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Abstract

Distinguishing whether pathogens ate novel or endemic is critical for controlling
emerging infectious diseases, an increasing threat to wildlife and human health. To test
the endemic vs. novel pathogen hypothesis, we present a unique analysis of intraspecific
host-pathogen phylogenetic concordance of tiger salamanders and an emerging Ranavirus
throughout Western North America. There is significant non-concordance of host and
virus gene trees, suggesting pathogen novelty. However, non-concordance has likely
resulted from virus introductions by human movement of infected salamanders. When
human-associated viral introductions are excluded, host and virus gene trees are
identical, strongly supporting coevolution and endemism. A laboratory experiment
showed an introduced virus strain is significantly more virulent than endemic strains,
likely due to artificial selection for high virulence. Thus, our analysis of intra-
specific phylogenetic concordance revealed that human introduction of viruses is the
mechanism undetlying tree non-concordance and possibly disease emergence via
artificial selection.
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INTRODUCTION

lence or decreased host resistance (Daszak e al. 2000,
Jancovich ez al. 2005; Rachowicz ez al. 2005). In the novel

Emerging infectious diseases are widely recognized as a
threat to public health and are increasingly appreciated as
having major effects on biological communities (McCallum
& Dobson 1995). In some cases, pathogens can even cause
host extinctions (DeCastro & Bolker 2005). Emerging
pathogens are either recently introduced to new regions or
naive hosts, or are already endemic but have increased in
impact because of environmental changes or genetic
changes in the host or pathogen (Daszak ef al 2000).
Distinguishing whether emerging infectious diseases are
novel or endemic is critical because each scenario necessi-
tates different avenues for further research and possible
mitigation strategies. In the case of emerging endemic
pathogens, research may focus on identification and
mitigation of possible environmental cofactors or assessing
whether recent genetic changes increased pathogen viru-

pathogen case, research may focus on reasons for spread,
such as: pathogen host switching, recent introductions of
infected hosts to new areas, or pathogen range expansion.
Efforts may then focus on identifying the source localities
or species and controlling spread, such as for sudden acute
respiratory syndrome (SARS; Li e al 2005). However,
distinguishing between the novel vs. endemic hypotheses is
difficult for any pathogen and has thus rarely been
accomplished because of difficulties gathering adequate
data to identify the source of the pathogen, molecular
information to disentangle the geographic relationships of
pathogen strains, and dating the age of the pathogen
(Rachowicz ez al. 2005).

One way to determine whether pathogens are novel or
endemic is to assess the extent to which they are
their host.

coevolved with Analyses of phylogenetic
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concordance that use the degree of alignment of phylo-
genies to examine patterns of coevolution and cospeciation
have yielded key insights into many interspecific host—
parasite relationships (Brooks 1979; Hafner ef al. 1994;
Huelsenbeck e# a/. 2000; Page 2002). Interspecific assess-
ment of phylogenetic concordance analysis is useful in
discriminating between hypotheses of cospeciation (Brooks
1979; Hafner et al. 1994; Huelsenbeck e al 2000; Page
2002; Smith ef al. 2004) vs. host switching (Page 1994,
2002; Huelsenbeck e al. 1997, 2000)
usually not possible to distinguish the mechanisms

. However, it is

underlying coevolutionary events themselves in inter-
specific studies because the time scale of speciation events
is too broad. [Intraspecific analyses of host-pathogen
phylogenetic concordance, however, can reflect more
recent evolutionary patterns than interspecific studies.
Although intraspecific phylogenetic concordance has rarely
been assessed, such analyses provide the opportunity to
investigate mechanisms underlying disease emergence.
Concordance suggests a pathogen is coevolved and likely
endemic, and environmental cofactors or genetic changes
may underlie emergence. Conversely, non-concordance
may indicate pathogen novelty or other reasons for
emergence, such as decreased dispersal of infected hosts
relative to uninfected hosts. It is also possible to have
concordance in one part of the evolutionary trees and non-
concordance in another, resulting in apparent pathogen
novelty in some areas and endemism in others.

