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Species-level	varia-on	in	
ranavirus	suscep-bility	

Jason	Hoverman	
Purdue	University,	Department	of	Forestry	and	Natural	Resources	

Field	survey	of	ponds	in	California	

88	total	wetlands	
•  <2	ha	
•  <2	m	deep	
•  Fishless	
•  Bio-c	variables	
•  Abio-c	variables	
•  Landuse	

Bay	area	of	California	

Pseudacris	regilla	
n	=	627	

Lithobates	catesbeianus	
n	=	123	

Anaxyrus	boreas	
n	=	219	

Taricha	torosa	
n	=	464	

Taricha	granulosa	
n	=	125	
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Field	surveillance	of	ponds	in	Tennessee	

Cumberland Plateau  
TN River Ridge & Valley 

40 Sites 

33	of	40	sampled	ponds	(83%)	
Prevalence	≥	40%	in	13	ponds	(39%)	

Detected	across	mul-ple	seasons	in	20	ponds	(61%)			
9	of	13	species	tested	posi-ve	(69%)		

Infec-on	prevalence	
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Ranids	were	
the	most	
frequently	
infected	group	
	
Varia-on	in	
infec-on	
prevalence	
among	species	
	

Only	63%	of	species	at	a	site	
tested	posi-ve	

Summary	of	field	paZerns	

Ranavirus	is	common	but	there	is	varia<on		

•  Infec<on	prevalence	varies	among	species/groups	

•  All	species	at	a	site	are	not	infected	despite	the	
presence	of	ranavirus	

Inferring	suscep<bility	from	field	data	is	difficult	

•  Bias	in	sampling	

•  Exposure	history	

•  Confounding	environmental	variables	
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Varia-on	in	disease	outcomes	

Co-occurring	host	species	oLen	differ	in:	
•  Infec<on	
•  Pathology	

Varia<on	is	a	product	of:	
•  Phylogeny		
•  Ecology	
•  Life	history	

Exploring	the	influence	of	these	factors	on	disease	
outcomes	is	a	major	step	towards	predic<ng	disease	
risk	within	natural	systems	

Pace-of-life	con-nuum	

“fast-living” animals with low per-offspring invest-
ment, short developmental times and shorter life spans
(Klasing and Leshchinsky 1999). If adaptive immune
defenses are decreased in faster-reproducing species,
they might instead rely more heavily on induced innate
defenses, including inflammatory responses, despite
their high costs (Klasing and Leshchinsky 1999).
This could result in a somewhat counterintuitive
pattern, in which induced immune responses in species
or populations that produce the most offspring are
more likely to be high-cost, nonspecific defenses rather
than less expensive, induced specific defenses
(Figure 1). Though such a strategy might appear
maladaptive, it could be an essential component of life
histories characterized by rapid development and early
reproductive maturity, and therefore favored in species
with high mortality rates and short adult life spans.

There could also be trade-offs within the adaptive
immune system (Graham 2001; Graham 2002).
Antibody-mediated defenses are carried out by B-cells
and Th2-cells, and are accompanied by production of
noninflammatory cytokines (Mosmann and Fowell
2002). In contrast, cell-mediated defenses are orche-
strated by Th1-cells, which are associated with the

production of inflammatory cytokines (Mosmann and
Fowell 2002). Th1-cells and Th2-cells are reciprocally
downregulated (Mosmann and Moore 1991), and
there is evidence that organisms can favor one over
the other (Charles and others 1999). The autoimmune
costs of inflammatory responses are potentially high,
and to avoid the accumulation of such damage,
longer-lived species might exhibit a tendency to
mount Th2-type responses more often than Th1.
Conversely, the presence of inflammatory cytokines
favors the development of Th1-type responses and
suppresses the development of Th2-cells (Glimcher
and Murphy 2000). If fast-living species more often
mount inflammatory responses they might also have a
greater Th1 bias in their adaptive immune systems
compared with slow-living species. While there are few
explicit data on Th1 versus Th2 biases in wild animals,
there are many studies that have found negative
relationships between antibody-mediated immunity
(Th2) and measures of cell-mediated immunity (Th1)
(Klein and others 1997; Gonzalez and others 1999;
Johnsen and Zuk 1999; Klein and Nelson 1999;
Buchanan and others 2003; Faivre and others 2003;
Martin, Hasselquist and others 2006), suggesting that

Life history axis: 
variation between 
species/ populations:

