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Abstract 1 

Polymorphic species provide an excellent system to study population divergence because 2 

different phenotypes often face diverse selection pressures within their shared environment. 3 

Previous studies have demonstrated that different color morphs of Plethodon cinereus (striped 4 

and unstriped) which vary in their degree of melanin-based coloration, vary temporally in their 5 

seasonal activity and differ in metrics associated with stress physiology. Despite the known 6 

association between melanin-based coloration and disease resistance among vertebrates, few 7 

studies have examined this relationship in amphibians. In a laboratory experiment, we exposed 8 

juvenile and adult P. cinereus to the pathogenic chytrid fungus [Batrachochytrium dendrobatidis 9 

(Bd)] and tested the hypothesis that the different color morphs would differ in their response to 10 

Bd. If the degree of melanization is positively associated with immune traits in this species, we 11 

predicted that unstriped salamanders would be more resistant to Bd and would exhibit higher 12 

survival rates compared to striped salamanders. Our results suggest that unstriped salamanders 13 

have a higher prevalence of infection when they do not behaviorally avoid Bd. Unstriped 14 

salamanders also exhibited higher rates of Bd-induced mortality compared to striped 15 

salamanders. These results conflict with our initial predictions and with general findings 16 

suggesting that individuals with higher levels of melanin production are more resistant to 17 

disease. Behavioral traits of the unstriped morph, including responses to predators and 18 

interactions with territorial opponents, may contribute to increased levels of stress and reduced 19 

resistance to infection. Future studies that directly manipulate glucocorticoid levels and/or 20 

temperature are needed to better understand the differences in Bd resistance in this species. 21 

 22 
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 1 

Introduction 2 

Animal coloration is associated with organismal body size (McGlothlin et al. 2005), animal 3 

communication (Sinervo et al. 2007), mating success (Hurtado-Gonzales, Baldassarre & Uy 4 

2010), predation (Brodie 1992), and many cellular and metabolic processes (Huey & Kingsolver 5 

1989). In ectotherms with temperature-sensitive metabolic rates, variation in animal coloration is 6 

associated with body temperature and thus performance (Angilletta, Niewiarowski & Navas 7 

2002). This, in turn, can potentially have cascading effects on locomotion, food consumption, the 8 

ability to escape predators, and ultimately lead to fitness differences associated with coloration. 9 

Coloration is thus one of a few phenotypic traits that interact with a wide variety of ecological 10 

(Forsman et al. 2008) and evolutionary (McKinnon & Pierotti 2010) processes. As a result, 11 

species that exhibit color polymorphism (i.e., an interbreeding population of two or more distinct 12 

and genetically determined color forms) provide an excellent model to study divergent selection 13 

because color morphs can face different biotic and abiotic selection pressures associated with 14 

heterogeneous environments (Gray & McKinnon 2007).  15 

Melanin is the primary pigment type among vertebrates and it allows organisms to 16 

produce color independently of the environment in which they live (Roulin 2004). The degree of 17 

melanin-based coloration is correlated with many physiological and behavioral traits, and is 18 

known to covary with aggression, sexual activity, and immune function (Ducrest, Keller & 19 

Roulin 2008). One hypothesis for this correlation is that the genes coding for melanin have 20 

pleiotropic effects on a variety of melanocortin receptors, many of which are linked to body 21 

systems, including the immune system (Ducrest, Keller & Roulin 2008). Importantly, the 22 

correlation between melanin-based coloration and physiological processes is context dependent 23 
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(Jacquin et al. 2012; Sirkia, Virolainen & Laaksonen 2010) and can thus be under strong 1 

divergent selection within color polymorphic populations (Roulin 2004).  2 

Parasite diversity and abundance is one specific ecological context that varies 3 

spatiotemporally because parasites are impacted by variation in abiotic and biotic factors at small 4 

geographic scales (e.g. Fredensborg, Mouritsen & Poulin 2006; Byers et al. 2008; Byers et al. 5 

