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Abstract

Ranaviruses are responsible for a lethal, emerging infectious disease in amphibians

and threaten their populations throughout the world. Despite this, little is known

about how amphibian populations respond to ranaviral infection. In the United

Kingdom, ranaviruses impact the common frog (Rana temporaria). Extensive public

engagement in the study of ranaviruses in the UK has led to the formation of a

unique system of field sites containing frog populations of known ranaviral disease

history. Within this unique natural field system, we used RNA sequencing (RNA-

Seq) to compare the gene expression profiles of R. temporaria populations with a

history of ranaviral disease and those without. We have applied a RNA read-filter-

ing protocol that incorporates Bloom filters, previously used in clinical settings, to

limit the potential for contamination that comes with the use of RNA-Seq in non-

laboratory systems. We have identified a suite of 407 transcripts that are differen-

tially expressed between populations of different ranaviral disease history. This

suite contains genes with functions related to immunity, development, protein

transport and olfactory reception among others. A large proportion of potential

noncoding RNA transcripts present in our differentially expressed set provide first

evidence of a possible role for long noncoding RNA (lncRNA) in amphibian response

to viruses. Our read-filtering approach also removed significantly more bacterial

reads from libraries generated from positive disease history populations. Subse-

quent analysis revealed these bacterial read sets to represent distinct communities

of bacterial species, which is suggestive of an interaction between ranavirus and

the host microbiome in the wild.
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1 | INTRODUCTION

Globally, amphibians are the most threatened group of vertebrates

and their populations are continuing to decline (Wake & Vredenburg,

2008). They are faced with diverse and numerous threats that

include habitat loss (Cushman, 2006), climate change (Foden et al.,

2013), over-harvesting by humans (Xie, Lau, Stuart, & Cox, 2007), as

well as emerging infectious diseases (Chinchar, 2002; Longcore, Pes-

sier, Nichols, & Longcorel, 1999). In addition to the fungal pathogens

belonging to the genus Batrachochytrium, one of the most wide-

spread and lethal amphibian diseases is caused by viruses belonging

to the genus Ranavirus (Daszak, Berger, & Cunningham, 1999; Green,

Converse, & Schrader, 2002).

Ranaviruses are large double-stranded DNA viruses that are cap-

able of causing disease in all classes of ectothermic vertebrates

(Cunningham et al., 1996; Marschang, 2011; Whittington, Becker, &

Dennis, 2010). They are globally distributed and known to be pre-

sent on all continents except for Antarctica (Duffus et al., 2015).

Ranaviruses have been identified as the cause of amphibian mass

mortality events (Cunningham et al., 1996) and have been implicated

in the long-term declines and extinction of amphibian populations

(Earl & Gray, 2014; Teacher, Cunningham, & Garner, 2010). The sus-

ceptibility of amphibians to ranaviruses varies between host species,

and a number of ecological risk factors have been identified (Hover-

man, Gray, Haislip, & Miller, 2011). There is evidence that the level

of genetic variation within a population correlates negatively with

susceptibility to ranaviral infection (Gantress, Maniero, Cohen, &

Robert, 2003; Pearman & Garner, 2005) and a history of host co-

evolution with local ranaviral strains also reduces susceptibility

within a species (Ridenhour & Storfer, 2008; Schock, Bollinger, &

Collins, 2009). This is indicative of an adaptive genetic element to

ranaviral immunity, an aspect of host–ranavirus interactions that has

received little attention to date.

Most of what is known about the amphibian immune response

to ranaviruses comes from an experimental system built around the

primitive anuran Xenopus laevis infected with the type species of

Ranavirus, Frog Virus 3 (FV3; Hyatt et al., 2000). This system has

yielded valuable insights into the pathogenicity and immune evasion

strategies of ranaviruses (Grayfer, Andino, Chen, Chinchar, & Robert,

2012) as well as the immune response of X. laevis to FV3 infection

(De Jes�us Andino, Chen, Li, Grayfer, & Robert, 2012; Maniero, Mor-

ales, Gantress, & Robert, 2006; Morales et al., 2010; Robert & Ohta,

2009). Although these findings are fundamental and vital to our

understanding of how amphibians may combat ranaviral infection,

the diversity of amphibian taxa means there is a clear need to

extend this research effort to other amphibian species.

The application of RNA-Seq-based transcriptomics to disease

research has revolutionized our ability to understand the processes

of and response to diseases, even in nonmodel organisms (Costa,

Aprile, Esposito, & Ciccodicola, 2012; Wang, Gerstein, & Snyder,

2009). However, the lack of well-controlled experimental field sys-

tems, coupled with the high likelihood of simultaneously sequencing

environmental contaminants, has meant that the use of RNA-Seq

techniques has remained largely rooted in the laboratory.

Across all taxa and research disciplines, field-based transcriptomic

studies are rare (see review by Alvarez, Schrey, & Richards, 2015)

and to date all examples of RNA-Seq-based transcriptomics in

amphibian disease research have been conducted within laboratory-

based study systems (Ellison et al., 2015; Price et al., 2015). As

extrapolation of findings from laboratory studies to wild systems is

often tenuous, to fully appreciate the true impacts of ranaviral infec-

tion we need to understand its impact on the transcript-level

response of wild animals (Alvarez et al., 2015).

Frog Virus 3 (FV3) was identified as the causative pathogen

behind unusual mortality events seen in UK populations of European

common frogs (Rana temporaria) during the late 1980s and early

1990s (Cunningham et al., 1996). The subsequent formation of the

Frog Mortality Project (FMP) led to unprecedented public engage-

ment in the study of a wildlife disease (see Price, Garner, Cunning-

ham, Langton, & Nichols, 2016) and the formation of a unique

database of frog populations known to have a positive history of

ranaviral disease. This database, coupled with a complementary set

of populations known never to have experienced a ranavirus-related

die-off, has provided a novel framework within which to study the

population-level impacts and spread of ranavirus infection in the UK

(North, Hodgson, Price, & Griffiths, 2015; Price et al., 2016; Teacher,

Garner, & Nichols, 2009a,b; Teacher et al., 2010).

