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Novel Foveavirus (the family Betaflexiviridae)
species identified in ginseng (Panax ginseng)
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Summary. - Ginseng (Panax ginseng) is a valuable herb that is widely cultivated in Korea, China, and Japan
because it contains a variety of pharmacologically active substances with a wide range of positive effects on human
health. Identification and prevention of disease-causing viral pathogens of ginseng is important for improving the
yield and quality of ginseng-derived bioactive molecules. In this study, the genome sequence of the virus Panax
ginseng flexivirus 1 (PgFV1) was identified from a ginseng root transcriptome data set. Sequence comparison
and phylogenetic analysis showed that PgFV1 is a novel plant RNA virus species of the genus Foveavirus (the
family Betaflexiviridae). Foveaviruses have flexuous and filamentous virions with a single-stranded positive-
sense mono-segmented RNA genome. Its infection causes diseases with mosaic and ringspot symptoms in
the stems and leaves. The PgFV1 genome encodes for 5 open reading frames: a replicase polyprotein for viral
genome replication, 3 triple gene block proteins for viral cell-to-cell movement, and coat protein. Phylogenetic
trees inferred from replicase polyprotein or coat protein sequences showed that PgFV1 is most closely related
to grapevine virus T. PgFV1 is the first foveavirus identified to be associated with ginseng. Given the potential
pathogenic features of previously known foveaviruses and importance of ginseng in the health industry, the
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PgFV1 genome sequence may be highly useful for studying ginseng foveaviruses.
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Introduction

Ginseng (Panax ginseng) is a slowly growing perennial
plant belonging to the genus Panax of the family Aralia-
ceae, which is widely cultivated in Korea, China, and Japan.
Ginseng has long been used as a valuable herb in oriental
medicine because it contains various pharmacologically
active substances such as ginsenosides (dammarane-type tri-
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Abbreviations: ASPV = apple stem pitting virus; CP = coat
protein; GRSPaV = grapevine rupestris stem pitting-associated
virus; GVT = grapevine virus T; ORF = open reading frame;
PgFV1 = Panax ginseng flexivirus 1; PVM = potato virus M;
REP = replicase polyprotein; RARp = RNA-dependent RNA poly-
merase; sgRNA = subgenomic RNA; SRA = Sequence Read Archive;
TGB = triple gene block

terpenoid saponins) and gintonin (Briskin, 2000; Yun, 2001;
Baegand So, 2013). Ginseng is known to have a wide range of
positive effects on human health including preventing some
types of cancers, improving diabetes and vascular diseases,
enhancing host immunity, and protecting against some virus
infections (Vuksan et al., 2010; Kim and Park, 2011; Im et
al., 2016). Several comprehensive transcriptomic analyses
using next-generation sequencing technology have been
performed to understand the underlying molecular genetic
mechanisms of the beneficial traits of ginseng (Jayakodi et
al., 2015; Wang et al., 2015; Zhen et al., 2015; Jo et al., 2017a;
Xu et al., 2017; Zhang et al., 2017).

Identification of pathogens that cause disease in ginseng
is important for improving the quality and yield of ginseng-
derived substances. For example, fungal pathogens, such as
Cylindrocarpon destructans and Fusarium solani, cause root
rot of ginseng and lead to yield losses (Ohh, 1981; Jang et al.,
2010). Several viruses, such as a Closterovirus species (the
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family Closteroviridae) and watermelon mosaic virus (the
genus Potyvirus, the family Potyviridae), have been identified
to infect or be associated with ginseng (Mishchenko et al.,
2009; Jung et al., 2013; Park et al., 2017).

Application of next-generation sequencing methods has
been demonstrated to be a rapid, efficient, and inexpensive
method for the detection and characterization of viral se-
quences (Barba et al., 2014). When transcriptomic analyses
of plant samples are performed, genome sequences of plant
RNA viruses present in the sample may be isolated together
with host RNA molecules. Thus, RNA virus genome se-
quences can be found in plant transcriptome data deposited
in publicly available databases such as the Sequence Read
Archive (SRA) or Transcriptome Shotgun Assembly data-
bases of the National Center for Biotechnology Information
(NCBI) (Liu et al., 2012; Jo et al., 2017b). In this study, a
ginseng transcriptome dataset was analyzed to identify RNA
viruses that potentially infect ginseng (Wang et al., 2015).
As aresult, a genome sequence of a novel Foveavirus species
was found and annotated.