2014). This geographic variation in parasite abundance, coupled with color morph-specific 6 

variation in ecology and physiology, provides an excellent opportunity to study associations 7 

between color polymorphism and parasitism. Indeed, numerous studies have found that color 8 

morphs differ in their immune response and resistance to parasites and that these traits are 9 

predictable based on the degree of melanization of the color morphs (Joop et al. 2006; Huyghe et 10 

al. 2010; Jacquin et al. 2011, 2012, 2013). In these studies, the darker color morph had more 11 

robust immune responses and was more resistant to parasites than individuals with the lighter 12 

color morphology. This suggests that parasitism might have a role in explaining the maintenance 13 

of color polymorphism (Sanchez-Guillen et al. 2013).  14 

Understanding the relationship between morph-specific responses to parasitism might 15 

have no greater importance than for amphibians. Amphibians are arguably the most threatened 16 

vertebrate taxon on the planet (Wake & Vredenburg 2008) and many of their population declines 17 

and extinctions are associated with infectious diseases (Daszak, Cunningham & Hyatt 2003). Of 18 

particular concern is the pathogenic fungus Batrachochytrium dendrobatidis (hereafter "Bd"), the 19 

causal agent of amphibian chytridiomycosis. Bd is associated with amphibian population 20 

declines on each continent in which it occurs (Fisher, Garner & Walker 2009), but has a patchy 21 

geographic distribution at smaller regional scales (Olson et al. 2013).  22 
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Amphibians, unlike birds and mammals, produce three different pigment cell classes: 1 

xanthophores/erythrophores, iridophores, and melanophores (Duellman & Trueb 1986). Dermal 2 

melanophores, which are the most abundant pigment cell type in amphibians, deposit melanin on 3 

a subcellular organelle called the melanosome (Bagnara 1976). There are two common color 4 

morphs of the Eastern Red-backed Salamander (Plethodon cinereus): striped and unstriped. 5 

Striped salamanders produce melanophores laterally down their flank and have a red dorsal 6 

stripe that contains mostly erythrophores; unstriped salamanders lack erythrophores and have 7 

melanophores throughout their entire dermis (Bagnara & Taylor 1970). Red coloration in this 8 

species is derived from a class of endogenous pteridines rather than carotenoids which are 9 

obtained from the diet (Obika & Bagnara 1964). Color polymorphism in P. cinereus has a 10 

genetic basis (Highton 1959) and striped and unstriped morphs commonly occur in sympatry. In 11 

addition to variation in their coloration, these morphs differ in their response to predators 12 

(Venesky & Anthony 2007), aggressive behavior (Reiter, Anthony, and Hickerson 2014), 13 

standard metabolic rate (Petruzzi, Neiwiarowski & Moore 2006), temperature preference (Lotter 14 

& Scott 1977), and seasonal activity (Anthony, Venesky & Hickerson 2008). 15 

We conducted a laboratory experiment to explore color morph specific differences in 16 

disease resistance and Bd-induced mortality in the terrestrial polymorphic red-backed 17 

salamander, Plethodon cinereus. Individuals of P. cinereus are susceptible to Bd but are not 18 

known to die when infected (Becker & Harris 2010). Given the ecological and physiological 19 

differences between the striped and unstriped color morphs of P. cinereus, as well as the known 20 

associations between melanin-based coloration, immune function, and disease resistance in 21 

vertebrates (Roulin 2004; Ducrest, Keller & Roulin 2008), we hypothesized that the salamander 22 

color morphs would differ in their responses to Bd. Further, if the degree of melanization is 23 
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positively associated with immune traits in this species, we hypothesized that unstriped 1 

salamanders would be more resistant to Bd (as measured by infection prevalence as well as 2 

infection intensity) and would exhibit higher survival rates compared to striped salamanders.  3 

 4 

Materials and methods 5 

Salamander collection and husbandry 6 

We collected gravid adult females of P. cinereus from a forested area near the Cuyahoga Valley 7 

National Park in Summit County, Ohio (41°13'37.8" N, 81°31'34.4" W) on 13 April 2013. 8 

