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Abstract 

In natural environments, hosts frequently experience infections from multiple pathogenic species 

or strains, significantly influencing disease dynamics. Despite shared susceptible hosts and 

overlapping distributions, the impacts of coinfections by the two most threatening global 

amphibian pathogens, Batrachochytrium dendrobatidis (Bd) and Ranavirus (Rv), remain largely 

understudied. This study offers new insights into how simultaneous and sequential exposures to 

Bd and Rv influence disease outcomes in an amphibian host under controlled experimental 

conditions. Our findings reveal that the sequence and timing of pathogen exposure can lead to 

contrasting outcomes. Animals previously exposed to Rv displayed the highest mortality 

following Bd infection, whereas simultaneous exposure to both pathogens resulted in higher 

survival compared to single infections. These findings suggest that priority effects, driven by 

differences in the timing and order of pathogen exposure, can exacerbate disease severity in 

amphibian populations, particularly in communities with persistent, sublethal Rv infections. This 

study highlights the critical role of pathogen interactions in shaping disease dynamics and 

emphasizes the importance of integrating coinfections into wildlife disease management 

strategies to mitigate biodiversity crises in amphibians and beyond.  
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1. Introduction  

Coinfection by multiple pathogens is common in nature and is known to influence disease 

dynamics by affecting pathogen virulence (i.e., harm caused to the host) and transmission 

potential (May and Nowak 1997, Read and Taylor 2001, de Roode et al. 2005b, Alizon et al. 

2013). Varied disease outcomes can arise from multiple infections depending on complex 

within-host interactions between pathogens, including competition for resources, immunological 

interactions, or pathogen genetic recombination (Alizon et al. 2013). Moreover, the order and 

timing of infections can shape these dynamics; earlier infections may deplete host resources or 

modulate the host immune system, thereby influencing the severity and progression of later 

infections (de Roode et al. 2005a, Hoverman et al. 2013, Devevey et al. 2015, Clay et al. 2020). 

Consequently, 'overall virulence' – the virulence resulting from the interaction between all 

coinfecting pathogens and the host – can exceed the virulence of the most virulent pathogen, fall 

below that of the least virulent pathogen, or exist at an intermediate level (Alizon et al. 2013). 

Additionally, within-host competition will also influence baseline pathogen virulence through 

the evolution of increased virulence, driven by stronger selection pressure for transmission (May 

and Nowak 1997, Read and Taylor 2001, de Roode et al. 2005b, Alizon et al. 2013). Given these 

complexities, effective wildlife disease management must account for coinfections, as focusing 

solely on a single pathogen may overlook critical within-host interactions and their broader 

implications for disease outcomes. 

Amphibians represent the most threatened class of vertebrate animals (Luedtke et al. 

2023), having recently experienced major declines. The chytrid fungus Batrachochytrium 

dendrobatidis (Bd), the agent of the disease chytridiomycosis, plays a pivotal role in the ongoing 

and largest disease-associated amphibian biodiversity loss in history (Scheele et al. 2019). Bd is 
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an extreme generalist pathogen (Carvalho et al. 2024a) that infects the keratinized skin cells of 

hundreds of amphibian species, potentially causing host death by disrupting epidermal function, 

depleting electrolytes, and ultimately leading to cardiac failure (Voyles et al. 2011). Meanwhile, 

another major amphibian pathogen, known as FV3 or Frog Virus 3, belonging to the genus 

Ranavirus (Rv), is also linked to mass mortality events and local amphibian extinctions 

worldwide (Price et al. 2014, Rosa et al. 2017, Brunner et al. 2025). As a nucleocytoplasmic 

large double-stranded DNA virus, Rv primarily infects epithelial cells (Robert et al. 2005), 

potentially resulting in host mortality through hemorrhaging (Forzán et al. 2017).  

Despite the significance of both pathogens, which commonly overlap in range and 

coinfect amphibian hosts (Hoverman et al. 2012, Warne et al. 2016, Ruggeri et al. 2024), current 

knowledge of Bd and Rv epidemiology often comes from isolated studies focusing on single-

pathogen infections (Fisher and Garner 2020, Brunner et al. 2025). The limited number of 

studies examining their interactions has yielded contradictory results, making it challenging to 

draw definitive conclusions. Field studies have reported both facilitative interactions — where 

one pathogen increases the load of the other or enhances the likelihood of infection by the second 

pathogen in previously infected hosts (Love et al. 2016, Hartmann et al. 2024) — and neutral 

associations, where no interaction occurs between the pathogens (Warne et al. 2016, Olori et al. 

