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Abstract: Ranaviruses (Iridoviridae), including Frog Virus 3 (FV3), are large dsDNA viruses that
cause devastating infections globally in amphibians, fish, and reptiles, and contribute to catastrophic
amphibian declines. FV3’s large genome (~105 kb) contains at least 98 putative open reading frames
(ORFs) as annotated in its reference genome. Previous studies have classified these coding genes into
temporal classes as immediate early, delayed early, and late viral transcripts based on their sequential
expression during FV3 infection. To establish a high-throughput characterization of ranaviral gene
expression at the genome scale, we performed a whole transcriptomic analysis (RNA-Seq) using total
RNA samples containing both viral and cellular transcripts from FV3-infected Xenopus laevis adult
tissues using two FV3 strains, a wild type (FV3-WT) and an ORF64R-deleted recombinant (FV3-A64R).
In samples from the infected intestine, liver, spleen, lung, and especially kidney, an FV3-targeted
transcriptomic analysis mapped reads spanning the full-genome coverage at ~10x depth on both
positive and negative strands. By contrast, reads were only mapped to partial genomic regions in
samples from the infected thymus, skin, and muscle. Extensive analyses validated the expression
of almost all of the 98 annotated ORFs and profiled their differential expression in a tissue-, virus-,
and temporal class-dependent manner. Further studies identified several putative ORFs that encode
hypothetical proteins containing viral mimicking conserved domains found in host interferon (IFN)
regulatory factors (IRFs) and IFN receptors. This study provides the first comprehensive genome-
wide viral transcriptome profiling during infection and across multiple amphibian host tissues that
will serve as an instrumental reference. Our findings imply that Ranaviruses like FV3 have acquired
previously unknown molecular mimics, interfering with host IFN signaling during evolution.

Keywords: transcriptome; frog virus 3; Ranavirus; interferon signaling

1. Introduction

Frog virus 3 (FV3) is a large (~105 kb), double-strand DNA (dsDNA) virus belonging
to the Ranaviruses genus (family Iridoviridae), which comprises a group of emerging
viruses that infect cold-blooded animals, including amphibians, fish, and reptiles [1,2].
FV3 infections were first reported in leopard frogs in the 1960s, and several virus isolates
were obtained from cultured tissues/cells of both healthy frogs and tumor-bearing ones
with renal carcinoma [1-3]. This implied tumorigenic potential;, however, further studies
demonstrated no etiological association of FV3 with the renal oncogenesis [1-3]. On the
other hand, the association of FV3 with apparently healthy frogs indicates host-adaptive
transmission and persistence, and may de facto cause diseases in other susceptible stages
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during the amphibian life cycle [4]. More studies have implicated Ranaviruses in the decline
of amphibian populations worldwide [5-8]. FV3 represents the most frequently reported
iridovirus for anurans. In North America, FV3 is widespread in wild amphibians, and is the
only Ranavirus detected in turtles [6,9,10]. A recent study detected different FV3 lineages
in wild amphibians in Canada, and these new FV3 isolates appears to have undergone
genetic recombination with the common midwife toad virus (CMTV) [9]. CMTV represents
another Ranavirus to affect various amphibians and reptile species and cause mortality
events throughout Europe and Asia [9,10]. These findings reinforce the urgency to study
ranaviral biology to face the bio-ecological threat from current catastrophic amphibian
decline and negative impacts in aquaculture [1-10].

Among various Ranaviruses accounting for epizootics in amphibians, fish, and rep-
tiles, FV3 is the best-characterized model and the prototype of the genus Ranavirus [1,2].
Historically, FV3 studies have provided insights into Ranavirus biology, including relevant
characterization of highly methylated and phage-like genetic DNA, two-stage viral genome
replication, temporal transcription, and virus-mediated arrest of the host response [2,11].
Prompted by early studies of FV3’s DNA synthesis occurring at the two-stage fashion be-
tween the nucleus and cytoplasm [11], more comparative genomic studies of large nuclear
and cytoplasmic DNA viruses (NCLDVs) of eukaryotes have revealed the monophyletic
origin of four viral families: poxviruses, asfarviruses, iridoviruses, and phycodnaviruses [12-14].
As recent proposals extend NCLDVs to include three other taxonomic families (Ascoviridae,
Marseilleviridae, and Mimiviridae) and new founding members of other types of giant ds-
DNA viruses, advances in Ranavirus research contribute to delineate viral evolution and
host tropism diversity among iridoviruses and NCLDVs, which can unveil evolutionary
links among viruses associated with different cellular life forms [13,15]. However, in spite
of the general characterization of FV3 replication and infection, the transcriptomic profile
of the many viral genes and the precise roles of most viral proteins of FV3 and most other
Ranaviruses remain elusive.

