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Abstract

A new virus was identified in a celery plant showing chlorotic rings, mosaic and strong yellowing symptoms, and its complete
genome sequence was determined. The genomic organization of this novel virus is analogous to that of known members of
the genus Torradovirus, consisting of two single-stranded RNAs of 6,823 (RNA1) and 4,263 nucleotides (RNA2), excluding
the poly(A) tails. BLAST searches against the nucleotide and protein databases showed that this virus is closely related to
but different from carrot torradovirus 1 (CaTV1). Comparisons between the two viruses demonstrated relatively low levels
of nucleotide and amino acid similarity in different parts of their genomes, as well as considerable differences in the sizes of
their two genomic RNAs. However, the protease-polymerase (Pro-Pol) and capsid protein (CP) regions of this virus share
>80% amino acid identity with the corresponding regions of CaTV1. Therefore, based on the current ICTV species demar-
cation criteria for the family Secoviridae, the virus from celery is a divergent strain of CaTV1, named “CaTVl1-celery”.
Nevertheless, differences between CaTV1 and CaTV1-celery in genome size, as well as in biological and epidemiological

features, may warrant their separation into two distinct species in the future.

A celery plant (Apium graveolens variant graveolens) was
collected in August 2017 in the state of Hesse in Germany.
The sample displayed mosaic symptoms with chlorotic rings
and strong yellowing. To identify the possible cause of the
disease, leaf material was examined by electron microscopy,
but no virus particles were observed. However, mechani-
cal inoculation of Nicotiana benthamiana, N. clevelandii,
N. occidentalis-P1 and Coriandrum sativum with the sap of
the celery plant resulted in systemic infections three weeks
after inoculation, with symptoms consisting of chlorosis and
necrosis. No virus particles could be observed in samples
from symptomatic test plants. Attempts to transmit the path-
ogen mechanically to the original host species A. graveolens
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or to Ammi majus, Anethum graveolens, Daucus carota and
Petroselinum crispum were not successful.

To characterise the genome of the suspected virus, total
RNA was extracted from symptomatic N. benthamiana
leaves using an innuPREP RNA Mini Kit (Analytik Jena
AG). The ribosomal RNAs were depleted using a RiboMi-
nus Plant Kit (Invitrogen) and the ribo-depleted RNA was
used for library preparation using a Nextera XT Library Kit
(Illumina). The library was subjected to high-throughput
sequencing (HTS) on a MiSeq v3 platform (2x301). The
reads were quality trimmed and filtered using Geneious
software (version 11.1.3) (Biomatters Limited). The high-
quality reads were assembled using the Geneious de novo
assembly tool. In BLASTn searches, two assembled contigs
of 6,727 and 4,106 nt shared 71.7% and 70.5% identical
nucleotides with the two genomic RNAs of carrot torradovi-
rus 1 (CaTV1) (NC_025479 and NC_025480).

The 5' ends of both RNA segments were confirmed
using RNA-ligase-mediated amplification of cDNA ends
(RLM-RACE) [1]. The 3’ ends of the two RNA segments
were determined via RT-PCR using a virus-specific primer
and an oligo(d)T primer. The PCR products were cloned
and sequenced, and the resulting sequences were assem-
bled. The assembled full-length sequences of the two RNA
segments were 6,823 nt (RNA1) and 4,263 nt (RNA2) in
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length, excluding their poly(A) tails. The complete genome
sequences of RNA1 and RNA2 were deposited in the Gen-
Bank database (accession nos. MK063924 and MK063925,
respectively). Diagnostic primers (HZ-539 5’TGTTAGCAG
AGCTACGTCCTC3’ and HZ-568 5’CCTGAATCTGCC
CACGACTT?3’) were designed using the Primer3 v. 2.3.7
tool [2] to amplify a partial sequence of RNA2-ORF1 (730
nt) to confirm the presence of this virus in infected plants.

According to the species demarcation criteria proposed
by the ICTV Secoviridae Study Group, viruses belonging
to different species share less than 80% aa sequence identity
in the protease-polymerase (Pro-Pol) region of the RNA1
polyprotein and less than 75% aa sequence identity in the
coat protein (CP) region [3]. The celery virus shares 86.4%
aa sequence identity in the Pro-Pol region and 80.3% aa
sequence identity in the CP region with CaTV1 (Table 1).
Based on these criteria, the celery virus should be consid-
ered a new strain of CaTV1, for which we propose the name
“CaTVl-celery” (isolate JKI-29346). However, further
comparison of the CaTV1-celery genome with the refer-
ence sequences of CaTV1 revealed considerable differences.

The genomic organization of CaTV1-celery is analo-
gous to that of other torradoviruses [4]. Accordingly, RNA1
contains a single open reading frame (ORF1) encoding a
polyprotein of 2,076 aa (MW: 237 kDa). A search of the
Conserved Domain Database (CDD) of NCBI identified the
presence of two conserved domains: the RNA helicase (Hel)
(RNA_helicase; pfam00910) and RNA-dependent RNA pol-
ymerase (RdRp) (RNA_dep_RNAP; cd01699) in the RNA1
polyprotein. An additional motif, characteristic of cysteine
proteases (3C), was identified using the Geneious search
tool (Fig. l1a) [5-7]. RNA2 is bicistronic, with RNA2 ORF1
encoding a 201-aa protein (MW: 22.0 kDa) and RNA2
ORF?2 encoding a predicted polyprotein of 1,057 aa (MW:
117.1 kDa). The protein encoded by RNA2 ORF1 did not
match any domain in the CDD database. The RNA2 ORF2
polyprotein contains two conserved domains: the 3A move-
ment protein (MP) family domain (3A superfamily; c102970)
and picornavirus capsid protein (CP)-like domain (rhv_like
superfamily; c113999). A motif search identified the position
of the MP conserved motif (LxxPxL) in the RNA2 ORF2
polyprotein [8, 9]. In addition, the MP and the three mature
CP subunit peptides were determined based on homologies
to those of other torradoviruses (Fig. 1a).