In this study, we combine this controlled field system with a

novel approach to the filtering of RNA-Seq read data collected from

wild animals to investigate the impact of ranaviral disease history on

the transcriptome of wild populations of R. temporaria in the UK.

2 | METHODS

2.1 | Ethics statement

This project was approved by the ethics boards of both the Univer-

sity of Exeter and Zoological Society of London and conducted

under the project license 80/2466 issued by the UK Home Office.

All field sampling was conducted under the personal Home Office

license 30/10730 issued to Lewis Campbell.

2.2 | Field site selection and sample collection

Potential field sites were selected from a combined database consist-

ing of the FMP database plus a complimentary database of ranavirus

na€ıve field sites (see Teacher et al., 2010 for more detailed selection

criteria). Based on information provided by property owners, the

field sites in this database are known to have been either infected

by or free from ranaviral disease for at least 20 years. A total of 13

frog populations (seven positive history and six disease free) were

recruited.

During the 2014 spring breeding season (February–April), field

site owners were asked to capture pairs of adult R. temporaria during
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amplexus (mating embrace) using nylon hand nets. Captured pairs

were placed into individual plastic holding tanks (80 9 50 9 50 cm).

All captured frogs were breeding adults, and none exhibited signs of

clinical ranavirus infection (see Cunningham et al., 1996) at the time

of sampling. Licensed personnel visited each field site and performed

tissue sampling in situ within 24 hr of frog capture. Frogs were

rinsed once by immersion into sterile water prior to sampling. The

distal portion of the first (inside) digit of a hind limb of each cap-

tured frog was clipped using surgical scissors following the applica-

tion of a topical disinfectant that contained an analgesic (Bactine;

WellSpring Pharmaceutical, Florida, USA). Toe clips were immediately

placed into individual 1.5 ml microcentrifuge tubes containing 1 ml

of RNAlater stabilizing agent (Sigma Aldrich, Missouri, USA). Follow-

ing sample collection, all animals were released at point of capture.

The number of animals sampled at each site ranged between 2 and

18 and was dependent on the success of field site owners at captur-

ing amplexing pairs.

2.3 | RNA extraction and sample pooling

Whole amputated toes (bones and soft tissue) were agitated using a

Qiagen High Frequency Tissue Lyser2 (Qiagen, Hilden, Germany) at

a frequency of 2,000 Hz for duration of 4 min with lysis buffer and

stainless steel lysing beads. RNA was then extracted using NucleoS-

pin RNA isolation kits from Macherey-Nagel (Duren, Germany) fol-

lowing the manufacturer’s instructions.

Approximate concentration of all RNA extracts was assessed

using a NanoDrop (NanoDrop, North Carolina, USA). RNA quality of

the extracts from the three males and three females with the highest

RNA extraction yields from each population was appraised using a

BioAnalyser (Agilent Technologies, California, USA). The three posi-

tive history and three disease-free field sites with the largest number

of high-quality RNA extractions were selected for sequencing

(Figure 1). Due to budget restrictions, samples with RNA integrity

scores ≥8 were chosen for pooling. Three males and three females

from each of the six sites were pooled, creating six site-specific sam-

ple pools of six individuals. To prevent the over-representation of

any individuals within a pool, RNA concentrations of each individual

within a given pool were normalized to the concentration level of

the lowest individual. RNA concentrations were not normalized

between pools.

2.4 | Sequencing

Library preparation and strand-specific sequencing were performed

by the Biomedical Informatics Hub at the University of Exeter. The

amount of ribosomal RNA present within each library was minimized

using the poly A capture method. Reverse transcription to cDNA

was performed using the Superscript II reverse transcription kit

(Invitrogen, Massachusetts, USA) and a combination of random hex-

amer and oligo dT primers. Each library was indexed with a different

sequencing barcode, and all six were run simultaneously over the

same three lanes of an Illumina Hiseq flow cell on an Illumina Hiseq

2000 machine using v3 chemistry, generating 100 base pair paired-

end reads.

2.5 | Read quality control

Adapter sequence and low-quality bases were trimmed from the

ends of reads in the raw read data sets of each of the six popula-

tions independently, using the fastq-mcf utility from the ea-utils

package (Aronesty, 2013). Short reads and those containing nonas-

signed bases (Ns) were also removed from read sets at this stage.

The following quality parameters were used: quality threshold of 20;

minimum remaining sequence length of 35 bases; minimum identity

between adapter sequence and sequence to be trimmed of 85%; no

Ns permitted, and a minimum trim length of 3 bases. The read sets

were then evaluated using FastQC (Andrews 2010).

2.6 | Environmental contaminant screening

To remove any reads that may belong to potential environmental

contaminants, we performed a novel and systematic filtering step

using the software package BIOBLOOM TOOLS (version 2.0.13b.; Chu

et al., 2014). BioBloom tools use Bloom filters, which are a memory

efficient, probabilistic data structure that tests set membership, to

screen data sets (Bloom, 1970). We produced Bloom filters using

comprehensive sets of publicly available genomes for a suite of con-

taminant groups that may be present in urban freshwater environ-

ments. These were (in alphabetical order) Algae, Archaea, Bacteria,

Fungi, Plants and Viruses. Genomes were downloaded from

ENSEMBL (Yates et al., 2016). The program ntCard (Mohamadi,

Khan, & Birol, 2016) was used to estimate the number of distinct k-

mers (subsequences of length k) for each set of contaminant gen-

omes and estimate the number of elements to be inserted into each
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2. Palmer's Green
3. Ealing
4. Mitcham
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F IGURE 1 Map of the locations of the six sites sent for
sequencing based on RNA integrity scores and number of animals
sampled per population. Potential field sites were identified from the
Frog Mortality Project database and a complimentary database
consisting of sites known never to have experienced ranaviral
infection [Colour figure can be viewed at wileyonlinelibrary.com]
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Bloom filter (Table S1). All Bloom filters were created with a target

false-positive rate (FPR) of 2%. Read sets for each site were run

independently against each filter, and any reads that hit a contami-

nant filter were removed (threshold read categorization score of

0.05). To retain as many potential frog reads as possible, we per-

formed a conservative step using a further Bloom filter constructed

from the genomes of three frog species: Lithobates (Rana) cates-

beianus (Hammond et al., 2017); Nanoranaparkeri (Sun et al., 2015)

and Xenopustropicalis (Hellsten et al., 2010). Any reads that hit

against contaminant filters but which also matched this conservation

filter were returned to their respective read sets.

