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A B S T R A C T

Peach rosette mosaic disease was first described in the 1940s affecting peach and plum. It was later determined
that peach rosette mosaic virus (PRMV) is the causal agent of the disease. PRMV, a member of the genus
Nepovirus, infects several perennial crops including stone fruit, grape and blueberry as well as several weed
species found in orchards around the world. The molecular characterization of the virus is limited to partial
genome sequences making it difficult to develop reliable and sensitive molecular detection tests; the reason that
detection is routinely performed using ELISA with antibodies risen against a single virus isolate. Given the
potential economic impact of the virus and the modes of transmission which, in addition to nematodes, include
seed we studied PRMV in more depth using a modified dsRNA extraction protocol to obtain the virus genome.
We determined the full nucleotide sequence and developed a protocol that detects conserved regions present in
RNA 1 and RNA 2, making it an excellent alternative to the detection protocols used today.

1. Introduction

The genus Nepovirus (family Secoviridae) is comprised of species
with single-stranded, positive-sense, bipartite RNA genomes in-
dividually encapsidated in icosahedral virions of 28–32 nm (Thompson
et al., 2017). The genus is currently subdivided into three subgroups
with the species verified to be transmitted by nematodes, eriophyid
mites, pollen and seed (Thompson et al., 2017). Even though their ec-
dysozoan vectors do not move long distances without human inter-
vention, pollen and seed transmission make them challenging to control
with ample examples of nepoviruses causing diseases of significant
economic impact across the globe (Susi, 2004; Andret-Link et al., 2004;
Fuchs et al., 2010).

One such virus is peach rosette mosaic virus (PRMV) which is readily
transmissible by seed and nematode species belonging to different
genera, including Xiphinema and Longidorus (Allen, 1986; Ramsdell and
Gillet, 1998). The first report of an agent causing leaf distortion and
rosette on stone fruits was published as early as 1942 (Cation, 1942).
The same agent appeared to affect other perennial crops including
grape and in the 1970s PRMV was identified as the causal agent of both
peach rosette mosaic and grapevine decline in Michigan (Dias and
Cation, 1976). The virus continues to have a major impact on affected
plantings primarily in the Great Lakes region of North America
(Ramsdell and Gillet, 1998). PRMV is a quarantine virus for many

countries around the world (Anonymous, 2002; Lee et al., 2016),
making it important to develop new sensitive and reliable detection
protocols for the scientific community and regulatory agencies alike.

There has been partial PRMV genome sequence available (Lammers
et al., 1999; Ho and Tzanetakis, 2014) but the development of a sen-
sitive reliable molecular test, as presented in this communication, re-
quired the complete genomic sequence of the virus. In this study, we
present the virus genome and a robust detection protocol that targets
both RNA1 and RNA2.

2. Materials and methods

2.1. Virus isolate and nucleic acid extraction

The PRMV genome sequence of a grape isolate from a Vitis labrusca
L. ‘Concord’ vineyard in Benton Harbor, Michigan was obtained using
double stranded RNA (dsRNA) enriched nucleic acids as template. The
extraction protocol was based on that of Tzanetakis and Martin (2008)
with several modifications including tissue and reagent amounts and
incubation times (Fig. 1). About 0.5 g leaf tissue was homogenized in
2ml of extraction buffer (200mM Tris-HCl, pH 8.5, 300mM lithium
chloride, 1.5% sodium dodecyl sulfate, 10mM ethylenediaminete-
traacetic acid (EDTA), 1% sodium deoxycholate, 1% NP-40 and 1% of
14M β-mercaptoethanol solution (vol/vol)) and centrifuged at 20,000g
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for 10min. Potassium acetate (3.8 M potassium, 5.8M acetate) was
added to the supernatant (1:1 vol/vol) before centrifugation as earlier.
The supernatant was mixed with the equal volume of absolute iso-
propanol. Tubes were chilled at −20 °C for at least 30min before
centrifugation at 20,000g for 20min. The pellet was resuspended in
1ml wash buffer (10mM Tris-HCl, pH 7.5, 0.5mM EDTA, 50mM NaCl,
and 50% ethanol) and 50 μl of silica/glass milk was added to the tube.
The suspension was centrifuged for 10 s at 12,000g and the pellet wa-
shed with an additional 1ml of wash buffer followed by centrifugation
for 2min at 20,000g. The pellet was dried briefly and resuspended in
150 μl water. Tubes were incubated at room temperature for 5min
before centrifugation at 20,000g for 2min. Forty microliters (40 μl) of
the above total nucleic acid preparation were added to a new tube
containing 138 μl water, 10x DNaseI buffer (20 μl), 2U DNaseI and 20U
T1 RNase (Sigma-Aldrich). The reaction was incubated at 37 °C for 1 h
and terminated after adding 7 μl of 0.5 M EDTA pH 8. The digested
nucleic acids were purified using the GeneJet PCR Purification Kit
(Thermo Fisher Scientific) and eluted in 30 μl water. Two microliters
(2 μl) of the dsRNA enriched material were denatured for 10min at
room temperature in an equal amount of freshly prepared 40mM me-
thylmercury hydroxide.

