wildlife diseases are an increasing threat to global wildlife diversity and have 63 

led to significant species declines as well as impacts on human health and livestock (1, 2). One 64 

class of wildlife infectious diseases are caused by pathogenic fungi. Two well-studied examples 65 
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of fungal diseases in wildlife are chytridiomycosis in amphibians caused by the chytrid fungus 66 

Batrachochytrium dendrobatidis (Bd) (3), and white-nose syndrome in bats caused by fungus 67 

Pseudogymnoascus destructans (4). Infection with Bd disrupts the integrity of skin and is 68 

responsible for amphibian species declines worldwide (5, 6). Skin is a critical organ for 69 

amphibians and is involved in physiological activities such as respiration, ion balance, hydration, 70 

and defense against other pathogens; thus, infected hosts have high mortality (7, 8). White-nose 71 

syndrome is one of the most damaging infectious disease epidemics in bats (9) that caused 72 

extirpations of entire populations of many bat species (9, 10). The lesions caused by P. 73 

destructans are mostly found on bat ears and nose, but infections are most severe in the wing and 74 

tail tissues. P. destructans infection disrupts crucial regulatory functions like thermoregulation, 75 

gas exchange and immune function (11) which subsequently results in loss of fat store and 76 

starvation and eventual death of the bat host (12).  77 

Numerous studies on both diseases (9, 13) have revealed detailed information about the 78 

effects of infection on different tissues (14), the effects of key environmental factors like 79 

temperature (15) and humidity (16), the role of co-infections with other pathogens (14), and even 80 

variable immune responses (17) and susceptibility among different species (18). This 81 

information is crucial to understand the disease systems, prevent outbreaks, and identify 82 

vulnerable populations. Fungal pathogens have been recognized in numerous additional taxa, 83 

including sea turtles (19), corals (20), lizards (21), honeybees (22), and various plants (23, 24), 84 

but estimates of disease prevalence and understanding of host responses to such pathogens are 85 

lacking in most species (25-27). The recent emergence and global spread of fungal pathogens 86 

have led to increased surveillance efforts for known pathogens and the need to understand how 87 
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specific diseases impact infected individuals to understand the pathological mechanisms that 88 

underlie disease infections (23, 25, 27, 28) 89 

One example of a poorly understood but potentially impactful disease is ophidiomycosis 90 

(snake fungal disease; SFD). SFD is a recently identified fungal disease in snakes caused by the 91 

fungus Ophidiomyces ophidiicola and has been detected in many free-ranging and captive snake 92 

species (29-32). O. ophidiicola is a generalist fungus and is known to infect a wide range of 93 

snake species with different ecologies irrespective of taxonomy and habitat (33). First reported in 94 

the mid-2000s, but likely present as early as the 1940’s (34-36), SFD has since been documented 95 

in more than 30 species of wild snakes in the United States and Europe (31) and instances of 96 

SFD have also been reported in Australia (37) and South East Asia (38, 39). Clinical signs of 97 

ophidiomycosis vary among individuals, from general signs such as lethargy, skin lesions, 98 

excessive shedding, to crusts, granulomas, corneal opacity, and ulcers on the head and body in 99 

more severe cases (29). Ophidiomycosis has the potential to cause widespread morbidity and 100 

mortality in snakes (31, 32, 35, 40, 41) but the mode of infection, specific mechanisms of 101 

pathology, and physiological responses by infected individuals are unclear despite the value of 102 

this information for understanding and mitigating the impact of this disease (29, 42).  103 

Specifically, the two key elements of SFD pathology that are still unknown are (a) Is the 104 

snake host response is localized to the skin, as in the case of Bd infections in amphibians, or 105 

whether SFD is more systemic disease, like the white nose syndrome in bats? and (b) What is the 106 

influence of temperature on disease severity and host response of infected individuals? 107 

Experimental transcriptomics offers and approach to address these questions by allowing us to 108 

identify differentially expressed genes in multiple tissues, and then using functional enrichment 109 
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and pathway networks approaches to identify what biological processes are occurring differently 110 

among tissue of infected and uninfected hosts.  111 

Previous histopathological studies (43) identified O. ophidiicola infection to be localized 112 

to skin (30), so we expect the highest fungal activity on skin. Therefore, if the snake response to 113 

fungal infection is similar to amphibians, we predict most differential expression on skin tissue 114 

(14). Secondly, since snakes are ectotherms i.e., their thermoregulation is dependent on external 115 

temperatures, we predict that temperature would have a crucial impact on overall host response. 116 

Field evidence suggest that many infected snakes preferably move towards higher temperatures 117 

(44, 45) and can potentially recover from SFD (46).  Additionally, pathogenic activity of many 118 

fungal species is temperature dependent and host defense against the infection is more effective 119 

at higher temperature in many vertebrate species (47, 48). Studies of SFD in free ranging snakes 120 

have also indicated that SFD severity declines with higher temperatures and higher fungal 121 

prevalence in cooler seasons (45).  122 

Here, we studied the snake host response to SFD by performing controlled O. ophidiicola 123 

exposure experiments in Prairie rattlesnakes (Crotalus viridis) at 20⁰C and 26⁰C. Prairie 124 

rattlesnakes are a common and widely distributed snake species and are closely related to many 125 

species that are susceptible to SFD (33) which makes them a good model for controlled exposure 126 

experiments. We describe the genetic and physiological changes in multiple tissues due to O. 127 

ophidiicola exposure and also the effect of different temperatures by comparing the changes in 128 

transcriptome profiles of different organs under different conditions. Finally, we identified a list 129 

of candidate genes that are putatively involved in host response which could be used in 130 

diagnostic screening of more vulnerable populations and species of snakes, as done in Bd and 131 

other wildlife diseases (49).  132 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 27, 2022. ; https://doi.org/10.1101/2022.03.25.485740doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.25.485740
http://creativecommons.org/licenses/by/4.0/


7 
 

 133 

Results 134 

Experimental infections, transcriptome sequencing, and data pre-processing 135 

All snakes were free of clinical signs over 24 months prior and at the start of the study. 136 