2.7 | Exploratory investigation of bacterial
communities

We used Kraken (Wood & Salzberg, 2014, default parameters) with

a custom database (constructed with the same bacterial genomes

used for our bacterial Bloom filter) to classify our putative bacterial

reads to bacterial species. Kraken’s translate function was used to

present species classifications in a human-readable format, and the

numbers of individual read alignments per classified species were

collated for each population sample. Additionally, we used Kraken to

quantify the number of putative viral reads per sample pool that

mapped to the Frog Virus 3 genome.

We used the R (Team R, 2014) package PHYLOSEQ (McMurdie &

Holmes, 2013) to explore changes in bacterial diversity and commu-

nity composition between our sampled populations. The read sets

for each population were normalized (rarefied) to the depth of the

library with the fewest reads. The within-population diversity of

identified bacterial species, represented by the effective number of

species, was computed by calculating the exponent of the Shannon

diversity index value of each population, as per Jost (2006). Effective

number of species provides a more interpretable measure of differ-

ences in community diversities than standard entropies (Shannon,

Simpson, etc.) and can be calculated from any of them (Jost, 2006).

Its use circumvents the largely subjective choice between more com-

monly used indices of diversity, allowing for easier comparison and

repeatability of diversity estimates between studies (Jost, 2006). We

compared these values between disease status groups using a linear

model fitted in R. The effective number of species value of each

population was fitted as the response variable and disease status of

population as the sole predictor. We compared the identified bacte-

rial community composition using a combination of multidimensional

scaling (MDS) ordination plots in PHYLOSEQ. We first took observed

abundance of individual species into account by ordinating our popu-

lations using Bray–Curtis dissimilarity distance measures based on

count data of each identified species. Second, we negate the impact

of the observed abundance of individual bacterial species on the dis-

tances between our sampled populations using the Jaccard index

computed using binary presence/absence data of each identified

species.

We used DESEQ2 (version 1.10.1, alpha = 0.05, Love, Huber, &

Anders, 2014), which corrects for multiple hypothesis testing and

discrepancy in sampling effort (read set size), to identify bacterial

species that were differentially abundant between positive history

and disease-free populations.

2.8 | Transcriptome assembly

Our transcriptome was assembled using a multistep workflow; first,

the transcriptome assembler TRANS-ABYSS (version 1.5.5; Robertson

et al., 2010) was used to produce multiple assemblies for each of our

six libraries. It has previously been noted that an assembly pipeline

incorporating multiple k-mer lengths accounts for differences in

sequence coverage due to variation in transcript abundance within a

sample (Robertson et al., 2010). Our strand-specific assemblies were

therefore produced over a range of k-mer lengths (k = 24, 32, 40, 48,

56, 64) using the following additional parameters: minimum base

quality at read ends = 10, minimum base quality throughout a

read = 10, minimum output sequence length of 500 bases and indel

size tolerance = 2.

Second, each field site’s varying k-mer length assemblies were

merged independently using the merge function of trans-ABySS (us-

ing the same parameters as initial construction, and percentage iden-

tity between sequences to be amalgamated = 95%) to create a total

of six assemblies (one per sampled population).

Lastly, a pan-sample transcriptome (representative of all six sam-

ple pools) was produced using CD-HIT (strand-specific alignments,

sequence identity of contigs to be amalgamated of 80%; Li & Godzik,

2006) to collapse individual library assemblies down to a common ref-

erence transcriptome. CD-HIT clusters sequences based on similarity

and retains the longest member of each cluster. We assessed the

completeness of our final assembly using CEGMA, which reports a

proxy for assembly completeness based on the presence of a set of

highly conserved “core eukaryotic genes” (CEGs, default parameters;

version 2.5, Parra, Bradnam, Ning, Keane, & Korf, 2009).

2.9 | Functional annotation

The BLASTX (nucleotide to protein alignment) program of the BLAST+

software package (-strand “plus”, Camacho et al., 2009) was used to

align our assembled transcripts to a database of reference vertebrate

proteins. Our reference database was constructed by compiling the

UNIPROT (Bateman et al., 2015) submission databases for verte-

brates, human, rodent and mammalian proteins as these gene anno-

tation repositories are maintained independently. Transcripts were

annotated as their best alignments based on the alignment criteria of

≥25% identity and ≥25% coverage.

To test the validity of our assembly, transcripts that did not hit

against any annotations from the UNIPROT database were then

aligned against transcripts generated by previous anuran de novo

transcriptome studies, L.(R.) catesbeianus (BART; NCBI BioProject

PRJNA286013) and R. temporaria (Price et al., 2015) using the

BLASTn (nucleotide to nucleotide alignment) program of the BLAST+

software package (-strand “plus,” 70% identity, 10% coverage, Cama-

cho et al., 2009).
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We then used the TransDecoder program (in strand-specific

mode with default parameters; Haas et al., 2014) to search for puta-

tive protein-coding regions (open reading frame; ORF) within each of

our entire set of assembled transcripts.

2.10 | Differential expression, permutation and GO
term analysis

The read set for each library was individually aligned to our final

pan-sample transcriptome assembly using BWA-MEM (version 0.7.12-

r1039, Li, 2013). The read counts per assembled transcript per indi-

vidual library read set were then determined using HTSEQ

(stranded = reverse, id attribute = parent, Anders, Pyl, & Huber,

2015).

Differential expression analysis was performed in R using

the DESEQ2 package and standard parameters. Expression patterns

were compared between population groups based on disease

history.

We used the cytoscape application BINGO (version 3.0.3; Maere,

Heymans, & Kuiper, 2005) to explore the functional gene ontology

(GO; Gene Ontology Consortium 2015) terms associated with our

differentially expressed transcripts based on disease history group-

ing.