Notably, novel or endemic pathogens are among the
leading hypotheses for the global decline of amphibians, a
key indicator group in the global loss of biodiversity (Collins
& Storfer 2003; Daszak ez a/ 2003; Stuart ef al. 2004;
Rachowicz e al. 2005; Jancovich ez al 2005). We analysed
phylogenetic concordance between tiger salamanders
(Ambystoma tigrinum) and their Ranavirus (Ambystoma tigrinum
virus; ATV) strains throughout western North America
(Fig. 1) to test whether ATV is novel or endemic.
Ranaviruses are generally considered emerging pathogens
because of their recent implication in the increase of global
epizootics of ectothermic vertebrates (Chinchar 2002).

The tiger salamander-ATV system, in particular, is a
model for studying the basis for disease emergence (Collins
et al. 2004). Molecular evidence suggests that ATV may be
introduced by humans into new areas via transport of
infected salamanders used as fishing bait (Jancovich ez 4/
2005). Thus, possible attificial introduction of virus strains
and consequent host switching events makes this system
ideal for testing patterns of phylogenetic concordance and
the mechanism underlying disease emergence. First, we
assessed concordance between intraspecific pathogen and
host phylogenies as one of the first to test the novel vs.
endemic pathogen emergence hypotheses. We then con-
ducted a cross-infection experiment to test whether a
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Figure 1 Sampling sites in US and Canada where salamander die-
offs have occurred (see text for abbreviations). Viruses were
isolated in pure culture from diseased animals at each site and
salamander tissue was taken for genetic analyses.

putatively introduced novel bait strain is more virulent than
putatively endemic virus strains. Bait salamanders ate
maintained at artificially high densities, a condition under
which high virulence is expected to evolve because of
enhanced opportunities for transmission (Ewald 1994).
Thus, we hypothesized that novel virus strains should be
more virulent than coevolved ATV strains.

MATERIALS AND METHODS
Study system

Pathogen biology

Ranaviruses (Family: Iridoviridae; Genus: Ranavirus) are
relatively large (> 100 kb), double-stranded DNA viruses
with icosahedral shaped capsid proteins and infect
ectothermic vertebrates worldwide (Chinchar 2002). Tiger
salamander iridoviruses, now collectively called ATV, are
monophyletic relative to other ranaviruses (Jancovich ez a/.
2005). ATV is highly infectious and disease is -easily
transmitted horizontally from sick to healthy animals via
water exposure, injection, or direct contact (Jancovich
et al. 1997). The host range of ATV was shown to include
other ambystomatid salamanders and spotted newts
(Notophthalmus viridescens), but not predacous insects such
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as diving beetles (Ditiscus sp.), making salamanders the
primary disease vector (Jancovich e a/ 2001). Mortality
rates are dosage-dependent (Brunner e o/ 2005), and in
natural populations, epizootics follow a density-dependent
pattern which, at times appears to result in localized
extirpation of at least larval populations (Brunner ef al.
2004). However, metamorphosed salamanders can act as
sublethal viral cartiers across years, re-infecting ponds as
they enter in spring to re-colonize and breed (Brunner
et al. 2004).

Host biology

We studied five subspecies of tiger salamanders (Fig. 1):
A. 1. stebbinsi (found only in S. AZ), A. t. mavortium (with a
broad geographic range that includes E. AZ, CO, WY,
NE, KS, OK and TX), A. # nebulosum (ranging from AZ,
UT, CO to NM), A. ¢ melanostictum (found in CO, ID,
WA, Alberta and Saskatchewan, Canada, WY, MT,
N. and S. SD, and NE) and A. % diaboli (found in
Manitoba and Saskatchewan, Canada, ND, SD and WI)
(Petranka 1998).

ATV has varied effects on tiger salamander population
dynamics, from apparent declines to tecolonization and
persistence. Long-term studies of populations on the Kaibab
Plateau (A. # nebulosums) and in the San Rafael Valley, AZ
(A. t. stebbinsi) reveal frequent epizootics. Kaibab sites, as well
as sites in Manitoba, Canada are typically recolonized within
2 years, but in Saskatchewan, at least three populations have
not recovered from ATV epizootics since 1997
(D. M. Schock, unpublished data). ATV is also among the
possible causes of Sonora tiger salamander (A. % stebbinsi)
declines and endangerment under the US Endangered Species
Act, which also include introduced A. % mavortium used as
fishing bait (Collins e# al. 1988; Storfer et al. 2004) . Other
subspecies, such as A. % mavortium and A. t. nebulosum are
abundant, and although they experience die-offs from ATV,
they have not noticeably declined.