Materials and Methods

RNA-seq assembly. A previously published ginseng transcrip-
tome data set (SRA accession number SRP066368) was analyzed
(Wang et al., 2015). The data set contained approximately 26.5 gi-
gabases of paired-end reads obtained from 18 RNA samples, which
were prepared from various tissues of ginseng at different ages.
High-quality sequences were collected by filtering raw RNA-seq
reads using the sickle program (version 1.33; https://github.com/
najoshi/sickle) with the option “-q 30 -1 55” The SPAdes Genome
Assembler (version 3.10.1; http://spades.bioinf.spbau.ru) with the
“--rna” option was used for de novo assembly of RNA-seq reads
(Bankevich et al., 2012). Eighteen transcriptome data sets were
separately assembled into contigs.

Detection of virus-derived contigs. All RNA sequence contigs
were analyzed to detect potentially virus-derived contigs contain-
ing a viral RNA-dependent RNA polymerase (RdRp) motif. The
reference sequences of viral RdRps were prepared from the Pfam
database (release 31.0; http://pfam.xfam.org). Pfam accession
numbers for viral RARp motifs were PF00602, PF00603, PF00604,
PF00680, PF00946, PF00972, PF00978, PF00998, PF02123,
PF03431, PF04196, PF04197, PF05788, PF05919, PF07925,
PF08467, PF08716, PF08717, and PF12426. A total of 394 non-
redundant viral RARp motif sequences were collected and converted
into a custom-built BLAST-searchable database. BLASTX searches
were performed against RARp motif sequences using assembled
contigs as queries with the parameter “-evalue e-5” Mapping of
RNA-seq reads to a viral genome contig was carried out using BWA
program (version 0.7.16a-r1181; https://github.com/lh3/bwa) with
the “mem” method (Li and Durbin, 2009). Sequence variants were

analysed using SAMtools/BCFtools programs (version 1.6; http://
www.htslib.org) (Li et al., 2009).

Multiple sequence alignments. The NCBI BLAST (https://blast.
ncbinlm.nih.gov/Blast.cgi) searches were performed to identify
and collect closely related viruses. Open reading frames (ORFs)
were predicted based on BLASTX searches and ORF finder analysis
(https://www.ncbi.nlm.nih.gov/orffinder). Functional domains of
viral proteins were identified by using Pfam and TMHMM (ver-
sion 2.0; http://www.cbs.dtu.dk/services/ TMHMM) (Sonnhammer
et al., 1998). Pair-wise identities among protein sequences were
calculated using the FASTA program (version 36.3.6; https://fasta.
bioch.virginia.edu/fasta_www2/fasta_down.shtml).

Multiple alignments of protein sequences were generated us-
ing MUSCLE software (version 3.8.425; https://www.drive5.com/
muscle) (Edgar, 2004). A phylogenetic relationship among viruses
was inferred using the neighbor-joining method implemented
in the ClustalW2 program (version 2.1; http://www.clustal.org)
(Larkin et al., 2007).

Results and Discussion

A 9002 nucleotide (nt) long contig isolated from a
12-year old ginseng root sample (SRA accession number
SRR2952882) showed amino acid (aa) sequence similar-
ity with the RdRp motif sequence of apple stem pitting
virus (ASPV) (UniProt Acc. No., Q64962; Pfam Acc. No.,
PF00978). ASPV is the type species of the genus Foveavirus
of the family Betaflexiviridae (Jelkmann, 1994), suggesting
that the putative viral contig was derived from a foveavirus
or related virus.

A BLASTX search against the non-redundant protein
database using the NCBI BLAST confirmed that the putative
viral contig was related to foveaviruses, including grapevine
virus T (GVT) (Jo et al., 2017b) and grapevine rupestris stem
pitting-associated virus (GRSPaV) (Meng et al., 1998). The
contig was considered a novel ginseng RNA virus of the
genus Foveavirus of the family Betaflexiviridae and named
as Panax ginseng flexivirus 1 (PgFV1). The PgFV1 genome
sequence with annotation information is available in the
NCBI nucleotide database under Acc. No. MH036372.

The ginseng root RNA-seq reads (SRA Acc. No.,
SRR2952882) were mapped to the PgFV1 genome contig.
A total of 22,513 reads were mapped to the PgFV1 genome.
There were only two single-nucleotide polymorphism sites
at nt positions 52 and 55, indicating that the PgFV1 genome
contig was assembled from a highly homogeneous viral
population. The two single-nucleotide polymorphism sites
were in the 5'-untranslated region of the virus genome.