Reproduction: slow

Survival: high

“Slow-living”

Development time: long
Survival: low

Reproduction: fast
Development time: short

“Fast-living”

Life history axis:
Individual 
variation: 

Higher intensity of effort 
(reproductive or other)

Lower intensity effort

More demanding season Less demanding season

Sex investing more in an 
activity

Sex investing less in an 
activity

Less specific 
and/or more 
inflammatoryInduced immune 

defense axis:

Minimize autoimmune costs, 
maximize longevity:

Adaptive immunity

Th2 rather than Th1

Minimize conflicts with 
rapid reproduction: 

Innate immunity

Th1 emphasis

Constitutive 
immune defense 
axis:

More specific, 
less 
inflammatory

Less constitutive More constitutive

Pathogen 
exposure axis:

More frequent Less frequent

More extracellular (e.g., some bacteria, macroparasites) More intracellular (e.g., viruses)

Fig. 1 Proposed relationships between life history and immune defense axes. “Fast-living” species with high reproductive
rates and short development times are expected to have less well-developed adaptive immune system than “slow-living”
species, and to rely more heavily on nonspecific defenses. Constitutive defenses are predicted to be greater when
adaptive defenses are less well-developed, in order to decrease the induction of costly inflammatory responses.
Amongst individuals within species and across seasons, a shift toward the specific/less inflammatory side of the axis is
expected to accompany increased intensity of reproductive or other effort, to minimize the competition for resources
between, for example, reproduction and inflammatory responses.
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separately. For both dependent variables we report the results
of a ‘conventional’ statistical analysis (assuming a star phylogeny;
Felsenstein 1985), and an analysis based on the phylogeny
shown in Fig. 1. We fit models by generalized least squares
(GLS) using stepwise (both forward and backward) model
selection according to Akaike’s information criterion (AIC)
under different assumptions (gradual vs. punctuated evolu-
tion; Brownian motion vs. constrained evolution). We incor-
porated phylogenetic information into the analyses using the
‘phylogenetic generalized least squares’ approach (Martins &
Hansen 1997); in this approach the form of the covariance
matrix is dependent on the phylogenetic tree and the model of
evolution assumed. For each of the two dependent variables,
we compared two phylogenetically informed models that
assume different modes of evolution: Brownian motion, or
‘random’ evolution that is proportional to branch length
(a proxy for time; Felsenstein 1985); and ‘constrained’ evolution,
which is equivalent to stabilizing selection or an evolutionary
constraint (Martins & Hansen 1997). We compared model fits
using a likelihood ratio test (Pagel 1997). To obtain 

 

F

 

 statistics
and 

 

P

 

 values for independent variables, we performed 

 

ANOVA

 

s
on the best-fit models selected by AIC, using marginal sums
of squares (Table 1).

Some of the independent variables included in the best-fit
models were significantly correlated with other variables
(Appendix S3, see Supplementary material). While there is no
ideal way to separate the effects of correlated predictors, we
additionally fitted full models by GLS that included all nine
independent variables, and tested the significance of each var-
iable in the model after all other terms had been added, to ver-
ify that the variables selected by AIC contributed uniquely to
the model’s predictive power. The resulting ‘full’ models do
not provide the best fit for the data because of the large
number of non-significant independent variables included,
but are provided as a verification of the results obtained by
AIC (Appendix S4, see Supplementary material).

The equations and 

 

R

 

2

 

 values describing the relationships
shown in Figs 2 and 4 are the result of conventional bivariate
linear regression, and are provided to show the quantitative
relationships and explanatory power of individual significant

independent variables. All analyses were carried out in 

 

R

 

 ver.
2·4·0 (R Development Core Team 2006) using packages 

 

APE

 

(Paradis, Claude & Strimmer 2004) and 

 

MASS 

 

(Venables &
Ripley 2002).