Tissue collection and DNA sequencing

Salamander tissue and virus samples were collected from 12
localities ranging from southern Arizona, USA on the
Mexico border to Saskatchewan, Canada (Fig. 1): JMH
(“Joe’s Mud Hole”; AZ, Coconino Co.); DO (“Donut
Tank”; AZ, Coconino Co.); UT (“Desolation Lake”; UT,
Salt Lake Co.); SL (“Snipe Lake”; AZ, Coconino Co.); SRV
(“Bodie Canyon”; AZ, Santa Cruz Co.); SSV (“White Water
Draw”; AZ, Cochise Co.); PP (“Pat’s Pond”; CO, Gunnison
Co.); CR, (“Cunningham Reservoir”; CO, Gunnison Co.);
CO (“Mud Lake”; CO, Boulder Co.); ND (“Dogtown
Reservoir”; ND, Butleigh Co.); MA (“Manitoba”; Manitoba,
Canada); RG (“Regina Ranavirus”; Saskatchewan, Canada)
(see Appendix S1 for detailed locality information).

Approximately 1 ecm? of salamander tail was clipped from
each individual (10 individuals per site) and stored in 95%
EtOH before returning to the laboratory. Prior to DNA
extraction and analysis, tissue was stored in a —20 °C
freezer. Virus strains were given locality names, plus a “V”
at the end to indicate the virus was collected from that
locality. Virus was grown using standard cell culture
techniques for EPC (Epithelioma papilloma cyprini) cells
followed by a modified Hirt DNA extraction protocol
(Jancovich ef al  2005), which is a modified phenol—
chloroform extraction (Sambrook ez a/ 1989). Both viral
and salamander DNA was amplified using the polymerase
chain reaction (PCR) using primers for the region of
interest. Then, PCR products were purified and sequenced
following standard protocols for Applied Biosystems (ABI)
using Big Dye 3.1 and an ABI 377 automated sequencer.
Sequences were aligned using Clustal X software (Thomp-
son et al. 1997).

We sequenced 1530 bp of tiger salamander mitochondrial
DNA from the control region and adjacent insert region
using PCR primers from Shaffer & McKnight (1996) and
cytochrome B using primers from Steele ez al. (2005). We
sequenced 1086 bp of viral DNA, including the major
capsid protein and two non-coding regions using PCR
conditions in Jancovich ez /. (2005). We chose the genes to
be sequenced in the salamanders because they are conserved
evolutionarily (Shaffer & McKnight 1996) and thus there is
no intrapopulation variation that could confound results.
The major capsid protein in ATV is also highly conserved
(Jancovich ez al. 2005), and thus the two intergenic spacers
were also sequenced to provide phylogenetic signal.
Previous studies have indicated no intrapopulation variation
in these viral markers (Jancovich ez 4/ 2005). Partition
homogeneity tests (Farris ez al 1994, 1995) were performed
on the two mtDNA host sequences and the three viral
sequence segments to assess whether they suggested similar
gene tree topologies. There were no differences in phylo-
genetic signal among the two host or three virus DNA
sequences and they were thus analysed together for the
reconstruction of host or virus gene trees, respectively
(Farris e al. 1994, 1995).

Phylogenetic analyses

Our data consisted of two matrices of thirteen taxa for each
host and virus-including outgroups chosen based on their
close relationships to the ingroup taxa (Awmbystoma californ-
iense for the host tree and Frog virus 3, the type Ranavirus
isolate, for the virus tree). All data sets were analysed with
PAUP* 4.0b10 (Swofford 2000) and Mr. Bayes 3.1
(Huelsenbeck & Ronquist 2001) using Bayesian, parsimony
and maximum likelihood methods. We performed Bayesian
analyses using the program MRBAYES 3.1 (Huelsenbeck &