Viruses in the genus Foveavirus (the family Betaflexiviri-
dae) have flexuous and filamentous virions with a single-
stranded positive-sense mono-segmented RNA genome
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Table 1. ORFs and functional domains of PgFV1

Protein nt position  ntlength aalength Domain Pfam aa position

Replicase polyprotein (REP) 57-6476 6420 2139 Viral methyltransferase PF01660 43-354
Carlavirus endopeptidase PF05379 1163-1250
Viral (superfamily 1) RNA helicase PF01443 1334-1599
RNA-dependent RNA polymerase PF00978 1711-2130

Triple gene block protein 1 (TGB1) 6559-7224 666 221 Viral (superfamily 1) RNA helicase PF01443 24-221

Triple gene block protein 2 (TGB2) 7228-7575 348 115 Plant viral movement protein PF01307 4-107
Transmembrane 12-29
Transmembrane 71-93

Triple gene block protein 3 (TGB3) 7502-7738 237 78 7 kDa viral coat protein PF02495 2-63
Transmembrane 7-26

Coat protein (CP) 7755-8633 879 292 Viral coat protein PF00286 110-247

of approximately 8.4-9.3 kb (Martelli and Jelkmann, 1998;
Martelli et al., 2007). The natural hosts of foveaviruses in-
clude dicotyledonous woody plants such as grapevines, apple
trees, peach trees, or apricot trees (Jelkmann, 1994; Meng
et al., 1998; James et al., 2007; Youssef et al., 2011). In many
cases, foveavirus infection causes diseases manifested as mot-
tle, mosaic, and ringspot symptoms in the stems and leaves.
Foveaviruses are transmitted via grafting and no biological
vectors have been reported.

The PgFV1 genome sequence was predicted to contain 5
ORFs (Table 1 and Fig. 1, top), which are commonly shared
with other foveaviruses (Jelkmann, 1994; Martelli and
Jelkmann, 1998; Martelli et al., 2007). ORF1, which is the
longest ORF, encodes a 2139 aa long replicase polyprotein
(REP). REP was predicted to contain 4 known domains: a
viral methyltransferase, carlavirus endopeptidase, viral RNA
helicase, and RdRp.

The next 3 ORFs (ORF2, ORF3, and ORF4) encode
for triple gene block protein 1 (TGB1), triple gene block
protein 2 (TGB2), and triple gene block protein 3 (TGB3),
respectively, which constitute tripartite movement proteins
involved in the cell-to-cell movement of viruses (Kalinina
et al., 2002; Rebelo et al., 2008). The sizes of these proteins
are 221, 115, and 78 aa, respectively. TGB1 contains a viral
RNA helicase domain, which shows approximately 17.5%
aa sequence identity with the viral RNA helicase domain
of REP. The two RNA helicase domains belong to the same
Pfam domain family PF01443. TGB2 has a plant viral
movement protein domain and TGB3 has a 7 kDa viral coat
protein domain. Transmembrane domain prediction using
the TMHMM showed that the TGB2 and TGB3 proteins
contain 2 and 1 transmembrane domains, respectively. The
presence of transmembrane domains in these proteins agrees
with a previous report showing that these two proteins are
membrane-associated and are essential for viral mobilization
(Rebelo et al., 2008).

ORF5 encodes a 292 aa long coat protein (CP). CP con-
tains a viral coat protein domain that is shared with coat
proteins of other Betaflexiviridae viruses such as members of
the genera Potexvirus and Carlavirus (Rupasov et al., 1989;
Querci et al., 1993).

ORF1 (REP) of the family Betaflexiviridae is directly
translated from genomic RNA. In contrast, the other ORFs
are translated from subgenomic RNAs (sgRNAs), which were
transcribed from genomic RNA (Martelli et al., 2007). It is
thought that foveaviruses generate two sgRNAs, one for the 3
TGB proteins and another for the CP, although their presence
in the plant cells has not been confirmed (Fig. 1, arrows).
When RNA-seq reads isolated from the ginseng root sample
(SRR2952882) were analyzed, a total of 22,513 reads were
found to be derived from PgFV 1. Interestingly, the sequenc-
ing depth plot of the PgFV1 genome showed an elevated
sequencing depth at the 3' region, which approximately
coincides with putative sgRNA segments (Fig. 1, graph).
The observed read depth elevation suggests the presence of
sgRNAs in ginseng cells. However, it is also possible that the
pattern resulted from biased cDNA synthesis because of a lo-
cal RNA structure or the experimental procedure employed.