First clinical signs in O. ophidiicola infected snakes were observed around 40-45 days post 137 

infection (dpi). All infected snakes at 20ºC were euthanized before the end of the study due to the 138 

severity of clinical signs, while only one infected snake was prematurely euthanized at 26ºC. The 139 

remaining two infected snakes at 26ºC survived with mild-to-moderate clinical signs untill the end 140 

of the study (90 dpi). All uninfected control animals survived throughout the study period (Table 141 

S1).  142 

RNA was isolated and sequenced from liver, kidney, and skin tissues collected from each 143 

infected and uninfected snakes at the end of the study. Following sample processing and evaluation 144 

of library sequence quality, we retained transcriptome sequence data from 10 liver, 11 kidney, and 145 

10 skin tissues from snakes subjected to different temperature (26°C vs. 20°C) and infection status 146 

(infected vs. control) (Fig. 1A; Table S1). Our sequencing of the RNAseq libraries resulted in the 147 

generation of a mean of 31.7 million read pairs (SD = 16.8 million) per sample (Table S2). After 148 

adapter trimming and removal of low-quality reads, the overall alignment rate for the remaining 149 

filtered reads to the C. viridis reference genome for each sample was 59.3% ± 14.8% (mean ± SD; 150 

Table S2) with 8.3% ± 2.3% of all aligned read pairs successfully assigned to the annotated regions 151 

of the C. viridis assembly. We measured alignment rate as the percentage of transcripts that 152 

mapped uniquely and concordantly to the reference genome. The alignment percentage to the C. 153 

viridis reference genome was lowest in skin tissues (liver = 61.6 ± 6.2%; kidney = 65.0 ± 3.7%; 154 

skin = 50.8 ± 23.3%) and one sample had only 1% of total transcripts aligning (Table S2).  155 
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Overall host response to SFD exposure is temperature dependent 156 

We first visualized the sample groupings based on overall gene expression data using 157 

multivariate analyses. PCA plots generated from log normalized read counts of all assembled 158 

transcripts indicate that infected snakes at the lower temperature had an expression profile that 159 

differed from all other tissue-treatment combinations in all three tissue types (Fig. 1B-D). Both 160 

hierarchical clustering and discriminant analysis on principle components (DAPC) clustered 161 

infected snakes at 20⁰C as one group with all other samples forming separate groups (Fig. 1B-D, 162 

Fig. S1). More interestingly, infected snakes maintained at 26⁰C show a similar overall gene 163 

expression profile as all the control snakes. This means that by the end of the study, host 164 

response to O. ophidiicola infection is different from controls at the lower but not at the higher 165 

temperature treatment. Even though infected samples clustered based on temperature, no such 166 

pattern existed for control samples as different control samples clustered together, regardless of 167 

temperature conditions (Fig. 1B-C; Fig. S1). Overall, these results indicate that snakes infected 168 

with O. ophidiicola at low temperature respond most differently with a unique expression 169 

signature, and that high similarity in gene expression between infected snakes at the higher 170 

temperature and control snakes by the end of the study is indictive of possible recovery.  171 
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 172 

 173 

Fig 1. Methodological overview of the study and overall individual gene expression profile. 174 
(A) Schematic showing the experimental design for the controlled ophidiomycosis infection trial 175 
to study the host response. Prairie rattlesnakes (Crotalus viridis) were exposed to the causative 176 
fungus Ophidiomyces ophiodiicola (“infected”) or sham inoculations (“control”) at either higher 177 
(26˚C) or lower (20˚C) temperatures. N = number of samples within each group. After the end of 178 
the study (90 dpi), RNA was extracted and sequenced from liver (N=10), kidney (N=11), and 179 
skin (N=10) tissues of each individual. Differential gene expression (DGE) analysis was 180 
performed using infection status, temperature, and the interaction between infection and 181 
temperature (Infection X Temperature) as fixed effects. Each tissue (liver, kidney, and skin) was 182 
analyzed independently. Functional enrichment and pathway networks were then inferred from 183 
biological functions of differentially expressed genes (DEGs). (B-D) Tissue specific expression 184 
profile and individual clustering based on normalized read count data of all expressed genes in 185 
(B) Liver, (C) Kidney, and (D) Skin. O. ophidiicola infected snakes at the lower temperature (red 186 
circles) cluster independently and are separated on PC1 axis (x-axis) in all three cases. Infected 187 
snakes at the higher temperature (red triangles) have similar profile as control snakes at the 188 
higher (blue triangles) or the lower (blue circles) temperature. The dotted circles represent the 189 
number of clusters identified using a discriminant analysis. 190 
 191 

Fungal gene expression identified only in skin tissues 192 
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To identify if fungal transcripts were present in our RNASeq data, we mapped the 193 

aligned filtered reads to the O. ophidiicola reference genome (see Methods). We expect that 194 

tissues with more actively growing fungus would have greater expression of fungal transcripts 195 

and thus, would have a higher alignment rate to the O. ophidiicola reference genome. We 196 

observed that most of the fungal transcripts in our samples were identified in skin tissues at the 197 

lower temperature (29.8% ± 37.4%) whereas all other samples (including skin tissues at the 198 

higher temperature treatment) had < 0.5% fungal transcripts (Fig. S2). We next identified 199 

expressed fungal genes based on highest transcript counts (i.e. highest depth of coverage). In 200 

each skin tissue, we observed peaks of high expression at the same region of the fungal genome 201 

(see e.g. in Fig. S3). Since the O. ophidiicola reference genome is not yet annotated, we 202 

extracted the reference sequence corresponding to the highest transcript peaks and used BLAST 203 

(https://blast.ncbi.nlm.nih.gov/) to identify homologous genes in other fungal genomes. We 204 

identified expression of genes than encode myosin class V proteins (identity 80.1%, e-value = 0), 205 

chaperone protein DnaK (identity 86.6%, e-value = 0), and beta-glucosidase 4 (identity 77.1%, e-206 

value = 2e-15). Myosin proteins are highly conserved in fungi (50) and all chytrid species 207 

contain at least one myosin class V protein (51) that have a function in intracellular transport. 208 

They are shown to localize in the actively growing hyphae (52). Similarly, beta-glucosidase 209 

enzymes breakdown complex macromolecules like cellulose or keratin (53) so, they might be 210 

important for damage to host skin tissues, and DnaK is part of the Heat Shock Protein (HSP) 211 

protein complex shown to be active during pathogenesis (54). Taken together, these results 212 

indicate that only skin tissues at the lower temperature have fungal expression and the fungal 213 

genes that have highest expression are likely involved in fungal growth and infection. 214 