3 | RESULTS

3.1 | Sequencing and environmental contaminant
screening

Our six raw read sets are freely available for download from the

NCBI Sequencing Read Archive (SRA, project ID SRP131529, acces-

sion numbers SRX3603944 through SRX3603949). The number of

reads generated per population RNA pool varied; however, the varia-

tion does not appear to be related to RNA pool concentration

(Table 1). Upon a first pass of our contaminant Bloom filters, a mean

of 7,094,927 (range 5,570,844–8,907,635) reads were flagged as

being of potential contaminant origin within each population read

set, representing a mean of 3.6% of total raw reads (range 3.4%–

4.4%). A mean of 766,654 (0.4%; range 484,409–949,915; 0.3%–

0.5%) reads per population read set were not rescued following the

application of our conservative frog filter. The percentage of hits to

filters varied by taxonomic group, but for a given contaminant filter,

the percentage of hits was generally consistent between populations

(Table S2). The one exception was for reads identified as having a

bacterial origin. Read sets from disease-free populations contained

considerably lower percentages of putative bacterial reads (Table 1).

This discrepancy was shown to be statistically significant based on

comparison of bacterial read counts per disease history group

(Table 1; Kruskal–Wallis chi-squared = 3.86, df = 1, p = .049). Sam-

ple pools from both positive disease history and disease-free popula-

tions contained reads that mapped to the genome of Frog Virus 3

(Table 1).

Classification of the species diversity represented by the puta-

tive bacterial reads removed from each population library revealed

a total of 1,394 distinct operational taxonomic units (OTUs, approx-

imately homologous to bacterial species). The number of putative

bacterial reads that were classified to a species and the number of

species identified at each population varied (Table 1). Effective

number of species values showed that the alpha diversity of identi-

fied bacteria was significantly higher in disease-free populations

(Table 1; Figure 2; linear model, t = 14.45, p = <.001). Community

structure was shown to be distinct between disease history groups

based on count data for each identified species (Figure 2). Commu-

nity structure was also distinct between disease history groups

based on presence/absence data of each species (Figure 2). When

the observed abundances of bacterial species were negated, dis-

tances between positive disease history populations based on bac-

terial community composition increased (Figure 2), whereas the

distances between disease-free populations were shown to be

decreased (Figure 2).

TABLE 1 Library preparation, sequencing and bacterial read-filtering/classification results. RNA libraries consisted of pools of six individuals
(three males and three females) from a given population. The concentration of each individual within a pool was equalized to the concentration
of the lowest individual within that pool. The concentration between RNA pools was not equalized. FV3 = the number of reads per population
that were mapped to the genome of FV3. Reads generated = the total number of reads generated for that library. Putative bacterial
reads = the number of reads that hit the bacterial Bloom filter but not the conservative frog Bloom filter. % total reads = percentage of the
total reads generated identified as potentially bacterial in origin. % reads classified = the number of putative bacterial reads that were then
classified to a species ID by Kraken. Effective number of species = the exponent of Shannon diversity index

Site name
Disease
history

RNA
concentration
(ng/ll) FV3

Reads
generated

Putative
bacterial
reads

% of
total
reads

% reads
classified

# bacterial
species

Effective
number
species

Poole Positive 37 624 256,258,638 279,520 0.11 79.88 214 4.23

Deal Positive 32 567 191,703,502 373,377 0.19 92.91 113 2.21

Ealing Positive 40 544 194,762,454 300,340 0.15 89.09 193 2.86

Mitcham Negative 29 559 169,683,686 58,514 0.03 33.55 470 99.56

Palmer’s Green Negative 35 377 195,018,808 86,589 0.04 41.09 490 87.32

Oxford Negative 41 420 184,674,626 88,278 0.05 60.58 471 110.21
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Differential abundance analysis identified five species or OTUs

that were differentially abundant between positive history and dis-

ease-free populations; most notably Bacillus subtilis was found to be

two orders of magnitude (~6,000 mapped reads vs. ~230,000

mapped reads) more abundant in positive history populations

(Table 2). A counts table of reads that mapped to each identified

bacterial species can be obtained from Dryad (https://doi.org/10.

5061/dryad.q4g75/16).

3.2 | Transcriptome assembly and functional
annotation

Our pan-sample transcriptome consisted of 502,961 transcripts and

can be obtained from Dryad (https://doi.org/10.5061/dryad.g4g75/

15). The summary statistics were as follows: minimum transcript length

(enforced) = 500 bases, maximum transcript length = 27,425 bases,

N20 = 2,107, N50 = 1,023 and N80 = 648. All but one of 248 highly

conserved core eukaryotic genes were present in our final transcrip-

tome, suggesting that it was almost entirely complete (99.6%).

We annotated 73,435 (14%) of our 502,961 transcripts by

homology searches against proteins in our constructed UNIPROT

database. A table of the annotations ascribed to our assembly can

be obtained from Dryad (https://doi.org/10.5061/dryad.q4g75/14).

Additionally, 241,660 (48%) were aligned to de novo frog transcrip-

tomes from previous studies. In total, 115,628 (23%) of our assem-

bled transcripts were predicted to contain a complete or partial ORF.

(a)

(b)

(c)

F IGURE 2 (a) Plot of the within sample
(alpha) bacterial diversity as represented by
the effective number of species value
(exponent of Shannon diversity index for
each population). Alpha diversity was
shown to be significantly lower in positive
disease history populations (linear model,
t = 14.45, p = <.001). (b) Bray–Curtis
dissimilarity multidimensional scaling (MDS)
plot of the between sample similarities in
bacterial community structure accounting
for the abundance of each detected
species. C) Jaccard index distance MDS
plot of between sample similarities based
on binary presence/absence data for each
detected species. Populations; DE = Deal,
EA = Ealing, PO = Poole, MI = Mitcham,
OX = Oxford, PA = Palmer’s Green [Colour
figure can be viewed at
wileyonlinelibrary.com]

TABLE 2 Operational taxonomic units (OTU) identified as
significantly differentially abundant between infected and uninfected
populations. Mean + = mean abundance in positive disease history
populations. Mean � = mean abundance in disease-free populations.
L2FC = Log2 fold change