2018, Bosch et al. 2020, Thumsová et al. 2024). Experimental studies investigating Bd–Rv 

interactions are particularly scarce and have so far been limited to two using a single host 

species, the Cuban treefrog (Osteopilus septentrionalis), which has a predominantly terrestrial 

adult phase and relies on water mainly for breeding. One experimental study demonstrated that 

higher Bd doses during simultaneous exposures reduced Rv load (i.e., negative interactions) 

(Ramsay and Rohr 2023), whereas another study showed that coinfection with either pathogen 
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increased the load of the other (i.e., facilitative interactions) (Ramsay and Rohr 2021). This latter 

study also revealed that the time lag between pathogen exposures can influence disease 

progression, specifically when Bd is the secondary pathogen (i.e., priority effect driven by the 

timing of exposure). Thus, there is limited and contrasting information about how within-host 

interactions during coinfection by Bd and Rv may impact the spread, progression, and severity of 

diseases. Consequently, coinfections could represent an overlooked mechanism underlying 

disease outbreaks. 

By comparing single vs. multiple infection outcomes, including both simultaneous and 

sequential exposures, we investigated how Bd-Rv coinfection can affect host mortality risk, 

disease progression (i.e., pathogen load at early and late stages of infection), and host body 

condition — a key determinant of fitness. We used Hymenochirus boettgeri, a fully aquatic 

amphibian species, as our experimental model. This life history trait is especially relevant given 

that both Bd and Rv can be transmitted through water, and transmission dynamics may differ 

substantially between aquatic and terrestrial hosts — the latter being the focus of prior 

experimental work. Including a fully aquatic species helps address this gap and provides insight 

into how coinfection might progress in other aquatic or semi-aquatic amphibians. Our findings 

reveal that simultaneous Bd-Rv coinfections can benefit the host by delaying disease progression 

and extending host lifespan, whereas prior Rv infection exacerbates Bd virulence, likely due to 

facilitative within-host priority effects driven by differences in infection order. This study 

expands the experimental basis for predicting outcomes in Bd-Rv coinfections, shedding light on 

the underlying mechanisms driving disease outbreaks and providing valuable insights to better 

address the multifaceted nature of wildlife diseases.  
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2. Methods 

All procedures described here were conducted at the University of Michigan Animal Care 

Facilities following protocols approved by the University’s Institutional Animal Care and Use 

Committee (IACUC protocol PRO00011269). 

 

2.1. Pathogens and Amphibian Host 

We selected Batrachochytrium dendrobatidis strain JEL423 for this experiment, a strain 

belonging to the highly virulent global panzootic lineage (Bd-GPL) and isolated from Panama 

during a Bd outbreak event. The Bd isolate is cryo-preserved at -80 °C in the Collection of 

Zoosporic Eufungi at the University of Michigan (CZEUM) and was revived for our 

experiments. Bd was grown on 1% tryptone for approximately 5 days at 20 °C, at which point 

cultures had abundant active zoospores. We collected zoospores by flooding the plates with 2 

mL of sterile distilled water, allowing approximately 30 minutes to stimulate zoospore release. 

Sterile 1% tryptone plates were flooded using the same procedure to obtain sham inocula for 

control animals and for animals receiving pathogen-free water baths on day 10 (see experimental 

design section). To prepare Bd inoculation solutions with the desired concentration, we 

quantified zoospores in a 20 μL subsample of the collected suspension based on the cell diameter 

(2.5–5.0 μm) using a Coulter Counter (Multisizer 4e, Beckman Coulter, USA). Zoospore 

viability was confirmed by visual inspection of active motility under a light microscope. All 

animals exposed to Bd received a dose of 6 x 104 zoospores / mL in a 3 mL bath of autoclaved 

pre-conditioned RO (reverse osmosis) water. This dose was chosen based on previous study 

conducted in our laboratory using the same host species (see below) and Bd isolate JEL423 

(Carvalho et al. 2023b), suggesting that this exposure would lead to substantial infection without 

overwhelming the animals or obscuring interactions with Rv during coinfection.  
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         Infectious Rv used in this experiment was produced in baby hamster (Mesocricetus 

auratus) kidney cell cultures (BHK-21) incubated at 30 °C, purified, and quantified via plaque 

assay. It was then stored at -80 °C in APBS (Phosphate Buffer Saline adjusted to amphibian 

osmolarity) in 100 μL aliquots to prevent loss from frequent thawing. To prepare virus inocula, 

stocks were thawed and diluted into 3 mL of autoclaved pre-conditioned RO water baths. Sham 

exposures included the same volume of APBS. All animals exposed to Rv received a dose of 5 x 

105 plaque forming units (PFU) / mL, a dose chosen based on pilot results (Appendix S1: Figure 

S1) suggesting that this exposure would cause substantial infection without overwhelming Bd 

co-exposed animals or obscuring potential interactions. 