 

Results

 

NATURAL

 

 

 

ANTIBODIES

 

Relationships between natural antibody titres and ecological
and life-history variables were better explained by a phylogenetic
model assuming ‘constrained’ evolution (Martins & Hansen
1997) than one assuming Brownian motion (likelihood ratio,
LR, comparing best-fit models 

 

=

 

 22·04, 

 

P

 

 

 

<

 

 0·001), although
the results did not differ qualitatively. The constrained evolu-
tion model was also a better fit than the best-fit conventional
analysis assuming a star phylogeny (LR 

 

=

 

 4·11, 

 

P

 

 

 

=

 

 0·043).
The alpha parameter, an index of the strength of the restrain-
ing evolutionary force, was optimized at a value of 0·51, or 

 

≈

 

6/

 

h

 

, where 

 

h

 

 is total tree height (the sum of branch lengths from
root to tip). This suggests weak phylogenetic signal in our
data and/or a strong constraining force, according to simula-
tion studies (Diniz-Filho 2004). Changing branch lengths did
not affect results, therefore we present the results from the
best-fit phylogenetically informed analysis based on an ultra-
metric tree in addition to results from the conventional analysis.

The strongest predictor of natural antibody titre was incu-
bation period (Fig. 2); species with longer incubation periods
had higher levels of  circulating natural antibodies (con-
ventional model, incubation term: 

 

F

 

1,65

 

 

 

=

 

 21·96, 

 

P

 

 

 

<

 

 0·001;
phylogenetic analysis, incubation term: 

 

F

 

1,65

 

 

 

=

 

 16·07, 

 

P

 

 

 

<

 

 0·001).
This relationship remained significant in the full model
(after all eight other independent variables were included;
Appendix S4). There was a non-significant trend for body

Table 1. F statistics and P values for independent variables
predicting natural antibody titres and complement activity included
in the best-fit phylogenetically informed models

Term Natural antibodies Complement activity

Clutch size F1,66 = 7·03, P = 0·01
Incubation period F1,65 = 16·07, P < 0·001
Nestling period
Body mass F1,65 = 3·56, P = 0·064
Habitat
Diet
Flocking F1,65 = 5·92, P = 0·018 F1,66 = 2·66, P = 0·11
Nest type F1,65 = 3·14, P = 0·081
Nest location

Terms not included in the best-fit models are listed without statistical 
values.

  

Fig. 2. Relationship between incubation period and estimates of
natural antibody titre (measured as haemagglutination) across tropical
bird species. Data points are species means; the line represents a
conventional linear model fit.

Tropical	birds	
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Figure 3 Bivariate relationships between the epidemiological parameters and host physiological phenotype, phylogeny or provenance ⁄ life-
span. Vector population size (panels a–c), susceptibility (panels d–e) and competence (panels g–i). Principal component axis 1 is a continuous
variable comprised of the average principal component axis 1 score for each of six host species, where species with greater average principal
component axis 1 values had relatively quick-return phenotypes (see Fig. 1). Symbols as in Fig. 2, except that symbols in panels a–c represent
individual hosts while symbols in panels d–i represent observed probabilities with sample size adjacent to the symbol. Regression lines and
asterisks represent predicted values (error bars are 95% confidence intervals). Significance of effect tests from bivariate models were P < 0.05
(panels a–g), P = 0.21 (panel h) and P = 0.16 (panel i).
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Figure 4 Relative variable importance index for host physiological phenotype, phylogeny and lifespan ⁄ provenance. The relative variable
importance index shows the relative ability of host physiological phenotype, phylogeny and lifespan ⁄ provenance to explain (a) vector
population size, (b) host susceptibility or (c) host competence across all the models considered. Host physiological phenotype was the only
explanatory variable that was consistently important across all three epidemiological parameters. Abbreviations on the x-axis are the same as
Table 2.
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Approach	
Let’s	apply	this	framework	to	amphibians	
•  Collect	as	many	species	as	possible	
•  Under	controlled	condi<ons	exposure	them	to	ranavirus	and	

assess	disease	outcomes	
•  Infec<on	
•  Mortality	

•  Use	phylogene<c	methods	to	assess	the	rela<ve	importance	
•  Phylogeny	
•  Ecology	
•  Life	history	

Species	collec-on	

Ranidae	(7)	
Wood	frog	

Gopher	frog	

Southern	leopard	frog	

Northern	leopard	frog	

Pickerel	frog	

American	bullfrog	

Green	frog	

Hylidae	(4)	
Cope’s	gray	tree	frog	

Western	chorus	frog	

Upland	chorus	frog	

Mountain	chorus	frog	

Other	anurans	(3)	
American	toad	

Eastern	narrow-mouthed	toad	

Eastern	spadefoot	

19	species	from	7	families	tested	

Ambystoma-dae	(4)	
Mole	salamander	

Tiger	salamander	

Spo`ed	salamander	

Marbled	salamander	

Salamandridae	(1)	
Red-spo`ed	newt	

The	experiments	

Mortality	and	infec<on	prevalence	
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Results	