OTU Mean + Mean � L2FC Adj. p-value

Bacillus species 78 4 3.70 3.16E-05

Bacillus subtilis 230,034 6,901 4.60 1.33E-12

Renibacterium salmoninarum 121 7 2.90 4.30E-02

Xylanimonas cellulosilytica 77 4 3.49 5.47E-03

Bacillus atrophaeus 48 4 2.96 1.88E-02
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3.3 | Differential expression

A counts table of reads which mapped to each of our assembled

transcripts can be obtained from Dryad (https://doi.org/10.5061/

dryad.g4g75/13). Differential expression analysis revealed no obvi-

ous clustering pattern of expression between our six sampled pop-

ulations across the entire assembled transcriptome (Figure 3). The

expression profile of Palmer’s Green, a disease-free population, was

distinct from the other five sampled populations (Figure 3). A total

of 407 transcripts were identified as being significantly differen-

tially expressed between populations of differing disease history

after correction for multiple testing (adjusted p-value ≤.05; Fig-

ure 3). Of these 407 differentially expressed transcripts, 204 were

found to be up-regulated in positive disease history populations

and 203 were found to be down-regulated. From both up- and

down-regulated sets, 21 transcripts were included within our anno-

tated protein set and all 42 of these annotated, differentially

expressed transcripts mapped to unique genes. Genes up-regulated

in ranavirus positive field sites had putative functions including

protein formation and transport, cell membrane binding and endo-

cytosis, inflammation, tumour suppression, mucus secretion and

blood coagulation. Those down-regulated in the same populations

have putative functions pertaining to protein synthesis, transport,

and transcription, carbohydrate and ketone metabolisms, regulation

of cell cycle, tumour markers, as well as nervous system develop-

ment and neural cell proliferation. Full gene tables are presented

below (Table 3). In addition to those annotated to proteins, a fur-

ther 255 of our differentially expressed transcripts were present in

previously assembled frog transcriptomes from other studies. Only

12 of these 255 transcripts were predicted to contain complete

ORFs.

No GO categories were significantly enriched in either our up- or

down-regulated differentially expressed sets when p-values were

adjusted for multiple testing (Benjamini Hochberg correction for false

discovery rate).

4 | DISCUSSION

4.1 | Differential expression

Although there was no obvious clustering of expression profiles

between our six sampled populations across the whole of our tran-

scriptome, we identified a relatively small suite of 407 transcripts,

both up- and down-regulated, that showed strong clustering within

disease history classes. Below we will discuss differentially

expressed, annotated genes that are potentially most interesting

given what is currently known about ranavirus immunology and

pathology.

4.1.1 | Up-regulated genes

Inflammation plays a key role both in the early amphibian response

to ranaviral infection (Morales et al., 2010) and the pathogenicity

of ranaviruses (Grayfer, De Jes�us Andino, & Robert, 2014). The

highest fold change of any gene up-regulated in positive disease

history populations was associated with ATP-binding cassette trans-

porter 10, which has been shown to be essential to the formation

of haeme in mice (Yamamoto et al., 2014). Haeme, when liberated

from larger proteins (such as haemoglobin), is known to play a key

role in cellular damage caused by pro-inflammatory pathogens (Liu,

Hassana, & Stiles, 2016; Yamamoto et al., 2014). A host inflamma-

tory response gene (NLR family pyrin domain containing 13;

NLRP13) was also up-regulated in positive disease history popula-

tions.

Following initial inflammatory and innate immune response,

clearance of ranaviral infection in X. laevis is dependent on the adult

F IGURE 3 Euclidean distance heat maps showing between population distances in transcript profiles; Left—transcript profile distances
based on the whole of our assembled transcriptome (502,961 transcripts) and Right—transcript distances based on transcripts identified as
differentially expressed between populations of disease history classes (407 transcripts). Populations; DE = Deal, EA = Ealing, PO = Poole,
MI = Mitcham, OX = Oxford, PA = Palmer’s Green [Colour figure can be viewed at wileyonlinelibrary.com]
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frog’s ability to mount a robust adaptive, anti-viral immune response.

This includes increased production of specific antigen receptors

(Grayfer et al., 2014) and the production of immunoglobulins that

protect against reinfection (Maniero et al., 2006). Two genes that

can be linked to such responses also appear in our up-regulated

gene list: immunoglobulin lambda variable 3-1, which has the second

highest fold change of any up-regulated gene, and endogenous

retrovirus group K member 18 (ERVK-18).

Ranaviruses are known to cause damage to the epithelial mem-

branes of the skin and internal organs of infected individuals (Bayley,

Hill, & Feist, 2013; Cunningham, Hyatt, Russell, & Bennett, 2007).

Mucin, a gene related to the protection of epithelial membranes, and

two genes involved in blood coagulation (coagulation factor 5 and

urokinase plasminogen activator surface receptor) were found to be

up-regulated in positive disease history populations. This potentially

represents a pattern of expression that enables individuals from pop-

ulations likely to experience ranaviral infection to mitigate the

impact of acute symptoms, such as internal and external haemor-

rhages.

There is evidence that the very same frog populations used for

the present study have developed an assortative mating pattern,

potentially based on major histocompatibility complex (MHC) geno-

type (Teacher, 2008; Teacher et al., 2009a). The MHC is critical to

the ability of vertebrates to recognize infective agents as nonself; it

is usually highly polymorphic, and the MHC genotype that an indi-

vidual possesses is often advertised by chemo-olfactory cues (Eiza-

guirre et al., 2011; Wedekind, Seebeck, Bettens, & Paepke, 1995).