Salamanders were housed individually in the laboratory at John Carroll University (University 9 

Heights, OH) under a natural photoperiod at 16.5 C. Twenty-three salamanders oviposited 10 

between 10 June and 14 July 2013 (5.62 ± 0.350 eggs per female; mean ± SE). Females had 11 

access to, and interacted with, egg clutches for the entire brooding period and we allowed 12 

hatchlings to stay with their mothers for 6-8 weeks post-hatching. During egg brooding, females 13 

were fed wingless fruit flies (Drosophila melanogaster) ad libitum. After hatching, females and 14 

hatchlings were fed fruit flies and Collembola (Folsomia sp.) ad libitum. 15 

 On 1 February 2014, the salamanders were transported to a laboratory at Allegheny 16 

College (Meadville, PA) where they were held throughout the remainder of the experiment. 17 

Salamanders were housed individually in vented plastic containers (13.7 x 11.4 x 6.4 cm) on 18 

non-bleached paper towels soaked with 15mL of aged tap water. The containers were placed in 19 

an environmental chamber under at 12:12 light:dark photoperiod at 18.5C. Salamanders were fed 20 

twice per week (approximately 25 or 15 Drosophila melanogaster per feeding for adult and 21 

juvenile salamanders, respectively) and their bedding was changed on a weekly basis. We 22 
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monitored the salamanders twice daily for mortality. Any dead salamander was swabbed 1 

immediately (see below) and the animal was placed in a -20C freezer. 2 

 3 

Bd exposure 4 

Bd (JEL 660/JS OH-1, isolated from an infected amphibian in Ohio USA) was grown in the 5 

laboratory in 1% tryptone broth. On 25 February 2014, we exposed 23 adult (7 striped and 16 6 

unstriped) and 58 juvenile salamanders (34 striped and 24 unstriped) salamanders to a 4mL 7 

inoculum that contained a total of 1x106 Bd zoospores by pipetting the broth directly onto the 8 

dorsal surface of each salamander. Excess broth was allowed to trickle into the salamander's 9 

container. In addition to the Bd-exposed salamanders, we treated 26 juvenile salamanders (N=13 10 

for each color morph) to an equal volume of tryptone broth that did not contain any Bd 11 

zoospores. We did not have a non-exposed treatment for any of the mother salamanders. We 12 

changed the bedding, and thus any remaining Bd (or control) inoculate, after 48 hours. 13 

Throughout the experiment, we sterilized all of the equipment by either soaking it in 10% bleach 14 

or placing it in an autoclave (Johnson et al. 2003).  15 

During observations of the salamanders 12 hours post-exposure, we noticed that a 16 

number of the salamanders were on the wall of the container and no longer touching the Bd-17 

exposed substrate. We recorded this behavior because amphibians can detect and avoid Bd 18 

(McMahon et al. 2014), which could potentially affect their probability of getting infected or 19 

influence their infection intensity.  20 

 21 

Swabbing and qPCR details 22 



8 
 

Bd infection on salamanders was measured by swabbing each salamander on Days 10 and 1 

31 post-exposure or on the day a salamander died. We passed the swab across the dorsal surface 2 

of each salamander, including the tail, a total of 10 times. To prevent cross-contamination with 3 

Bd or Bd DNA, the experimenter used a different pair of latex gloves while handing each 4 

salamander.  5 

The number of genome equivalents on each swab was measured using quantitative 6 

polymerase chain reaction (qPCR) on an Applied Biosystems Step One Real-time PCR system 7 

(Applied Biosystems, Foster City, CA). Our DNA extractions and qPCR analyses followed the 8 

methods of Boyle et al. (2004) and those modified by Hyatt et al. (2007). Test samples were run 9 

singly instead of in triplicate to control costs (Kriger, Hero & Ashton 2006). We added 10 

TaqMan® Exogenous Internal Positive Control (Exo IPC) Reagents (Applied Biosystems, Foster 11 

City, CA) to every reaction well to assess inhibition of the PCR reaction (Hyatt et al. 2007). The 12 

