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Abstract

Rubus yellow net virus (RYNV) infects Rubus spp., causing a
severe decline when present in mixed infections with other
viruses. RYNV belongs to the family Caulimoviridae, also
known as plant pararetroviruses, which can exist as episom-
al or integrated elements (endogenous). Most of integrated
pararetroviruses are noninfectious; however, a few cases
have been reported where they excised from the plant ge-
nome and formed infectious particles. Graft transmission
onto indicator plants R. occidentalis “Munger” has been the
standard test method for RYNV detection in certification pro-
grams. Previously, it was noticed that some RYNV PCR-posi-
tive plants did not induce symptoms on “Munger”, suggest-
ing an integration event. In this study, bio-indexing and dif-
ferent molecular techniques were employed to differentiate
between integrated and episomal RYNV sequences. Reverse
transcription-PCR using RYNV-specific oligonucleotides af-
ter DNase treatment generated positive results for the virus
in graft transmissible isolates (episomal) only. To confirm
these results, rolling circle amplification on DNA prepara-

tions from the same samples resulted in amplicons identified
as RYNV only from plants with graft transmissible RYNV.
High-throughput sequencing was used to identify the RYNV-
like sequences present in the host DNA. These results indi-
cate the integration of RYNV into the red raspberry genome
and highlight the necessity to recognize this phenomenon
(integration) in future Rubus quarantine and certification

programs. © 2020 S. Karger AG, Basel

Raspberries are classified in the genus Rubus (family
Rosaceae), which includes hundreds of species and hy-
brid berry cultivars [Martin et al., 2013]. Approximately
6,839 hectares of red raspberry (R. idaeus) and black rasp-
berry (R. occidentalis) were harvested in the USA in 2018
with a farm gate value of approximately 450 million US
dollars (http://www.fao.org/faostat), making this an eco-
nomically important crop. Raspberry is susceptible to nu-
merous diseases, including those caused by viruses; there
are reports of more than 30 viruses or virus-like diseases
affecting Rubus spp. [for review, see Martin et al., 2013].

Rubus spp. are hosts of Rubus yellow net virus
(RYNV), whose symptoms on plants range from net-
like chlorosis of the tissue along the veins to asymptom-
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atic [Stace-Smith and Jones, 1987]. RYNYV in mixed in-
fections with raspberry leaf mottle virus and black rasp-
berry necrosis virus cause raspberry mosaic disease, a
disorder that severely affects plant vigor and yield
[Jones et al., 2002]. RYNV produces bacilliform parti-
cles (virions) containing a circular double-stranded
DNA genome of 7.9 kb and encodes a large polyprotein
[Jones et al., 2002; Kalischuk et al., 2013; Diaz-Lara et
al., 2015], features typical of the genus Badnavirus, fam-
ily Caulimoviridae.

Caulimoviruses or plant pararetroviruses replicate via
a cellular RNA intermediate (reverse transcription step)
without integrating into the host genome, as in the case
of animal retroviruses [Lyttle et al., 2011]. Despite their
nonintegrative replication cycle, there is evidence that
several pararetroviruses can exist as episomal and inte-
grated forms [Harper et al., 2002; Gilbert and Feschotte,
2018]. Episomal viruses produce virions capable of caus-
ing infection in the host, on the other hand, endogenous
pararetroviruses (EPRVs) are integrated in the host ge-
nome and have been reported among the plant kingdom
[Staginnus and Richert-Poggeler, 2006].

Over the past few years, several red raspberry plants
that indexed negative for RYNV in aphid or graft trans-
mission assays onto the biological indicator R. occidenta-
lis “Munger” gave positive results in PCR-based tests,
leading to rejection of plants by quarantine personnel in
importing countries. In this work, we investigated the
possibility that RYNV is integrated into the genome of
selected red raspberry cultivars using bio-indexing, re-
verse transcription (RT)-PCR, rolling circle amplification
(RCA) and high-throughput sequencing (HTS).

