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Abstract: The occurrence of emerging infectious diseases in wildlife populations is increasing, and changes in

environmental conditions have been hypothesized as a potential driver. For example, warmer ambient tem-

peratures might favor pathogens by providing more ideal conditions for propagation or by stressing hosts. Our

objective was to determine if water temperature played a role in the pathogenicity of an emerging pathogen

(ranavirus) that infects ectothermic vertebrate species. We exposed larvae of four amphibian species to a Frog

Virus 3 (FV3)-like ranavirus at two temperatures (10 and 25�C). We found that FV3 copies in tissues and

mortality due to ranaviral disease were greater at 25�C than at 10�C for all species. In a second experiment with

wood frogs (Lithobates sylvaticus), we found that a 2�C change (10 vs. 12�C) affected ranaviral disease out-

comes, with greater infection and mortality at 12�C. There was evidence that 10�C stressed Cope’s gray tree

frog (Hyla chrysoscelis) larvae, which is a species that breeds during summer—all individuals died at this

temperature, but only 10% tested positive for FV3 infection. The greater pathogenicity of FV3 at 25�C might be

related to faster viral replication, which in vitro studies have reported previously. Colder temperatures also may

decrease systemic infection by reducing blood circulation and the proportion of phagocytes, which are known

to disseminate FV3 through the body. Collectively, our results indicate that water temperature during larval

development may play a role in the emergence of ranaviruses.
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INTRODUCTION AND PURPOSE

Atmospheric warming associated with global climate

change has been hypothesized to affect wildlife populations

via complex pathways (Gilman et al. 2010). Evidence is

accumulating that changes in ambient temperature can

affect breeding phenology (English et al. 2012; Li et al.

2013), reproductive success (Fisher et al. 2014), and sur-

vival of wildlife (Bromaghin et al. 2015). Temperature also

may play a role in the emergence of infectious diseases

(Rohr and Raffel 2010; Altizer et al. 2013). For example,

increasing temperature is hypothesized to alter the distri-

bution of the blacklegged tick (Ixodes scapularis), resulting

in distribution shifts and emergence of tick-borne diseases
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in previously uninfected areas (Ogden et al. 2008). Pre-

sumably, increasing temperature also could affect the vir-

ulence of pathogens, by exposing hosts to conditions that

are more optimum for the pathogen (Altizer et al. 2013).

Pathogen propagation could be benefited if changes in

temperature stress the host, thereby comprising immune

function, or expose the host to thermal ranges optimal for

pathogen replication and transmission (Altizer et al. 2013).

If one of these relationships exists, one would expect that it

would be most pronounced with pathogens that infect

ectothermic vertebrate species, because their body tem-

perature fluctuates with ambient conditions (Rohr and

Raffel 2010).

Ranaviruses are emerging pathogens that infect

amphibians, fish, and reptiles (Duffus et al. 2015). Frog

virus 3 (FV3) is the type species for the genus Ranavirus

(Jancovich et al. 2015) and has been shown to replicate

faster in host cells in vitro with increasing temperature

(Ariel et al. 2009). Numerous cases of ranavirus die-offs

have been reported during summer (Brunner et al. 2015),

with favorable thermal conditions for ranavirus replication

speculated as a driving mechanism. Bayley et al. (2013)

reported that infection and mortality of common frog

(Rana temporaria) larvae by FV3 was greater at 20�C
compared to 15�C. However, several field and laboratory

studies have shown infection by ranaviruses can be greater

at cooler temperatures (Rojas et al. 2005; Gray et al. 2007;

Allender et al. 2013), typically citing reduced immune

function in the host. These conflicting reports highlight the

uncertainty surrounding the potential effects of changes in

ambient temperature on ranavirus-host interactions.

Our objective was to test for differences in FV3

pathogenicity among larvae of four amphibian host species

exposed to ranavirus at two temperatures (10 and 25�C).

We chose two species (wood frog, Lithobates sylvaticus and

spotted salamander, Ambystoma maculatum) that breed

traditionally during early spring in North America when

water temperature is typically 5–10�C, and two species

(Cope’s gray tree frog, Hyla chrysoscelis and green frog, L.

clamitans) that breed during summer when water temper-

ature is typically 20–30�C. Our aim was to determine if

viral replication or temperature-induced stress were driving

mechanisms affecting pathogenicity to FV3. If the viral

replication hypothesis is supported, one would expect

greater viral copies in tissues and pathogenicity at 25�C for

all species; however, if the latter is true, greater

pathogenicity at 25�C should only be observed in the wood

frog and spotted salamander. We also explored the conse-

quence of small changes in water temperature (from 10 to

12�C) on ranavirus pathogenicity for the most susceptible

host species that we tested with the largest geographic

distribution (wood frog).