We used post-metamorphic H. boettgeri (Anura; Pipidae) bred in our facility for 

experimental infections. This species has been established as a low-ecological impact model 

suitable for studying Bd (Carvalho et al. 2023b, 2025), but has never before been tested as a 

model for studying Rv. In a series of pilot experiments, we showed that H. boettgeri is 

susceptible to Rv (FV3) and can become infected via a minimally invasive water bath exposure 

(see Appendix S1 for more detailed methods and results from the pilot experiment; Appendix S1: 

Figures S1, S2 and S3). We selected adults with approximately the same size (SVL = 25.77 ± 

1.45 mm), mass (1.10 ± 0.14 g), and age (7 months old), each treatment group comprising 5 

males and 5 females for a total of 60 animals. None were previously removed from the 

uninfected healthy colony at our facility, and thus were originally naïve to both Bd and Rv. To 

confirm that all animals were uninfected prior to inoculation, a random 40% subset of each 

treatment and control group was tested on day 0 and returned negative results for both pathogens. 

All animal care and housing procedures in this experiment were conducted following the 

methods outlined in a previous study (Carvalho et al. 2023b). To briefly summarize, animals 
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were individually housed in conditioned RO water in 1 L plastic tanks enriched with a 1 cm layer 

of gravel and a small PVC tube. Tank water was maintained at a controlled temperature of 20 °C, 

in a room with a 13:11 light-dark cycle. Daily, we checked a random 10% subset of tanks for 

water conductivity, temperature, and pH, ensuring they remained within an acceptable range. 

Additionally, we tested another random 10% subset for safe nitrate, nitrite, and ammonia levels 

at least biweekly. Three times per week, we performed water changes to remove excess 

nitrogenous wastes. Animals were also fed ad libitum three times weekly, alternating between 

gamma-irradiated bloodworms (used twice per week) and small-granule fish food (used once per 

week). Throughout the experiment, animals were carefully observed daily for symptoms of 

excess skin sloughing, hemorrhaging or lesions, erratic swimming, buoyancy issues, bloating, 

lack of righting response, and general lethargy. Individuals exhibiting a lack of righting response 

and/or moderate lethargy with other clinical symptoms were promptly euthanized using MS-222, 

as were surviving animals at experimental endpoint. 

 

2.2. Experimental Design 

The five experimental treatments comprised an Rv-only group, a Bd-only group, an Rv-first 

group (Rv → Bd), a Bd-first group (Bd → Rv), and a simultaneously inoculated group (BdRv; 

see inoculation schematic in Figure 1). Pathogen or sham exposures were performed on day 0 

and day 10 by placing each animal into a 50 mL falcon tube for 3 hours with 3 mL of autoclaved 

pre-conditioned RO water and the inoculum corresponding to their treatment group for that day. 

Secondary inoculation at day 10 was intended to allow substantial establishment of the primary 

pathogen and the host immune response. Animals only receiving an inoculum on day 0 (i.e., Bd, 

Rv, and BdRv) also received a sham exposure on day 10 to ensure consistent levels of bath-
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induced stress across groups. After exposures, animals were returned to their individual tanks 

along with the contents of the water bath. 

Skin swabs to detect Bd and Rv loads throughout disease progression were collected on 

day 0, day 10, day 20, and at time of death (variable) or at the experimental endpoint for 

surviving animals (day 34). Throughout this paper, ‘day 20’ of the experiment is occasionally 

referred to as day 10 post-exposure to one of the pathogens, reflecting the sequential inoculation 

timing between the groups. For each swab, we rinsed the animal with sterile water for 5 s and 

collected skin swabs (using new disposable gloves for each animal) following a standard 

protocol for detecting Bd (Hyatt et al. 2007). We demonstrated that the same skin swab protocol 

also enabled Rv load detection during the pilot experiment (Appendix S1: Figures S2 and S3). 

To track body condition changes over the course of disease, we also recorded mass and snout-

vent-length (SVL) for all animals at the swab timepoints described above. However, for 

individuals found dead during the experiment (n = 9), mass and SVL were not recorded at time 

of death, as they could be altered by post-mortem water absorption. 