Materials and Methods

Plant Material and Initial PCR Test

Seven different red raspberry cultivars (“Caroline”, “Comox”,
“Glen Clova”, “Meeker”, “Willamette”, “Cascade Bounty,” and
“Baumforth’s Seedling A”) were obtained from the National Clon-
al Germplasm Repository and the Horticultural Crops Research
Unit (HCRU) of the USDA-ARS in Corvallis, Oregon. The previ-
ously mentioned plants were selected based on an initial test, in
which they tested positive for RYNV using the PCR primers
RYNV6-F (5'-CGTGATAACGGTTTGGTTTT-3') and RYNV6-
R (5'-CGTAAGCGCAGATTTCTTCC-3') that target the viral re-
verse transcriptase and ribonuclease H domains, respectively. PCR
amplification was performed using Taq polymerase (GenScript,
Piscataway, NJ, USA; PCR program consisted of 3 min at 95°C; 40
cycles of 40 s at 95°C, 40 s at 56°C, and 40 s at 72°C, with a final
elongation step of 10 min at 72°C) and yielded amplicons of about
400 bp. Direct sequencing confirmed that the amplicons repre-
sented RYNV.
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Bio-Indexing

The 7 red raspberry cultivars were employed as donor sources
for graft transmission onto “Munger”. The “Munger” plants were
obtained from a commercial nursery in Oregon and were propa-
gated from plants free of known viruses. In addition, all the “Mung-
er” plants were tested with the RYNV6-primers to confirm their
RYNV-free status before initiation of the experiment. Three rep-
etitions per donor plant were used, and each indicator plant was
grafted twice (2 grafts). Lastly, the grafted plants were maintained
in a greenhouse at the USDA-ARS HCRU at 25°C with 16 h day-
light, and the plants were evaluated for RYNV symptoms 3, 6, and
8 weeks post-grafting as well as tested for RYNV (RYNV6 PCR) at
the end of the observation period. The expected symptoms on
“Munger” were uneven growth of the basal leaflets of the trifoliates
and vein chlorosis that give a yellow-netted appearance to the
leaves [Martin et al., 2013].

Nucleic Acids Extraction

Different nucleic acid extraction protocols were used for the
following molecular tests. In the case of RT-PCR, the protocol de-
scribed by Quito-Avila and Martin [2012] was employed to obtain
total RNA from red raspberry leaves. For RCA, total DNA was ex-
tracted from plant material as previously described by Diaz-Lara
et al. [2015]. Finally, the FastDNA SPIN Kit and the FastPrep In-
strument (MP Biomedicals, Santa Ana, CA, USA) were utilized,
according to manufacturer’s recommendations to isolate high-
quality genomic DNA for downstream HTS.

RT-PCR and RCA

The red raspberry cultivars were analyzed by RT-PCR and RCA
to determine whether RYNV is actively replicating or is integrated
in the genome of the host plant. RNA extracts from the samples
were digested with 1 uL of RQ1 RNase-Free DNase (1U/L) (Pro-
mega, Madison, WI, USA) following the manufacturer’s recom-
mendations prior to RT-PCR. 2.5 pL of DNase-digested product
was used as template for RT using Maxima Reverse Transcriptase
(Thermo Fisher, Hudson, NH, USA) and the RT reaction was in-
cubated for 60 min at 50°C, then 5 min at 85°C, followed by PCR
using the RYNV6 primers as described previously. In parallel with
the RYNV testing, an assay [Tzanetakis et al., 2007; Thekke-Vee-
til et al,, 2016] targeting the mRNA and/or the genomic copy of
NADH dehydrogenase ND2 subunit (ndhB gene) was used to as-
sess the DNA digestion and consequently the presence of undi-
gested DNA, potential for false positives during the RT-PCR test.

One pg of sample DNA was treated with 10 units of Exonucle-
ase V (New England Biolabs, Ipswich, MA, USA) at 37°C for 30
min before RCA to eliminate the linear DNA, potential interfer-
ence with the RCA reaction, without affecting the circular DNA.
The RCA was carried out using the Illustra TempliPhi 500 Ampli-
fication Kit (GE Healthcare, Buckinghamshire, UK) following the
manufacture’s protocol, but adding the RYNV6-F primer to the
reaction. Finally, the RCA product was digested with BamHI (New
England Biolabs) and then size analyzed by electrophoresis (1.5%
agarose gel). The RYNV genome contains only one BamHI recog-
nition site.

High-Throughput Sequencing and PCR Validation

To characterize the RYNV-like sequences present in the red
raspberry genome, genomic DNA from the 7 cultivars involved in
this study was sequenced using the Illumina HiSeq 3000 platform

Diaz-Lara/Mosier/Stevens/Keller/Martin

Downloaded by:
UNSW Library

149.171.67.148 - 9/2/2020 5:41:06 AM



(Ilumina, San Diego, CA, USA), using a paired-end (2 x 150 bp)
configuration. Briefly, DNA samples were subjected to library con-
struction using a TruSeq DNA HT Sample Prep Kit (Illumina) and
sequenced individually, 1 cultivar per lane of a flow cell. Later, for
each library, paired-end sequences were assembled using MEGA-
HIT [Li et al., 2015] with default parameters. Assemblies (contigs)
were subsequently formatted as a searchable BLAST database for
virus annotation. A BLASTn search was performed against each
assembly using the GenBank entry NC026238 (RYNV reference
genome) as the query. A custom script was used to extract assem-
bled contigs where the virus sequence only aligned partially with
the target RYNV sequence and included 5’ or 3" overhanging ends.
The remaining unaligned portion of the contig, potentially host
genome, was considered for downstream validation.