METHODS

Experimental Challenges

We performed our research at an indoor controlled facility

of the University of Tennessee Institute of Agriculture. We

collected egg masses from nearby breeding populations in

Tennessee and Kentucky, USA (TN Permit #1990 and KY

Permit #SC1111075). Egg masses were hatched and raised

in 324-L wading pools located outdoors and covered with

70% shade cloth lids that allowed larvae to experience

natural temperature fluctuations and photoperiods. Be-

cause developmental stage can affect susceptibility to ra-

navirus (Haislip et al. 2011), we standardized the time of

exposure at Gosner stage 30 for anuran species (Gosner

1960) and 1-month post-hatch for the caudate species

following previous studies (Hoverman et al. 2011; Brenes

2013). To ensure that larvae were negative for ranavirus

prior to experiment, we tested four random individuals per

species for infection (Hoverman et al. 2010)—all of which

were negative.

Larvae were moved into the controlled facility at the

target developmental stage, allowed to acclimate indoors

(23�C constant temperature with 12:12 artificial light

photoperiod) for 24 h, and 80 larvae per species distributed

equally (n = 40) between two environmental chambers

(Conviron, Controlled Environments, Winnipeg, Mani-

toba, Canada) set at 25�C. Given the temporal variation for

egg mass deposition, we were able to perform the experi-

ments separately for each species. Each larva was housed

individually in 2-L containers filled with 1 L of dechlori-

nated-aged tap water. Containers were arranged in a ran-

domized complete block design with 10 containers placed

on each of four shelves in the chamber. Temperature

treatments were 25 and 10�C, because these correspond to

average water temperature in amphibian breeding habitats

in summer and spring, respectively, in Tennessee, USA

(Schmutzer et al. 2008). After larvae were placed in

chambers, the temperature in one of the chambers was

decreased 2�C every day for the first 6 days and 3�C on the

seventh day to reach the target temperature of 10�C. After

2 days, half of larvae in each chamber (n = 20) were
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exposed to an FV3-like ranavirus (Miller et al. 2007) at 103

PFU/mL, while the other half were exposed to the same

quantity of Eagle’s minimum essential medium. Thus, total

sample size per species per temperature was n = 40, with 20

exposed to virus and 20 controls. The concentration of

virus we used is known to cause ranaviral disease in the

species we tested at 22�C (Hoverman et al. 2011). We

replicated the virus in fathead minnow cells and titrated it

following standardized procedures reported in previous

studies (Hoverman et al. 2010, 2011). The FV3-like virus

we used was on its second cell passage following isolation

by Miller et al. (2007).

During the experiments, tadpoles were fed ground fish

flakes TetraMin� every 3 days at a ratio of 12% of body

mass, which is sufficient for normal growth and develop-

ment (Relyea 2002). We measured a separate sample of five

non-experimental tadpoles that were placed in the bottom

of the chambers and treated identical to controls to

determine food ration amounts. The use of non-experi-

mental tadpoles reduced the likelihood of cross contami-

nation among experimental units and avoided introducing

potential stress into the experiment associated with

weighing individuals. Tadpole mass was measured at the

beginning of each experiment and once per week thereafter

to calculate food ration. Salamander larvae were fed 1 mL

of brine shrimp daily.

Larvae were monitored twice daily for survival and

morbidity. Larvae that exhibited morbidity consistent

with ranaviral disease (i.e., petechial hemorrhages, edema,

and loss of equilibrium; Miller et al. 2015) for greater than

24 h were humanely euthanized. Water was changed

(100% of volume) every 3 days to maintain water quality

(Hoverman et al. 2010). The duration for all trials was

4 weeks (28 days), which is sufficient duration for mor-

bidity to be observed from ranavirus infection (Brunner

et al. 2004; Hoverman et al. 2010). At the end of each

experiment, all remaining larvae were humanely eutha-

nized by immersion in benzocaine hydrochloride diluted

in 90% ETOH, until cessation of breathing. All animal

husbandry followed approved University of Tennessee

IACUC protocol #2074.

After observing results from the first year of experi-

ments, we performed a follow-up experiment with wood

frog larvae, where target temperatures were 10 and 12�C.

We followed the identical acclimation and husbandry

procedures; however, this experiment lasted for 42 days.

After 28 days, the 10�C chamber was increased to 12�C,

while temperature in the 12�C chamber remained constant.