The denatured dsRNA mixture was used as template in degenerate
oligonucleotide primed reverse transcription PCR essentially as de-
scribed in Ho et al. (2015). Briefly, the denatured material was used in a
50 μl reverse transcription reaction that comprised of 5x RT buffer,
dNTPs (0.5 mM), BG4A-RT primer (400 nM, Table S1), 12U of Ribolock
RNase inhibitor (Thermo Fisher Scientific), 100U of Maxima reverse
transcriptase (Thermo Fisher Scientific) and water to volume. The

reaction was incubated at room temperature for 10min followed by
60min at 50 °C before a 5min inactivation at 85 °C. The reaction was
then incubated for 60min at 37 °C with 2.5U RNaseH (Thermo Fisher
Scientific). The cDNA was purified using the GeneJet PCR Purification
Kit (Thermo Fisher Scientific) and eluted in 30 μl water. Ten microliters
(10 μl) of the material were used in a 100 μl PCR reaction including 10x
Taq buffer, 800 nM BG4A-PCR primer (Table S1), dNTPs (0.2 mM), 2U
Taq DNA polymerase (GenScript) and water to volume. The PCR pro-
gram consisted of 2min denaturation at 94 °C followed by 40 cycles of
20 s at 94 °C, 20 s at 50 °C, and 30 s at 72 °C, concluding with a 10min
extension at 72 °C. DNA was sequenced at Oklahoma State University
(Stillwater, OK) using a 454 GS Junior System (454 Life Sciences). Data
were processed by a personalized version of VirFind (Ho and
Tzanetakis, 2014) where Newbler (Roche) was used as the de novo as-
sembler instead of Velvet (Zerbino and Birney, 2008).

2.2. Genome characterization

Partial sequences of the PRMV RNA segments were obtained using
RT-PCR. The 5′ end of RNA 2 was obtained after A-tailing dsRNA en-
riched material followed by RT-PCR essentially using the Tzanetakis
and Martin (2004) approach and primers dT/RNA 2RC. The 5′ end of
RNA 1 was obtained using primer dT+RNA2, which corresponds to
the beginning of RNA 2 with the RNA 1-specific reverse primer RNA1-
Rev (Table S1). The 3′ end of the RNAs were obtained using primers
RNA1F and RNA2F which correspond to the coding regions of RNA 1
and RNA 2 respectively, with primer dT which annealed to the A-tail of
the virus. Regions of low coverage were resequenced using RT-PCR or

Fig. 1. Flowchart of the double-stranded RNA en-
richment protocol for plant viruses.
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nested RT-PCR with virus-specific primers flanking the areas of interest.
Primer sequences are provided at Supplementary Table 1 (Table S1).

Sequence analysis was done using BLAST (Altschul et al., 1990). The
open reading frames of RNA 1 and RNA 2 were elucidated using
ORFfinder and cleavage sides of the polyproteins assessed by aligning
the PRMV polyproteins against their orthologs of blueberry latent sphe-
rical virus, soybean latent spherical virus and blackcurrant reversion virus
using ClustalΩ (Sievers et al., 2011).