 

2.3. Bd and Rv Quantification from Swabs 

DNA was extracted from swabs using the Qiagen Blood and Tissue DNeasy extraction kit, 

following manufacturer guidelines with an added membrane-drying step and twice eluting 50 μL 

of UV-sterilized nuclease-free water for increased yield recovery. Pathogen intensity (load) was 

quantified using a standard qPCR assay on a QuantStudio 3 (Applied Biosystems) machine. For 

Bd, qPCR was performed following Boyle et al. (2004).  For Rv quantification, we followed 

manufacturer recommendations for SYBR Green (BioRad SsoAdvanced Universal SYBR Green 

Supermix), using 2.5 μL of template DNA in 10 μL reactions, and primers targeting the Major 
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Capsid Protein gene region (FV3-090R-MCP (AN: Q67473 - 1442 bp) MH332773.1, primers: 

GTCCTTTAACACGGCATACCT, GATAGGCAACACCAGCGAT). 

Standard curves for Bd quantification were generated from serial dilutions (106-100 

zoospore equivalents per 100 μL) of a JEL423 culture DNA extraction. Standard curves for Rv 

were produced by inserting the FV3 Major Capsid Protein gene into a pGEM T-Easy Vector, 

transforming into DH10β bacteria, and preparing serial dilutions (108-100 plasmids or MCP gene 

copies per 2.5 μL). All standards and negative controls (UV-sterilized nuclease-free water) were 

run in triplicate to ensure accurate standard curve generation and potential contamination 

detection. Samples were run in duplicate to verify accurate quantification. The raw quantity of 

Bd from qPCR reflects the total zoospore equivalents extracted from a given swab into 100 μL, 

while raw quantities of Rv were multiplied by 40 (dilution factor of standards volume:DNA 

extraction elution volume) in order to reflect the total MCP gene copies extracted from a given 

swab (proxy for viral particles). Mean pathogen loads of replicates were recorded for all positive 

samples. 

Samples were considered Bd-positive with raw quantities ≥ 1 zoospore equivalent for 

both replicates, or 2 out of 3 if initial replicate inconsistency warranted repetition of that run. 

Samples were considered Rv-positive with adjusted quantities ≥ 80 MCP gene copies for both 

replicates, or 2 out of 3 if initial inconsistency warranted repetition. These thresholds were based 

on maximum levels of baseline detection observed in swabs from uninfected individuals tested 

before the experiment, likely arising from spurious amplification products. To maintain the 

integrity of the experimental treatments, some individuals were omitted from analysis because a 

positive Rv load was never detected by skin swab (1 animal from Rv group, 2 from Bd → Rv, 2 

from Rv → Bd, and 2 from BdRv). For these animals, kidney/liver samples were also analyzed, 
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confirming the absence of Rv. Further details on viral detection from organs can be found in 

Appendix S1. 

 

2.4. Statistical Analyses 

To assess differences in host mortality among treatments, we built Kaplan-Meier survival curves 

for each treatment group using the function survfit from the survival package in R (Therneau 

2024) and compared results using log-rank tests implemented by the survdiff function also from 

the survival package. Post-hoc comparisons of survival curves were computed using the 

pairwise_survdiff function from the survminer package (Kassambara et al. 2021), adjusting p-

values for false discovery rate using the Benjamini-Hochberg method (Benjamini and Hochberg 

1995). 

         To evaluate differences in infection load among treatments at specific time points, we 

log-transformed qPCR-derived quantities and performed an analysis of variance (ANOVA) using 

the aov function from the stats package with treatments as fixed effects. We then performed 

Tukey’s post hoc tests using the TukeyHSD function also from the stats package. Post hoc 

significance was validated using the glht function in the multcomp package (Hothorn et al. 2008). 

We used the same methods to compare body condition between treatments at each experimental 

time point. As a well-accepted representation of body condition (Brodeur et al. 2020), a Scaled 

Mass Index (SMI) was calculated from mass and SVL measurements (Peig and Green 2009). 

The scaling component (R) of the SMI equation, or the regression value of mass on SVL for the 

whole population, was calculated via Reduced Major Axis regression using online software 

(Bohonak and van der Linde 2004) and log-transformed inputs. This value was calculated 

separately for males (2.668) and females (2.397) and included measurements from all time 
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points. To assess the relative contributions of lifespan and treatment group on SMI differences at 

time of death, we ran and compared a series of linear regression models using the lm function in 

the stats package, implementing lifespan and/or treatment group, or the interaction of the two, as 

fixed effects. Paired t tests (t.test function) were used to determine differences in both pathogen 

load and SMI between time points. All analyses were conducted in R version 4.2.2 (R Core 

Team 2023). 