Ranavirus Infection and Viral Load

All individuals were necropsied and any gross signs of

ranaviral disease recorded. Sections of liver and kidney

were collected and stored at -80�C to test for the presence

of ranavirus DNA (i.e., infection). Remaining tissues were

collected and processed for routine histology as supportive

evidence of ranaviral disease (Miller et al. 2015). Genomic

DNA (gDNA) was extracted from a homogenate of the liver

and kidney tissue using the DNeasy Blood and Tissue Kit

(Qiagen Inc., Valencia, CA). We used a QubitTM fluo-

rometer and Quant-iTTM dsDNA BR Assay Kit to quantify

concentration of gDNA in each sample (Invitrogen Corp.,

Carlsbad, CA, USA). Real-time quantitative PCR (qPCR)

was performed targeting a 70-bp region of the virus’ major

capsid protein to detect infection and quantify viral copies

as previously described by Picco et al. (2007) and Hover-

man et al. (2010). In brief, 0.25 ug of DNA was added to a

total reaction volume of 25 lL that included 2.5 lL of 5X

buffer, 4 lL of 25 mM MgCl2, 0.625 lL of 10 mM of

dNTPs, 1 lL of both 10uM Forward and Reverse primers,

0.25uL of 5uM probe, and 0.5 lL of 5u/lL GoTaq Flexi

DNA polymerase. Samples were run in duplicate at 50�C
for 2 min, 95�C for 10 min, 95�C for 15 s, and 60�C for

1 min for 40 cycles. Four controls were used for the qPCR:

two negative controls (i.e., DNA grade water and tissue

from a known ranavirus-negative tadpole) and two positive

controls (i.e., virus and tissue from a known ranavirus-

positive tadpole).

We declared infection for samples when the average

cycle threshold (CT) value between the two qPCR runs

�31. This decision rule was based on a standard curve (i.e.,

linear model) that was generated by regressing CT values

against extracted gDNA (0.25 lg) from known quantities

of cultured virus titrated at 101, 102, 103, 104, 105, and 106

plaque forming units (PFU)/mL for our qPCR system (ABI

7900 Fast Real-Time PCR System; Life Technologies Cor-

poration, Carlsbad, California). Three qPCR replicates were

performed per titer, resulting in a standard curve with

precise fit (R2 = 0.99). The lower bound of the confidence

interval of the standard curve for no virus was CT = 31.6,

hence we conservatively chose 31 to declare infection. We

used our standard curve to subsequently estimate viral

copies in tissues and reported in units of PFU per 0.25 lg

of gDNA, which has been recommend previously (Gray

et al. 2015). These units are an index of viral load and

represent viral copies per standardized mass of extracted

gDNA from the liver and kidney tissue homogenate.
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Statistical Analyses

We used a Fisher Exact Test to determine if differences

existed in the proportion of individuals that became in-

fected and died (i.e., clinical disease) between 10 and 25�C
for each species (Gray et al. 2015). We performed the same

analysis to test for differences in the proportion of indi-

viduals that became infected and survived (i.e., subclinical

infection) between 10 and 25�C. For individuals that were

infected, we tested for differences in mean viral copies

between 10 and 25�C for each species using two-sample T-

tests accounting for unequal variances. Shapiro–Wilk’s test

was used to verify normality of viral copy data, which was

confirmed for all species (P > 0.08). We used Kaplan–

Meier analysis (log-rank Chi square test statistic) to test for

the differences in the survival curves between 10 and 25�C
for each species (Allison 1995). All analyses were performed

using SAS 9.3� JMP Pro v.11 (SAS Institute, Cary, NC) and

conducted at a = 0.05.

RESULTS

Experiment 1: 25 vs. 10�C

Larvae exposed to ranavirus at 25�C were more likely to

become infected and die than individuals at 10�C for all

species (Fig. 1; Fisher P < 0.04). Wood frog and green

frog larvae were more likely to become infected and survive

(i.e., carry subclinical infections) at 10�C (Fig. 1; Fisher

P < 0.02). Mean viral copies in tissues were greater at

25�C compared to 10�C (Table 1). Tissues from wood frog

tadpoles had the greatest mean viral copies at 25�C, nearly

20–140 times greater than all other species, and showed

significant splenic necrosis (Fig. 2). In general, less splenic

necrosis was observed at 10�C (Fig. 2). Mortality was faster

and greater at 25�C compared to 10�C for all species except

Cope’s gray tree frog (Fig. 3; v2
1 = 7.1–41, P < 0.008). For

this species, the opposite relationship existed. Substantial

control mortality (65%) also occurred for Cope’s gray tree

frog tadpoles at 10�C but was 0% at 25�C. For all other

species, control mortality was <5% in both chambers, and

none of the control larvae tested positive for ranavirus.

Experiment 2: 12 vs. 10�C

After 28 days, mortality was greater for wood frog tadpoles

at 12�C (90%) compared to 10�C (0%, Fig. 4; Fisher

P < 0.001). On day 28, temperature in the 10�C chamber

was increased to 12�C, and mortality began 4 days later.

When the experiment ended at 42 days, there was no dif-

ference in mortality between the chamber at 12�C (100%)

and the chamber that was changed from 10 to 12�C at

28 days (95%, Fig. 4; Fisher P = 0.99). Mean viral copies

Figure 1. Survival and infection status after 28 days post-exposure (103 PFU/mL) to an FV3-like ranavirus at two temperatures (top = 25�C,

bottom = 10�C) for four amphibian species
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were about 20% higher in individuals held at 12�C for the

entire experiment (�X = 10,465; SE = 2777) compared to

those where the temperature changed from 10 to 12�C (�X

= 8804; SE = 2600), but statistical differences were not

detected (t0.05 = 0.44, P = 0.67). Significant splenic necro-

sis was observed in both treatments 1(Fig. 2).