Early pioneering studies have resolved 47 viral RNAs and 35 viral proteins using
gel electrophoresis in FV3-infected fish cells, and temporally classified them into early,
immediate delay, and late genes along the viral infection cycle [16,17]. The first report
of transcriptomic analysis used both microarray hybridization and RT-PCR validation to
examine the expression of all 98 coding genes (or open reading frames, ORFs) as annotated
in the FV3's reference genome [18]. In that study, Majji et al. identified 33 immediate early
(IE) genes, 22 delayed early (DE) genes, and 36 late (L) viral genes, while seven remaining
genes were undetermined. As was postulated for the temporal class of FV3’s genes in
general, early genes (including both IE and DE) encode putative regulatory factors, or
proteins that act in nucleic acid metabolism and immune regulation, whereas products of
L genes are involved in the virion packaging, assembly, and cellular interaction for viral
release [18]. Notably, all of these previous FV3 gene transcription studies were performed
in vitro using a fathead minnow (FHM) fish cell line model [16-18]. Thus, to date, FV3
transcriptomic profiling in vivo in infected host is lacking.

To complement recent virome studies and novel Ranavirus isolations, it is imperative
to characterize de novo FV3's transcriptome and conduct gene functional analysis using next
generation sequencing (NGS)-facilitated metagenomics approaches [19,20]. To establish
a procedure for unbiased analyses of ranaviral gene expression on a genome scale, we
have performed a whole transcriptomic analysis (RNA-Seq) using total RNA samples
containing both the viral and cellular transcripts from FV3-infected frog tissues. Two FV3
strains, a wild type (FV3-WT) and an ORF64R-knockout strain (FV3-A64R), were used
for comparison [21,22]. The gene 64R encodes a caspase-like activation and recruitment
domain decoy (vCARD)-like molecule postulated to serve as an immune evasion gene. Re-
combinant FV3-A64R virus exhibits attenuated virulence and growth in vivo, and exhibits a
different host-pathogen interaction compared to wild-type FV3 [21,22]. In accordance with
previous studies showing that FV3 replicates in multiple amphibian tissues [16,17], our
virus-targeted transcriptomic analysis specifically mapped reads spanning the full-genome
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coverage at ~10x depth on both positive and negative strands in samples from the infected
intestine, liver, spleen, lung, and especially kidney. In contrast, reads were only mapped to
fragmental regions in samples from the infected thymus, skin, and muscle. Importantly, no
viral transcript reads were detected in all control mock-infected tissue samples, indicating
a well-controlled experimental handling and contamination-free processing. Our analyses
identified the expression of most of the 98 annotated ORFs and profiled their differential
expression in a tissue-, virus-, and temporal class-dependent manner. Furthermore, we
used a reverse-genetic approach to functionally identify viral putative ORFs that encode
hypothetical proteins, particularly those containing viral mimicking domains analogical
to that in host interferon (IFN) regulatory factors (IRFs) or IFN receptors, especially for
the type III IFNs. As a cardinal antiviral mechanism diversified along tetrapod evolution,
the IFN system comprises three types of IFNs (type I, II, and III) that are classified mainly
based on their molecular signatures and type-specific cognate receptors [23-25]. IFNs
induce diverse immune responses extensively characterized in antiviral responses, and
are involved in immunomodulatory processes through signaling cascades via respective
IFN receptors and various IRFs [23-26]. Previous studies have determined the key position
of amphibians in IFN evolution [24,25], and the alteration of viral infection in the IFN
response in FV3-infected frogs [21,22]. The functional analyses may provide a mechanistic
explanation about the viral interference of IFN responses in FV3-infected cells/tissues, and
provide new insights into the evolutionary arms race between the Ranavirus and quickly
evolving amphibian IFN system [21-25]. Our study thus provides the first virus-targeted,
genome-wide transcriptome profiling of a large DNA virus during real amphibian host
infection and uncovers the potential function of hypothetical proteins in the context of the
virus-host interaction.