 215 
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SFD exposure leads to greater differential gene expression in internal organs 216 

compared to skin  217 

We conducted differential gene expression (DGE) analyses from the counts of all 218 

assembled transcripts for each tissue separately (Fig. 2A-C). Our analysis design included 219 

temperature (“Temperature”; low = 20°C vs. high = 26°C), infection status (“Infected”; O. 220 

ophidiicola infection vs. control), and an interaction effect between temperature and infection 221 

(“Infected X Temperature”) as fixed effects (Fig. 1A).  We identified a total of 776 DEGs in 222 

liver (Infected = 503; Temperature = 182; Infected X Temperature = 91; Fig. 2A), 705 DEGs in 223 

kidney (Infected = 507; Temperature = 131; Infected X Temperature = 67; Fig. 2B), and only 17 224 

DEGs in skin (Infected = 15; Temperature = 2; Fig. 2C). We did not identify any DEGs due to 225 

the interaction between infection and temperature in skin. In terms of changes in expression, the 226 

majority of genes in liver (457/776; 58.9%) and skin (12/17; 70.6%) were upregulated, whereas 227 

majority of the genes in kidney (452/705; 64.1%) were down regulated.  228 

To identify DEGs due to the impact of a single fixed effect, we isolated DEGs that did 229 

not overlap with the two other fixed effects. These results are shown in Fig. 2D-F and Fig. S4. In 230 

all three tissue types, O. ophidiicola infection alone caused more changes in gene expression 231 

than either temperature or the interaction between temperature and infection (liver = 423; kidney 232 

= 429; skin = 15; Fig. 2D-F). Most of the DEGs due to infection only were specific to each tissue 233 

(Fig. S4) which indicates that O. ophidiicola infection impacts different biological processes in 234 

different internal organs, specifically in liver and kidney. 235 

 236 
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 237 

Fig 2. Differential gene expression (DGE) due to fixed effects. Euler plots showing overlap in 238 
differential gene expression due to fixed effects of O. ophidiicola infection (Infected vs. 239 
Control), temperature (26˚C vs 20˚C), and the interaction between infection and temperature 240 
(Infection X Temperature) for (A) liver, (B) kidney, and (C) skin tissues. The number within 241 
each plot represent the number of differentially expressed genes. There was no interaction 242 
between infection and temperature in the analysis of skin tissue. Panels D-F show the number of 243 
upregulated (green) and downregulated (pink) genes unique to each fixed effect. There were 244 
more upregulated than downregulated genes for each effect in (D) liver, whereas more genes 245 
were downregulated due to infection and temperature in (E) kidney. More genes were 246 
upregulated in (F) skin due to infection.  247 
 248 

SFD exposure induces a pro-inflammatory response and disrupts metabolism 249 

in liver    250 

Most of the upregulated genes in liver were enriched in Biological Processes Gene 251 

Ontology (GO:BP) terms, “cellular response to organic stimulus” (35%; 475/1369), 252 

“developmental/metabolic processes” (49%; 666/1369) , “immune response” (6%; 76/1369) and 253 

“cell death/apoptosis” (9%; 116/1369) suggesting positive cell differentiation as an inflammatory 254 

immune response to organic antigens (Fig. 3A). Upregulated genes like Colony-stimulating 255 
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factor 1 receptor (CTF1R) mediate macrophage signaling, and CTF1R expression is crucial for 256 

the differentiation and survival of the mononuclear phagocyte system (55). In contrast, MKNK2 257 

is associated with interleukin-1 signaling pathway and its overexpression is associated with cell 258 

proliferation and reduction of apoptosis (56). We also identified 11 upregulated genes that are 259 

involved in the MAPK signaling pathway that initiates from a diverse range of stimuli and elicit 260 

an appropriate physiological response including cell proliferation, differentiation and migration, 261 

development, inflammatory responses and regulation of apoptosis (Fig. S5). Our results indicate 262 

that O. ophidiicola infection triggers an immune response in the liver and facilitates an 263 

inflammatory response by positively regulating cell proliferation and inhibiting programmed cell 264 

death.  265 

In terms of DEGs that were downregulated in liver tissue, most of the genes represent 266 

amino acid metabolism (91%: 182/200), steroid homeostasis (7%; 14/200), and gluconeogenesis 267 

(2%: 4/200; Fig. 3B). Steroid hormones mediate stress induced metabolic regulation and immune 268 

modulation (57). Negative regulation of steroid homeostasis in liver is associated with a pro-269 

inflammatory response (57) and reduction of protein metabolism for glucose and glycogen 270 

synthesis (58). This means that the inflammatory response to O. ophidiicola results in liver being 271 

unable to metabolize proteins necessary for proper functioning. We also created networks or 272 

clusters of co-expressed genes (“modules”) using weighted gene co-expression network analysis 273 

to test if any modules were significantly associated with infection. After adjusting P values to 274 

account for multiple testing, we identified five modules significantly associated with infection 275 

status in liver tissue (Table S3) including genes enriched in Peroxisome KEGG pathway (Fig. 276 

S6). Peroxisomes break down complex fatty acids and subsequently regulate multiple metabolic 277 

pathways (59). Most of the genes within the peroxisome pathway were downregulated in liver 278 
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tissues from infected snakes (Fig. S7). Peroxisome activation genes like PPARα downregulates 279 

various immunity-related pathways (59), so the lower production of PPARα in liver tissue from 280 

infected snakes is a signature of higher immune response.  281 

 Overall, our DGE analysis indicates that O. ophidiicola infection is associated with stress 282 

induced liver inflammation, as well as lower steroid production and protein metabolism which 283 

leads to lipid and protein accumulation within hepatic cells. These physiological changes are 284 

hallmarks of chronic liver diseases like liver injury and fatty liver disease and are characterized 285 

by fibrosis and cirrhosis of the liver (60). 286 

 287 

 288 

Fig 3. Biological processes that were differentially regulated in liver due to SFD exposure. 289 
Hierarchical clustering tree summarizing the correlation among significant Biological process 290 
gene ontology terms (GO:BP) for genes that were (A) upregulated, or (B) downregulated in liver. 291 
Numbers indicate p-values after FDR correction for multiple testing. Each process terms were 292 
categorized as subclass of specific parent terms as represented by colored boxes. 293 
 294 
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SFD exposure lowers protein metabolism and disrupts ion balance in kidney 295 

