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Abstract

Amphibian populations around the world are threatened by an emerging infectious
pathogen, the chytrid fungus Batrachochytrium dendrobatidis (Bd). How can a fungal
skin infection kill such a broad range of amphibian hosts? And do different host
species have a similar response to Bd infection? Here, we use a genomics approach to
understand the genetic response of multiple susceptible frog species to Bd infection. We
characterize the transcriptomes of two closely related endangered frog species (Rana
muscosa and Rana sierrae) and analyse whole genome expression profiles from frogs in
controlled Bd infection experiments. We integrate the Rana results with a comparable
data set from a more distantly related susceptible species (Silurana tropicalis). We
demonstrate that Bd-infected frogs show massive disruption of skin function and show
no evidence of a robust immune response. The genetic response to infection is shared
across the focal susceptible species, suggesting a common effect of Bd on susceptible

frogs.
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Introduction

Amphibians around the world are disappearing, high-
lighting a biodiversity crisis dubbed the ‘sixth mass
extinction” (Wake & Vredenburg 2008). The chytrid fun-
gus Batrachochytrium dendrobatidis (Bd) infects hundreds
of amphibian species (Berger et al. 1998; Lips et al.
2006) and has lead to ‘the most spectacular loss of bio-
diversity due to disease in recorded history’ (Skerratt
et al. 2007). The dramatic impacts of Bd highlight the
need to better understand the dynamics of emerging
infectious disease in wildlife populations (Smith et al.
2009) and the ecological consequences of amphibian
declines (Mohneke & Roedel 2009). The devastating
effects of chytridiomycosis also underscore the impor-
tance of mechanistic studies of amphibian response to
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Bd. More than a decade after the description of Bd
(Longcore et al. 1999), the mystery of how a fungal skin
infection can be lethal to so many amphibian species
still remains (Kilpatrick et al. 2010).

Discovering the determinants of susceptibility to Bd
is critical for understanding and mitigating disease-
related amphibian declines. Identifying whether suscep-
tible species exhibit a shared response to Bd is particu-
larly important when considering whether general
solutions to the chytrid crisis may exist. For example,
shared responses can be used to identify targets for
intervention and to determine whether Bd-mitigation
strategies should focus on bolstering or inhibiting par-
ticular host responses. Ecological and physiological
studies on Bd-host interactions have been conducted on
a wide range of amphibian species (e.g. Lips et al. 2006;
Skerratt et al. 2007). However, detailed immunological
and genetic studies of Bd—amphibian interactions have
been conducted solely with laboratory models of the
genus Silurana [formerly Xenopus (e.g. Rosenblum et al.
2009; Ribas et al. 2009; Ramsey et al. 2010)], which are
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not experiencing Bd-related declines and are only dis-
tantly related to most species that are being impacted
by Bd (Soto-Azat et al. 2010). Therefore, replicated stud-
ies of nonmodel species are necessary to understand
the responses of amphibian species threatened by Bd in
nature. Genetic and genomic studies, in particular, can
provide an important window into the details of host
response to Bd.

Here, we evaluate the genomic response to Bd infec-
tion in two species of Ranid frogs that are critically
endangered. The mountain yellow-legged frogs, Rana
muscosa and Rana sierrae (Vredenburg et al. 2007), inha-
bit high elevation alpine lakes in the Sierra Nevada and
Transverse Ranges of California. Historically, these
frogs were abundant, but recently, populations have
disappeared from more than 90% of their historic range
due primarily to introduced fish predators and disease
(Briggs et al. 2005; Vredenburg et al. 2005). Rana muscosa
and R. sierrae are highly susceptible to Bd and have
experienced catastrophic Bd-related declines (Briggs
et al. 2005, 2010).

