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A tortoise-infecting picornavirus expands the host range

of the family Picornaviridae
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Abstract While picornaviruses can cause diseases in
many mammals, little is known of their host range for
replication in non-mammalian vertebrates. Here, a picor-
navirus in liver and kidney tissues from diseased Sulawesi
tortoises (Indotestudo forsteni) was genetically character-
ized. Tortoise rafivirus A (ToRaV-A, KJ415177) represents
a potential new genus in the family Picornaviridae, for
which we propose the name “Rafivirus”. Our finding
confirms the susceptibility of reptiles to picornaviruses.

Picornaviridae is a diverse viral family with positive,
single-stranded RNA genomes. More than one hundred
years after the discovery of the first picornavirus, foot-and-
mouth disease virus in 1898, the family now includes at
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least 46 species grouped into 26 genera, with a rapidly
growing number of new tentative species. The family Pi-
cornaviridae belongs to the order Picornavirales and an
even more diverse, recently proposed “picorna-like su-
perfamily”, which consists of positive-strand RNA viral
families from animals, plants, insects and even algae [11].
Sequence analyses of RNA polymerases and helicases has
suggested that the picorna-like superfamily had already
diversified in a “big bang” manner before the radiation of
eukaryotic hosts, as members of some of the major sub-
divisions can infect highly diverse eukaryotes (e.g., mem-
bers of the family Partitiviridae can infects fungi, plants,
excavates, and chromalveolates) [11]. Although it is
therefore reasonable to expect that picornaviruses can in-
fect members of all vertebrate classes, picornaviruses were
only recently identified in ray-finned fish (class
Actinopterygii) [2, 12, 20]. While picornaviruses of mam-
malian hosts are best known, the only published picor-
naviruses of reptiles are found in birds (Dinosauria).
Picorna-like viruses have been reported in non-avian rep-
tiles such as snakes [3] and tortoises [5, 6, 10, 14], but their
genomic features and phylogenies are yet to be character-
ized. Here, we confirm that the host range of the picor-
naviruses includes non-avian reptiles in the order
Testudines by genetically characterizing a divergent pi-
cornavirus from tortoise tissues.

Over one hundred Sulawesi tortoises (Indotestudo for-
steni) in the United States showed signs of severe disease,
including anorexia, lethargy, mucosal ulcerations, palatine
erosions of the oral cavity, nasal and ocular discharge, and
diarrhea [22]. A reptile adenovirus, Sulawesi tortoise ade-
novirus 1, was found to be associated with the outbreak
[22, 23]. During unbiased metagenomic sequencing from a
tortoise spleen sample, we also detected sequences from a
highly divergent picornavirus co-infecting the same
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animal. Briefly, deep sequencing using Illumina Miseq and
the 454 Genome Sequencer FLX platform was performed
on enriched viral particles from the tissue according to
previously described protocols in which both viral DNA
and RNA were randomly amplified and sequenced [16, 18].
Sequences were analyzed by a customized pipeline in which
de novo assembly was performed, and the resulting contigs
and the unassembled singlets were compared against the
GenBank database using BLASTx and BLASTn [16, 17].
Over 1,800 Miseq sequences and 30 pyrosequences were
mapped to a picornavirus coding sequence. Finally, we
performed rapid amplification of cDNA ends (RACE) and
Sanger dideoxy sequencing to obtain the sequence of the
remaining untranslated region (UTR).

The genome of this reptilian picornavirus, tortoise rafi-
virus A (ToRaV-A; GenBank accession KJ415177), is
comprised of 8,204 nucleotides and exhibits a typical
picornaviral genome organization, in the form of
S'UTR™* Y [L/VP0-VP3-VP1/2A-2B-2C/3A-3B-3C-3D]
3'UTR-poly(A) (Fig. 1). The 5’UTR of ToRaV-A is 435 nt
long. The predicted in-frame AUG initiation codon
(GCAUA436UGA) is at position 436—438. Based upon the
predicted secondary RNA structure of the 5'UTR-IRES,
ToRaV-A has a potential Hepacivirus/Pestivirus-like (HP)
type-IV IRES with pseudoknot and conserved motifs in
domain II and in domain III (Fig. 1).

Phylogenetically, rafivirus is related to a cluster of pi-
cornaviruses that includes mammalian picornaviruses
(kobuviruses, saliviruses, and sakobuviruses), and avian
picornaviruses (passeriviruses, galliviruses and oscivirus-
es), based on a Bayesian inference analysis of the 3D RNA-
dependent RNA polymerase (genus cluster 3; Fig. 1c). As
described below, rafivirus also shared similar GC content,
phylogeny, and presence of L protein with the other
members of this cluster [19]. Both structural (VPO, VP3
and VP1) and non-structural proteins (2A-3D) were highly
divergent from known picornaviral proteins, sharing only
19-39 % identity with the closest picornaviral protein se-
quences. The more conserved 3D polymerase protein
shared 41-52 % identity (Fig. 1). This reflects the distant
evolutionary relationship of the tortoise rafivirus to other
mammalian and avian picornaviruses within this genus
cluster (Fig. 1).