In kidney tissues from infected snakes, most of the overexpressed genes reduce protein 296 

metabolism by inhibiting proteolysis, and protein degradation, and catalytic activity in kidney 297 

cells (Fig. 4A). Proteolysis eliminates irregular proteins, controls cellular regulatory processes, 298 

and provides amino acids for cellular remodeling (61). This means that in kidney tissues from 299 

infected snakes, just like in liver tissues from these animals, pathways that perform normal 300 

protein breakdown were being under-expressed which could indicate disruption to normal renal 301 

physiology (62).  302 

Among the downregulated genes in kidneys of infected snakes, most belonged to 303 

biological pathways that regulate steroid metabolism, localization and transmembrane transport, 304 

and integrin synthesis (Fig. 4B). Just as in liver, steroid synthesis was also downregulated in 305 

kidney, which affects many cell-signaling pathways including electrolyte balance maintained by 306 

the kidney (63). Calcium ion signaling and transport regulates the levels of calcium in the urine 307 

and transport of bile acid and bile salts in kidney. Bile salts are important for degradation of fats, 308 

which helps in digestion and absorption of important vitamins, and elimination of toxins. 309 

Reduced integrin activity in kidney has been linked to diseases like congenital nephrotic 310 

syndromes (CNS) and severe edema (64). Seven gene network modules were significantly 311 

associated with infection status (Table S3) and were enriched in Ribosome and N-Glycan 312 

biosynthesis KEGG pathways (Fig. S8). Lower expression of ribosome biosynthesis genes (Fig. 313 

S7) also lowers protein synthesis and causes muscle atrophy, impaired growth of new muscle 314 

fibers and loss of kidney function (62).  315 

Taken together, our DGE and functional enrichment analysis in kidney indicate that O. 316 

ophidiicola infections are associated with reduced kidney function, nephrotoxicity, loss of 317 
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protein metabolism, and muscular weakness. As bile is synthesized in the liver, it is likely that 318 

infection-induced liver inflammation disturbs renal functioning as well via bile salt transport 319 

pathways (65). These physiological changes are signatures of chronic kidney infections like 320 

acute kidney injury and possibly indicates that chronic O. ophidiicola infection induces a cascade 321 

of mechanisms that lead to multiple organ failure and eventual mortality in the host (66). 322 

 323 

 324 

Fig 4. Biological processes that were differentially regulated in kidney due to SFD 325 
exposure. Hierarchical clustering tree summarizing the correlation among significant Biological 326 
process gene ontology terms (GO:BP) for genes that were (A) upregulated, or (B) downregulated 327 
in kidney. Numbers indicate p-values after FDR correction for multiple testing. Each process 328 
terms were categorized as subclass of specific parent terms as represented by colored boxes 329 
 330 

SFD exposure triggers immune response and DNA damage repair pathways 331 

in skin 332 

In contrast to our findings in liver and kidney, we found little evidence for differential 333 

gene expression in skin tissues between infected and control individuals (Fig.2). The overall 334 
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gene expression was also lower in skin (Table S2), partly because most of the snakeskin lesions 335 

are necrotic (29) and most of the transcripts isolated from the skin of infected snakes had fungal 336 

origins (Fig. S2; Table S2). Many of the upregulated genes were part of the immune response 337 

and stress response pathways, including JCHAIN, which links immunoglobulin antibodies or, 338 

PSMB8 which is likely involved in the inflammatory response pathway (Table S4). IGLV5 339 

encodes the variable domain of the immunoglobulin light chains that participates in the antigen 340 

recognition. Transcription factors were also upregulated in the skin, such as ATF3, which binds 341 

to many genomic regions that contain genes involved in cellular stress responses.  342 

Among the genes that were downregulated (Table S4), WNT10B gene is expressed in 343 

epidermal keratinocytes and plays crucial roles in regulating skin development and homeostasis 344 

(67). Additionally, downregulation of PLGC2 is associated with immune system disorders (68) 345 

and SYP gene, which is linked to Ca2+-dependent neurotransmitter release, was also under 346 

expressed in skin. Variation in SY-like immunoreactivity is a marker for neuroendocrine cancers 347 

of the skin (69). 348 

 In skin, three modules were significantly correlated with infection status and contained 349 

genes involved in DNA damage repair, cell cycle regulation, and their associated metabolic 350 

pathways like nucleic acid metabolism (Fig. S9). The modules were enriched in DNA replication 351 

and DNA mismatch repair KEGG pathways (Figs. S10, S11). Expressed in the nucleus during 352 

DNA synthesis and mismatch repair, these pathways are essential mechanisms during cell 353 

division and proliferation. Dysregulation of these pathways lead to an increase in genome 354 

instability and is associated with human nonmelanoma skin cancer (70).  355 
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Our DEG analysis of skin tissues points towards the activation of the host immune 356 

response due to infection-induced stress and rapid skin regeneration through upregulation of 357 

DNA replication and DNA repair mechanisms. 358 

 359 

Lower temperature exacerbates chronic infection in internal organs 360 

Lastly, we wanted to identify if infected snakes at different temperatures showed 361 

different patterns of gene expression. Since we identified no DEGs due to interaction in skin 362 

(Fig. 2C), we focused on liver and kidney tissues. A total of 91 genes were differentially 363 

expressed in liver of infected snakes due to higher temperature, of which 41 were upregulated 364 

(45%) and 50 were downregulated (55%; Fig.5A). Functional enrichment analysis showed 365 

fibrinolysis pathways were upregulated in infected snakes at higher temperature (Fig. 5B). 366 

Fibrinolysis is the enzymatic breakdown of fibrins in blood clots. This indicates that at the lower 367 

temperature, blood coagulation processes do not stop in the livers of infected snakes, which 368 

could potentially lead to fibrosis. Most of the downregulated processes in liver due to interaction 369 

were organic hydroxy-compounds metabolic processes, possibly playing a role in alcohol 370 

metabolism (Fig. 5C) and thus, adding to already lowered protein metabolism due to SFD (Fig. 371 