Many species use the MHC genotype of a potential partner,

detected via pheromones, as the basis of mate choice behaviours

(Campbell, Head, Wilfert, & Griffiths, 2017; Jordan & Bruford, 1998;

Penn & Potts, 1999). The up-regulation of the olfactory receptor

OR8D2 in frogs originating from positive disease history populations

is therefore striking, particularly given that the ability to detect

favourable MHC profiles in a mate is likely to be under stronger

TABLE 3 (A) Annotated transcripts with positive fold change in
positive disease history populations. L2FC = Log2 fold change.
Table is ordered by descending fold change. (B) Annotated
transcripts with negative fold change in positive disease history
populations. L2FC = Log2 fold change. Table is ordered by
ascending fold change. In both cases, fold changes in expression are
in comparison with levels of expression of the same gene in
populations that have remained free of ranaviral disease. Transcripts
were annotated by alignment to a custom UNIPROT annotation
database containing vertebrate gene annotations

Protein annotation L2FC
Adj.
p-value

(A)

ATP-binding cassette sub-family B member 10 3.68 7.77E-12

Immunoglobulin lambda variable 3-1 3.01 5.17E-06

Mucin-2 2.92 8.03E-05

Urokinase plasminogen activator surface receptor

(U-PAR)

2.92 7.42E-07

Sialic acid synthase 2.87 3.23E-09

MICAL-like protein 2 (MICAL-L2) 2.59 2.14E-05

NECAP endocytosis-associated protein 1 (NECAP-1) 2.57 .00145

P2Y purinoceptor 6 (P2Y6) 2.40 .00355

Olfactory receptor 8D2 2.27 .00483

Endogenous retrovirus group K member 18 2.27 .01423

LINE-1 retrotransposable element ORF2 protein

(ORF2p)

2.25 .01588

PQ-loop repeat-containing protein 3 2.19 .02756

Glioma tumour suppressor candidate region

gene 2 protein (p60)

2.15 .02504

Adenine DNA glycosylase (rMYH) 2.10 .00316

Nucleotide-binding oligomerization domain

protein 14

2.00 .04545

Mediator of RNA polymerase II transcription

subunit 4

1.95 .00861

SH2 domain-containing protein 5 1.87 .00363

PiggyBac transposable element-derived protein 4 1.78 .03431

Titin (Connectin) 1.66 .02768

Coagulation factor V 1.62 .01933

Basic phospholipase A2 DsM-b1/DsM-b1’ (svPLA2) 1.59 .04505

(B)

Docking protein 4 (DOK4) �3.28 2.44E-10

SH3 domain and tetratricopeptide repeat-

containing protein 1

�3.12 4.08E-06

tRNA uracil-methyltransferase homolog (TRM2) �3.01 1.77E-05

UDP-glucose 4-epimerase �2.47 .00169

Arf-GAP with dual PH domain-containing protein 1 �2.37 .00878

Protein Noxp20 �2.26 .01110

Transmembrane protease serine 3 (TADG-12) �2.22 .00374

Zinc metalloproteinase-disintegrin-like

kaouthiagin-like

�2.21 .02463

Phenylalanine-tRNA ligase alpha subunit �2.14 .04549

Oligophrenin-1 �2.14 .00131

(Continues)

TABLE 3 (Continued)

Protein annotation L2FC
Adj.
p-value

Cilia- and flagella-associated protein 54 �2.09 .04897

Preprofallaxidin-7 �2.08 2.51E-06

Protein disulphide-isomerase (PDI) �2.01 .02405

LINE-1 retrotransposable element ORF2

protein (ORF2p)

�1.96 .01656

Succinyl-CoA:3-ketoacid coenzyme A

transferase 2A

�1.95 2.97E-05

DNA repair protein (REV1) �1.87 .00707

Dystrophin �1.86 6.82E-07

Vacuolar protein sorting-associated protein 35 �1.82 .04317

Heat shock protein beta-1 (HspB1) �1.79 .02703

G2/mitotic-specific cyclin-B1 �1.71 .04421

Immunoglobulin superfamily DCC subclass

member 4 (DDM36)

�1.48 .02968
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selection in the presence of virulent disease and that these animals

were sampled during the breeding season when such assortative

mating behaviours are likely exhibited.

4.1.2 | Down-regulated genes

The largest fold change seen in the down-regulated gene set is

docking protein 4 (DOK4). DOK4 is involved in the regulation of

T-cell-mediated immune response. This is potentially surprising as

the importance of T-cells in clearing FV3 infection in X. laevis

has been noted (Robert et al., 2005). This reduction in transcript

levels of DOK4 could suggest reduced T-cell-mediated immune

capability in R. temporaria populations with a positive history of

ranavirus infection. However, observations in X. laevis show that

a reduction in T-cell response can also represent increased

immune competency and specificity of response (Morales &

Robert, 2007).

Expression of an antimicrobial peptide (AMP), Preprofallaxidin-7,

was also down-regulated in positive disease history populations. This

is perhaps unexpected as the importance of amphibian antimicrobial

peptides in the deactivation of ranaviruses has been demonstrated

(Chinchar, Wang, Murti, Carey, & Rollins-Smith, 2001). However, the

production of AMPs by amphibians is known to contribute to the

regulation of commensal microbial communities present on their skin

(Walke et al., 2014). This change in expression of an AMP may

therefore be contributory to the potential differences in the skin

microbial communities of frogs based of ranaviral disease history

that we present herein.

Little is known about how ranaviruses impact the development

of the nervous system, but it is known that the brain is an important

site of infection (De Jes�us Andino, Jones, Maggirwar, & Robert,

2016) and neural development and proliferation of nerve cells are

often negatively impacted by viral infection (Cordeiro, Tsimis, &

Burd, 2015; Tsutsui, 2009). Ranavirus infection has also been shown

to impact whole organism development of larval amphibians (St-

Amour, Garner, Schulte-Hostedde, & Lesbarr�eres, 2010) and to

increase developmental rates (Warne, Crespi, & Brunner, 2011). We

found three genes related to the development of the nervous (Oligo-

phrenin-1 and Fam114a1) and muscular systems (Dystrophin) to be

down-regulated in positive disease history populations. Although a

decrease in transcript numbers related to organismal development

may suggest reduced developmental rate, it should be noted that

the animals sampled for this study were breeding adults; so while

this is plausible, it is also possible that the individuals sampled from

positive history populations were on average older and more devel-

opmentally advanced that those collected in disease-free popula-

tions.

The importance of each of the genes discussed above in relation

to ranaviral disease history remains to be verified. However, given

that the immunological response of R. temporaria to ranaviruses is

very poorly characterized, the genes listed herein, along with others

presented in Table 3, are good candidates for further, targeted

investigation.