Species	results	
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High	survivorship	and	no	infec<on	in	control	animals	
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Species	results	

Broad	host	range	with	varia<on	in	disease	outcomes	
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Species	results	

Broad	host	range	with	varia<on	in	disease	outcomes	
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Phylogene-c	compara-ve	methods	
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Family-level	paZerns	in	suscep-bility	

Ranids	were	generally	the	most	suscep<ble	to	infec<on	

Ambystomatidae Hylidae Ranidae
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FV3

Ranaculture isolate

(K	=	0.430,	Z	=	-0.567,	P	=	0.298)		
	

Species-level	traits	(9)	

Breeding	habitat	

Breeding	<me	

Dura<on	of	larval	stage	(d)	

Size	at	metamorphosis	(mm)	

Clutch	size	

Dura<on	of	egg	stage	(d)	

Adult	body	size	(mm)	

Time	to	maturity	(yr)	

Species	range	(km2)	

Are	there	associa<ons	between	species	traits	and	suscep<bility?	
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Wood frog
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Gopher frog

Mountain chorus frog

Marbled salamander

Cope’s gray treefrog

American toad

Northern leopard frog

Green frog

Eastern spadefoot

Southern leopard frog

Mole salamander

Spotted salamander

American bullfrog

Eastern narrow-mouthed toad

Red-spotted newt

Phylogene<c	independent	contrasts	
Phylogene<c	generalized	least	squares	

Phylogene-c	compara-ve	methods	

Ecology	and	suscep-bility	
Breeding	habitat	(r	=	0.490,	n	=	17,	P	=	0.046	)	
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Figure 2.1. Phylogenetic hypothesis among the 35 amphibian species included in the study. Branch 
lengths are presented as divergence times (millions of years). When divergence times were not available 
for a set of taxa, the branch length was divided equally among the taxa. 
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Figure 2.2. Infection and mortality for 35 larval amphibian species exposed to A= the virus free control, 
B=frog virus 3 (FV3), or C= Ranaculture isolate (RI). The experiment lasted 21 days.     
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Pace-of-life	with	amphibian	parasites	

Parasite load

Among hosts examined at metamorphosis (n = 423), the percentage
of administered parasites detected upon necropsy averaged (± 1 SE)
25.39 ± 0.88% (Table S7). This fraction varied strongly by host
species but not by exposure dose (ANOVA F13,409 = 40.242,
P < 0.0001; species [fixed factor]: F12,409 = 43.57, P < 0.0001;
dosage [covariate]: F1,409 = 0.721, P = 0.396), with the lowest
infections in the two Hyla species (< 1%) and the highest parasite
load in P. regilla and the small-bodied ranids (29–41.6%) (Table S8).
Among animals for which we had data on infection and time-to-
metamorphosis (n = 333), the number of parasites varied by species
(F8,298 = 28.795, P < 0.0001), exposure level (F5,298 = 2.726,
P = 0.02) and days post-exposure (F1,298 = 36.381, P < 0.0001);
longer development times tended to reduce parasite load, possibly
reflecting greater time for host clearance. Even among species that
exhibited low parasite loads (< 1% of parasites detected at metamor-
phosis) (e.g. H. chrysoscelis), !18.7% of exposed parasites were
detected as metacercariae in tadpoles that died within 72 h of
exposure. This indicates that, although parasites were successful in
entering and encysting in the host (see Supporting Information), they
were subsequently lost through host immunity or parasite mortality.
We note, however, that our study was not designed to differentiate
between the relative importance of host immunity and parasite
mortality in influencing clearance rate.