2.3. Immunocapture RT-PCR

Immunocapture RT-PCR (IC-RT-PCR) was applied to determine
whether the sequenced RNA 2 belonged to PRMV or a yet to be iden-
tified nepovirus. The protocol was that of Wetzel et al. (1992) using
anti-PRMV antibodies (AC Diagnostics) to coat Maxisorb microtiter
plates (NUNC) according to manufacturer instructions. The RT reaction
(50 μl) was performed in the microtiter plates for 1 h at 42 °C. cDNA
was used as template for PCR amplification of genomic areas of either
RNA using primers R1F/R1R and R2F/R2R for RNAs 1 and 2 respec-
tively (Table S1). The amplification initiated with 2min denaturation at
94 °C followed by 40 cycles of 20 s at 94 °C, 20 s at 55 °C, and 30 s at
72 °C, concluding with a 10min extension at 72 °C.

2.4. Virus detection

Nucleic acid extraction and cDNA synthesis was performed as pre-
viously described (Poudel et al., 2013) using primer dT in the reverse
transcription step (Table S1). The PCR virus detection primers were
designed based on the following premises: a. target areas being 100%
identical between RNAs and known isolates; b. sustain preferential
amplification of the virus target when used in a duplex PCR with in-
ternal control primers and c. share no nucleotide (nt) sequences with
other plant viruses or PRMV hosts. Primers PRMVdetF (5′- AAGCTTA
AGGTTTAGTGTAAC -3′) and PRMVdetR (5′-TCCCGGGAGGTTATGTC
TAA-3′) were chosen among multiple sets tested for sensitivity and
reproducibility (data not shown). The set amplifies a 188 nt region of
the untranslated regions of both RNA 1 and RNA 2 and was used in
combination with internal control primers NADHbF (5′-GGACTCCTGA
CGTATACGAAGGATC 3′)/NADHbR (5′-AGTAGATGCTATCACACATAC
AAT-3′) which allow for the monitoring of the quality of the nucleic
acids and the enzymatic reactions (Thekke-Veetil et al., 2016a). The
50 μl PCR reaction consisted of 1U Taq polymerase (GenScript), 400 nM
for each of the primers, 200 μΜ dNTPs, 50 mM KCl, 10 mM Tris HCl (pH
9.0), 1.5mM MgCl2, 0.1% Triton X-100, 5% acetamide and water. The
thermocycler program initiated with 1min denaturation at 94 °C fol-
lowed by 40 cycles of 10 s at 94 °C, 10 s at 50 °C and 30 s at 72 °C
concluding with a 5min extension at 72 °C. Several virus PCR products
were sequenced in order to validate the protocol.

3. Results

3.1. Nucleic acids extraction and genome characterization

The modified dsRNA extraction protocol provided clean template
without enzymatic inhibitors as assessed by the successful downstream
reactions.

The complete genome of PRMV consists of the 8014 nt RNA 1 and
5956 nt RNA 2 excluding the poly-A tails (GenBank accessions
NC_034214/5). The 5′ untranslated regions (UTR) of the RNAs (41 and
47nt for RNA 1 and RNA 2 respectively) share 85% identity. The
3′UTRs (1469 and 1484 nt for RNA 1 and 2 respectively, excluding the
poly-A tail) are 99% identical. Each RNA codes for a single polypeptide
that is predicted to be proteolytically cleaved into functional proteins
by a virus-encoded protease (Lammers et al., 1999).

RNA 1 shows 85% nt identity with the previously reported, almost
complete molecule of another Michigan grapevine isolate (Lammers
et al., 1999; GenBank accession AF016626). The 5′ UTRs show 50% nt
identity unlike the conserved 3′ UTRs with 91% nt identity. The isolate
presented here codes for a 2167 amino acid (aa) polyprotein with a
molecular mass of 241 kDa and shares 79% aa identity (83% similarity)
to the Lammers isolate. The closest ortholog available in GenBank is
that of BLSV (Genbank accessions AB649296/7) with 59% aa identity
(70% similarity) across the length of the proteins. There are several
Secoviridae protein motifs identified in the polyprotein which are almost
identical to those identified by Lammers et al. (1999) and will, there-
fore, not be further analyzed in this communication.