We use pyrosequencing and microarrays to character-
ize the transcriptomes of the endangered Rana species
and to understand their responses to Bd infection. No
genomic resources were previously available for Ranid
frogs; therefore, we used Roche 454 sequencing to char-
acterize >20 000 transcripts from R. muscosa and R. sier-
rae and developed a custom NimbleGen (Madison, WI)
microarray. We then conducted a laboratory infection
experiment with R. muscosa and R. sierrae to compare
global gene expression in multiple tissues (skin, liver
and spleen) for control and infected frogs at two time
points after Bd exposure. Clinical signs of infection and
Bd loads in the experiment were comparable to disease
symptoms and Bd infection intensities in natural popu-
lations during population declines (Vredenburg et al.
2010). Here, we implicate the disruption of host skin
integrity and a lack of robust immunogenetic response
to Bd as important shared features of the genetic
response to Bd infection in susceptible frogs.

Methods

Transcriptome sequencing

No genomic resources were previously available for
Ranid frogs, so we first characterized the Rana muscosa
and Rana sierrae transcriptomes. To maximize transcript
discovery, we used samples from multiple individuals
of both species, multiple tissues (liver, spleen and skin)
and multiple infection histories (Bd-infected and
Bd-naive).

We generated cDNA from total RNA for each tissue
separately. We then pooled the cDNA and normalized
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to ensure representation of transcripts of varying abun-
dances. We sequenced cDNA libraries on two different
Roche-454 platforms. For the GS FLX Standard run,
c¢DNA were normalized at Evrogen and sequenced at
EnGenCore. For the GS FLX XLR Titanium run, cDNA
normalization and sequencing were conducted at Euro-
fins. We obtained >700 Mb of sequence. We combined
reads from both sequencing runs into a single Roche
454 SFF file, screened raw unclipped sequences, assem-
bled reads into ESTs and joined assembled ESTs. We
obtained 21 703 transcripts with an average coverage of
25 reads per base. We could confidently annotate more
than half of the transcripts by BLASTing (Altschul et al.
1990) to the JGI Silurana tropicalis (XenTrop4.1) and the
Swiss-Prot databases, defining a match as better than
E-value of 0.001. The robustness of our normalization
procedure was evidenced by the large proportion of
transcripts represented in our experimental groups and
by the fact that a priori genes of interest were well
represented. Details on molecular protocols, bioinfor-
matics tools and raw sequence data are provided in
Supporting Information.

Infection experiment

We conducted a laboratory infection experiment with
adult R. muscosa from 60 Lakes Basin and R. sierrae
from Ebbets Pass, California. Frogs in these natural
populations are infected with Bd. However, experimen-
tal animals were reared in the laboratory from wild-
caught egg masses, so development and metamorphosis
occurred without Bd exposure. A standardized qPCR
method (Boyle et al. 2004) was used to confirm from
noninvasive swabs that all experimental animals were
Bd-free prior to inoculations.

Experimental infections were conducted at 18 °C, the
preferred temperature for Rana muscosa/sierrae and the
temperature at which they were reared. One week prior
to laboratory exposures, frogs were moved to individ-
ual housing and were housed individually for the dura-
tion of the experiment. Twice per week, frogs were fed
ad libitum and tank water was changed.

For each species, half of the experimental frogs (ran-
domly chosen) were designated as controls and half
were inoculated with Bd. The Bd isolate used was
maintained in the laboratory for approximately 1 year
(approximately four passages) prior to the experiment.
Inoculum was prepared by growing Sierra-Nevada Bd
on 1% agar, 1% tryptone plates for 2 weeks. Plates
were flooded with water and agitated for zoospore
release. Each frog in the exposed group was held over-
night in a 100-mL water-bath with >10° zoospores.
Exposures were repeated for 3 days. Frogs in the con-
trol group were handled identically but received sham
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inoculations (no Bd exposure). Frogs were swabbed
prior to euthanasia to confirm infection status and
quantify Bd load.

Frogs were euthanized by decapitation at two time
points. The ‘early’ group was euthanized 3 days after first
Bd exposure. The ‘late’ group was euthanized at 16 days
after first Bd exposure (by which time, many treatment
frogs exhibited clinical signs of chytridiomycosis). Three
biological replicates were euthanized for each species,
each treatment group and each time point for a total of 24
experimental frogs. Dorsal skin, liver and spleen tissues
were flash frozen and stored at —80 °C.