Between-species analyses

The factor analysis yielded two axes that collectively accounted for 77% of
the variance in species traits and generally divided larval development
characteristics (Factor 1) from those associated with adult size and
reproduction (Factor 2). Time-to-metamorphosis (loading = 0.91),
length-at-metamorphosis (loading = 0.83) and maximum age (load-
ing = 0.76) each loaded heavily on Factor 1, which explained 42% of the
variance (Fig. 1A). Range size (loading = 0.81), clutch size (load-
ing = 0.81), maximum body size (loading = 0.72) and size-at-maturity
(loading = 0.82) loaded on Factor 2 (35% of the variance). Egg size did
not load strongly on either axis. Thus, after controlling for phylogeny
(Fig. 1B), species with higher Factor 1 scores were those that developed
more slowly and had longer life spans, whereas those with high Factor 2
scores had larger clutch sizes, geographic ranges and maximum body
sizes. Based on the regression analyses, species with higher Factor 1 scores
had lower parasite loads (F1,10 = 6.83, P = 0.026; Fig. 3A), mortality
(F1,10 = 7.25, P = 0.023; Fig. 3b), and marginally lower malformation
risk (F1,10 = 4.14, P = 0.069; Fig. 3c). Because the two Hyla species were
outliers with no malformations and almost no infection, we repeated the
analysis without these species. Despite the decrease in sample size, the
results were similar or stronger, suggesting the observed patterns were
robust (parasite load: F1,8 = 15.70, P = 0.004; mortality risk: F1,8 = 7.82,
P = 0.023; malformation risk: F1,8 = 5.21, P = 0.052). Factor 2 did not
predict any response variable, regardless of whether Hyla were included
(all P > 0.104). Results were also not sensitive to whether we included the
out-group, X. laevis.

The information theoretic analysis revealed that traits associated
with host larval period, such as time-to- and especially length-at-
metamorphosis, had the greatest relative importance and lowest AICc

values across all response variables, regardless of whether we excluded
Hyla (Fig. 4; Tables S10–12). As predicted, both variables correlated

negatively with the three epidemiological responses (Table S13),
indicating that species with longer larval periods and larger metamor-
phic sizes had fewer parasites and less pathology. Based on the path
analysis, species with higher values on Factor 1 (longer larval periods
and larger sizes at metamorphosis) had fewer parasites at metamor-
phosis (b = )0.623, P = 0.006) whereas both Factor 1 and parasite
load affected mortality risk (Factor 1: b = )0.475, P = 0.012; Parasite
load: b = 0.480, P = 0.011), indicating that host life history influ-
enced parasite-induced mortality both directly and indirectly. In
contrast, Factor 1 affected malformation risk only through its effect
on parasite load, which had a strongly positive influence on
malformation odds (b = 0.898, P < 0.001).

DISCUSSION

Results of our comparative experimental approach highlight the
importance of host life-history traits in determining parasite infection
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Figure 3 Relationships between Factor 1 from the factor analysis (!pace-of-life"
axis) and responses variables: (a) parasite load at metamorphosis (arcsine-square

root transformed); (b) mortality risk (ln-transformed odds ratio); (c) malformation

risk (ln-transformed odds ratio). Trendlines and associated statistics plotted for each

panel with H. versicolor and H. chyrsoscelis excluded. For ease of presentation, graphs

reflect data without correcting for phylogenetic relationships (see text for details).
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The	trematode	Ribeiroia	ondatrae	

Fast-paced	species	had:	
•  Greater	parasite	loads	
•  Greater	probability	of	mortality	
•  More	malforma<ons	

Parasite load

Among hosts examined at metamorphosis (n = 423), the percentage
of administered parasites detected upon necropsy averaged (± 1 SE)
25.39 ± 0.88% (Table S7). This fraction varied strongly by host
species but not by exposure dose (ANOVA F13,409 = 40.242,
P < 0.0001; species [fixed factor]: F12,409 = 43.57, P < 0.0001;
dosage [covariate]: F1,409 = 0.721, P = 0.396), with the lowest
infections in the two Hyla species (< 1%) and the highest parasite
load in P. regilla and the small-bodied ranids (29–41.6%) (Table S8).
Among animals for which we had data on infection and time-to-
metamorphosis (n = 333), the number of parasites varied by species
(F8,298 = 28.795, P < 0.0001), exposure level (F5,298 = 2.726,
P = 0.02) and days post-exposure (F1,298 = 36.381, P < 0.0001);
longer development times tended to reduce parasite load, possibly
reflecting greater time for host clearance. Even among species that
exhibited low parasite loads (< 1% of parasites detected at metamor-
phosis) (e.g. H. chrysoscelis), !18.7% of exposed parasites were
detected as metacercariae in tadpoles that died within 72 h of
exposure. This indicates that, although parasites were successful in
entering and encysting in the host (see Supporting Information), they
were subsequently lost through host immunity or parasite mortality.
We note, however, that our study was not designed to differentiate
between the relative importance of host immunity and parasite
mortality in influencing clearance rate.