2. Materials and Methods
2.1. Animals and Virus

Outbred specific pathogen-free adult (1-2 years old) frogs were obtained from the
X. laevis research resource for immunology at the University of Rochester [27]. All animals
were handled under strict laboratory and University Committee on Animal Resources
regulations (Protocol number: 100577 /2003-151; approved by the Committee on Animal
Resources Regulations at University of Rochester Medical Center on September 13, 2018,
and expiration date September 13, 2021). Two FV3 strains, a wild-type (FV3-WT) and
an ORF64R-desrupted strain (FV3-A64R), were used for comparison. Frog virus 3 (FV3)
stock preparation and animal infection were conducted as previously described [21,22].
In brief, fathead minnow (FHM) cells (ATCC® CCL-42) or baby hamster kidney-21 (BHK-
21) cells (ATCC® CCL-10) were maintained in the suggested medium (DMEM or MEM;
Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen, Waltham, MA, USA),
penicillin (100 U/mL), and streptomycin (100 ug/mL) at 30 °C with 5% CO,. FV3 was
grown by a single passage in FMH or BHK-21 cells, and virus stocks were purified by
ultracentrifugation on a 30% sucrose gradient. The virus load was assessed by plaque
assays on a BHK-21 monolayer under an overlay of 1% methylcellulose (ATCC® CCL-102).
Virus stocks were titrated using plaque assays of serially diluted viral stocks on BHK-21
monolayers to express as plaque forming units (PFU), as previously described [21,22].

2.2. Animal Infection and Tissue Sampling

Adult frogs at comparable ages and body weights were randomly allotted into mock
controls and infected groups (n = 5 per group). Animal infections were conducted by
intraperitoneal (i.p.) injection of each animal with FV3-WT or FV3-A64R at 1 X 10° PFU in
100 pL of amphibian phosphate-buffered saline solution (APBS) or only APBS for mock
controls. At 0, 1, 3, and 6 days post-infection, animals were euthanized by immersion in
bicarbonate buffered 0.5% tricaine methane sulfonate (MS-222), and indicated tissues were
sampled and pairwise allotted for classical viral titration and gene expression analyses.
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The samples of three days post-infection were selected for further unbiased or targeted
transcriptomic studies, as diagramed in Figure S1 [21,22].

2.3. DNA/RNA Extraction and gPCR FV3 Gene Copy Assays

Total RNA and DNA were extracted from frog tissues and cells using a TRIzol reagent
(Invitrogen) for PCR-based assays or a column-based RNA /DNA /protein purification kit
(Norgen Biotek, Thorold, ON, Canada) for transcriptomic analysis. RNA integrity and
concentration were evaluated with a NanoDrop 8000 spectrometer (NanoDrop, Wilmington,
DE, USA) and an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA)
to ensure RNA samples with A260/A280 > 1.8 and RNA integrity number (RIN) > 7.0
qualified for the construction of sequencing libraries [28,29].

Quantitative PCR (qPCR) analysis was performed using 150 ng/reaction of DNA
templates in an ABI 7300 real-time PCR system and PerfeCta SYBR green FastMix, ROX
(Quanta, Plain City, OH, USA). To measure the FV3 genome copy number based on de-
tection of FV3gorf60R, which encodes a viral DNA polymerase II (Pol II), a qPCR was
performed against a standard curve generated using a serially diluted template DNA
containing 10! to 10'° vDNA Pol II DNA copies cloned in a plasmid, as previously de-
scribed [21,29].

2.4. Transcriptomic Assays (RNA-Seq)

RNA samples used for RNA-Seq sequencing library preparation were pooled from
three qualified extractions of each group, as indicated above. For sequencing libraries
construction, mRNA purification, fragmentation, construction of sequencing libraries,
and sequencing were performed using the Illumina Pipeline (Novogene, Sacramento, CA,
USA). Approximately 40 M clean reads per sample were generated for genome-wide
transcriptomic analyses. The trimmed reads were further assembled and mapped to the
reference genome/transcripts of X. laevis or FV3 virus through Xenbase [30] or NCBI
genome ports [31], respectively. Only data for the virus-targeted transcriptome were
reported here. The workflow of RNA-Seq analysis and data representative of general
quality and comparability of the transcriptome data are shown in Supplemental Figure S1.
Software used for reads mapping, quantification, differential analysis, sequential gene
ontology (GO), and pathway analysis is listed in Supplemental Table S1. Significantly and
differentially expressed genes (DEGs) between two treatments were determined using
DeSeq and edgeR packages and visualized using bar charts (FPKM) or heatmaps (Log2
fold ratio), as previously described [29]. The transcriptomic dataset was deposited in the
NIH Short Read Archive linked to a BioProject with an accession number of PRINA705195.