3). 372 

In kidney tissues, we identified 67 DEGs due to interaction between treatment and 373 

temperature, of which 56 genes (84%) were upregulated and 11 (16%) genes were 374 

downregulated (Fig. 5A). Upregulated genes in infected snakes at the higher temperature were 375 

involved in response to xenobiotics and metabolism of ether lipids (Fig. 5D). Ether 376 

phospholipids metabolism is a signature of the return of blood flow to a particular organ and 377 

leads to reduction in cell death following acute kidney injury (71). Pro-inflammatory responses 378 
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like production of macrophage inflammatory proteins and chemokines, and neutrophil and 379 

myeloid leukocyte migration were downregulated in infected snakes at the higher temperature 380 

(Fig. 5E). This means that infected snakes at the higher temperature showed possible signs of 381 

recovery with blood recirculation and reduced inflammatory responses. 382 

Temperature played a crucial role in overall host response to O. ophidiicola infection 383 

(Fig.1) as all the infected snakes at the lower temperature were euthanized due to more severe 384 

clinical signs, whereas, most infected snakes at the higher temperature survived the experiment 385 

(Table S1). Our DGE analysis to assess the effect of temperature on gene expression suggest that 386 

infected snakes at the lower temperature were more susceptible to mortality because of multiple 387 

organ failure due to chronic infections. A negative feedback loop of higher blood coagulation 388 

and unchecked wound-healing can lead to permanent scarring and liver failure, while, prolonged 389 

kidney inflammation can induce irreversible tubular injury and nephron failure. 390 

 391 
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Fig 5. Differential expression due to interaction effect of higher temperature on infected 393 
snakes. (A) Differentially expressed genes (DEGs) in liver and kidney due to interaction 394 
between infection and higher temperature. Number above bars represent number of upregulated 395 
(green) and downregulated (pink) genes in each tissue. (B-E) Biological pathway networks for 396 
genes that were (B) upregulated in liver, (C) downregulated in liver, (D) upregulated in kidney, 397 
and (E) downregulated in kidney of infected snakes at the higher temperature as compared to 398 
infected snakes at the lower temperature. Biological pathway networks show relationship 399 
between enriched pathways (black nodes) connected by edges based on percentage of genes 400 
shared between a pair of GO:BP terms. Thicker edges represent more overlap of genes between a 401 
pair of GO term. 402 

 403 

Identification of potential SFD host response loci 404 

Differential expression not only identifies a gene’s involvement in host response but also 405 

the potential contribution of products of that gene to disease resistance or susceptibility (e.g., 406 

immune genes). With the goals of characterizing potential SFD response loci in snakes we 407 

identified a total of 906 genes that were differentially regulated in at least one tissue we analyzed 408 

either due to O. ophidiicola infection only or due to the interaction between infection and 409 

temperature (Data S2). Within the 906 DEGs, there are 7700 exons (total length = 1,929,670 bp) 410 

in the C. viridis reference genome. We found 2,354 non-synonymous SNPs within the exons of 411 

DEGs that were polymorphic within the set of C.viridis genomes and all analyzed genomes had 412 

high diversity within these functional loci (mean heterozygosity = 0.187; SD = 0.032; Fig. S12). 413 

Though gene regulation is mostly controlled by transcription factors, sequence variation within 414 

protein coding regions is also often associated with disease susceptibility (14, 72) partly due to 415 

complex molecular co-evolution of host-pathogen system (73). Thus, these functional variants 416 

could underpin variability in host response and thus carry utility as diagnostic markers for SFD 417 

susceptibility in wild snake populations and species. 418 

 419 
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Discussion 420 

Insights into SFD Host Pathology from Gene Expression Data 421 

In terms of pathology, all wildlife fungal diseases studied to date have skin lesions as a 422 

characteristic symptom of infection (3, 6, 29) and are most likely transmitted via contact with 423 

other infected individuals (9) and/or contaminated environmental components such as soil (29) 424 

or water (6). However, despite these fungi infecting host skin epithelial cells, host response is 425 

different depending on the specific disease. For example, multiple studies involving Bd have 426 

confirmed an acute immune response in skin (74-76) and hinted that the early host response 427 

might be more beneficial for resistance to Bd infection (76). On the contrary, P. destructans 428 

infections on nose, wing and tail tissues in bats causes mortality as a result of a cascade of 429 

largely internal physiological changes including skin damage, dehydration, energy depletion, and 430 

higher CO2 levels in blood (77).  431 

Our gene expression results from multiple tissues indicate that O. ophidiicola infection 432 

causes chronic inflammation in internal organs which damages tissues over time and disrupts 433 

normal organ physiology like protein metabolism and electrolyte balance. Our study corroborates 434 

previous expectations of SFD being a systemic disease (29) with chronic O. ophidiicola 435 

infections, as opposed to direct fungal damage on infected skin (41). This argues that O. 436 

ophidiicola pathogenesis is more similar to P. destructans infections in white nose syndrome 437 

where long-term exposure leads to chronic respiratory acidosis, and O. ophidiicola may infect 438 

the host in multiple stages to cause multiple organ failure and eventual mortality (77). We argue 439 

that a better understanding of host-pathogen interaction on snake tissues using in-vitro (e.g.(78, 440 

79)) or in-vivo techniques (e.g. (75)) might reveal more information on the complete model of O. 441 

ophidiicola pathogenesis within a snake host. 442 
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More specifically, the gene expression data from skin tissue demonstrated certain 443 

similarities and differences between Bd, P. destructans, and O. ophidiicola infections. First, we 444 

found O. ophidiicola gene expression exclusively on skin (Fig. S2) and identified the expression 445 

of genes involved in hyphal growth. Necrosis on skin cell due to penetration of fungal hyphal 446 

into the epidermis have been confirmed in many SFD studies (29, 30, 80) and is the mode of P. 447 

destructans pathogenesis in white nose syndrome (9). Identifying functional genes within O. 448 

ophidiicola genome and quantifying their expression on snakeskin would help researchers 449 

identify pathogenesis mechanisms and potential deterrents against the pathogen. Comparative 450 

analysis of functional genes among different O. ophidiicola strains might also highlight the 451 

fungal origins and differences in virulence among lineages (7).  452 

Second, we found the least amount of differential gene expression between infected and 453 