© 2007 Blackwell Publishing Ltd/CNRS



1078 A. Storfer et al.

Letter

Ronquist 2001). We used the default (flat) priors for rate
parameters (Dirichlet 1,1,1,1,1,1), branch length (Exp 10),
alpha parameter of the gamma distribution for rate
heterogeneity (Uniform 0.1, 50), proportion of invariant
sites (uniform 0, 1), base frequencies (Dirichlet 1,1,1,1) and
tree topology parameters (uniform over all possible topol-
ogies). We used Metropolis coupling (running of simulta-
neous Monte Carlo Markov Chain samplers that are more
likely to accept proposed moves to lower-likelihood states)
with one cold chain (at the correct target density) and three
heated chains (at higher densities and thus able to reach
local optimality peaks more easily; heating parameter = 0.2)
to help prevent the sampler from become trapped in one
region of the tree space. We ran 20 million generation
Markov chains, sampling every 2000 generations (total of
100 000 trees). We assessed convergence on an optimal tree
reconstruction visually by first looking for a plateau in
likelihood values. Second, after repeating each analysis and
discarding the first 5000 sampled trees as burn-in, we
plotted posterior probabilities from the first two runs
against one another to assess variation in the confidence
estimate. For virus data sets we defined two data partitions:
one for the sequence characters and a second (morpholog-
ical) containing two characters that described the state of the
virus matrix indels (i.e. present or absent). The variable
option was selected for the morphological partition to
ensure the selection of only vatiable characters. Details of
maximum likelihood (ML) and patsimony analyses can be

found in Appendix S2.

Concordance testing

Four sets of analyses were used to test salamander and virus
tree concordance (first with the full data sets and second
with pruned data sets with host switches removed). We
conducted four sets of analyses to determine consistency of
results among tests, because each test has strengths and
weaknesses (see Page 2002). Consistent results would thus
provide the best evidence for tree concordance or non-
concordance. The four tests included a modified partition
homogeneity test (Farris e al. 1994, 1995; Swofford 2000;
Johnson e al. 2001), reciprocal Shimodara-Hasegawa tests
(Shimodara & Hasegawa 1999), reciprocal Swofford—Olsen—
Waddell-Hillis (SOWH) (Swofford ef a/. 1996; Goldman
et al. 2000) tests (i.e. parametric bootstrapping), and a
comparison of the Bayesian credible intervals of both
salamander and virus trees. As the Shimodara—Hasegawa
test is viewed as statistically conservative (Goldman e7 a/.
2000), it will be discussed here. The remaining three tests
yielded consistent results, and the details of each are
presented in supplemental methods. We performed
reciprocal Shimodara—Hashegawa tests (Shimodara &
Hasegawa 1999) to compare the virus and salamander
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topologies on both data sets using RELL optimization and
1000 bootstrap replicates (Rambaut & Grassly 1997) in
PAUP* 4.0b10 (Swofford 2000). This model-based test
determines whether the fit of the host data to the virus tree
is significantly worse than the fit of the host data to the host
tree (or vice versa).

Molecular clock

To test for further evidence of coevolution, we analysed
whether speciation times between host and virus were
congruent (Douady e# a/. 2003). The first step in this analysis
is to test for a violation of a molecular clock; if both host
and pathogen are evolving according to a molecular clock,
we can then test whether speciation times of congruent
nodes are concordant. We tested for violation of a
molecular clock on both full and pruned data sets by
comparing ML scores for unconstrained topologies to those
where a molecular clock was enforced (for both virus and
salamander trees) using likelihood ratio tests (Felsenstein
1981). Also in the pruned data sets, we used TREEEMAP 1.0b
(Page 1995) to test for significance of the number of
cospeciation events with a randomization test using 1000
replicates. Further, to test for strict cospecation, we used a
randomization test with 10 000 replicates in TREEEMAP 1.0b
to test for a significant correlation of coalescence times of
both host and virus in the pruned datasets.

Infection experiment

We conducted a cross-infection experiment to test whether
putatively introduced virus strains (i.e. host-switches) are
more virulent (i.e. cause more mortality), than putatively
coevolved strains (i.e. concordant nodes) as indicated by the
phylogenetic concordance analyses. To control the genetic
background of the host, and thus test for viral differences
while limiting variation in the virus-host interaction, we
obtained 120 eggs from each of four inbred, full-sibship
families of laboratory-bred Awmbystoma tigrinum. Family lines
originated from animals collected at locations along the
Mogollon Rim (Coconino County, AZ, USA). These
families were not originally from a locality used in this
study; rather, they were chosen to control host genetic
variability because they are highly inbred as a result of being
maintained in captivity and inbred for over 20 years.