4.1.3 | No evidence of a coherent transcript
response

Potentially important genes appear to be both up- and down-regu-

lated in positive disease history populations. This fact, coupled with

a lack of significant enrichment in any particular functional pathways,

suggest that changes in transcript profile observed in R. temporaria

populations with a positive disease history of ranavirus may not be

beneficial in terms of combating ranaviral infection. This potentially

manifests in the continued susceptibility of previously infected popu-

lations and individuals to reinfection and recurrent mass mortality

events (Cunningham et al., 2007; Teacher et al., 2010).

The RNA pooling approach that we used for this experiment

reduced the amount of interindividual variation in gene expression

that could be detected, resulting in a bias towards the detection of

only those transcripts that are most significantly differentially

expressed between the pools (Alvarez et al., 2015). This may explain

the relatively low number of differentially expressed transcripts

when compared to disease-challenged amphibians of other species

and of R. temporaria itself to other pathogens (Cotter, Storfer, Page,

Beachy, & Voss, 2008; Ellison et al., 2015; Price et al., 2015).

However, R. temporaria experimentally exposed to ranavirus by

Price et al. (2015) showed almost no response at the transcript level

suggesting that a potentially weak transcript response to even acute

ranaviral infection may be a true reflection of the immune capabili-

ties of R. temporaria and thus contributory to their high susceptibility

to disease. However, due to limitations of the experimental design, it

should be noted that it is possible that the fold changes in baseline

expression of control vs. exposed animals observed by Price et al.

(2015) were not large enough to reveal differential gene expression.

Additionally, transcript response in amphibian immunity is known to

be tissue specific (e.g., Ellison et al., 2015), so the possibility that

both the present study and previous studies have missed transcript-

level responses to ranaviral infection in other tissues or organs can

also not be dismissed.

The diversity of function in our differentially expressed, anno-

tated gene set and our relatively low numbers of functionally anno-

tated transcripts (compared to the number of contigs in our

assembled transcriptome) is potentially responsible for the lack of

significant enrichment of any one functional pathway. However,

functional enrichment was recorded in response to ranaviral infec-

tion in the Mexican axolotl (Ambystomamexicanum; Cotter et al.,

2008); this may be explained by the use of more target-specific

microarray techniques, yielding differentially expressed genes from

fewer functional pathways, all of which were functionally annotated.

4.2 | Suggestion of a role for long noncoding RNA

Our annotation pipeline was only able to identify those protein-cod-

ing genes that have been discovered and functionally evaluated in

other vertebrates. However, aside from our 42 annotated protein-

coding genes an additional 255 of our 407 differentially expressed

transcripts were found to be present in previously constructed de
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novo amphibian transcriptomes. Only 12 of these 255 transcripts

were predicted to have protein-coding potential. The lack of ORF

and length (>200 bp) of these transcripts present the possibility that

some of the remaining 243 may be long noncoding RNAs (lncRNA).

It has long been acknowledged that noncoding RNA has numerous

important regulatory roles in vertebrates (see Pang et al., 2005) and

recent work has been shedding light on their importance to verte-

brate immune surveillance and response (Carpenter et al., 2013;

Guttman et al., 2009). Differential expression of noncoding RNAs

has been reported in response to viral infections in several species

(Chicken, Ahanda et al., 2009; Mice, Peng, Gralinski, Armour, & Fer-

ris, 2010; Humans, Yin et al., 2013), but their expression in amphib-

ian disease responses is unevaluated. This result suggests that

lncRNA may form a large proportion of the differentially expressed

transcripts between populations of varying ranaviral disease history.

4.3 | Novel approach to wildlife transcriptomics

Harnessing the potential of RNA-Seq to examine the mRNA tran-

script profiles of wild animals requires that contamination be mini-

mized. However, traditional approaches to the removal of

contaminant read data, consisting of limited alignment protocols

against the genomes of humans and Escherichia coli bacteria (e.g.,

Yang, Qi, Bi, Fu, & Access, 2012), rarely encompass the possible

range of contaminants of a wild-derived RNA sample. Our adoption

of RNA-Seq read-filtering techniques previously utilized in clinical

genomics studies (e.g., Burk et al., 2017; Jeraldo et al., 2015, 2016;

Strong et al., 2014; Zheng et al., 2016) has allowed us to overcome

the challenge of contamination in wild-collected samples, facilitating

the identification and separation of potential contaminant reads from

those of the organism of interest.

In the present study, we found that read sets from populations

with a positive history of ranaviral infection contained significantly

more bacterial reads than those from disease-free populations. The

use of only one sterile wash prior to sampling each animal means

that the detection of transient microbes cannot be entirely excluded,

although the use of skin tissue should mean that most of the RNA

extracted from each sample is directly associated with the host or

their commensal microbiota. The detectable bacterial species diver-

sity in samples from positive disease history populations was signifi-

cantly lower than disease-free populations, with commensal

communities of frogs from positive disease history populations being

dominated by a single species, Bacillus subtilis. The bacterial commu-

nity composition between the populations of different disease his-

tory was also shown to be distinct (Figure 3). When distances

between each population’s microbial community structure were com-

puted based on presence/absence data, rather than species abun-

dance counts, we found high similarity between disease-free

populations but more divergence between the microbial communities

of positive disease history populations (Figure 3). This suggests that

between disease-free and positive disease history populations, both

the species assemblages and the abundance of represented bacterial

species vary but that similarities between the microbial communities

from positive disease history samples are primarily driven by the

sheer abundance of the most dominant detectable taxa (i.e., Bacillus

subtilis).

In total, five bacterial OTUs were identified as differentially

abundant between disease history groups. Bacillus subtilis was found

to be two orders of magnitude more abundant in positive history

vs. disease-free populations. A well-known probiotic, B. subtilis has

been shown to increase immune function of fish and reduce the

impact of infectious diseases in aquaculture (Aly, Abdel-Galil

Ahmed, Abdel-Aziz Ghareeb, & Mohamed, 2008; Liu, Chiu, Wang, &

Cheng, 2012; Ran et al., 2012). Although B. subtilis is present in

many fish care products, no such products have been used in the

ponds sampled in this study. This presents the possibility that the

huge overabundance (compared to disease-free populations) of this

potentially beneficial bacterium could represent an adaptive change

in host microbiome that may infer greater resistance to ranaviral

disease.