 

3. Results 

Survival probability was significantly different between treatment groups (log-rank test: X2 = 

68.9, df = 5, p < 0.002; Figure 2A; Appendix S1: Table S1). Animals exposed to Bd-only or Bd 

prior to Rv succumbed to infection the fastest, with nearly identical survival probability 

throughout the infection course (Figure 2A; Appendix S1: Table S1). Notably, there was also no 

statistical difference in survival between the control group with 0 deaths and the Rv-only group 

with 2 deaths (p > 0.05), suggesting that mortality was primarily associated with Bd infection. 

This reduced mortality in the Rv-only group, compared to the pilot study, is likely due to the 

slightly lower viral dose used in the main experiment. Further supporting Bd as the main driver 

of mortality, Rv loads in coinfected animals at time of death (Appendix S1: Figure S4) were 

typically lower than Rv loads at time of death from our pilot experiment (Appendix S1: Figure 

S3), during which singly infected animals did experience Rv-associated mortality. Furthermore, 

all individuals surviving until experimental endpoint (day 34) had completely cleared Rv 

infection (load < 80 MCP gene copies), except one animal with a low viral load (184.32 MCP 

gene copies). Because these results indicate that Bd was the primary pathogen influencing host 
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mortality, here we present analyses of survival probability, lifespan, and Bd infection load in 

terms of days following exposure to Bd.  

As exposure to Bd in the Rv→Bd group occurred 10 days after the beginning of the 

experiment, we excluded these 10 days in our reanalysis of the survival curve. After this 

adjustment, survival probability following exposure to Bd was still significantly different 

between treatment groups (Log-rank test: X2 = 64.5, df = 4, p < 0.004; Figure 2B; Appendix S1: 

Table S2). Animals previously infected with Rv (hereafter considered a pre-existing, low-level 

infection) succumbed the fastest to Bd once exposed, faster than the Bd-alone group by 

approximately 4.1 ± 4.04 days (mean difference in lifespan ± standard deviation). On the other 

hand, animals simultaneously exposed to Bd and Rv survived longer than the Bd-only group by 

approximately 5.1 ± 4.51 days (mean difference in lifespan ± standard deviation). Animals in the 

control group showed no symptoms of either disease and all tested negative for both pathogens at 

the end of the experiment, suggesting that mortality was directly associated with infection from 

experimental inoculation. 

Bd establishment (i.e., load on day 10 after Bd exposure) was hindered in simultaneously 

coinfected animals (BdRv group) compared to other Bd-exposed treatment groups (F = 6.65, df 

= 3, 30, p = 0.001; Figure 3; Appendix S1: Table S3). Meanwhile, sequential inoculation groups 

(i.e., Bd→Rv and Rv→Bd) were not statistically different from the Bd-only group in terms of Bd 

load establishment (p > 0.05; Appendix S1: Table S3). There were also no significant differences 

in Rv loads between Rv-exposed treatment groups at any given swab time point following 

exposure to Rv, nor any within-group differences in Rv loads between early (day 10) and late 

(time of death) time points (Appendix S1: Figure S4, Table S4). 
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 While Bd load was lower for simultaneously coinfected BdRv animals at the early stage 

of disease, Bd-exposed individuals had similar Bd loads at time of death regardless of treatment 

group (F = 1.40, df = 3, 29, p > 0.05; Figure 4). However, as host lifespan varied between Bd-

exposed groups (F = 14.44, df = 3, 30, p < 0.001; Figure 4; Appendix S1: Table S5), the growth 

rate of Bd load also varied between groups. In other words, the Bd loads that were reached in 

only 10 days post-exposure (on average) in the Rv→Bd group, were reached in a mean of 19.5 

days in the simultaneously inoculated group, and 14.2 and 14.4 days in the Bd-only and Bd→Rv 

groups, respectively (Appendix S1: Table S6). Bd therefore grew the fastest in individuals 

previously infected with Rv (Rv→Bd), slowest in simultaneously inoculated animals (BdRv), 

and nearly the same between the Bd-only and Bd→Rv groups, suggesting that the transmission 

potential of Bd is increased in animals previously infected with Rv. However, Bd infecting the 

Bd→Rv group only grew for approximately 4 days in the presence of Rv prior to death. This 

possibly indicates that the harm caused by this dosage of Bd during those first 10 days 

overshadowed the consequences of coinfection, making it difficult to draw conclusions about the 

effects of late exposure coinfecting Rv. 