Eggs and larvae were reared in an environmental chamber
on a 12:12-h light:dark cycle at a constant temperature of
20 £ 1 °C. Eggs were separated upon laying and reared
individually in round, polyethylene containers (12.7 X
7.6 cm) containing 500 ml of artesian spring water dechlo-
rinated with Reptisafe® (Zoo Med Laboratories, San Luis
Obispo, CA, USA) and aerated for at least 24 h before
each water change. Water was changed weekly and latvae
were fed 0.015 g (dry weight of eggs) of hatched brine
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shrimp every other day for 6 weeks and subsequently fed
blackworms every 3 days ad libitum. Larvae were reared until
12 weeks of age prior to infection; at this age they exhibit
basic immunocompetence as evidenced by their ability to
produce immunoglobulins (Fellah ez 2/ 1992).

We used a fully factorial 4 X 6 randomized block design,
whereby 20 larvae from each of the four families were
assigned to one of six virus treatments: four endemic viral
strains as indicated by the phylogenetic concordance analysis
(UTV, CRV, DOV, SLV) one putatively introduced strain
(SRV) or a control. The “endemic” strain for these hosts is
SLV due to its close geographic proximity to their source.
Larvae in viral treatments were randomized and sub-
sequently exposed to 10°° PFU ml™" (sufficient to induce
infection in previous experiments; Jancovich ef a/ 2001;
Brunner ef al. 2005) of one of the five virus strains
(suspended in cell culture medium) for three days. Larvae
in the control treatment wete exposed to an equivalent
volume of cell culture medium alone. Animals were then
observed for a minimum of 4 weeks (consistent with larval
die-off periods in previous experiments; Brunner ez 2/ 2004,
2005) and until no latvae experienced mortality for 3 days,
which resulted in conclusion at day 35. We estimated
percentage mortality resulting from each virus strain as a
measure of virulence, with families as replicates and arcsin-
square root transformed data to meet normality assumptions
of analysis of variance (ANOVA) models. We conducted an
ANOVA using SYSTAT 11.0 to test the main effects of virus
strain on mean mortality, with Fisher’s LSD test of multiple
comparisons with assess differences among treatment
means.

RESULTS

We constructed host and pathogen gene trees of tiger
salamanders and sympatric ATV strains from 12 localities
within the Western US and Canada (Fig. 1) using maximum
patsimony, maximum likelihood and Bayesian methodo-
logies. Within a locality, all salamander DNA sequences
were identical. Previous studies also indicated no within
locality ATV genetic variation (Jancovich ez al 2005;
A. T. Storfer, unpublished data) and thus, each locality
represented a single operational taxonomic unit (OTU) on
each of the host and pathogen trees. All three methods
yielded identical topologies for both salamander and virus
trees; the Bayesian tree with support values is shown in
Fig. 2a. Detailed results of maximum likelihood and
parsimony analyses can be found in Appendix S2.

Bayesian analyses

Visual inspection revealed that all Bayesian analyses
appeared to reach stationarity within the first million
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Figure 2 (a) Tiger salamander mtDNA gene genealogy (1530 bp)
and gene genealogy from concatenated viral sequences (1,086 bp).
The most appropriate model of evolution for salamander
(GTR + I, —InL. = 2873.60, AIC = 5675.21) and viral (K81uf +
I, —Inl. = 1842.98, AIC = 3697.98) data sets were used. Maximum
likelihood and Bayesian analysis were performed on both data sets,
with both methods yielding identical tree topologies. Numerical
values on nodes represent Bayesian posterior probabilities.
Outgroups were chosen based on their close relationships to
ingroup taxa. Trees were significantly non-concordant. Host
switching events are noted in color. (b) Tiger salamander and
ranavirus gene genealogies with human-implicated host switches
removed. The most likely model of evolution remained K81uf + I
(=InL. = 1786.50, AIC = 3583.01) for the virus and GTR + 1
(=InL = 2096.21, AIC = 5610.42) for the host. Trees and node
values were generated with same analyses as in (a). Trees are
completely concordant.

generations, and thus we discarded the first 5000 sampled
trees as burn-in. In all cases, the Bayesian consensus
topology was identical to the maximum likelihood topology,
though the posterior probabilities for clades were generally
higher (Figs. 2a,b). Even though it has become common in
recent studies to find that postetior probabilities are higher
than maximum likelihood bootstrap values (Alfaro ef al.
2003; Erixon ef al. 2003; Douady et al. 2003), increased
support for relationships within the virus topologies is also
due to the inclusion of two morphological characters that
show no homoplasy on the Bayesian consensus tree.
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salamander and virus data sets based on maximum
likelihood topologies. When the virus tree was constrained
to the most likely host tree, the likelihood score (1873.45)
was significantly worse than the most likely virus
tree (1842.98, P = 0.002). Similatrly, when the salamander
tree was constrained to the most likely virus tree,
the likelihood score significantly decreased (3083.26)
relative to the best host tree score (2873.60, P = 0.001).
Results of the remaining three tests ate presented in

Appendix S2.