For phylogenetic analysis of PgFV1, a BLAST search
against the NCBI protein database was performed using the
PgFV1 genome sequence as a query. A total of 11 related viral
genomes were collected, including GVT, GRSPaV, peach
chlorotic mottle virus (PCMYV), apricot latent virus (ApLV),
ASPV, apple green crinkle associated virus (AGCaV), rubus
canadensis virus 1 (RuCV1), Asian prunus virus 1 (APV1),
Asian prunus virus 2 (APV2), Asian prunus virus 3 (APV3),
and potato virus M (PVM). The first 10 viruses are members
of the genus Foveavirus. PVM, the type species of the most
closely related genus Carlavirus, was included as an outgroup
(Rupasov et al., 1989).

Protein sequence identities between PgFV 1 proteins and
their respective orthologs of related viruses were calculated
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Fig. 2

Phylogenetic tree of PgFV1 and related viruses
Phylogenetic trees were inferred from multiple alignments of REP (left) and CP (right) sequences. Trees were rooted using sequences of PVM, the type
species of the genus Carlavirus. The node showing a topology discrepancy between two trees is marked by an arrow in each tree. The bootstrap values
obtained from 1000 replicates are shown at the nodes. Full names and accession numbers of viruses are presented in Table 2.

(Table 2). The highest aa sequence identity of the PgFV1
REP was found with the GVT REP (59.7% identity over 2147
aa overlap) and the second highest with the GRSPaV REP
(52.8% identity over 2170 aa overlap). REP proteins of the
remaining viruses showed lower identities (37-45%) with
the PgFV1 REP.

The other PgFV1 proteins (TGB1, TGB2, TGB3, and CP)
also showed the highest identities with respective proteins of
GVT, indicating that GVT is the most closely related known
virus to PgFV1. The sequence identity between the PgFV1
CP and GVT CP was 71.7% over 219 aa overlap. The CP or
REP protein sequence identity threshold for assigning fove-
aviruses to different species is approximately 80% (Adams et
al., 2004), confirming that PgFV1 is a novel species.

Multiple sequence alignment of PgFV 1 proteins with the
respective orthologs of 10 other foveaviruses and 1 carlavirus
revealed conserved regions mainly corresponding to known
functional domains (Supplementary Figs. 1-5). Phylogenetic
trees inferred from REP and CP sequences confirmed that
PgFV1 is a member of the genus Foveavirus and formed a
subclade with GVT and GRSPaV (Fig. 2). Phylogenetic tree
topologies from two proteins were nearly the same except
for a difference of the sister clade from the PgFV1/GVT/
GRSPaV subclade. The tree inferred from REP sequences
showed that PgFV1, GVT, and GRSPaV formed a sister clade
of all other foveaviruses (Fig. 2 left). However, the tree from
CP showed that the PgFV1/GVT/GRSPaV subclade was a
sister clade of the PCMV/ApLV/ASPV/AGCaV subclade
(Fig. 2 right). This discrepancy may be related to ancestral
recombination events which have been reported for several
foveaviruses (Komorowska ef al., 2011; Glasa et al., 2017).

In conclusion, the genome sequence of PgFV1, a novel
member of the genus Foveavirus of the family Betaflexi-
viridae, was identified from a ginseng root transcriptome
data set. Sequence comparison and phylogenetic analysis
indicated that PgFV1 is most closely related to GVT. PgFV1
is thought to be the first foveavirus found to be associated
with ginseng although no disease symptoms have been con-
firmed. Given the important status of ginseng in the health
industry and tendency of foveaviruses to cause diseases,
further studies of PgFV1 and other foveaviruses potentially
associated with ginseng are needed. The genome sequence of
PgFV1 reported in this report may be useful for investigating
ginseng foveaviruses.
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Fig. S1. Multiple sequence alignment of replicase polyprotein sequences of PgFV1 and related viruses
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Fig. S1. Continued
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Fig. S1. Continued
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Fig. S1. Continued
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Fig. S2. Multiple sequence alignment of TGB1 protein sequences of PgFV1 and related viruses
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Fig. S3. Multiple sequence alignment of TGB2 protein sequences of PgFV1 and related viruses
Two predicted transmembrane domains of PgFV1 TGB2 protein are marked by number signs (#) at the top.
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Fig. S4. Multiple sequence alignment of TGB3 protein sequences of PgFV1 and related viruses
A predicted transmembrane domain of PgFV1 TGB3 protein is marked by number signs (#) at the top.
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Fig. S5. Multiple sequence alignment of coat proteins of PgFV1 and related viruses
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Fig. S5. Continued
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