At day 10, there was no significant variation in body condition (assessed as SMI in 

grams) among treatments or the control group (p > 0.05; Figure 5). At time of death (TOD), body 

condition of the Rv→Bd group appeared lower than the control and Rv-only groups (Tukey’s 

HSD adjusted p-values of 0.058 and 0.065, respectively, after removing one high Rv→Bd 

outlier; Figure 5). If not for their infection status of the Rv→Bd group, a longer total-experiment 

lifespan (i.e. longer than that of Bd-alone) would otherwise predict more host growth over time, 

demonstrated by the upward body condition trend from day 10 to endpoint in the control and Rv-

only groups (Figure 5). While these are interesting preliminary trends, we believe the short 
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timeframe of this experiment may obscure body condition comparisons, none of which were 

statistically significant (p > 0.05). The residual variation in TOD body condition that was not 

explained by host lifespan was also not well explained by treatment group (F = 0.57, df = 5, 38, p 

> 0.05). There were no significant differences in body condition measured at day 0 (p > 0.05). 

 

4. Discussion 

Bd and Rv individually threaten amphibian communities worldwide (Scheele et al. 2019, 

Brunner et al. 2025), and theory predicts that mixed infections have the potential to substantially 

alter epidemiological dynamics (May and Nowak 1997, Alizon et al. 2013). However, despite 

being common in wild amphibians, it remains unclear how Bd-Rv coinfections impact infectious 

processes within and between hosts. Here, we provide new insights into how coinfections can 

lead to differential outcomes in disease progression and host mortality, depending on the timing 

and order of exposures. Most notably, we found that a pre-existing Rv infection significantly 

worsened disease outcomes following exposure to Bd, suggesting a facilitative priority effect due 

to the order of infection. In contrast, simultaneous co-exposure to both pathogens protected hosts 

compared to single Bd infections. These findings highlight the potential for disproportionate Bd-

associated damage to communities with otherwise low-level, persistent Rv infections. We 

emphasize the importance of incorporating coinfection dynamics into disease models and 

management strategies, alongside enhanced monitoring of both pathogens. This approach will 

enhance disease risk assessments and support more targeted conservation actions, such as 

optimizing intervention timing and identifying priority areas to mitigate the impact of these 

pathogens in the field. 
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4.1. Pre-existing Rv Infection Exacerbates Bd Infection 

Our results suggest that a pre-existing Rv infection can exacerbate host mortality and Bd growth 

rates over the course of coinfection. Notably, even a sublethal Rv dose incurred this decrease in 

resistance to Bd – a highly relevant result given the demonstrated persistence of subclinical Rv 

infections in nature (Duffus et al. 2015, Brunner et al. 2025), and the underestimation of 

subclinical viral prevalence more generally (Lachish et al. 2012). Possibly contributing to its 

persistence, Rv is also known to exhibit quiescence (a non-replicating latent phase) in the 

macrophages of otherwise healthy Xenopus laevis adults for several months (Robert et al. 2007, 

2014). Thus, communities harboring persistent Rv – perhaps maintained by viral quiescence, or 

by tolerant reservoir hosts like the American Bullfrog (Aquarana catesbeiana) (Brunner et al. 

2019) – may be at higher mortality risk from Bd, underscoring the importance of managing Bd in 

these regions.  

Additionally, we should consider how the seasonal overlap of Bd and Rv in the field 

might facilitate certain outcomes over others. Rv-associated die-offs are often reported during 

the summer months (Brunner et al. 2025), and the severity of Rv infections can correlate with 

higher temperatures (Price et al. 2017) than those associated with Bd (Neely et al. 2020, 

Carvalho et al. 2024b). Thus, we speculate that coinfection risks may peak during the transition 

from warmer to colder temperatures, when Rv infections remain high and Bd begins to rise, 

increasing the likelihood of the "Rv-first" scenario worsening Bd outcomes. This period may 

represent a critical window for implementing interventions to control Rv or Bd, thereby 

preventing the onset of coinfection. However, temperature-induced changes to amphibian 

immune function may create a disconnect between pathogen replication optima and host survival 

(Rojas et al. 2005, Neely et al. 2020), complicating predictions along with host susceptibility 
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factors like species phylogeny, breeding ecology, and life history (Hoverman et al. 2011, 

Blaustein et al. 2018, Carvalho et al. 2024b), ultimately calling for more empirical work. 