Between-species analyses

The factor analysis yielded two axes that collectively accounted for 77% of
the variance in species traits and generally divided larval development
characteristics (Factor 1) from those associated with adult size and
reproduction (Factor 2). Time-to-metamorphosis (loading = 0.91),
length-at-metamorphosis (loading = 0.83) and maximum age (load-
ing = 0.76) each loaded heavily on Factor 1, which explained 42% of the
variance (Fig. 1A). Range size (loading = 0.81), clutch size (load-
ing = 0.81), maximum body size (loading = 0.72) and size-at-maturity
(loading = 0.82) loaded on Factor 2 (35% of the variance). Egg size did
not load strongly on either axis. Thus, after controlling for phylogeny
(Fig. 1B), species with higher Factor 1 scores were those that developed
more slowly and had longer life spans, whereas those with high Factor 2
scores had larger clutch sizes, geographic ranges and maximum body
sizes. Based on the regression analyses, species with higher Factor 1 scores
had lower parasite loads (F1,10 = 6.83, P = 0.026; Fig. 3A), mortality
(F1,10 = 7.25, P = 0.023; Fig. 3b), and marginally lower malformation
risk (F1,10 = 4.14, P = 0.069; Fig. 3c). Because the two Hyla species were
outliers with no malformations and almost no infection, we repeated the
analysis without these species. Despite the decrease in sample size, the
results were similar or stronger, suggesting the observed patterns were
robust (parasite load: F1,8 = 15.70, P = 0.004; mortality risk: F1,8 = 7.82,
P = 0.023; malformation risk: F1,8 = 5.21, P = 0.052). Factor 2 did not
predict any response variable, regardless of whether Hyla were included
(all P > 0.104). Results were also not sensitive to whether we included the
out-group, X. laevis.

The information theoretic analysis revealed that traits associated
with host larval period, such as time-to- and especially length-at-
metamorphosis, had the greatest relative importance and lowest AICc

values across all response variables, regardless of whether we excluded
Hyla (Fig. 4; Tables S10–12). As predicted, both variables correlated

negatively with the three epidemiological responses (Table S13),
indicating that species with longer larval periods and larger metamor-
phic sizes had fewer parasites and less pathology. Based on the path
analysis, species with higher values on Factor 1 (longer larval periods
and larger sizes at metamorphosis) had fewer parasites at metamor-
phosis (b = )0.623, P = 0.006) whereas both Factor 1 and parasite
load affected mortality risk (Factor 1: b = )0.475, P = 0.012; Parasite
load: b = 0.480, P = 0.011), indicating that host life history influ-
enced parasite-induced mortality both directly and indirectly. In
contrast, Factor 1 affected malformation risk only through its effect
on parasite load, which had a strongly positive influence on
malformation odds (b = 0.898, P < 0.001).

DISCUSSION

Results of our comparative experimental approach highlight the
importance of host life-history traits in determining parasite infection
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Figure 3 Relationships between Factor 1 from the factor analysis (!pace-of-life"
axis) and responses variables: (a) parasite load at metamorphosis (arcsine-square

root transformed); (b) mortality risk (ln-transformed odds ratio); (c) malformation

risk (ln-transformed odds ratio). Trendlines and associated statistics plotted for each

panel with H. versicolor and H. chyrsoscelis excluded. For ease of presentation, graphs

reflect data without correcting for phylogenetic relationships (see text for details).
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Summary	

Species-level	varia<on	in	suscep<bility	is	not	random	

•  Phylogeny	–	shared	evolu<onary	history	

•  Ecology	–	habitat	preferences	that	influence	exposure	

•  Life	history	–	Pace-of-life	con<nuum	

•  ‘Fast-lived’	species	with	rapid	growth	and	short	life	spans	
invest	li`le	in	pathogen	defense	

•  ‘Slow-lived’	species	with	slow	growth	and	long	life	spans	
invest	more	in	pathogen	defense	

Varia-on	among	other	ectotherms	
Fish	and	turtle	species	have	been	examined	for	
suscep<bility	to	different	ranavirus	isolates	

122 BRENES ET AL.
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FIGURE 1. Percent mortality and infection of five fish species (Channel Cat-
fish, Nile Tilapia, Western Mosquitofish, Fathead Minnow, and Bluegill) ex-
posed to three ranavirus isolates from different ectothermic vertebrate hosts:
turtle, fish, and amphibian. Results are based on exposure of 20 individuals per
fish species per ranavirus isolate for 28 d. Infection was determined via qPCR
and may not represent occurrence of active virus replication in the host.

amphibian to a fish species, which has been reported by oth-
ers (e.g., Bang-Jensen et al. 2009, 2011b; Gobbo et al. 2010;
Picco et al. 2010). These results provide additional evidence
that FV3-like ranaviruses can be transmitted among ectother-
mic vertebrate classes.