All unexposed frogs remained uninfected for the
duration of the experiment. Exposed frogs became
infected with Bd with increasing loads through time. At
the early and late time points, frogs had an average of
10 567 and 39 768 zoospore-equivalents, respectively.
These relatively high Bd loads are comparable to infec-
tion intensities in natural R. muscosa/sierrae populations
during population declines (Vredenburg et al. 2010).

Gene expression analysis

We developed a custom NimbleGen microarray for
R. muscosa/sierrae based on our 454 data. The micro-
array contained 127 867 60-mer probes representing a
possible 28 995 expressed transcripts. Probesets were
defined as all probes that mapped to a single transcript,
which in turn mapped to a single gene. We designed a
12-plex array to minimize experimental noise and allow
for increased sample sizes.

We processed samples from 24 total frogs (three bio-
logical replicates, two species, two treatment groups
and two time points). Skin and liver samples were
available for all 24 samples. However, spleens could
not be collected for several frogs late in infection
because body condition was poor, so only 12 spleen
samples were available (four early control, four early
infected, two late control and two late infected). All
samples from each tissue type were processed simulta-
neously. Because our arrays were 12-plexes, spleen sam-
ples were all processed on a single array, and skin and
liver samples were processed simultaneously on two
arrays for each tissue. Standard protocols (see Support-
ing information) were used to isolate RNA, synthesize
double-stranded ¢cDNA and fluorescently label cDNA
with Cy5. An 18-h hybridization was conducted at
42 °C. Chips were then washed in an automated MAUI
System and scanned on an Axon 4000B Scanner using
GENEPIx Pro software with PMT gain adjusted for opti-
mal saturation. We did not conduct separate qPCR
analyses because we previously validated expression
patterns for many of the focal genes (Rosenblum et al.
2009) and because our criteria for significance were

even more stringent than recommended in studies that
obtain extremely high correlations between microarray
and qPCR results (e.g. Morey ef al. 2006).

Microarray data analysis

NIMBLESCAN V2.5 software was used to align a chip-
specific grid and extract raw intensity data. Chip
images were visually verified to be free of significant
spatial artifacts. Raw intensity data were read into R
(R Development Core Team 2011), and chip intensity
distributions, boxplots and hierarchical clusters were
evaluated for any unusual global patterns. Each array
was background corrected and normalized using the
quantile normalization procedure. Each probeset was
then summarized to a single expression value using the
median polish and robust multichip average (RMA)
procedures (Bolstad et al. 2003; Irizarry et al. 2003;
Rafael et al. 2003). Probesets with low levels of expres-
sion variation across all samples (IQR < 0.5) were
removed from further analysis, reducing the overall
number of statistical tests to be performed. The IQR
metric was also used to confirm that the vast majority
of transcripts on our array were represented across all
experimental groups and thus to confirm that our
arrays provided a robust assessment of gene expression
(e.g. of the 28 995 transcripts 66%, 81% and 80% were
expressed in skin, liver, and spleen, respectively
[Fig. S1, Supporting information]).

We assessed differential expression between infected
and control frogs using a linear model with an empiri-
cal Bayesian adjustment to the variances (LIMMA,
Smyth 2005), and comparisons of interest were
extracted using contrasts. We used general linear mod-
els separately for each tissue with treatment (infected
vs. control) and time point (early vs. late) as main
effects. Species identity was used as a blocking factor;
thus, the model controlled for the effects of species-spe-
cific expression and was not simply a pooled analysis.
Chip assignment was also used as a blocking factor
because liver and skin samples each required two 12-
plex chips. The Benjamini and Hochberg (BH) method
was used to control for the expected false discovery rate
given multiple tests (Benjamini & Hochberg 1995).
Probesets were considered statistically differentially
expressed with a BH-adjusted P-value of <0.05. For the
spleen, no probesets showed differential expression fol-
lowing BH correction (Fig. 1, Table S1, Supporting
information), so we evaluated probesets with an uncor-
rected P-value of <0.05 and provide a more cautious
interpretation of patterns in the spleen given the less
stringent cut-off.