2.5. Nowvel Viral Gene Prediction and Functional Analysis

We conducted extensive sequence- or pattern-based Blast searches against the FV3
reference genome (GenBank Accession No. NC_005946.1) using conservative domains in
Xenopus proteins of IFN signaling, especially those of IFN receptors and IFN regulatory
factors (IRFs). The Blast searching programs were mainly through the NCBI Blast portal [32]
with the Expect threshold (E-value) adjusted to 1. Only viral proteins, which showed an
E-value less than 0.5 and contain regions spanning almost full or full coverage of the
functional domains in aligned host proteins, were selected for further simulation analyses.
Further viral coding gene prediction was integrated to use both programs, fgenesV0 and
fgenesV [33], and were annotated as novel open reading frames (Norf) if they were not
annotated along the FV3 reference genome. The protein domain analysis was queried
and extracted using the NCBI CDD database. The full-length sequences of the predicted
hypothetical ORF/proteins are provided in the File S1. The GenBank accession numbers of
all aligned gene/protein sequences are listed in Table 1 [24].
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Figure 8. Identification of putative interferon regulatory factor domain (IRF) in FV3 hypothetical proteins, which are
potentially virus-coding molecular mimics able to interfere with the host antiviral interferon signaling. (A) Orf82R refers
to FV30rf82R spanning 89,450-89,923 nt region on the positive strand of the FV3 genome (NC_005946.1), and encodes
a hypothetical protein ICP-18 of 157 AA. It contains the second IRF-like domains at ~30% AA sequence similarity to
the second IRF domain detected at Xenopus IRF8 proteins, as illustrated. (B) Orfl19R refers to FV3orf19R spanning the
21,916-24,471 nt region on the positive strand of the FV3 genome and encodes a hypothetical protein of 851 AA. It contains
two IRF domains (partially second one) at its C-terminal ~500 AA. Norfl3L ascribes a novel open reading frame (Norf)
predicted using the FGEESVO0 program, which spans the 14,685-15,092 nt region of the negative strand of the FV3 genome
and encodes a hypothetical protein of 135 AA. It contains two nearly consecutive IRF domains (partially a second one) as
aligned to irf3 homologs. The full-length sequences of the predicted hypothetical ORF/proteins are provided in File S1.
The collective information of other IRF-like domain-containing proteins and GenBank accession numbers of the aligned
protein sequences are listed in Table 1. Putative protein domains were queried and extracted using the NCBI CDD database,
and their tertiary structure was modeled using Phyre2 and PyMol programs. Multiple sequence alignments were obtained
using a Jalview program.