control snakes in skin tissue (Fig. 2). This was unexpected when compared to Bd as differential 454 

skin response is a major factor in determining host susceptibility to Bd (13) in many amphibian 455 

species (14, 18). This difference may be due to the fact that skin plays a major role in amphibian 456 

biology as it regulates osmosis and gas exchange which gets compromised and leads to death 457 

from cardiac arrest (8). Much of O. ophidiicola infected skin is necrotic (30) possibly 458 

terminating the gene expression of host cells. Lastly, we found over-expression of immune 459 

response and DNA damage repair genes in the skin tissues of infected snakes, which matches 460 

pro-inflammatory and skin integrity maintenance processes described in Bd and white nose 461 

syndrome studies (reviewed in (9, 13)). Snakes with SFD have been observed to shed more 462 

frequently (30, 81) possibly as a defense mechanism to reduce fungal load. We propose that SFD 463 

susceptibility could vary with host skin conditions and that inherent differences in snake skin 464 

(like the microdiversity) among different species/populations (81) might play a crucial role in 465 
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identifying vulnerable populations for conservation. Future research should consider comparing 466 

host skin gene expression profiles in response to SFD across multiple snake species.  467 

SFD studies in free ranging and captive snakes have documented behavioral and 468 

physiological changes in infected snakes such as lethargy (80) and higher metabolic rates (82). 469 

Much of SFD-related mortality is attributed to less frequent foraging and anorexia (30). 470 

Starvation and anorexia cause liver injury with elevation of liver enzymes (83) and in agreement 471 

with the pro-inflammatory responses and higher metabolism we identified in liver tissues of O. 472 

ophidiicola infected snakes (Fig. 3). Similarly, within kidney tissues from infected snakes, 473 

reduced gene expression leads to electrolyte imbalance and loss of protein metabolism, 474 

potentially causing muscle atrophy and protein loss, and lack of liver-mediated toxin filtration 475 

(Fig. 4). Weak muscles, diseased liver, and renal failure result in lethargy in hosts and, in cases 476 

with chronic inflammation, could lead to increased impact of the disease and a higher risk of 477 

mortality.  478 

Finally, SFD is difficult to diagnose in the wild (42) and our results suggest that possibly 479 

like as is the case of white nose syndrome, physiological impacts of SFD may start to cause 480 

deterioration of internal organs before clinical signs are manifested on the skin (77). A potential 481 

avenue for future research would be to study gene expression through time during early or late 482 

stages of O. ophidiicola infection to document changes before and after the onset of clinical 483 

signs.  A time-course transcriptome analysis would indicate what biological changes occur when 484 

disease progresses, what genes are active at various stages of clinical signs, and what genetic and 485 

biological mechanisms underly host recovery. This can also help early diagnosis of infected 486 

snakes and identify possible genetic targets that determine host susceptibility to SFD. 487 

 488 
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Effects of temperature 489 

Environmental temperature plays a crucial role in fungal pathogenesis and processes like 490 

reproduction, behavior, and immune response are temperature dependent in ectotherms (13). 491 

Many fungal species are most active at a specific range of temperatures (47) such as between 17-492 

25⁰C for Bd (84) and thus, seasonality and environmental temperature are predictors of severity 493 

in this disease (48, 85, 86). Frogs prefer warmer temperatures or induce behavioral fever to 494 

increase immune response and survival during infection (87). Snakes also display behavioral 495 

thermogenesis through basking, which increases their body temperature to increase the immune 496 

response to infection (88, 89). Our results provide a link between these behaviors and a potential 497 

response to SFD infections in snakes. Warmer environmental temperatures raise the internal 498 

body temperature beyond the critical thermal maximum of the pathogenic fungi (90) and activate 499 

immune functions like leukocyte mobility and lymphocyte response to antigens in reptiles (91). 500 

Basking has been seen reported in free ranging snakes affected by SFD (44) and is possibly a 501 

defense mechanism against infection (29). Even in our controlled experiments, all infected 502 

snakes at the lower temperature displayed more severe disease, resulting in early euthanasia 503 

(Table S1) and carried the most unique gene expression profile (Fig. 1B-D). Our results suggest 504 

that more severe disease at the lower temperature was potentially due to poor immune response, 505 

resulting in liver fibrosis and acute kidney injury in chronically inflamed tissues. Infected snakes 506 

at the higher temperature may have recovered, as our results show gene expression profile 507 

similar to control snakes at the end of the study (Fig.1B-D) including upregulation of genes that 508 

are associated with blood recirculation post-inflammation.  509 

These results suggest that higher temperature is more suitable for recovery from SFD, but 510 

we acknowledge that we only analyzed expression profiles at a single timepoint after a 511 
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significant period of exposure to the disease. Hence, it is still unclear from this study whether the 512 

lack of fungal infection and no signatures of chronic tissue injury at the higher temperature is due 513 

to recovery or lack of severe infection through the course of the experiment. An experiment that 514 

quantifies the fungal transcripts (i.e. fungal gene expression) over time would indicate whether 515 

fungus proliferates as disease progresses and declines as host recovers, or if in some cases, the 516 

fungal growth is insufficient for severe disease development and hosts clear infection before 517 

before severe clinical signs increase the likelihood of mortality.   518 

 519 

Potential molecular markers for diagnosing SFD susceptibility  520 

Our inference about the physiological processes and biological pathways from 521 

differentially expressed genes was based on functions predicted from orthologs. A caveat with 522 

this approach is that GO terms are only available for small set of model organisms and functional 523 

impact of many species-specific genes not identified in the genome annotation of the model 524 

organism are unknown. Relying on functional information of homologous genes in related 525 

species (Anolis carolinensis in this study) does yield a comprehensive inventory of genes and 526 

their functional involvement in disease response.. For example, skin integrity genes are 527 

upregulated in Bd-resistant species (18, 74) and downregulated in Bd-susceptible species (74) 528 

across multiple studies (13). 529 

 O. ophidiicola is a generalist pathogen which is capable of infecting numerous snake 530 

species across the phylogeny (31, 33, 92). We acknowledge that the physiological response to 531 

this pathogen may vary among different host snake species, but we suspect that the biological 532 

mechanisms underlying host response (like immune activation, metabolism, etc.) would be 533 

similar among different snake species. Our curated set of genes (Data S1-2) can be used to 534 
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compare vulnerability to SFD in different species, specifically how changes in gene expression 535 

and/or certain polymorphisms are associated with SFD response. For example, the link between 536 

lower acquired immune gene expression and Bd survival has been observed in many amphibian 537 

species (14, 93). and specific genotypes can be associated with disease resistance (14, 72). 538 