Molecular clock

For the full data sets, we could reject a molecular clock for
both virus (=InL = 1859.89 with clock enforced;
—IlnL. = 1842.98 without clock enforced; P < 0.05) and
salamander  (=lnL = 2877.69 with clock enforced;
—InL. = 2873.60 without clock; P < 0.01) data sets. How-
ever, we were unable to reject a molecular clock for either of
the pruned data sets. For the pruned virus data set, the ML
topology with a molecular clock enforced had a score of
1788.72, which was not significantly better than the
unconstrained topology (=InL = 1786.60; P > 0.05). For
the pruned salamander data set, the maximum likelihood
score with the molecular clock enforced was 2799.73 vs.
2796.21 for the full dataset (P > 0.05).

When the three host switches were removed from the
analysis pruned topologies were identical, and the random-
ization test in TREEMAP showed that the number of
cospeciation events was significant (P < 0.001), and thus
highly unlikely that the two trees were concordant by
chance. There was a strong correlation of host and pathogen
coalescence times (* = 0.859), although we could not reject
the hypothesis that strict cospeciation has not occurred

(P = 0.110).

Infection experiment

The Anova indicated significant differences among mean
mortality rates across the different viral treatments
(Fs13 = 17.116, P < 0.0001; Fig. 3). A Fisher’s LSD mult-
ple comparison test indicated significant differences
between individual treatments within the study with the
control treatment resulting in no mortality and the putatively
introduced viral strain (ATV) resulting in significantly higher
mean mortality (60%) than all other strains (P < 0.001;
Fig. 3). There was also variation among the putatively
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Control  UTV ~ CRV DOV  SLV SRV
Virus strain

Figure 3 Mortality rates (percentages) of four families of labo-
ratory-bred salamanders infected using five ranavirus strains and a
control. According to phylogenetic analyses in Fig. 1, strains UTV,
CRV, DOV and SLV are coevolved with their hosts, while strain
SRV represents a host switch. Shown are means + SE The overall
ANOVA was significant for the main effect of virus (Fs5 ;3 = 17.116,
P < 0.0001). Different letters above bars indicate significant
differences among means.

coevolved strains, with UTV having the highest mortality
(30%; P < 0.01).

DISCUSSION

Our results support both the novel and endemic hypotheses
as explanations for disease emergence in western North
American tiger salamander populations. That is, ranaviruses
are likely endemic in most tiger salamander populations, but
infected bait salamanders are moved by humans, resulting in
apparent host-switches. Initial analyses showed that host
and pathogen trees were significantly different and non-
concordant, suggesting pathogen novelty (Fig. 2a). Non-
concordance appears to result from three host switches,
corresponding to two localities in southern Arizona (SS and
SR) and one locality in Colorado (CO, Figs. 1, 2a).

We previously documented that these three host switches
likely resulted from human movement of infected, non-
native salamanders, probably used as fishing bait (Collins
1981; Storfer ez al. 2004; Jancovich ef al. 2005) . We formerly
isolated ATV from infected bait shop salamanders on two
separate occasions, and geographic patterns of virus
genotypes are consistent with documented anthropogenic
movement of bait salamanders (Jancovich e# a/ 2005). With
regard to the three host switches observed in the present
study, we recently showed hybridization of bait salamanders
(non-native A. % mavortium) and the native Sonora tiger
salamander, A. % stebbinsi at one of these three sites (SR,
Fig. 1; Stotfer et al. 2004). Salamanders from the other
southern Arizona site (SS) have been documented as
human-introduced A. % mavortinm (Collins 1981; Collins
et al. 1988). The third site representing a host-switch (CO)
is in an easily accessible state park in Colorado, and we
showed that this strain is nearly identical genetically to an
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ATV strain isolated from a bait colony (Jancovich ez 4.
2005).