DISCUSSION

We documented a positive relationship between tempera-

ture and viral copies for all species and both experiments.

Additionally, mortality rate at 25�C was greater than at

10�C for 3 of 4 species and was greater at 12�C compared to

Table 1. Viral Copies (Plaque Forming Units [PFU] Per 0.25 lg of gDNA) in a Homogenate of Liver and Kidney Tissue from Infected

Larvae of Four Amphibian Species Exposed to Frog Virus 3 in Water at Two Temperatures.

Species1 25�C 10�C t0.05 P

n2 �X SE n2 �X SE

AMMA 12 9476 3196 2 10 2 2.96 0.013

HYCR 10 1267 538 3 5 0.3 2.34 0.044

LICL 7 5781 1936 7 24 13 2.97 0.025

LISY 20 185,464 21,387 20 564 418 8.64 <0.001

1AMMA = Ambystoma maculatum, HYCR = Hyla chrysoscelis, LICL = Lithobates clamitans, LISY = L. sylavaticus.
2Sample size is the number of infected larvae; total sample size for the experiment was n = 20 per species per temperature, with 20 additional controls for each

species-temperature combination.

Figure 2. Hematoxylin and Eosin stain of spleens from wood frog

tadpoles exposed to ranavirus. Bars equal 20 lm. (a) Focal necrosis

(delineated by arrows) in the spleen of a wood frog tadpole exposed to

ranavirus in a water bath at 10�C. This tadpole was infected with

ranavirus but did not display clinical illness. (b) Diffuse splenic necrosis

in a wood frog tadpole exposed to ranavirus in a water bath at 25�C. (c)

Diffuse splenic necrosis in a wood frog tadpole exposed to ranavirus in a

water bath held at 10�C for 28 days then changed to 12�C for an

additional 14 days. (d) Diffuse splenic necrosis in a wood frog tadpole

exposed to ranavirus in a water bath at 12�C. Animals in B-C

succumbed to ranaviral disease. Fragmentations (arrows) and swelling

(vacuolation; arrowheads) of cells are seen throughout the spleens
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10�C for wood frogs. These results appear to support the

viral replication hypothesis—that is, warmer water tem-

peratures result in more favorable conditions for FV3

replication. Several in vitro studies have reported that FV3

replication increases with temperature up to 28–32�C
(Granoff et al. 1966; Gravell and Granoff 1970; Chinchar

2002; Ariel et al. 2009). Similar in vitro replication trends

were found for Santee-Cooper Ranavirus, which is a species of

Ranavirus found in North America that commonly infects

largemouth bass (Micropterus salmoides; Grant et al. 2003).

Ranaviruses kill hosts by causing extensive necrosis in multiple

organs, which reduces function (Miller et al. 2015). Given that

ranaviruses can infect and cause cell death in <9 h (Chinchar

2002; Robert et al. 2011), faster replication should lead to more

rapid disease progression and greater mortality (Brunner et al.

2015). In addition to our results, the positive trend between

ranavirus pathogenicity and temperature has been reported in

other controlled studies with FV3 (Bayley et al. 2013) and

Epizootic Haematopoietic Necrosis Virus (EHNV)—a species of

Ranavirus that infects fish in Australia (Whittington and Red-

dacliff 1995). Collectively, our results suggest that warmer water

temperatures could facilitate the occurrence of FV3 outbreaks

in amphibian populations.

Ranaviruses are a diverse group of pathogens, with six

viral species recognized by the International Committee on

Taxonomy of Viruses (Jancovich et al. 2015). It is unlikely

Figure 3. Survival of wood frog (a,

Lithobates sylvaticus), spotted sala-

mander (b, Ambystoma macula-

tum), green frog (c, L. clamitans),

and Cope’s gray tree frog (d, Hyla

chrysoscelis) larvae following expo-

sure (103 PFU/mL) to an FV3-like

ranavirus at two temperatures

Figure 4. Survival of wood frog

(Lithobates sylvaticus) tadpoles after

42 days at 12�C (solid) and 10�C
(dashed). On day 28, the 10�C
treatment was increased to 12�C.

Inset = final survival and infection

status
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that the temperature patterns we report are representative

of all Ranavirus species. For example, Ambystoma tigrinum

virus (ATV) appears to be more pathogenic to salamander

larvae at lower water temperatures (Rojas et al. 2005; D.

Schock, Keyano College, unpublished data). There also may

be host differences in response to FV3. Allender et al.

(2013) reported that red-eared slider (Trachemys scripta

elegans) mortality due to FV3 was greater at 22�C com-

pared to 28�C. They speculated that turtle immune re-

sponse probably was greater at the warmer temperature.