In both sequence and phylogenetic analysis, ToRaV-A is
distinct from A) a recently reported picornavirus-like virus
in juvenile tortoises (tortoise picornavirus 1 in Testudo
graeca and Geochelone elegans) [6] (Nick Knowles, un-
published data) and B) the recently described topivirus
from Testudo graeca, Geochelone sulcata, and Pyxis
arachnoides tortoises [1] (Neither sequence was publically
available at the time of writing.) The genome sequences of
both tortoise picornavirus 1 and topivirus clustered with
members of the genus Cardiovirus and related genera in

@ Springer

cluster 2 [1, 10], while the ToRaV-A genome described
here clustered with members of the genus Kobuvirus and
related genera in cluster 3 (Fig. 1). Our finding suggests
that ToRaV-A is a prototype for a picornavirus genus. In
homage to a (fictitious character of the reptil-
ian family Testudinidae (Raphael) in the popular culture,
we propose the genus name “Rafivirus”.

The ToRaV-A genome encodes a 2,233-amino-acid
(aa)-long polyprotein that is cleaved into smaller proteins.
An L protein is present but lacks the GxCG motif (where x
represents a non-conserved amino acid) responsible for
chymotrypsin-like protease activity in some other picor-
naviruses. An internal cleavage site that cleaves VPO into
VP4-VP2 could not be identified. The N-terminus of VPO
contains a GxxxT (GANIT) myristoylation site. The 2A
protein does not contain an H-box/NC motif. The 2C
protein contains the conserved NTPase motif GxxGxGKS
(GLPGCGKS), and the helicase motif DDxxQ (DDLGQ)
which resembles those within the genus cluster 3 (DD[L/I/
V]GQ) [19]. The 3C protein, which encodes a protease,
contains an H-D-C catalytic triad and a conserved active
site. motif GxCG (GMCG) but lacks the RNA-binding
motif KFRDI. All of the above genomic features, with the
exception of the H-D-C catalytic triad instead of H-E-C,
are common to members of cluster 3 (Fig. 1).

Recombination occurs frequently between closely re-
lated picornaviruses, facilitated by template switching
during genome replication between two picornaviruses that
share high nucleotide sequence similarity [8]. No recom-
bination was detected between ToRaV-A and currently
available picornavirus genome sequences from mammals,
birds and fishes, as the ToRaV-A coding sequence does not
share detectable nucleotide sequence identity with other
picornaviruses (using BLASTn). Since recombination
rarely occurs between divergent picornavirus from differ-
ent genera [13], recombination analysis of ToRaV-A may
be improved when more related picornaviruses of Tes-
tudines are sequenced.

To determine the prevalence of ToRaV-A in the out-
break population, a qPCR assay targeting the 3D sequence
was performed on tissues from animals involved in the
Sulawesi tortoise disease outbreak [22]. To prepare the
target standards, DNA from a known AgAdV1-positive
sample was amplified by PCR and gel extracted, the DNA
concentration was determined using a Nanodrop spec-
trophotometer (Thermo Fisher Scientific, Inc.), and a qPCR
standard curve was generated by analysis of tenfold serial
dilutions ranging from 10 to 10° copies. Forward primer
TortPicornaF 5-TGAACAAGGGAAAACCAGGA-3, re-
verse primer TortPicornaR 5-CGTCCAAAAATCATC
CTTCC-3/, and probe TortPicornaProbe 5'-[6-FAM]TGTT
GATGCAGCTAATTTGCCCTCT[BHQIla]-3’ were used
in one-step RT-PCR reactions (4x TaqMan Fast Virus
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Fig. 1 Genomic and phylogenetic analysis of the tortoise rafivirus A
(ToRaV-A). A) Schematic depiction of the ToRaV-A genome
organization. Size of the predicted proteins and cleavage sites are
indicated. UTR, untranslated region; (A)n, poly(A) tail. B) Pairwise
amino acid sequence identities between tortoise rafivirus A (ToRaV-
A) and the closest genome representatives of Picornaviridae. Aiv-A,
aichivirus A; Sako-A, sakobuvirus A; SaliV-A, salivirus A; PasseriV-
A, passerivirus A or turdivirus 1; SiciniV-A, sicinivirus A or 1;
OsciV-A, oscivirus A or turdivirus 2; TuASV-A, gallivirus A. Protein
sequences were aligned with MAFFT [7], and sequence identities
were calculated using a species demarcation tool [9, 15]. C) 3D
polymerase phylogeny of the family Picornaviridae, including the
newly described tortoise rafivirus A of the proposed genus