We documented 5% mortality of Channel Catfish exposed to
the turtle isolate, and 5–10% mortality of Western Mosquitofish
exposed to fish, turtle, or amphibian isolates. Although this
level of mortality is low, these results suggest that ranavirus
could negatively impact aquaculture industries (Prasankok et al.

TABLE 2. Viral load (PFU) in a homogenate of liver and kidney tissue
(0.25 µg) of infected individuals exposed to three FV3-like ranavirus isolates
from a morbid turtle (eastern box turtle), a fish (Pallid Sturgeon), and an am-
phibian (American bullfrog).

Species Isolate PFU

Western Mosquitofish Turtle 11.7
Fish 10.2
Amphibian 12.1

5.2
Channel Catfish Turtle 5.2
Florida softshell turtle Turtle 760

606
Fish 1.6

1.1
1.4
0.8

Mississippi map turtle Turtle 2.6

2002; Bang-Jensen et al. 2011b; Vesely et al. 2011). Bang-
Jensen et al. (2011b) reported that ranaviruses were a concern to
the aquaculture industry in the European Union, and the occur-
rence of subclinically infected individuals in international fish
trade could result in the emergence of ranavirus. Production of
Channel Catfish and Western Mosquitofish are major industries
in the United States (Mischke et al. 2013; Torrans et al. 2013).
Additionally, mosquitofish are commonly released as biologi-
cal control agents into natural aquatic systems containing native
populations of ectothermic vertebrates (Griffin and Knight 2012;
Samidurai and Mathew 2013). The fact that mosquitofish can
be subclinically infected with FV3-like ranaviruses is a conser-
vation concern.

The species of ranaviruses that are found exclusively in fish
hosts (i.e., epizootic hematopoietic necrosis virus, European
catfish virus, and Santee–Cooper ranavirus) are known to cause
significant morbidity and mortality in several fish species around
the world (Bigarre et al. 2008; Picco et al. 2010; Whittington
et al. 2010; Bang-Jensen et al. 2011b; Vesely et al. 2011). The
ranavirus BIV can cause significant mortality in Barramundi
Lates calcarifer (Moody and Owens 1994). However, FV3-like
and ATV ranaviruses appear to cause subclinical infections and
low mortality in fish (Bang-Jensen et al. 2009; 2011a; Gobbo
et al. 2010; Picco et al. 2010). The reduced susceptibility of
fish to ATV and FV3-like ranaviruses could be a result of host
specificity for cell entry and replication, or an inability to bypass
the fully functional immune system of fish (Grayfer et al. 2012).

The low susceptibility of the turtles that we tested to ranavirus
was unexpected, as cases of ranavirus infection and disease
have been reported in at least 11 tortoise and box turtle species
(Marschang et al. 1999; De Voe et al. 2004; Benetka et al. 2007;
Johnson et al. 2007, 2010; Marschang 2011), red-eared slider
turtle Trachemys scripta elegans (Johnson et al. 2006, 2010;
Allender et al. 2013) and Chinese softshell turtle Pelodiscus
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FIGURE 2. Percent mortality and infection of three turtle species (eastern
river cooter, Florida softshell turtle, and Mississippi map turtle) exposed to three
ranavirus isolates from different ectothermic hosts: turtle, fish, and amphibian.
Results are based on exposure of 20 individuals per turtle species per ranavirus
isolate for 28 d. Infection was determined via qPCR and may not represent
occurrence of active virus replication in the host.

sinensis (Chen et al. 1999) in both natural and laboratory en-
vironments (Chen et al. 1999; De Voe et al. 2004; Allender
et al. 2006; Johnson et al. 2008). However, most of these re-
ports were diagnostic cases on a single individual or challenge
experiments via isolate injection, which may be an unrealistic
transmission route (Gray et al. 2009). Allender et al. (2013)
reported greater susceptibility of adult red-eared slider turtles
injected with ranavirus at 21◦C compared with 28◦C. Given
that our experiment was performed at 26◦C, the lower infec-
tion we observed could have been influenced by temperature.
More information is needed on the susceptibility of chelonians
to ranavirus, and the role of temperature.