Several underlying mechanisms may explain why pre-existing Rv infection predisposes 

hosts to worse disease outcomes. First, battling Rv infection for 10 days may overwork the 

immune system and deplete host energy stores, weakening the subsequent fight against Bd. The 

somewhat lower body condition at time of death in the Rv→Bd group suggests that hosts 

sacrifice growth or resource acquisition for immune processes, reflecting a well-established 

energy tradeoff (Lochmiller and Deerenberg 2000). Moreover, the inflammation characteristic of 

Rv infections may escalate disease and lower host survival (Grayfer et al. 2015) by compounding 

immunopathology (tissue damage) when combined with the inflammatory cascade triggered by 

Bd (Grogan et al. 2018). Ramsay & Rohr (2021) found that Bd load from a secondary infection 

increased with time since the start of a previous Rv infection, suggesting that this burden on 

hosts may amplify with longer time lags between exposures. Alternatively, Rv may actively 

suppress the immune system and weaken the host’s ability to fight Bd as a secondary pathogen. 

In fact, several Rv-encoded proteins or protein homologs are known to dampen immune function 

by modulating inflammatory molecules (Chinchar et al. 2009, Besch et al. 2009). While Bd is 

also known to suppress the host immune system, we did not resolve its potential effects on 

secondary Rv infection because animals only lived an average of four days following Rv 

exposure, not different from the Bd-only group in terms of survival.  

Perhaps in conjunction with indirect immune mechanisms, diseased state physiology may 

also contribute to worsened outcomes. For example, Bd infection is correlated with lower plasma 

osmolarity in several species (Voyles et al. 2007, Marcum et al. 2010), resulting from electrolytic 

dysregulation that ultimately leads to cardiac failure. Aligning with Bd pathogenesis (Miller et 
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al. 2008), Rv infection causes hemorrhaging in the kidneys’ glomeruli and renal tubules, possibly 

preventing electrolyte reabsorption back into the blood (Bollinger et al. 1999, Docherty et al. 

2003). When hosts are initially infected with Rv, physiological changes like osmotic stress may 

magnify the pathophysiology from a secondary Bd infection, potentially explaining the 

heightened host mortality in the Rv→Bd group. Further investigation of these proposed 

mechanisms can help uncover context and interventions for harmful coinfection dynamics. 

 

4.2. Simultaneous Pathogen Co-exposure Protects Hosts 

When animals were exposed simultaneously to both pathogens, we observed the opposite disease 

outcome pattern compared to the Rv→Bd group: a slower establishment of Bd, which led to 

increased host lifespan. Meanwhile, Rv load went unchanged. This relative protection from 

simultaneous co-exposure may have resulted from within-host competition between pathogens or 

elevated immune reactivity to the combined dose (Watters et al. 2018), which may help mitigate 

disease severity.  

Evaluating the feasibility of competition as a mechanism involves considering the host 

niches that each pathogen occupies: while the kidney is a major replication site for Rv, 

amphibians can also develop a detectable skin infection (Robert et al. 2011), the target site for 

Bd. Moreover, recent findings suggest that Rv can bind to, aggregate, and infect Bd, potentially 

reducing Bd's ability to infect hosts' skin during co-exposure (De Jesús Andino et al. 2024). 

However, the authors found that FV3 infection following Bd infection increased Bd loads and 

host mortality. The effect of Rv hyperparasitism on Bd infectivity may therefore depend on 

exposure timing: perhaps simultaneous co-exposure reverses the Bd virulence enhancement 

demonstrated in certain sequentially inoculated groups. It is possible that a combination of 
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interference or local resource competition between co-exposed pathogens in the skin may 

diminish Bd load, at least during earlier stages in disease (i.e., day 10). Although we assessed Bd 

zoospore viability prior to inoculum preparation, we did not evaluate viability after combining 

Bd and Rv in the co-exposure treatment. Thus, we cannot rule out the possibility that direct 

pathogen–pathogen interactions in the inoculum may have influenced initial Bd infectivity. 

Alternatively, or alongside pathogen reduction from competition, cross-reactive 

immunity (immunity combating both infections) may indirectly enhance host protection. For 

example, it is possible that simultaneous exposure amplifies production of cross-reactive 

antimicrobial peptides (AMPs) in amphibian skin (such as magainin II (Rollins-Smith 2009)), 

quelling initial infections more effectively. In the sequential-inoculation group, AMP production 

initially stimulated by Rv may have subsided by the time Bd was introduced, failing to provide 

the same level of protection. Cross-reactive immunity promoted by simultaneous exposure may 

alternatively involve type I interferons (IFNs), which could provide context-dependent protection 

(McNab et al. 2015) when induced by both Rv and Bd in the skin (Wendel et al. 2017, Grogan et 

al. 2020). Perhaps the IFN response to Rv had subsided by the time Bd was introduced as a 

secondary pathogen in the sequential-inoculation group, reducing cross-reactive synergy. Once 

again, further exploration of these proposed mechanisms can help explain timing-dependent 

outcomes and their effect on natural communities.  