The main characterized roles of other IRFs include: (1) IRF1 and IRF2 regulate T cell
activation and enhance the Th1 immune response; (2) IRF3 and IRF7 are engaged in IFN
production, signaling downstream innate immune recognition of various intracellular
pathogens, including viruses; (3) IRF5 is involved in the regulation of inflammation and
apoptosis, is structurally similar to IRF6, and the regulates proliferation and differentiation
of keratinocytes; and (4) IRF9 is part of the IFN-stimulated gene factor 3 (ISGF3) complex
that transmits type I and III IFN signals [40,44,45]. The identification of vIRFs broadly
targeting amphibian IRF1/2, IRF3, IRF4, IRF6, and IRFS8 is supported by previous and
current observations about FV3’s interaction with IFN-mediated immune responses in
amphibians, which also indicates a general cross-species conservation, molecularly and
functionally, of these amphibian IRFs in immune regulation (Table 1, Figure 8) [21,22,28,44].
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Figure 9 shows the alignments of two vFN3 mimics that contain a relevant domain
similar to vertebrate interferon lambda receptor 1 (ifnlrl) or IL-10 receptor beta unit
(i110rb), which form a functional IFN receptor interacting with type III IFNs in responsive
cells [39-42]. As illustrated in this study, Norf66L encodes a novel open reading frame
(Norf), which spans a 59,162-60,037 nt region on the negative strand of the FV3 reference
genome and encodes a hypothetical protein at 291 AA. It contains an FN3-like domain
(residue 121-230 AA) similar to the ifnlr] isoforms both in term of the sequence similarity
and modeled (3-sheet containing structure. By contrast, Orf59L refers to FV3orf59L span-
ning a 65,956—67,014 nt region on the negative strand of the FV3 genome and encodes a
hypothetical protein at 352 AA. It contains an FN3 domain region at 108-203 AA and is
molecularly similar to that of Xenopus il10rb. The detection of vFN3 mimics that primarily
target type III IFN receptors is consistent with previous observations about FV3’s sup-
pressive effect on IFN-A expression in Xenopus [22,28], which generally concurs with our
host-specific transcriptome analysis [46]. It is therefore likely that FV3 has strengthened its
IFN antagonism during evolution to overcome the epithelial specific type III IFNs signaling
pathway, particularly in tadpoles [22,28,47-49].
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Figure 9. Detection of fibronectin type 3 domain (FN3) conserved in the IFN receptors of several FV3 hypothetical proteins,
which are potential virus-coding molecular mimics able to interfere with the host antiviral interferon signaling. (A) Norf66L
ascribes a novel open reading frame (Norf), which spans the 59,162-60,037 nt region of the negative strand of the FV3
reference genome and encodes a hypothetical protein of 291 AA. It contains an FN3 domain (residue 121-230 AA) similar to
vertebrate interferon lambda receptor 1 (ifnlrl) isoforms regarding the sequence similarity and 3-sheet containing structure.
(B) Orf59L refers to FV3orf59L spanning the 65,956-67,014 nt region on the negative strand of the FV3 genome and encodes
a hypothetical protein of 352 AA. It contains an FN3 domain region at 108-203 AA and is molecularly similar to that of
Xenopus IL-10 receptor beta unit (il10rb). The full-length sequences of the predicted hypothetical ORF/proteins are provided
in File S1. The collective information of other IFN-interfering, domain-containing proteins and GenBank accession numbers
of the aligned protein sequences are listed in Table 1. The protein domain analyses were queried and extracted using the
NCBI CDD database, the tertiary structures were simulated using Phyre2 and PyMol programs, and sequence alignments
and view were simulated with a Jalview program.
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4. Conclusive Highlights

Frog virus 3 (FV3) represents a well-characterized model to study Ranavirus pathogens
that are prevalent in worldwide habitats of amphibians, fish, and reptiles, and significantly
contribute to the catastrophic amphibian decline [5-10]. Based on conventional and novel
assignation of FV3 coding genes per their temporal expression fashion along the virus
infection stages [16—-18], the current study used an unbiased transcriptomic RNA-Seq
analysis to profile and compare viral transcripts in various tissues of frogs infected with
either FV3-WT or a FV3-A64R strain defective for a gene encoding a CARD motive. The
results revealed a full-genome coverage transcriptome annotated to almost all coding genes
at ~10x depth on both positive and negative strands in RNA samples from the infected
intestine, liver, spleen, lung, and especially kidney. In contrast, partial transcript coverage
was detected in infected thymus, skin, and muscle tissue, suggesting inefficient viral
replication in these tissues. Extensive analyses indicated a multi-organ infection pattern of
FV3 infection in frogs and validated the in vivo expression of most annotated 98 ORFs, as
well as their differential expression in a tissue-, virus strain-, and temporal class-dependent
manner. About half of FV3’s coding genes have not yet been functionally determined in
the scenario of the virus-host interaction. Our transcriptome-initiated functional analyses
focused on putative ORFs that encode hypothetical proteins containing viral mimicking
domains, such as host interferon (IFN) regulatory factors (IRFs) and IFN receptors. Our
findings suggest that Ranaviruses like FV3 have acquired during evolution previously
unknown molecular mimics interfering with host IFN signaling, which thus provide
a mechanistic understanding about Ranavirus persistence in adult frogs. In summary,
this study provides a comprehensive virus-targeted transcriptome analysis to profile the
genome-wide gene expression of a large double-strand DNA virus, and uncovers the
potential IFN-interfering function obtained by some ranaviral hypothetical proteins to
perturb the virus-host interaction.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/v13071325/5s1, Figure S1: The workflow and data showing general quality and comparability
of the RNA-Seq transcriptome data. Table S1: Software List for data bioinformatic analysis. File S1:
The full-length sequences of the predicted hypothetical ORF/proteins.
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