Our susceptibility results likely reflect a best-case scenario
inasmuch as our experiments were conducted under controlled
conditions with food provided ad libitum. Additionally, fac-
tors that contribute to ranavirus emergence such as density-
dependent transmission were controlled. In wild or captive
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FIGURE 3. Survival curves of fish species (Channel Catfish and West-
ern Mosquitofish) that experienced mortality when exposed to ranavirus iso-
lates from three different ectothermic vertebrate classes (i.e., turtle, fish, and
amphibian).

populations, multiple infected and morbid individuals can be
present, which might increase the likelihood of transmission
to other ectothermic vertebrates, particularly those that predate
(e.g., fish) or scavenge (e.g., turtles) other hosts.

The majority of individuals in our study tested negative for
ranavirus DNA in liver and kidney tissue 28 d following expo-
sure to an isolate. It is possible that individuals became infected
and cleared the virus prior to the end of the experiment. For ex-
ample, Fathead Minnow cells have been used to replicate FV3
in the laboratory for many decades (Green et al. 2009), yet no
individuals of this species were positive after 28 d in our study.
Short-duration infection could play a role in the epidemiology
of ranaviruses, especially where host densities are high. Future
transmission studies should consider euthanizing individuals at
different postexposure durations to document host susceptibil-
ity and improve our understanding of short- versus long-term
reservoirs.

Our results indicate that fish and aquatic turtles could func-
tion as reservoirs for FV3-like ranaviruses and, through com-
mercial trade, contribute to pathogen pollution (Cunningham
et al. 2003). In the United States, 662 million tons of catfish
(Hanson 2012) were produced in 2012, and 31.8 million turtles
including 17.5 million individual red-eared slider turtles were
sold between 2004 and 2005 (Brown et al. 2011; WCT 2013).
Our results suggest that fish and turtles infected with ranavirus
should be included in the World Organization for Animal Health
(OIE) standards for notifiable diseases (Schloegel et al. 2010).
Currently, amphibians infected with ranaviruses are the only
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Brenes	et	al.	2014.	J	of	Aqua8c	Animal	Health		

Immune	func<on	decreases	during	metamorphosis		

Suscep<bility	to	pathogens	should	be	highest	at	metamorphosis	

Individuals	near	metamorphosis	are	frequently	reported	in	die-off	
events	

Nathan	Haislip	

Influence	of	development	on	suscep-bility	
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Experimental	approach	

Does	suscep<bility	vary	across	developmental	stages?	

Exposed	to	the	virus	for	3	days	at	each	stage	and	moved	to	clean	water	

Results	

occurred in the embryo experiments for S. holbrookii and L.
sylvaticus; however, embryos of these species hatched prior to the
end of the 3-day virus challenge, hence exposing the hatchling to
virions. No infection occurred during the embryo experiments in
species that hatched after the virus challenge and first water
change. Thus, it appears that eggs protect their developing
embryos from ranavirus infection for the species we tested.

We documented high mortality during metamorphosis for all
species of Lithobates tested, which is frequently the stage documented

during anuran die-offs in the wild [43,44]. Cullen et al. [25] and
Cullen and Owens [26] reported high susceptibility of several
species of recently metamorphosed anurans compared to larvae or
adults when exposed to ranavirus. Warne et al. [45] also reported
higher mortality of ranavirus-exposed L. sylvaticus tadpoles during
metamorphosis. High infection and mortality during metamorpho-
sis may be associated with decreased immune function from
endogenous production of corticosteroids and lymphocyte apoptosis
[14,45,46,47], which has been demonstrated in X. laevis [48,49].

Figure 1. Percent mortality and infection among embryo, hatchling, larval, and metamorphosis developmental stages for Lithobates
sylvaticus, L. pipiens, L. clamitans, Anaxyrus americanus, Pseudacris feriarum, Hyla chrysoscelis, and Scaphiopus holbrookii. Similar shaded bars
with unlike letters are different (P,0.006) by logistic regression analysis; n = 20 per developmental stage for each species.
doi:10.1371/journal.pone.0022307.g001
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•  Variable	pa`erns	across	
species	

•  Metamorphic	stages	are	
not	universally	the	most	
suscep<ble	

•  Eggs	are	generally	
protected	from	
infec<on	
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