Exo IPC system uses a standardized concentration of an artificial DNA sequence that is added to 13 

each reaction well with its own set of primers and a separate fluorescent probe. The strength of 14 

this reaction is used to assess overall reaction inhibition.  15 

We considered infection intensity as the number of Bd zoospore equivalents per sample. 16 

Zoospore equivalents were calculated by multiplying the genome equivalent values generated by 17 

the qPCR assay by 80, which accounts for the 80-fold dilution of DNA from the swabs during 18 

extraction and qPCR preparation. We considered a sample Bd positive when zoospore 19 

equivalents were ≥ 1 (Venesky et al. 2014). 20 

 21 

Statistical analyses 22 
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We assessed morph specific differences in resistance to Bd by examining Bd prevalence and Bd 1 

infection intensity (i.e., the infection intensity of only the infected salamanders) in two separate 2 

statistical models. We used the Bd infection data from the swabs on Day 10 because all of the 3 

salamanders cleared their infection by Day 31. We excluded any dead salamander from these 4 

two analyses because all of the mortality occurred within 48 hours post-exposure and we were 5 

uncertain as to whether the Bd DNA that we detected in our qPCR analysis was from the 6 

salamander (i.e., an actual infection) or from the Bd exposed bedding. 7 

To test for differences in Bd prevalence, we used a generalized linear mixed effects 8 

model (R statistical software, package: lme4, function: glmer) with a binomial error distribution. 9 

To statistically control for the fact that multiple juveniles from the same clutch were used in our 10 

experiment, we treated each mother as a random effect and tested whether color morphology was 11 

a significant predictor of infection (infected or not infected). We used age (adult or juvenile) and 12 

whether we observed each salamander on the wall (i.e., Bd avoidance) as covariates in our model 13 

and tested whether the main effects of color morphology, Bd avoidance, age, and an interaction 14 

between color morphology and Bd avoidance, were significant predictors of whether a 15 

salamander was infected. To test for differences in resistance, measured as Bd infection intensity, 16 

we used a linear mixed-effects model (R statistical software, package: lme4, function: lmer). We 17 

used the same predictors as described above and tested for the same main and interactive effects. 18 

We assessed significant differences (p < 0.05) in both statistical models using the 'Anova' 19 

function in the 'car' package in R.  20 

To test for morph-specific differences in survival, we used a generalized linear mixed 21 

effects model (R statistical software, package: lme4, function: glmer) with a binomial error 22 

distribution. In this analysis, we excluded survival of the adult salamanders for two reasons: no 23 
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mothers died during the experiment and we did not have a non-exposed control group for the 1 

mothers (there can only be a single mother for each clutch). 100% of the non-exposed juveniles 2 

survived the duration of the experiment, demonstrating that color morphs did not differ in their 3 

vigor and thus we only included Bd-exposed animals in this model. We treated each mother as a 4 

random effect and tested whether color morphology was a significant predictor of survival. We 5 

could not use avoidance behavior as a covariate in this model because all the dead salamanders 6 

were found on the floor of the containers and was thus confounded with mortality. We assessed 7 

significant differences (p < 0.05) using the 'Anova' function in the 'car' package in R. 8 

 9 

Results 10 

After controlling for position in chamber (wall or substrate) and age (adult or juvenile), we found 11 

that the color morphs of P. cinereus differ in their responses to Bd. Although we did not find a 12 

main effect of color morphology on Bd prevalence (X2
1 = 0.377, P = 0.539), color morphology 13 

and position in chamber significantly interacted to affect prevalence (X2
1 = 6.619, P = 0. 010). 14 

When exposed to Bd, unstriped salamanders had a higher prevalence of infection compared to 15 

striped salamanders, but only when they did not behaviorally avoid Bd (Figure 1). Neither color 16 