Complex interactions with temperature also may exist

among host and virus genotypes (Echaubard et al. 2014).

Echaubard et al. (2014) reported that temperature-depen-

dent virulence differed among three FV3-like strains and

depended on host species and population. It also is possible

that thermal optimums for ranavirus replication co-evolve

with hosts and their habitats. For example, Ariel et al.

(2009) reported that a ranavirus isolated from a short-

finned eel (Anguilla australis) replicated better at 10–20�C
compared to 28�C, perhaps because the host species lives in

cold-water habitats. Given that the FV3-like ranavirus we

used in our study was isolated from Georgia in the

southern USA, its higher pathogenicity at 25�C could be

due to the environment.

Although animal mortalities were lower in the colder

treatment, individuals that died due to FV3 had lower viral

copies. For example, viral copies in wood frog tadpoles that

died at 12�C were 17 times lower than those that died at

25�C. Interestingly, similar observations have been reported

in FV3-infected Xenopus laevis tadpoles, where animals

pretreated with an antiviral type I interferon cytokine

survived longer and had lower viral loads, but nonetheless

incurred substantial tissue damage and died due to the

infections (Grayfer et al. 2014). It is worth noting that FV3

infections in mice and rats result in extensive hepatic

damage and animal mortalities (Gut et al. 1981; Kirn et al.

1972; Elharrar et al. 1973), despite the fact that FV3 does

not replicate at these animals’ body temperature of 37�C
(Aubertin et al. 1973). FV3 also possesses potent prepack-

aged virulence determinants, which are sufficient to cause

extensive host cell toxicity (Bingen-Brendel et al. 1972).

From our study and as reported elsewhere (Grayfer et al.

2014), it appears that amphibian larvae are particularly

sensitive to FV3-induced tissue damage, and even low FV3

loads may be sufficient to cause mortality.

Complex and multifactorial relationships between

immune response and temperature have been well docu-

mented in ectothermic vertebrate species (Le Morvan et al.

1998; Carey et al. 1999; Zimmerman et al. 2010). Robust

innate immune responses in Xenopus laevis larvae to FV3

typically occur 1–7 days post-infection at room tempera-

ture and include significant migration of macrophage-lin-

eage cells to sites of viral infection (Morales et al. 2010; De

Jesús Andino et al. 2012). Notably, FV3 is able to subvert

the first waves of innate immune responders, with macro-

phage-lineage cells serving as dissemination vectors for the

pathogen [reviewed in Grayfer et al. (2012)]. This phe-

nomenon is supported by the observation that X. laevis

tadpoles enriched for certain macrophage populations

prior to an FV3 challenge succumb faster to the infections

and bear greater viral burdens (Grayfer and Robert 2014).

In our study, lower temperatures may have prevented FV3-

infected phagocyte dissemination to distal organs, such as

the kidney and liver, which normally serve as principal FV3

replication sites. Thus, FV3-infiltrated immune cell vectors

would be relatively confined to animal peripheries, result-

ing in lower kidney and liver FV3 loads and greater animal

survival, as we observed. Decreased blood circulation,

which is known to occur in ectothermic vertebrates at

lower temperatures (Engelsma et al. 2003; Maekawa et al.

2012), may also have contributed to reduced phagocyte,

and hence FV3 dissemination.

Decreased temperatures also have been documented to

result in significant shifts in the proportions and the activa-

tion states of immune cells such as macrophages (Maniero

and Carey 1997; Kizaki et al. 1985; Sesti-Costa et al. 2012).

Concurrently, it has been demonstrated that distinct

amphibian macrophage populations confer increased tad-

pole host susceptibility to FV3 while other macrophage

populations render these animals significantly more resistant

to this pathogen (Grayfer and Robert 2014). It is possible that

the proportions of FV3-susceptible and -resistant immune

effector cells are skewed toward the latter at lower tempera-

tures, resulting in increased resistance to this pathogen.

If warmer temperatures are more concordant to FV3

replication, then immune efficacies notwithstanding, lower

temperatures would decrease viral loads and increase ani-

mal survival, as observed in our study. It also is possible

that decreased temperatures result in decreased viral

replication as well as decreased phagocyte dissemination or

increased proportions of anti-FV3 immune effector cells.

An alternative, but not mutually exclusive explanation

for greater pathogenicity of ranavirus at warmer tempera-

tures is temperature-dependent activation of FV3 immune

evasion genes. Ranaviruses persist and propagate through

complex interactions between host cells and immune
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responses (Grayfer et al. 2015). Cotter et al. (2008) reported

>100 up- and down-regulated genes in A. mexicanum

following exposure to ATV. Some proteins that are en-

coded by FV3 immune evasion genes include vIF-2a,

vCARD, and dUPTase (Grayfer et al. 2015). Temperature-

dependent synthesis of the immune evasion proteins has

not been investigated for FV3; however, it is known to

occur in other pathogens (Loh et al. 2013). Indeed, more

research is needed on temperature-dependent immune re-

sponses to ranavirus infections.