However, ranaviruses have previously been shown to coinfect

with several other micro-organisms in both wild (Landsberg et al.,

2013; Warne, La Bumbard, La Grange, Vredenburg, & Catenazzi,

2016; Whitfield et al., 2013) and captive amphibian populations

(Miller et al., 2008). An alternative explanation is therefore that

these relatively more abundant bacterial species are exploiting the

potentially immune-compromised hosts from populations with a pos-

itive history of ranaviral disease to establish themselves at higher

levels on amphibian skin.

A growing body of work has examined links between the

amphibian skin microbiome and Batrachochytrium dendrobatidis (Bd),

which are now known to be intimately linked. Infection with Bd has

been shown to alter the structure of the commensal bacterial com-

munities on amphibian skin (Jani & Briggs, 2014; Woodhams et al.,

2014), and several species of bacteria isolated from amphibian skin

have been shown to inhibit Bd in the laboratory (Antwis, Preziosi,

Harrison, & Garner, 2015; Park, Park, Collingwood, St-hilaire, &

Sheridan, 2014). In fact, the structure of amphibian microbial com-

munities has been shown to be an effective predictor of disease risk

associated with Bd (Becker et al., 2015; Jani, Knapp, & Briggs, 2017;

Woodhams et al., 2014), and it is postulated that the relative immu-

nity of R. temporaria to Bd infection may be due to the microbiota

present on their skin (Woodhams et al., 2014). Laboratory studies

have also demonstrated that a more diverse skin microbiome

increases survival of captive-reared R. temporaria experimentally

infected with ranavirus (Harrison, Price, Hopkins, Leung, Sergeant, &

Garner, 2017). Although incidental, our findings suggest that a rela-

tionship may also exist between the skin microbial communities of R.

temporaria and ranaviruses in the wild. However, exactly how a

host’s microbiome is impacted by a pathogen depends on its prein-

fection state (Becker et al., 2015; Harrison et al., 2017; Jani &

Briggs, 2014; Longo & Zamudio, 2017). With no knowledge of the

structure of the amphibian skin microbiomes at positive disease his-

tory populations prior to disease outbreak, it is not possible to know

whether potential changes in the microbiome structure are a cause

or consequence of disease history.
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It is also important to note that these findings are based on

reads generated as a by-product of shotgun RNA sequencing. This

means that the read counts mapping to each species may not repre-

sent those species which are most abundant in the skin microbial

communities in terms of biomass but those species which are

expressing some portion of their genome at the highest levels. For

example, it may not be that B. subtilis is necessarily two orders of

magnitude more abundant in positive disease history populations but

that the B. subtilis that are present are expressing a portion of their

genome at a level two orders of magnitude higher than in disease-

free populations. Given the perfect correlation between positive

ranaviral disease history and high abundance of B. subtilis, we have

no way of concluding whether the transcript changes discussed pre-

viously are due to a positive history of acute ranaviral infection or to

the abundance or transcriptional activity of B. subtilis, and further

experimental work is warranted to this end.

Elucidating the nature and direction of this potential relationship

along with its underlying mechanisms will require the application of

several complementary approaches but is no doubt worthy of the

required research effort. As our finding relies on tissue samples of a

small number of individuals, a more comprehensive study of the inter-

action between ranaviruses and the structure of amphibian micro-

biomes in the wild would prove valuable. The use of a more traditional

method of community classification such as 16S rRNA amplicon

sequencing would demonstrate whether the over abundance of B.

subtilis observed here is due to increased biomass of that species or

potentially elevated levels of gene expression. Additionally, investiga-

tions of the interaction between ranaviruses and B. subtilis both

in vivo and in vitro might prove important as understanding potentially

inhibitory interactions between commensal bacteria and ranaviruses

may lead to innovative use of probiotics in disease mitigation strate-

gies, similar to those already observed in response to Bd (e.g., Wood-

hams et al., 2014) or in aquaculture (e.g., Aly et al., 2008).

Finally, although none of the animals sampled for this study were

symptomatic of ranaviral infection, we found that sample pools from

both positive disease history and disease-free populations contained

similar numbers of reads that mapped to the genome of FV3. The

population monitoring of our field site owners has previously been

verified by diagnostic sampling of R. temporaria collected from most

of the populations which were sampled for this study (Teacher et al.,

2010); therefore, we have no reason to doubt the disease history

classification of each population. Due to the possible detection of

transient microbial diversity from the environment, this result may

suggest that ranaviruses are present even at those populations

where acute disease has not been observed. This may mean that

ranaviruses are more ubiquitous than currently thought and that

other factors dictate whether disease occurs within a given popula-

tion. The use of new environmental DNA sampling techniques (i.e.,

Hall, Crespi, Goldberg, & Brunner, 2016) will make it possible to

explore how universally distributed ranavirus virions are compared

to incidences of known disease outbreak and to investigate potential

relationships between species diversity within an environment (mi-

crobial and otherwise) and the occurrence of ranaviral disease.

5 | CONCLUSION AND FUTURE
DIRECTIONS

Our results suggest that a disease history of ranavirus may alter the

gene expression profile of wild R. temporaria populations but that

such changes may not be associated with heightened ability to cope

with the presence of a ranavirus. We provide a set of 42 candidate

genes which form a good basis from which to begin a more exten-

sive study of the response of R. temporaria to ranaviral infection.

We also found many differentially expressed transcripts which

could not be currently annotated as vertebrate protein-coding genes

and which appear to possess no ORF. This fact, along with their

length, suggests that they could represent long noncoding RNAs.

There is growing recognition of the role that lncRNA plays in the

response of various vertebrates to viral infections, so a more con-

certed effort to evaluate the expression of lncRNAs in amphibian

response to disease is warranted.

The incorporation of a novel read-filtering technique has pro-

vided us with evidence of a relationship between ranaviruses and

the bacterial communities inhabiting amphibian skin in the wild. The

relationship between pathogens and amphibian disease is a burgeon-

ing area of research in relation to fungal pathogens. Therefore, fur-

ther targeted investigation into how ranaviruses and amphibian

microbiomes interact is timely, and the implications of such research

for amphibian conservation are potentially profound.
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