(X2
1 = 1.192, P = 0.275) nor the interaction between color and Bd avoidance were significant 17 

predictors of Bd infection intensity (X2
1 = 0.484, P = 0.487).  18 

100% of the non-exposed salamanders survived the duration of the experiment. Twelve 19 

of the 81 salamanders that were exposed to Bd died, all of which were juveniles. All of the dead 20 

salamanders had detectable Bd infections (1888.86 ± 625.34 Bd zoospores; mean ± SE). 21 

Contrary to our predictions, significantly more unstriped salamanders died during the experiment 22 

than did striped salamanders (X2
1 = 5.898, P = 0. 016; Figure 2). 23 
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 1 

Discussion 2 

Understanding how different ecological contexts generate and maintain phenotypic variation is a 3 

fundamental goal of evolutionary ecologists. Phenotypic variation in animal coloration (e.g., 4 

color polymorphism) has been of particular interest to biologists because different color morphs 5 

often differ in their physiology and behavior, which has implications for adaptive evolution and 6 

even speciation (Gray & McKinnon 2007). In a laboratory experiment using pathogenic 7 

amphibian chytrid fungus, we show that two color morphs of the Eastern Red-backed 8 

Salamander differ in their responses to Bd. Contrary to our initial predictions, we found that 9 

unstriped salamanders had higher prevalence of infection (but only after controlling for 10 

behavioral avoidance of the pathogen; Figure 1) and Bd related mortality (Figure 2) compared to 11 

striped salamanders. Bd-infected salamanders of both color morphs had relatively similar 12 

intensities of infection. These results coupled with the known physiological differences between 13 

striped and unstriped P. cinereus (Petruzzi, Neiwiarowski & Moore 2006; Davis & Milanovich 14 

2010) further suggest that these color morphs have different physiological optima which could 15 

result in morph-specific fitness advantages. 16 

A number of recent studies investigating the relationship between melanin-based 17 

coloration and parasitism have found that hosts with more melanin-based coloration are more 18 

resistant to disease compared to lighter colored morphs (e.g., Sirkia, Virolainen & Laaksonen 19 

2010; Jacquin et al. 2011; Kittilsen et al. 2012; Fedorka, Lee & Winterhalter 2013). In our 20 

experiment, unstriped salamanders (i.e., the darker of the two color morphs because it only has 21 

melanophores) had higher prevalence of infection and Bd-induced mortality compared to the 22 

striped morph, opposite the predictions generated by the literature on this topic. These results 23 
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were unexpected because the association between melanin-based coloration and physiological 1 

traits has been observed in diversity of vertebrates, including amphibians (Ducrest, Keller & 2 

Roulin 2008). One possibility for these findings is that the activity of the melanocortin receptors 3 

and their agonists are not correlated across the tissue types involved in the physiological or 4 

immunological responses to Bd in P. cinereus. Specifically, the melanocortins in the skin of P. 5 

cinereus may not correlate with the activity of the hypothalamic-pituitary (HPA) axis in this 6 

species. Alternatively or additionally, the lack of this association might result from that the 7 

ability of Bd to inhibit host immunological responses (Fites et al. 2013). However, some host 8 

species can overcome Bd's immunosuppressive actions (McMahon et al. 2014). This explanation 9 

is plausible because all surviving Bd-exposed salamanders cleared their infection by Day 31 and 10 

other studies have shown that individuals of P. cinereus can self-clear a Bd infection (Becker & 11 

Harris 2010). Our results emphasize the recommendation of Ducrest et al. (2008) that future 12 

studies examining how various hormones (e.g., corticotropin-releasing hormone, thyroid 13 

hormones, and glucocorticoids) mediate melanocortin and melanocortin receptors in other tissues 14 

are needed.  15 

 One possible explanation for differences in response by the two color morphs is that 16 

unstriped salamanders differ in their baseline or stress-induced levels of glucocorticoids. 17 

Corticosterone (the primary vertebrate glucocorticoid) alters the strength, distribution, and 18 

character of host immune defenses (Sternberg 2006) and can thus mediate responses to 19 

pathogens (Glaser & Kiecolt-Glaser 2005; Martin 2009). When corticosterone is chronically 20 

elevated, it typically reduces host resistance to infection (Pickering & Pottinger 1989; Belden & 21 