Differences in allele specific variation in expression (94) or genotype association due to host-539 

pathogen co-evolution like MHC allelic associations observed in case of amphibians exposed to 540 

Bd (14, 72) or natural populations of bananaquits with chronic avian malaria (95) can be 541 

leveraged to assess genetic vulnerability to pathogenic diseases. O. ophiodiicola has likely been 542 

prevailing in nature longer than previously expected (36) and thus, certain snake species could 543 

possibly have evolved to resist fungal infection due to long-term pathogenic pressure. Thus, 544 

comparing variation in sequence diversity and/or expression profiles of candidate genes among 545 

host populations and species host can help conservation biologist provide diagnostic capability to 546 

identify vulnerable populations most likely to succumb to SFD.  547 

 548 

Conclusion 549 

 Ophidiomycosis (snake fungal disease; SFD) is a recently identified fungal disease and a 550 

potential threat to ecologically and phylogenetically diverse snake species. Our transcriptomic 551 

results demonstrate that similar to white nose syndrome in bats and in contrast to 552 

chytridiomycosis in amphibians, SFD is also a systemic disease. Fungal infections were localized 553 

to the skin, as expected, but most physiological changes occurred due to chronic inflammation in 554 

the internal organs. Temperature played an important role as infected snakes maintained at the 555 

lower temperature had higher mortality and a unique gene expression profile; this suggests that 556 

higher temperatures possibly aid in recovery from the disease. Future research should use multi-557 
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omic approaches to determine whether different O. ophiodiicola strains produce similar impacts 558 

among snakes and whether different snake species and populations vary in their response to 559 

SFD. Finally, our study reports a set of candidate genes and functional loci that carry 560 

significance in improving our understanding of host-pathogen dynamics in multiple species and 561 

can help diagnose and mitigate SFD in wild and captive snakes.  562 

 563 

Materials and Methods 564 

Controlled experiment varying infection status and temperature 565 

Twelve adult prairie rattlesnakes (Crotalus viridis) were evenly divided and maintained at 20°C 566 

or 26°C following a two-week acclimatization period. These temperatures were chosen as 567 

possible ends of the O. ophidiicola thermal optimum ((31); thermal optimum for Bd is 17-25⁰C 568 

(81)).  Four animals at each temperature condition were randomly selected for experimental 569 

challenge while two animals were maintained as controls (Fig. 1A). All snakes were free of 570 

clinical signs before inoculation based on criteria previously described (96). All snakes were 571 

offered pre-killed mice every 1–2 weeks and water was provided ad libitum. A pure O. 572 

ophidiicola isolate (UI-VDL # 12–34933) cultured from an eastern massasauga (Sistrurus 573 

catenatus) was injected intradermally (0.1 ml of a pure culture containing 109,000 CFUs). The 574 

control animals were inoculated with a similar volume of sterile saline. All injections were 575 

performed over the dorsal mid-body of each snake. The experiment was conducted for 90 days 576 

post infection (dpi) and snakes were euthanized at the end of the study or earlier in case of severe 577 

disease mortality by complete anesthesia with ketamine intramuscularly, followed by sodium 578 

pentobarbital intravenously. All procedures were approved by the University of Illinois 579 
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Institutional Animal Care and Use Committee (IACUC; Protocol: 19165). However, during the 580 

experiment, one of the infected snakes at the higher temperature had to be prematurely 581 

euthanized before tissues could be extracted. Each animal was subjected to necropsy 582 

examination separately to collect samples of liver, kidney and skin. RNA was extracted using 583 

Qiagen RNEasy kit according to the manufacturer’s recommendations (Qiagen RNEasy, 584 

Valencia, CA). RNA samples were analyzed using spectrophotometry (NanoDrop 1000, Thermo 585 

Fisher) to quantify concentration and purity, then stored at -80˚C. Reverse transcription was 586 

performed using the Quantitect Reverse Transcription kit (Qiagen, Valencia, CA) following 587 

manufacturer’s protocol. The cDNA was submitted to the Keck Biotechnology Center at the 588 

University of Illinois for further processing.  589 

 590 

Construction and sequencing of RNAseq libraries 591 

RNAseq libraries were prepared for each sample with Illumina's TruSeq Stranded 592 

mRNAseq Sample Prep kit and paired-end (PE) reads (2x150bp) were sequenced on SP-lane of 593 

Illumina NovaSeq 6000 sequencer at the University of Illinois Roy Carver Genome Center. 594 

Following sequencing, we removed 1 skin and 1 liver sample due to low number of raw 595 

sequences generated. Ultimately, we analyzed sequence data from 10 liver, 11 kidney, and 10 596 

skin tissues from each snake with different temperature condition and infection status (Fig. 1A; 597 

Table S1). 598 

 599 

Sequence processing and expression quantification 600 

We removed adapter sequences and clipped poor-quality bases (quality score < 20) from 601 

both ends of raw reads from the sequencer using Trimmomatic (97), aligned filtered reads to the 602 
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annotated C. viridis reference genome (UTA_CroVir_3.0; GenBank assembly accession: 603 

GCA_003400415.2) using hisat2 (98) with the –downstream-transcriptome-assembly option and 604 

reporting primary alignments. We next assembled transcripts for each sample using StringTie 605 