Cutiously, one might expect that if the three host-switch
ATV strains were maintained in bait shops, that they would
be more phylogenetically similar (e.g. monophyletic) than
shown herein. However, salamanders from bait shops
throughout western US states have tested positive for
ATV (A. M. Picco, unpublished data). Thus, the geographic
variation in the associated viral strains and resulting
potential genetic variation is consistent with the observed
non-monophyly of the three putatively introduced ATV
strains.

Because of the likely human involvement in moving all
three host-switch strains, we removed them from the
analysis and re-tested for concordance. The resulting
pruned host and virus gene genealogies are identical,
strongly suggesting host-pathogen coevolution in the
remaining localities (Fig. 2b). It is highly improbable that
the two pruned trees are concordant by chance alone,
because a post hoc-randomization analysis showed a
significant number of cospeciation events. Further support
for coevolution came from an observed strong correlation
between host and pathogen coalescent times (¥ = 0.859;
Huelsenbeck ef al. 1997, 2000). In addition, the pruned
data sets had higher Bayesian support at each node than
the full data set, a result consistent with human movement
of infected salamanders where host-switches appear to
have occurred. Collectively, these analyses provide strong
evidence of salamander-virus coevolution in all but three
localities.

Previous long-term ecological and experimental data also
support a coevolutionary relationship. ATV is easily spread
by cannibalism (Jancovich et . 1997), and there is a
negative correlation between disease frequency and cannibal
frequency among salamander populations throughout Ari-
zona (J. P. Collins, unpublished data; Pfennig e a/ 1991).
Common garden experimental data provide evidence that
these patterns are likely the result of past selection by ATV
against cannibalism (Pfennig e o/ 1991; Parris et al. 2005).

In light of the strong phylogenetic, ecological and
experimental evidence for coevolution, we investigated the
mechanism for disease emergence. We tested the hypothesis
that the artificially high densities maintained in bait colonies
select for high virulence of bait associated strains, leading to
their emergence. Theory suggests that in high density host
environments, high pathogen virulence can evolve because
virulence is associated with within-host growth rate and
consequently transmission (Ewald 1994). In contrast, high
virulence can not be maintained below a critical host density
because transmission becomes rare and the pathogen will
likely burn itself out (Lenski & May 1994). Thus, we
predicted higher virulence of bait virus strains than endemic
strains because tiger salamander densities are artificially high

in bait shops and transmission is virtually guaranteed. A
laboratotry experiment supported this prediction; an intro-
duced strain (SRV; Fig. 3) was significantly more virulent
(i.e. caused higher mortality) than endemic strains. It is
noteworthy that the introduced strain used in this experi-
ment (SRV) is implicated in the decline of the endangered
Sonora tiger salamander (A. % stebbinsi), supporting the
virulence of this strain in natural populations (Collins ez a/.
1988).

In general, intraspecific tests of non-concordance (see
Fig. 2a) or concordance (see Fig. 2b) of host and pathogen
phylogenies afford a means to test the novel vs. endemic
hypotheses and have broad implications for guiding further
emerging disease research and control. This study is one of
the first investigations of phylogenetic concordance within
species and provides the distinct advantage relative to
interspecific studies of exploring the mechanistic under-
pinnings for discrepancies in host-pathogen phylogenies.
We propose that the mechanism underlying non-concot-
dance of salamander and virus phylogenies is artificial
movement of bait salamanders infected with ATV. Such
virus introductions have likely altered the coevolutionary
process and resulted in disease emergence at localities
where humans introduced novel, more virulent virus
strains.

Analyses of intraspecific phylogenetic concordance can
provide critical information about geographic locations
where host-pathogen coevolution has occurred and the
pathogen is likely endemic, in contrast to places where
pathogen strains may have been introduced. Distinguishing
between endemic and introduced pathogens allows
researchers to target appropriate host populations for
possible intervention. In the case of emerging diseases that
are endemic, researchers can investigate: whether there are
evolved host defenses that can be used as potential
treatments in other host populations, whether there are
environmental cofactors of disease emergence, or whether
there are recent genetic changes in the host or pathogen. In
cases where pathogens are found to be novel, research could
focus on identifying locations where pathogens ate intro-
duced and perhaps most virulent, or understanding the
conditions under which the pathogen has spread, such as via
increased movement of infected hosts or host switches to
naive species. In addition, if pathogens are found to be
spread recently, such as SARS (Li e# a/. 2005), research can
focus on tracing them to their source to control further
introductions.
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