Climate-driven disease emergence has been hypothe-

sized for other pathogens (Rohr and Raffel 2010; Hover-

man et al. 2013). Our wood frog results indicate that small

changes in water temperature can lead to different disease

outcomes. No mortality of wood frog tadpoles occurred at

10�C after 28 days post-exposure to FV3; however, survival

was 10% at 12�C over the same duration. Moreover,

changing the 10�C treatment to 12�C after 28 days resulted

in 95% mortality in 13 days. This finding may be especially

pertinent for wood frog populations at northern latitudes

in North America (e.g., Canada, Alaska), where breeding

sites might not currently exceed 10�C during tadpole

development. Most climate change scenarios over the next

80 years predict a 2–6�C increase in atmospheric temper-

atures (National Research Council 2010). Thus, slight in-

creases in temperatures might lead to the geographic spread

of FV3, or increased occurrences of die-offs in wood frog

populations.

Our results support previous in vitro experiments that

FV3 replication is slow to nonexistent <12�C (Chinchar

2002). However, our results also suggest that ranaviruses

can infect hosts at <12�C. Three of the four species we

tested had individuals that survived at 10�C with ranavirus

DNA detected in the liver and kidney. It is unknown

whether the detected ranavirus DNA was viable. Given the

results from the wood frog experiment where temperature

was changed from 10 to 12�C, we hypothesize that FV3 can

infect host cells at <12�C, but remains in a latent state

until 12�C is exceeded. Latent infections by FV3 have been

reported previously (Morales et al. 2010) and may be a

strategy to avoid the host’s immune system until conditions

are more optimal for the pathogen. The occurrence of sub-

lethal infections at colder water temperatures may con-

tribute to ranavirus persistence in the environment (Gray

et al. 2007). For example, Brunner et al. (2004) suggested

that sub-lethally infected adult amphibians might shed

ranavirus during breeding and infect larvae, which could

manifest as disease later when water temperature increases.

Mortality of Cope’s gray tree frog tadpoles was greater

at 10�C than at 25�C. Of the 20 individuals that died, only

two were infected with ranavirus and at very low levels.

Virus in these individuals was on average 40 times lower

than infected individuals of the other three species at 10�C.

Moreover, 65% of Cope’s gray tree frog control tadpoles

died at 10�C. We hypothesize that cold-induced stress re-

sulted in mortality of the Cope’s gray tree frog tadpoles at

10�C. Cope’s gray tree frogs breed during summer (May–

August in Tennessee, USA) when water temperatures typ-

ically exceed 20�C (Burton 2007; Schmutzer 2007; Nie-

miller and Reynolds 2011). Cold-induced mortality has

been reported for other amphibian species (Echaubard

et al. 2014). Although these results were unexpected, they

provide evidence that Cope’s gray tree frog tadpoles likely

were stressed at 10�C, but this condition did not result in

greater infection as we hypothesized initially. Thus, these

results further affirm that temperature impacts on viral

replication, macrophage dissemination, or immune system

evasion may be more important than temperature-medi-

ated stress responses. Others have found that natural fac-

tors (e.g., food limitation, predation threat) that can act as

stressors do not increase the probability of ranavirus

infection (Haislip et al. 2011; Reeve et al. 2013).

CONCLUSION

Our study revealed a positive relationship between FV3

pathogenicity and water temperature in four amphibian

species. The mechanisms driving this relationship are un-

known, but may be linked to virus replication, phagocyte

dissemination, and activation of host immune evasion

genes. Future research should focus on these mechanisms

and include a greater range of temperatures, host species,

and ranavirus isolates. Modeling potential impacts of ra-

navirus under climate change scenarios are another

important research direction.
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Duffus ALJ, Waltzek TB, Stöhr AC, Allender MC, Gotesman M,
Whittington RJ, et al. (2015) Distribution and host range of
ranaviruses. In: Ranaviruses: Lethal Pathogen of Ectothermic
Vertebrates, Gray MJ, Chincar VG (editors), New York:
Springer, pp 9–57

Echaubard P, Leduc J, Pauli B, Chinchar VG, Robert J, Lesbarreres
D (2014) Environmental dependency of amphibian-ranavirus
genotypic interactions: evolutionary perspectives on infectious
diseases. Evolutionary Applications 7:723–733

Elharrar M, Hirth C, Blanc J, Kirn A (1973) Pathogenesis of the
toxic hepatitis of mice provoked by FV3 (frog virus 3): inhibi-
tion of the liver macromolecular synthesis. Biochimica et Bio-
physica Acta 319:91–102

Engelsma MY, Hougee S, Nap D, Hofenk M, Rombout JH, van
Muiswinkel WB, Lidy Verburg-van Kemenade BM (2003)
Multiple acute temperature stress affects leucocyte populations
and antibody responses in common carp, Cyprinus carpio L. Fish
and Shellfish Immunology 15:397–410