 

4.3. Conclusion 

Our findings reveal a potential threat that warrants immediate attention and action. In 

terms of disease severity, amphibian communities with a history of persistent Rv may be more 

vulnerable to Bd than communities without Rv, highlighting the significant danger of Bd in these 
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areas and the urgent need for more Rv monitoring. These insights call for improved monitoring 

programs that account for both pathogens and their interactions across multiple time scales. 

While additional surveillance and modeling efforts are necessary to predict outcomes at 

population and community scales, individual-level effects of coinfection have the potential to 

influence downstream transmission, epidemic severity, and pathogen virulence evolution. We 

acknowledge that coinfection outcomes may vary depending on host species, particularly given 

differences in host susceptibility and immune responses. However, as the first experimental 

study to investigate coinfection by Bd and Rv in a fully aquatic amphibian host, our findings 

offer valuable insight into how coinfection might unfold in other susceptible species with similar 

natural histories, such as threatened species in the genus Telmatobius. Due to previously limited 

surveillance and/or the plausibly high lethality of coinfection preventing its detection, 

coinfection may have been overlooked as a factor in past Bd outbreaks and amphibian declines.  

Our study contributes to a growing body of research in amphibians demonstrating that 

coinfections can influence multiple aspects of host–pathogen dynamics, including host survival, 

pathogen transmission, and shifts in associated microbial communities (Medina et al. 2021, 

Herczeg et al. 2021, Ramsay and Rohr 2023, Carvalho et al. 2023a). Thus, incorporating 

coinfection dynamics into conservation planning is crucial for mitigating future disease 

outbreaks and preserving vulnerable amphibian populations. In combination with more field 

monitoring, these experimental coinfection outcome predictions aid the implementation of more 

efficient management strategies. While our research focuses on amphibians, the insights gained 

here have broader implications for understanding pathogen dynamics and managing disease 

outbreaks in other wildlife and even human populations. 
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Figure 1. Schematic of inoculation process. Treatment group abbreviations are shown at the top. 

Bd refers to single exposure to Batrachochytrium dendrobatidis (Bd), Rv to single exposure to 

Ranavirus (Rv), Bd → Rv indicates exposure to Bd followed by Rv, Rv → Bd indicates 

exposure to Rv followed by Bd, and BdRv represents simultaneous exposure to both pathogens. 

“+ buffers” refers to the addition of APBS and sterile tryptone plate flooding solution for sham 

inoculation. Illustrative elements were created with BioRender.com (Faust, 2025). 

 

Figure 2. Survival probability curves for each treatment group, with time shown (A) in days 

since first exposure (i.e., experiment day 0) and (B) in days following exposure to 

Batrachochytrium dendrobatidis (Bd). Different letters denote significant differences between 

groups based on post hoc Tukey’s honestly significant differences (HSD) test (see adjusted p 

values in Appendix S1: Tables S1 and S2). 

 

Figure 3. Log-transformed Batrachochytrium dendrobatidis (Bd) loads (zoospore equivalents) 

from individual skin swabs performed 10 days after Bd exposure, shown for each treatment 

group. Each point represents an individual frog; larger points indicate group means and vertical 

lines show standard errors. Different letters denote significant differences between groups based 

on post hoc Tukey’s honestly significant differences (HSD) test (see adjusted p values in 

Appendix S1: Table S3). 

 

Figure 4. Comparison across treatment groups of mean Batrachochytrium dendrobatidis (Bd) 

load (zoospore equivalents) from individual skin swabs performed at time of death, displayed on 

the x-axis as days after exposure to Bd. On both axes, error bars indicate the mean value (Bd 
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load or lifespan) ± standard deviation. Different letters denote significant lifespan differences 

between groups based on post hoc Tukey’s honestly significant differences (HSD) test (see 

adjusted p values in Appendix S1: Table S5). Mean Bd load at time of death was similar among 

the treatment groups.  

 

Figure 5. Scaled mass indices (SMI) for individual frogs, shown across treatment groups and 

timepoints. Each point represents an individual; horizontal bars and vertical lines indicate group 

means ± SE. “Day 10” indicates SMI measured 10 days after exposure to the first pathogen, and 

“endpoint/TOD” corresponds to measurements taken at the experimental endpoint (day 34) or at 

the animal’s time of death. 



 



Figure_2.jpg



Figure_3.png



 



Figure_5.png