The percentages of identity in a ClustalW 2.1 pair-
wise alignment between CaTV1-celery RNAs, ORFs and
regions with their cognates in other torradoviruses are
listed in Table 1. Comparisons of the CP region sequences
showed that CaTV1-celery shares between 36.6 and 80.3%
aa sequence identity with torradoviruses. Additionally, the
Pro-Pol region of CaTV1-celery shares between 57.3 and
86.4% aa sequence identity. Neighbour-joining trees based
on the aa sequence alignments of the Pro-Pol and CP regions
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showed that the celery virus clusters together with CaTV1
within the genus Torradovirus (Fig. 1b and ¢) [10, 11].

Despite the observed similarities, the lengths of the 5’
and 3’ untranslated regions (UTR) of RNA1 are 146 and
449 nt long, respectively, and those of RNA2 are 245 and
294 nt long. These values differ from the 5’ and 3° UTRs
of CaTV1, which are 126 and 212 nt long, respectively, in
RNAI1 and 611 nt and 301 nt long in RNA2. Additionally,
pairwise alignment of the UTRs with those of other torra-
doviruses, including CaTV1, showed low nt sequence iden-
tity values between 24.7% and 68.4% (Table 1). The pre-
dicted protein encoded by ORF1 of RNA2 of CaTV1-celery
shares only 66.8% aa sequence identity with its homolog in
CaTVl1, and the 3'UTRs of both segments share < 68.4%
nt sequence identity with those of CaTV1. Furthermore,
RNAs 1 and 2 of CaTV1-celery are shorter by 96 and 706
nt, respectively, than their CaTV1 counterparts, making the
CaTVl1-celery genome the shortest torradovirus genome
identified so far, with a total size of 11,086 nt, excluding the
poly (A) tail (Table 1).

Another criterion that is considered for species demarca-
tion in the family Secoviridae is vector specificity. The close
evolutionary relationships between CaTV1, CaTV1-celery
and lettuce necrotic leaf curl virus (LNLCV) suggest that
CaTVl-celery is also an aphid-borne torradovirus [12, 13].
To test this, Myzus persicae aphids from a single laboratory
clone were reared on CaTV1-celery-infected N. benthami-
ana for seven days, after which ten aphids were transferred
to three groups of healthy plants (10 N. benthamiana, 10 A.
graveolens and 10 D. carota). After an inoculation access
period of seven days, the plants were treated with the sys-
temic insecticide PIRIMOR (Deutsche ICI) according to
the manufacturer’s instructions. The plants were incubated
under greenhouse conditions (at 22 °C; photoperiod of 16 h
light and 8 h dark) for two months, but no symptoms were
observed. The absence of virus infections in acceptor plants
was additionally confirmed by negative RT-PCR results.
Aphid transmission experiments were repeated three times.

Although CaTVl1-celery is considered a divergent strain
of CaTV1 based on their aa sequence similarity in the Pro-
Pol and CP regions, the data suggest that it might also be
useful to consider other molecular criteria for species demar-
cation, i.e., the total genome size and the size and degree
of sequence similarity of the 5° and 3° UTR. Taking these
criteria into consideration, CaTV1-celery might be accepted
in the future as a member of a novel species. Indeed, Sanfa-
con and colleagues have already suggested that the current
demarcation criteria could be revisited and modified as more
viruses become characterized [3]. Furthermore, Verbeek and
colleagues have proposed additional criteria, i.e., that the aa
sequence identity of the RNA2 ORFI1 should be less than
75% and that the conservation level in the 3'UTR of both
RNAs should be less than 85% [14].
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Fig.1 (a) Schematic representation of the carrot torradovirus 1-cel-
ery (isolate JKI 29346) genome. RNA1 encodes a polyprotein con-
taining the helicase (Hel), protease and RNA-dependent RNA poly-
merase (RdRp). RNA2 has an ORF1 with unknown function and
ORF2 encoding a polyprotein containing the movement protein (MP)
and three coat protein subunits (CP A = Vp35, CP B = Vp26 and CP
C = Vp23). Both strands are flanked by 5’ and 3’ untranslated regions
(UTR) and are polyadenylated at the 3’ end. The aa sequences of the
conserved motifs in Hel, RdARp and MP are shown in red. The pre-
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dicted cleavage sites are shown in purple. Taxonomically relevant
protein segments are highlighted in yellow (b and c). Neighbour-join-
ing trees based on amino acid sequence alignments of the Pro-Pol (b)
and CP (c) of CaTV1-celery (red diamond) with those of members of
the genus Torradovirus, with beet ringspot virus (genus Nepovirus) as
an outgroup. The GenBank accession numbers are shown in brackets.
Bootstrap values above 50% (1000 replicates) are indicated for each
node, and the scale bar represents a genetic distance of 0.1
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Further studies are needed to investigate possible vec-
tors of CaTV1-celery and its potential impact on celery
production. Currently, we are developing antibodies against
CaTVl-celery as an additional tool for future diagnostic
tests and the determination of serological relationships of
different torradoviruses.
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