We also explicitly tested for a parallel response in
gene expression to infection between species. We used
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Fig. 1 The number of genes with significantly increased or
decreased expression in Bd-infected frogs (compared to control
frogs). Data are presented for three tissues (skin, liver and
spleen) and two time points (early and late in infection). Genes
with significant differences in expression were identified from
a model that accounted for species differences and included a
correction for multiple testing.

permutation tests to compare the log2 fold change val-
ues between R. muscosa and R. sierrae for the skin late
data set, the group with the most differentially
expressed genes. We performed differential expression
analysis permuting the sample labels 1000 times and at
each permutation calculated the correlation between the
log2 fold change values in the two species. We calcu-
lated a permuted P-value as the number of permuta-
tion-based correlations greater than the test correlation
divided by the number of permutations performed. We
also computed correlation coefficients of log2 fold
change values for each of the species relative to the glo-
bal analysis with species as a blocking factor. Finally, to
test for a parallel response between R. muscosa, R. sier-
rae and S. tropicalis, we conducted a complete reanaly-
sis of our S. tropicalis data (Rosenblum et al. 2009). We
re-annotated the S. tropicalis genes, mapped orthologs
between Rana and Silurana using BLAST (as described
above) and reanalysed the S. tropicalis data set using
linear models (as described above). We then performed
a contingency analysis of orthologs that showed signifi-
cant differences in expression in both Rana and Silurana
data sets, tallying genes with the same vs. opposite
responses.

© 2012 Blackwell Publishing Ltd

Results and discussion

The number of genes differentially expressed between
control and infected frogs varied strongly by tissue
type; the strongest genetic response to infection was in
the skin (contingency test, P < 0.01). Figure 1 and
Table S1 (Supporting information) show the number of
genes with statistically significant differences in expres-
sion between control and exposed frogs at the two time
points (early and late) and the three tissues assayed
(skin, liver and spleen). Below, we describe the genetic
response of Rana muscosa and Rana sierrae to infection
with Bd. First, we conducted analyses using species as
a blocking factor to understand the general response to
Bd, and we highlight gene expression changes in the
skin and the immune system from this analysis. Second,
we conducted analyses to directly compare the
responses from the two species, and we highlight
aspects of the shared response to Bd in susceptible
frogs.

Disruption of skin integrity

The most dramatic response we observed in our experi-
ment was the massive perturbation of transcript abun-
dance from genes involved in maintaining skin
integrity. Transcripts related to collagen, fibrinogen,
elastin and keratin pathways all showed significant dif-
ferences in expression between control and infected
frogs (Table 1). The collagen matrix is particularly
important for maintaining integrity of the five strata of
the amphibian epidermis, so reduced transcript for the
two predominant collagen types (type I and type III)
would disrupt the structural integrity of the epidermal
layer. In fact, we found consistent decreased expression
of a large number of collagen genes (Table 1). Similarly,
the changes in keratin expression indicate that the pre-
dominant cells of the frog integument, the keratino-
cytes, are functionally aberrant. We found a number of
keratin 1 genes to have decreased expression in sick
frogs (Table 1). Interestingly, we observed increased
expression in infected frog skin of an ortholog of
human keratin 1 (JGI#178963). This gene exhibited a
similar increase in expression in our Silurana tropicalis
experiment and is also involved in some human skin
ailments (Smith 2003; Rosenblum et al. 2009), suggest-
ing that it may play a more general role in vertebrate
skin diseases.

The precise mechanism of amphibian death by Bd
has been a persistent mystery, and our data support the
assertion that Bd kills frogs by disrupting the integrity
of their skin (Voyles et al. 2009). Because amphibian
skin is physiologically active, disrupting skin structure
compromises a number of critical skin functions. For
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Table 1 Continued

Time
point

Ensembl ID JGI ID

P-value

Coefficient

Direction

Description

Category

Cellular stress

150887

NA

ENSXETG00000025255

1.0 E-5
0.01

-25

Down Late

Heat shock protein (acute response)

Heat shock protein

287936
297593
453140
173321
360545
270281

ENSXETG00000010251
ENSXETG00000016838
ENSXETG00000024144
ENSXETG00000009112
ENSXETG00000023290

0.011
0.028
0.017
0.034
0.0022
0.026

-14

Late
Early
Late
Late
Late

Down
Up

Down
Down
Down

Heat shock protein (constitutive response)