English AK, Chauvenet ALM, Safi K, Pettorelli N (2012) Re-
assessing the determinants of breeding synchrony in ungulates.
PLOS ONE 7:7

Fisher LR, Godfrey MH, Owens DW (2014) Incubation temper-
ature effects on hatchling performance in the loggerhead sea
turtle (Caretta caretta). PLOS ONE 9:22

Gilman SE, Urban MC, Tewksbury J, Gilchrist GW, Holt RD
(2010) A framework for community interactions under climate
change. Trends in Ecology and Evolution 25:325–331

Gosner KL (1960) A simplified table for staging anuran embryos
and larvae with notes on identification. Herpetologica 16:183–
190

Granoff A, Came PE, Breeze D (1966) Viruses and renal carci-
noma of Rana pipens: I. The isolation and properties of virus
from normal and tumor tissues. Virology 29:133–148

Grant EC, Phillipp DP, Inendino KR, Goldberg TL (2003) Effects
of temperature on the susceptibility of largemouth bass to
largemouth bass virus. Journal of Aquatic Animal Health 15:215–
220

Gravell M, Granoff A (1970) Viruses and renal carcinoma of Rana
pipiens* 1: IX. The influence of temperature and host cell on
replication of frog polyhedral cytoplas- mic deoxyribovirus
(PCDV). Virology 41:596–602

Gray MJ, Brunner JL, Earl JE, Ariel E (2015) Design and analysis
of ranavirus studies: surveillance and assessing risk. In: Rana-
viruses: Lethal Pathogen of Ectothermic Vertebrates, Gray MJ,
Chincar VG (editors), New York: Springer, pp 209–240

358 Mabre D. Brand et al.

Author's personal copy



Gray MJ, Miller DL, Schmutzer C, Baldwin CA (2007) Frog virus
3 prevalence in tadpole populations inhabiting cattle-access and
non-access wetlands in Tennessee, USA. Diseases of Aquatic
Organisms 77:97–103

Grayfer L, Andino FDJ, Chen G, Robert J (2012) Immune evasion
strategies of ranaviruses and innate immune responses to these
emerging pathogens. Viruses 7:1075–1092

Grayfer L, Andino FDJ, Robert J (2014) The amphibian (Xenopus
laevis) type I interferon response to frog virus 3: new insight
into ranavirus pathogenicity. Journal of Virology 88:5766–5777

Grayfer L, Robert J (2014) Divergent antiviral roles of amphibian
(Xenopus laevis) macrophages elicited by colony-stimulating
factor-1 and interleukin-34. Journal of Leukocyte Biology
96:1143–1153

Grayfer L, Edholm E-S, De Jesus Andino F, Chinchar VG, Robert J
(2015) Ranavirus host immunity and immune evasion. In:
Ranaviruses: Lethal Pathogen of Ectothermic Vertebrates, Gray
MJ, Chincar VG (editors), New York: Springer, pp 141–170

Gut JP, Anton M, Bingen A, Vetter JM, Kirn A (1981) Frog virus 3
induces a fatal hepatitis in rats. Laboratory Investigations 45:218–228

Haislip NA, Gray MJ, Hoverman JT, Miller DL (2011) Develop-
ment and disease: how susceptibility to an emerging pathogen
changes through anuran development. PLOS ONE 6:e22307

Hoverman JT, Gray MJ, Haislip NA, Miller DL (2011) Phylogeny,
life history, and ecology contribute to differences in amphibian
susceptibility to ranaviruses. Ecohealth 8:301–319

Hoverman JT, Gray MJ, Miller DL (2010) Anuran susceptibilities
to ranaviruses: role of species identity, exposure route, and a
novel virus isolate. Diseases of Aquatic Organisms 89:97–107

Hoverman JT, Paull SH, Johnson PTJ (2013) Does climate change
increase the risk of disease? Analyzing published literature to
detect climate-disease interactions. In: Climate Vulnerability:
Understanding and Addressing Threats to Essential Resources,
Seastedt T, Suding K (editors), Oxford: Elsevier, pp 61–70

Jancovich JK, Steckler N, Waltzek TB (2015) Ranavirus taxonomy
and phylogeny. In: Ranaviruses: Lethal Pathogen of Ectothermic
Vertebrates, Gray MJ, Chincar VG (editors), New York:
Springer, pp 59–70

Kirn A, Gut JP, Elharrar M (1972) FV3 (Frog Virus 3) toxicity for
the mouse. La Nouvelle presse médicale 1:19–43

Kizaki T, Oh-ishi S, Ohno H (1985) Acute cold stress induces
suppressor macrophages in mice. Journal of Applied Physiology
81:393–399

Le Morvan C, Troutaud D, Deschaux P (1998) Differential effects
of temperature on specific and nonspecific immune defences in
fish. Journal of Experimental Biology 201:165–168