RNA 2 codes for a 1474 aa polyprotein and the closest ortholog in
GenBank is that of BLSV with 49% aa identity (63% similarity). The
polyprotein is putatively cleaved into two mature peptides. The 959 aa
N’ terminus is the 106 kDa movement protein (MP) with the LPL773-775
conserved motif. The 515 aa, 57 kDa coat protein (CP) has all the N’,
central and C’ terminus nepovirus CP conserved motifs (Finn et al.,
2008).

3.2. Immunocapture RT-PCR and virus detection

IC-RT-PCR was used in order to confirm that the sequenced RNA 2 is
part of the PRMV genome. For this reason multiple samples infected by
the virus as assessed by detection of RNA 1 were assayed for both RNAs
using anti-PRMV antibodies. All samples that amplified RNA 1 also
amplified RNA 2, whereas there was no amplification of PRMV-free
material including that infected with another nepovirus (Fig. 2). All
sequenced amplicons were virus-specific.

All infected material gave amplification of the virus target using
primer set PRMVdetF/PRMVdetR whereas all PRMV-free material led
only to amplification of the internal control (Fig. 3). All virus products
sequenced were found to be 98–99% identical to the sequenced isolate.

Fig. 2. Immunocapture reverse transcription PCR for verifying the pre-
sence of both genomic RNAs of PRMV in all material. TRSV: Tobacco
ringspot virus.
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4. Discussion

PRMV has been an understudied virus even though it has devas-
tating effects on the perennial hosts it infects. Because of its impact,
host range and the fact that it is largely a Great Lakes region virus, it is
included in the quarantine lists of many countries around the world.

This article communicates the first complete genome of PRMV;
obtained from the same host and geographic area as the Lammers et al.
(1999) isolate. Yet, the two isolates share 85% nt identity indicative of
significant virus diversity. The completion of the genome was feasible
using a quick and reliable approach in the discovery and molecular
characterization of positive strand RNA plant viruses; an efficient
dsRNA extraction protocol which consistently provides high quality
template for downstream enzymatic reactions. It has been tested on
several other recalcitrant hosts including blackberry, blackcurrant,
blueberry, cranberry, elderberry, pear, and quince, and used as tem-
plate for the detection or discovery of members of the genera Ampelo-
virus, Carlavirus, Idaeovirus, Vitivirus, Waikavirus, Marafivirus, Fijivirus
and unassigned members of the Totiviridae, Tymovirales and Picorna-
virales among others (Khadgi, 2015; Ho et al., 2016a,b; Thekke-Veetil
et al., 2016b; data not shown). It eliminates the need for specialized,
expensive equipment like a floor centrifuge and provides high quality
nucleic acids in a fraction of the time that other dsRNA protocols need.

Since PRMV is a bipartite virus there is the possibility of re-assort-
ment and sharing amongst genome segments if the host used in the
study was infected with other nepoviruses. Indeed, Michigan is known
to have several nepoviruses that infect grape including tobacco ringspot
virus, tomato ringspot virus and blueberry leaf mottle virus amongst others
(Ramsdell and Stace-Smith, 1979; Ramsdell et al., 1996; Schilder et al.,
2003; Martin et al., 2012). We applied IC-RT-PCR to confirm that the
two RNAs belong to the same species, and those results, in combination
with the conserved UTRs, verify that the complete genome of the virus
is presented in this communication.

We aligned all four optimized detection primers reported in the Lee
et al. (2016) study to the genome sequence of the isolate described here
and all had mismatches, most in multiple sites, leading possibly to
negative results if the RT-nested PCR was used for detection. We de-
veloped a protocol based on areas of the genome that are 100% iden-
tical between RNAs and isolates. Even if there are point mutations that
may not allow for a primer to hybridize onto the template and initiate
polymerization, the possibility of this happening in both RNA 1 and
RNA 2 simultaneously is minimal, allowing for detection of the virus.
This fact, in addition to the duplexing with an internal control primer
set which could alert the diagnostician about issues with the nucleic
acid extraction, user error, inhibitors or RNA degradation make this RT-
PCR test more reliable than the detection methods in use today.
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