Kiesecker 2005) by limiting immunological defenses (corticosterone can also enhance immune 22 

functions in certain contexts; Dhabhar et al. 1996). Previous research has demonstrated that 23 
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unstriped individuals of P. cinereus have higher levels of circulating stress hormones as 1 

measured by a hematological stress index (Davis & Milanovich 2010). A number of morph-2 

specific behavioral traits may contribute to elevated stress. Unstriped salamanders experience 3 

increased rates of predation (as measured by tail breakage) and are more likely to flee from snake 4 

predators (Venesky & Anthony 2007). Additionally, they are more submissive in territorial 5 

contests (Reiter, Anthony & Hickerson 2014). If baseline corticosterone is chronically elevated 6 

in unstriped salamanders, this should lead to reduced resistance to Bd and increased mortality. 7 

Indeed, recent research has shown that elevated baseline corticosterone in frogs positively 8 

associates with chytridiomycosis infection (Peterson et al. 2013; Gabor, Fisher & Bosch 2013; 9 

Kindermann, Narayan & Hero 2012). However, this association might not be a generality among 10 

amphibians (Searle et al. 2014) and future research is needed at this intersection of 11 

ecophysiology and disease ecology.  12 

Host defenses against pathogens can be broken into two categories: those that limit 13 

pathogen infection intensity by preventing or reducing infection (i.e., resistance) and those that 14 

reduce the fitness consequences of pathogen infection (i.e., tolerance) (see Venesky et al. 2012 15 

for a review on resistance and tolerance in wildlife). Tolerance is typically measured as the slope 16 

of the relationship between a proxy of fitness and pathogen abundance (Raberg, Sim & Read 17 

2007; Raberg, Graham & Read 2009). We were only able to measure differences in host 18 

resistance to Bd in our experiment; however, our results suggest that the color morphs of P. 19 

cinereus might differ in their tolerance to infection. Although striped and unstriped salamanders 20 

did not differ in resistance to Bd, significantly more unstriped salamanders died when infected 21 

with Bd. This might suggest that unstriped salamanders have lower fitness than striped 22 

salamanders (i.e., the slope of the relationship between fitness loss and infection intensity is 23 
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more negative in unstriped salamanders). However, we did not collect the mass of Bd-exposed 1 

salamanders when we swabbed them and thus cannot experimentally test this hypothesis.  2 

The outcomes of host-parasite interactions are mediated not only by host traits, but also 3 

parasite traits. In our experiment, we used a single Bd isolate (JEL 660/JS OH-1) which was 4 

cultured from an infected anuran approximately 200 km from where our study animals were 5 

obtained and should thus be ecologically relevant. Additionally, this particular isolate is part of 6 

the global panzootic lineage (Bd-GPL-2), whose isolates are globally dispersed and genetically 7 

similar group of isolates in the world (Schloegel et al. 2012) and thus the traits of JEL 660 are 8 

likely representative of many Bd isolates across the world. Future studies using multiple host and 9 

parasite genotypes are needed to understand generalities in host-parasite interactions.  10 
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Figure Legends 1 

Figure 1. The prevalence of Batrachochytrium dendrobatidis ("Bd") among the two color 2 

morphs of Plethodon cinereus as a function of Bd-avoidance behavior. Unstriped salamanders 3 

experienced higher prevalence (percent of individuals infected), but only when they failed to 4 

avoid Bd. Of the 27 individuals observed on the substrate post-exposure, 13 were striped and 14 5 

were unstriped. Error bars represent 1 SE of the mean.  6 

 7 

Figure 2. Percent mortality of Batrachochytrium dendrobatidis ("Bd") infected striped (N = 41 8 

total) and unstriped salamanders (N = 40) of Plethodon cinereus. Salamanders were exposed to a 9 

4mL inoculum that contained a total of 1x106 Bd zoospores. All mortality occurred within 48 10 

hours post infection. Unstriped salamanders exhibited significantly higher mortality than striped 11 

salamanders. 12 