(99) default parameters and C. viridis reference annotation file to guide assembly and merged 606 

sample transcripts using StringTie. Next, a transcript count matrix was next created with 607 

featureCounts (100) which excluded chimeric fragments and only retained mapped fragments in 608 

which both read pairs successfully aligned to the reference.  We only counted reads that matched 609 

to the exons present in the merged annotation file. Ultimately, we generated a table of the count 610 

data which reports, for each sample, the number of sequence fragments that were assigned to 611 

each transcript.  612 

To identify the number of total transcripts from snake tissues that had fungal origins, we 613 

mapped the aligned filtered reads to O. ophidiicola reference genome (GenBank assembly 614 

accession GCA_002167195.1) using hisat2. We expect that tissues where fungus is actively 615 

present would have more expression of fungal transcripts and thus would have higher alignment 616 

rate to the O. ophidiicola reference genome.  617 

 618 

Differential gene expression analysis 619 

We conducted differential gene expression (DGE) analyses from the counts of all 620 

assembled transcripts (N = 107,167) for each tissue separately using DESeq2 (101) in R (102) 621 

following the workflow as described by the authors (101, 103). Our statistical model used a 622 

multi-factor design that included both main factors and an interaction term. The main factors 623 

were temperature (“Temperature”; low [20°C] vs. high [26°C]) and infection status (“Infection”; 624 

O. ophidiicola infected vs. control) and an interaction terms that measures an interaction effect 625 
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between temperature and infection (Infection X Temperature) (Fig. 1A). By analyzing genes 626 

showing differential gene expression due to each of the main factors and the interaction term, we 627 

were able to identify genes with differential expression purely due to the effect of treatment, 628 

temperature, or the interaction between these factors (Fig. S4).  629 

To quantify if there was any difference in gene expression between treated tissues due to 630 

differences in temperatures, we used contrast function in DESeq2. To remove potential false 631 

positives due to low expression, we applied independent filtering to remove transcripts with low 632 

read counts and only considered transcripts with a false discovery rate (FDR) adjusted p-value of 633 

<0.05 to be differentially expressed. Finally, we transformed log fold change data using 634 

“adaptive shrinkage” from ashr package (104) in R to shrink the change in expression to only 635 

retain differentially expressed genes (DEGs) that are most biologically significant.  636 

 637 

Weighted gene co-expression network analysis 638 

Besides identifying individual genes that showed differential expression in each tissue 639 

due to differences in treatment and temperature conditions, we also identified networks of 640 

differentially co-expressed genes (termed “modules”) from the normalized counts of all 641 

expressed genes (105). Estimating co-expression patterns can provide insights into the biological 642 

processes that underlie the complex cascade of events that lead to the phenotypic differences 643 

observed due to different treatment effects (106). The nodes of these co-expression gene 644 

networks correspond to gene expression profiles, and edges between genes are determined by the 645 

pairwise correlations between the level of expression of each gene (105).  646 

We used weighted gene co-expression network analysis (WGCNA) (107) to cluster 647 

highly correlated genes into different modules and to then quantify the relationship of different 648 
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modules with each other and to the temperature and infection treatments following the workflow 649 

described by the authors 650 

(https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/Rpackages/WGCNA/Tutorials/ind651 

ex.html;last accessed 03/15/2022). We first identified modules of co-expressed genes by 652 

calculating pairwise Pearson correlations between each pair of genes with non-zero expression in 653 

at least 8 of our samples in each tissue separately (Ngenes_liver = 45,021; Ngenes_kidney = 47,522; 654 

Ngenes_skin = 44,807). We then merged modules that were correlated to each other with R2 > 0.75 655 

to get a final set of merged modules. Modules were identified by hierarchical clustering of signed 656 

Topological Overlap Matrix (TOM) (108) using a soft threshold (b) to assign a connection 657 

weight to each gene pair and minimum 30 co-expressed genes to be assigned to a module 658 

following (109). b was chosen as the lowest power for which the scale-free topology fit index of 659 

all genes reached 0.9 within each tissue type (bliver = 12; bkidney = 8; bskin = 12) as suggested by 660 

the authors of WGCNA.  661 

Next, we identified modules that were significantly associated (P < 0.05 after applying 662 

false discovery rate method to correct for multiple testing) with the external temperature and 663 

infection treatments. We only retained modules that were significantly correlated to (a) either 664 

infection or (b) both infection and temperature. Within each significant module, we also 665 

identified the module membership and gene significance for each gene within the module. 666 

Module membership measures correlation between a gene’s expression profile with the module 667 

eigengene of a given module. Highly connected genes within a module are more likely to have 668 

higher module membership values to the respective module. Gene significance is the measure of 669 

correlation of a gene with an external treatment factor (infection and temperature) and indicates 670 

the biological significance of a module gene with respect to the fixed effects of our experimental 671 
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design. For many of our final modules, genes with higher module membership had a positive and 672 

significant correlation with gene significance meaning that highly connected genes within a 673 

module are more likely to be associated with experimental treatments. Finally, we matched the 674 

genes belonging to final set of modules and were also differentially expressed due to the 675 

infection treatment only.  676 

 677 

Functional enrichment analysis 678 

For each module that was significantly associated with treatment each tissue and DEGs, 679 

we performed a functional enrichment analysis to identify which biological process gene 680 

ontology (GO:BP) terms and KEGG pathways were overrepresented in those gene clusters, as 681 

compared to the genome-wide GO complements of Anolis carolinensis. We performed GO 682 

enrichment analysis for all DEGs that were upregulated or downregulated within each tissue 683 

separately. We first converted candidate annotated genes in C. viridis genome to A. carolinensis 684 

Ensembl IDs using DAVID (110, 111) and performed functional enrichment analysis using 685 

gProfiler (112). We used g:SCS method (significance threshold < 0.05) for computing multiple 686 

testing correction for p-values gained from GO and pathway enrichment analysis to account for 687 

non-independence among multiple tests among GO terms (112). We then created phylogenetic 688 

trees and functional networks using ShinyGO (113) to visualize enriched pathways.  689 

 690 

Identification of potential SFD host response loci 691 

Finally, to identify potential SFD host response loci that could be used to assay possible 692 

disease susceptibility or resistance at the population and species level in snakes, we first 693 

combined all the DEGs within all the tissues (Data S2) and then extracted protein coding regions 694 
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(exons) within the DEGs using the C. viridis genome annotation (see above). Next, to look for 695 

non-synonymous mutations within DEGs that could be potential diagnostic markers, we first 696 

mapped 19 C. viridis genomes (BioProject No. PRJNA593834; SRA Nos. SRS5767847-59, 697 

SRS5767870, SRS5767880-85) to the reference genome and then, identified single nucleotide 698 

polymorphism (SNP) markers within DEG exons (see Supplementary Text S1 for details). 699 

 700 

Data Availability Statement 701 
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