Heat shock protein (acute response)
Heat shock protein

Heat shock transcription factor

Heat shock protein
Cytochrome p450

ENSXETG00000021140

-2.9

Late

Down

Cytochrome p450

© 2012 Blackwell Publishing Ltd

161782
NA

321869
458107
379027
468052
170248
309572

NA

ENSXETG00000004753
ENSXETG00000008983
ENSXETG00000027563
ENSXETG00000005360
ENSXETG00000026927
ENSXETG00000027566
NA

NA

ENSXETG00000020758

0.012
0.00034
0.0026
0.045
7.1 E-5
0.014
0.001
0.027

1:9 and 1.5

-1.2
-1.2
-0.8
-1.5

-1.1
-1.2

Late
Late
Late
Late
Late
Late
Late
Late
Late

Down
Down
Down
Down
Down
Down

Cytochrome p450
Cytochrome p450
Cytochrome p450
Cytochrome p450
Cytochrome p450
Cytochrome p450
Cytochrome p450
Cytochrome p450
Cytochrome p450

0.0071 and 0.0073

Early and Late

NF-kappa inhibitor

NF-kappa inhibitor

The coefficient shows the log2 fold change between infected and control frogs and the P-values are Benjamini and Hochberg corrected for multiple testing.
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example, organism-level physiology studies in two
other susceptible frog species (Litoria caerulea and Bufo
boreas) found changes in electrolyte ion transport across
the skin of diseased frogs (Voyles et al. 2009; Marcum
et al. 2010). Our genetic data corroborate the role of
electrolyte imbalances in host mortality. We found
indications of systemic ion imbalance in Bd-infected
frogs. Specifically, we observed decreased expression
of ion channel genes and increased expression of potas-
sium/chloride channel genes in the spleens of
Bd-infected frogs (Table 2). In addition, our data sug-
gest that Bd does not directly target ion transport path-
ways in the skin (Table 1), but rather that ion
imbalances are caused by the physical disruption of the
epidermis (i.e. indirect leakage of ions). The physical
disruption of the skin appears to have cascading effects
on other organs, for example, we observed significant
changes in expression of genes involved in cellular
stress and detoxification in the liver (Table 2).

In addition to interfering with ion balance, epidermal
disruption probably leads to myriad additional chal-
lenges to amphibian health. Other direct effects of epi-
dermal disruption include a compromised ability of
frogs to osmoregulate or rehydrate (Carver et al. 2010).
Indirect, downstream effects of epidermal disruption
could include increased exposure to environmental tox-
ins and increased susceptibility to invasion by addi-
tional pathogens. Of particular interest is the potential
for Bd infection to facilitate colonization by other skin
pathogens (e.g. Mycobacterium spp.), and secondary
infections by other deadly pathogens should be more
strongly considered.

Lack of evidence for a robust immunogenetic response

We found no evidence of a robust or systemic immune
response to Bd in R. muscosa or R. sierrae. In the skin,
there was little evidence for the normal activation of
localized immune responses that would be expected fol-
lowing challenge by a skin pathogen. For example, we
did not observe activation of typical proinflammatory
mediators (e.g. no expression change in IL17, TLR2,
inconsistent pattern for TNFs) nor did we observe
increase in CD4 expression [which would be expected
for pathogen recognition and response (Rivera et al.
2006)]. In fact, we observed increased expression of
notable anti-inflammatory markers in the skin of
infected frogs [e.g. NF-x inhibitors, which would
impede the NF-kB-mediated cellular response to infec-
tion (Baeuerle & Henkel 1994)]. Additionally, many
classes of immune function genes in the skin showed
predominantly decreased expression (e.g. complement
pathway) or lacked a consistent direction of change
(e.g. cytokines, Table 1). In the liver, very few immune
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gene families showed changes in expression and the
few that did failed to show a consistent direction of
change (Table 2). In the spleen, there were indications
of cytokine signal-mediated immune response, but this
response was neither substantial nor sustained
(Table 2). Neither the liver nor spleen had elevated
CD4 expression profiles suggesting a lack of systemic
T-cell recruitment. Overall, and consistent with what
we observed in S. tropicalis (Rosenblum ef al. 2009),
there was no activation of many specific immune func-
tion genes expected to be involved in the vertebrate
response to invasion by a fungal pathogen (e.g. Myrkov
et al. 2010).