Li YM, Cohen JM, Rohr JR (2013) Review and synthesis of the
effects of climate change on amphibians. Integrative Zoology
8:145–161

Loh E, Kugelberg E, Tracy A, Zhang Q, Gollan B, Ewles H, et al.
(2013) Temperature triggers immune evasion by Neisseria
meningitidis. Nature 502:237–240

Maekawa S, Lemura H, Kuramochi Y, Nogawa-Kosaka N, Nish-
ikawa H, Okui T, Aizawa Y, Kato T (2012) Hepatic confinement
of newly produced erythrocytes caused by low-temperature
exposure in Xenopus laevis. Journal of Experimental Biology
215:3087–3095

Miller DL, Pessier AP, Hick P, Whittington RJ (2015) Compara-
tive pathology of ranaviruses and diagnostic techniques. In:

Ranaviruses: Lethal Pathogen of Ectothermic Vertebrates, Gray
MJ, Chincar VG (editors), New York: Springer, pp 171–208

Miller DL, Rajeev S, Gray MJ, Baldwin CA (2007) Frog virus 3
infection, cultured American bullfrogs. Emerging Infectious
Diseases 13:342–343

Morales HD, Abramowitz L, Gertz J, Sowa J, Vogel A, Robert J
(2010) Innate immune responses and permissiveness to rana-
virus Infection of peritoneal leukocytes in the frog, Xenopus
laevis. Journal of Virology 84:4912–4922

Niemiller ML, Reynolds RG (2011) Amphibians of Tennessee,
Knoxville, TN: University of Tennessee Press

Ogden NH, St-Onge L, Barker IK, Brazeau S, Bigras-Poulin M,
Charron DF, Francis CM, Heagy A, Lindsay LR, Maarouf A,
Michel P, Milord F, O’Callaghan CJ, Trudel L, Thompson RA
(2008) Risk maps for range expansion of the Lyme disease
vector, Ixodes scapularis, in Canada now and with climate
change. International Journal of Health Geographics 7:24

Picco AM, Brunner JL, Collins JP (2007) Susceptibility of the
endangered California tiger salamander, Ambystoma cali-
forniense, to ranavirus infection. Journal of Wildlife Diseases
43:286–290

Reeve B, Crespi E, Whipps C, Brunner J (2013) Natural stressors
and ranavirus susceptibility in larval wood frogs (Rana sylvat-
ica). Ecohealth 10:190–200

Relyea RA (2002) Competitor-induced plasticity in tadpoles:
consequences, cues, and connections to predator-induced
plasticity. Ecological Monographs 72:523–540

Robert J, George E, Andino FD, Chen GC (2011) Waterborne
infectivity of the Ranavirus frog virus 3 in Xenopus laevis.
Virology 417:410–417

Rohr JR, Raffel TR (2010) Linking global climate and temperature
variability to widespread amphibian declines putatively caused
by disease. Proceedings of the National Academy of Sciences of the
United States of America 107:8269–8274

Rojas S, Richards K, Jancovich JK, Davidson EW (2005) Influence
of temperature on Ranavirus infection in larval salamanders
Ambystoma tigrinum. Diseases of Aquatic Organisms 63:95–100

Schmutzer AC (2007) Influences of cattle on community structure
and pathogen prevalence in larval amphibians on the Cum-
berland Plateau, Tennessee. Thesis. University of Tennessee,
Knoxville, TN.

Schmutzer AC, Gray MJ, Burton EC, Miller DL (2008) Impacts of
cattle on amphibian larvae and the aquatic environment.
Freshwater Biology 53:2613–2625

Sesti-Costa R, Ignacchiti MD, Chedraoui-Silva S, Marchi LF,
Mantovani B (2012) Chronic cold stress in mice induces a
regulatory phenotype in macrophages: correlation with in-
creased 11b-hydroxysteroid dehydrogenase expression. Brain,
Behaviour, and Immunity 26:50–60

Whittington RJ, Reddacliff GL (1995) Influence of environmental
temperature on experimental infection of Redfin Perch (Perca
fluviatilis) and Rainbow Trout (Oncorhynchus mykiss) with
Epizootic Hematopoietic Necrosis Virus, an Australian Iri-
dovirus. Australian Veterinary Journal 72:421–424

Zimmerman LM, Vogel LA, Bowden RM (2010) Understanding
the vertebrate immune system: insights from the reptilian per-
spective. Journal of Experimental Biology 213:661–671

Water Temperature Affects Susceptibility to Ranavirus 359

Author's personal copy


	Water Temperature Affects Susceptibility to Ranavirus
	Abstract
	Introduction and Purpose
	Methods
	Experimental Challenges
	Ranavirus Infection and Viral Load
	Statistical Analyses

	Results
	Experiment 1: 25 vs. 10degC
	Experiment 2: 12 vs. 10degC

	Discussion
	Conclusion
	Acknowledgments
	References