GU182411 Oscivirus A

,
1 'GU182410 Oscivirus A

GU182408 Oscivirus A

) GU182409 Oscivirus A

KJ415177 Tortoise Rafivirus A
KF961188 Melegrivirus A (Genus Megrivirus)

“Rafivirus” (shown as “Rafi-”). The Bayesian phylogeny was
generated with MrBayes [16], where 1,000,000 generations were
sampled every 50 steps. Genus-level representatives are presented on
the left, while species-level representatives are presented on the right
with a focus on genus cluster 3. The scale bar represents evolutionary
distance in substitutions per site. D) Predicted RNA secondary
structure of the 5'UTR-IRES of tortoise rafivirus A. The type-IV
IRES has been annotated as proposed previously [4, 21]. Domains are
labeled II and III; individual helical segments are labeled 111, 112, 1111,
and III2, etc.; and individual hairpins are labeled IIla and IIIb, etc. to
maintain the continuity of the current nomenclature. The positions of
conserved domains and the polyprotein AUG start codon are indicated
by shaded boxes
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Table 1 Copies of tortoise

X Animal Liver Kidney
rafivirus A (ToRaV-A) detected
by qPCR in paired liver and 1 3,326 _
kldne.zy sar‘r‘lp’l’e.s of Sulawesi 2 6.930 :
tortoises. “—” indicates not
detectable; n/a indicates not 3 53 -
tested 4 24,919 7,063
5 16,043 3,503
6 _ _
7 8,610 n/a

1-Step Master Mix, Life Technologies). Each 20-uL. qPCR
reaction was run in triplicate using a standard fast protocol.
Paired liver and kidney samples were tested from six tor-
toises in the outbreak, as well as liver from one additional
tortoise. To confirm the specificity of the assay, a bovine
enterovirus sample and a feline sakobuvirus sample were
also tested. The presence of ToRaV-A RNA was detected
in 6 of 7 livers and 2 of 6 kidney samples tested (Table 1).
ToRaV-A loads appear to be higher in the liver than in
kidneys of tortoises. In a previous study, the majority of the
tortoises tested were positive for adenovirus [22]. Our data
suggest that many of these tortoises are also infected with
ToRaV-A. While histologic and ultrastructural findings
support a significant role for adenovirus in pathology, more
epidemiological and experimental data are required to de-
termine the relative roles of these two viruses in this Su-
lawesi tortoise disease outbreak. Although infectious
diseases are often studied as a single agent causing disease,
co-infections are very common and can significantly
modulate disease; infection with multiple agents is often
synergistic in causing disease [24]. Previous reports of
picornavirus-like particles in tortoises have all been based
on virus isolation [5, 6, 10, 14]. In this study, neither this
picornavirus nor the tortoise adenovirus was successfully
cultured despite multiple attempts. Our discovery of
ToRaV-A highlights the utility of metagenomic analysis to
obtain a more complete picture of possible pathogens in an
outbreak, as well as culture-independent identification and
genome sequencing of this virus.

The recent addition of ray-finned fish, and now tortoises,
to the host range of picornaviruses provides a broader
perspective on picornaviral evolution. Fishes are ancestral
to all vertebrates; whereas terrestrial vertebrates, including
sauropsids and mammals, evolved from a more recent
common ancestor [25]. However, phylogenetic analyses of
the picornaviral 3D polymerase protein from these dis-
parate hosts do not yield a topology similar to that of their
hosts. Phylogenetic analysis placed picornaviruses from
tortoises in at least two genus clusters (Fig. 1). ToRaV-A is
genetically more closely related to other mammalian and
avian picornaviruses in genus cluster 3 than other tortoise
picornaviruses in genus cluster 2. This is consistent with a
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previous analysis of mammalian and avian picornaviruses
in which host-virus co-phylogeny was not supported [13].
On a higher level, sequence analysis has suggested that the
major clades of the “picorna-like superfamily” were al-
ready present before the radiation of eukaryotes [11]. If this
proposed evolutionary history is true, one can expect
ancestral vertebrate species to have already been infected
by highly divergent picornaviruses during the radiation of
the tetrapods — this hypothesis offers a potential explana-
tion for the current intertwined distribution of picornavirus
in birds and mammals (Fig. 1). While the three currently
available fish picornavirus RdRp sequences cluster to-
gether, this may be due to the still small amount of viral
sampling that has been done from these animals. Further
sequencing of fish and reptile picornaviruses may yet re-
veal lineages in all of the five major clusters of the family
Picornaviridae.

Nucleotide sequence accession numbers. The genome
sequence of ToRaV-A has been submitted to GenBank
under accession no. KJ415177/NC_023988.
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