Although the general pattern from our data suggests
a lack of robust immunogenetic response, some excep-
tions in the skin data set bear mention. First, in the skin
of infected frogs, we observed increased expression in
IL1, which is a marker of an inflammatory response
and can be involved in the activation of cellular- and
humoral-mediated immunity (Sims & Smith 2010).
However, our observations above (e.g. no increase in
CD4 and NF-xB) suggest that any inflammatory
response was extremely limited. Second, there were
several classes of immune genes that showed predomi-
nantly increased expression in the skin of infected frogs
(e.g. MHQ). Third, although five of the seven differen-
tially expressed genes with putative antimicrobial prop-
erties showed decreased expression in infected frogs,
we found increased expression of a cathelicidin gene
(JGI# 193370). Cathelicidins are of particular interest
because they are antimicrobial peptides known to play
an important role in vertebrate defence against fungal
pathogens (e.g. Owais et al. 2010). These exceptions
suggest that there may be some specific responses that
bear further study but do not alter the overall picture of
very weak immune activation.

It is important to recognize that our ability to make
strong conclusions from the immunogenetic data is lim-
ited by incomplete knowledge of amphibian immune
responses to fungal pathogens and incomplete charac-
terization of frog genomes. Three specific caveats are
important to consider in this regard. First, our analysis
of the immune response is necessarily limited by our
ability to annotate the R. muscosa and R. sierrae tran-
scriptomes. Our microarray contained at least 475 genes
with immune function annotations, and many of the
key players in vertebrate immunogenetic response were
well represented. However, some genes that play a role
in vertebrate inflammatory response were not annotated
on our array (e.g. some interleukins, Toll-like receptors
and C-reactive proteins). Therefore, it will be worth-
while to reanalyse our data as new functional annota-
tions become available. Second, we had lower power in
our spleen data set and no genes with significant differ-
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ential expression following correct for multiple testing.
However, we still observe very little immunogenetic
activation even with a less stringent significance cut-off
for the spleen data set (Table 2). Third, it is possible
that adaptive immunity could develop over a longer
time period than considered in this experiment. How-
ever, frogs at our late sampling point already exhibited
clinical signs of chytridiomycosis, so whether absent,
weak or simply delayed, the adaptive immune response
was not mounted adequately to prevent disease devel-
opment.

Our suggestion that Bd-susceptible frogs lack a robust
immune response is consistent with recent immunologi-
cal data. For example, immunization against Bd is not
effective for R. muscosa (Stice & Briggs 2010), and Bd-
specific antibodies have not been detected in serum
from R. muscosa after immunization with or exposure
to Bd (T] Poorten, MJ Stice, CJ Briggs and EB Rosen-
blum, unpublished data). A weak or absent adaptive
immune response may help explain why Bd is lethal to
R. muscosa, R. sierrae and many other frog species. The
lack of evidence for robust immunogenetic activation in
three susceptible species (R. muscosa, R. sierraec and
S. tropicalis) is especially interesting when contrasted
with recent results that suggest both innate and adap-
tive defences against Bd in resistant frogs such as S. la-
evis (Ramsey et al. 2010). Therefore, it is particularly
important to broaden the taxonomic focus of immuno-
logical studies of amphibians to determine whether acti-
vation of adaptive immune defences is a hallmark of
Bd-resistant frogs.

If susceptible frogs do lack a robust immunogenetic
response, it is important to consider whether Bd coloni-
zation may proceed unrecognized by the adaptive
immune system and/or that immune activation is sup-
pressed. We observed a weaker than predicted immune
response in three susceptible frog species, highlighting
the importance of determining whether Bd employs any
mechanisms for immune evasion. Specifically, molecu-
lar and cellular studies in the pathogen will be neces-
sary to evaluate the hypothesis of pathogen immune
evasion or suppression.

Response to Bd is shared across susceptible species

The direction and magnitude of the R. muscosa and
R. sierrae responses to Bd were strikingly similar
(Fig. 2). We explicitly tested for a shared response
between control and infected frogs. We calculated the
correlation coefficient for gene expression response in
the skin of R. muscosa vs. R. sierrae by comparing
between the two species the difference in expression
between control and infected frogs for each gene. We
saw a significantly shared response with a correlation
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Fig. 2 Shared response to Bd infection in the skin of Rana
muscosa and Rana sierrae late in infection. Multidimensional
scaling plot where each point represents the genome-wide
expression profile of a single individual. Open and closed cir-
cles represent control and infected individuals, respectively.
Lines connect mean gene expression profiles. Baseline gene
expression profiles in control animals differ between species.
However, the response to infection is shared in both direction
and magnitude.
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Fig. 3 Explicit test of shared response to Bd infection in the
skin late in infection for all genes in the analysis. Correlation
between responses (i.e. difference between control and infected
animals) of Rana muscosa vs. Rana sierrae (r = 0.69). Axes repre-
sent log base 2 fold change in expression between control and
infected frogs. Each of the 19 188 points represents expression
pattern of a single transcript computed across biological repli-
cates. Blue points represent differentially expressed genes, and
grey points represent all other genes. Point density increases
with colour darkness.

of 0.69, significantly higher than randomly permuted
data sets (randomization test, P = 0.001; Fig. 3). We also
calculated the correlation coefficient for gene expression

response in the skin between each species and the glo-
bal analysis presented above (with species as a blocking
factor) and again saw a dramatically shared signal with
correlations of 091 and 0.93 for R. muscosa and
R. sierra, respectively). Rana muscosa and R. sierrae are
closely related, so a shared response to Bd may seem
intuitive. However, the shared genetic response to infec-
tion is particularly noteworthy given differences
between the species in baseline gene expression. Rana
muscosa and R. sierrae differ in gene expression profiles
for both the control and the treatment groups; thus, it is
truly their response to Bd that is shared (Fig. 2).

We also found evidence for a shared gene expression
response in the skin of infected frogs at a broader taxo-
nomic scale. We compared our Rana data with a com-
plete reanalysis of our S. tropicalis data from a
comparable experiment (Rosenblum et al. 2009). Silur-
ana tropicalis is susceptible to Bd and can die from chy-
tridiomycosis in laboratory settings (unlike its more
resistant relative S. Izevis). We examined the genes that
had clear orthologs between Rana and Silurana and that
exhibited significant changes in expression in the skin
between infected and control frogs in both experiments.
Seventy-eight percentage (72/92) of these genes exhib-
ited gene expression changes in the same direction
(contingency test, P < 0.0001). A number of the genes
that showed a common response at a broader taxo-
nomic scale are functionally important and have been
highlighted above. For example, shared patterns
included decreased expression of key keratin genes
(ENSXET ID # 10783, 25339), increased expression of
the antimicrobial peptide cathelicidin (JGI ID # 193370),
increased expression of several interferon and interleu-
kin-related genes (JGI ID$ 148456, 294414, 172589,
449640) and increased expression of NF-kappa inhibitor
(ENSXET # 6998). These results indicate that some key
genetic responses to Bd may be shared across suscepti-
ble frog species.

Our results suggest that future studies of Bd-related
amphibian declines should focus in three areas. First, it
is important to understand the downstream conse-
quences of disrupted skin function on frog physiology
and secondary skin infections. Second, future work
should investigate the possibility for Bd immune eva-
sion. Third, it is crucial to complement studies of sus-
ceptible frog species with detailed characterizations of
Bd-resistant species. Our study provides insight into the
mechanisms of mortality in susceptible frog species. But
not all frog species are losing the battle with Bd; differ-
ent species, and sometimes even populations of the
same species, vary in their response to Bd (e.g. Daszak
et al. 2004; Retallick et al. 2004; Berger et al. 2005; Retal-
lick & Miera 2007; Briggs et al. 2010). Future studies
should endeavour to characterize and compare the ‘core
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responses’ of susceptible and resistant species to Bd
under multiple environmental conditions. Our genomics
resources can also be applied to ecological studies of
natural populations in an effort to understand and miti-
gate the impact of emerging infectious disease on threa-
tened amphibians.
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