Studied plants were analyzed by PCR using sets of primers
that amplify 3 putative virus-plant junctions: (a) Baumforth_
k99_4826083_F (5'-GTGAGTACCACTTCAATGAGTA-3"and
Baumforth_k99_4826083_R (5'-TAGTTGCCTCTGCTCCTT-
TA-3'); (b) Caroline_k99_1872834_F (5'-GTACTGCTTCT-
TCTCGTAGTAT-3") and Caroline_k99_1872834_R (5'-GTG-
GTACTTGATTTGGTTGTAG-3', and (c) Cascade_k99
7189637_F (5'-AGAAAGCTTATAGTACCGTGAG-3') and
Cascade_k99_7189637_R (5'-CAGAATTATCAAGCACGGA-
AG-3"). The previous junctions were selected based on essen-
tial characteristics for primer design, GC content and length;
thus, 1 primer was located at the RYNV-like sequence, and the
complement primer targeted the predicted plant sequence. To
determine whether junctions are consistent among plants, all
the 7 red raspberry cultivars were individually tested by the de-
signed primers. Finally, the amplified products were directly se-
quenced in both directions.

Results

Bio-Indexing

Indicator plants grafted with “Baumforth’s Seedling
A” started to show RYNV-symptoms (vein chlorosis) 6
weeks post-grafting. On the other hand, the rest of the red
raspberry cultivars tested failed to induce symptoms after
graft transmission on “Munger.” Additionally, only the
“Munger” plants grafted with “Baumforth’s Seedling A”
tested positive by the RYNV6 PCR assay.

RT-PCR and RCA

Except for the cultivar “Baumforth’s Seedling A”, the
rest of the samples (“Caroline”, “Comox”, “Glen Clova”,
“Meeker”, “Willamette,” and “Cascade Bounty”) was
negative for RYNV after the RT-PCR test with the addi-
tional DNase-treatment (Fig. 1B). On the other hand, all
the samples were positive for the virus via RT-PCR when
samples were not digested with DNase prior to RT-PCR,
suggesting that the amplification originated from DNA
rather than RNA in the cultivars other than “Baumforth’s

Seedling A.” In that sense, the amplification of 2 different

Endogenous Virus Is Present in the
Raspberry Genome

—DNase +DNase
123456 78 L1 2345¢61738
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Fig. 1. Agarose gel electrophoresis of RT-PCR products. A Assay
for the NADH dehydrogenase ND2 subunit (ndhB gene). B Assay
for Rubus yellow net virus (RYNV) using the RYNV6F/RYNV6R
oligonucleotide primers. -DNase, total RNA extracts were used as
template for RT-PCR without prior digestion; +DNase, total RNA
extracts were DNase digested before RT-PCR. Lanes 1-7 represent
different red raspberry cultivars: 1, “Caroline”; 2, “Comox”; 3,
“Glen Clova”; 4, “Meeker”; 5, “Willamette”; 6, “Cascade Bounty”;
7, “Baumforth’s Seedling A”. Lane 8 represents black raspberry
(negative control). Lane L represents 1 kb Plus DNA Ladder.

bands by the ndhB gene assay using not DNase-digested
template, contrast with the single amplicon generated
from the digested template (Fig. 1A); this indicates the
absence of genomic DNA after the DNase treatment.
Supporting the RT-PCR results, RCA yielded an ampli-
con from the sample “Baumforth’s Seedling A,” but not
from the other red raspberry cultivars in the study (data
not shown). A DNA band of nearly 8 kb in size was ob-
served after the RCA product was treated with BamHI;
the RCA product matched the predicted size of RYNV.

HTS and PCR Validation

The HTS analysis resulted in around 300 million
paired reads per DNA library (cultivar). Based on the
BLAST analysis, 25 contigs were found to share 77-90%
nucleotide sequence identity with the RYNV reference
genome (Table 1). The size of such contigs was between
246 and 3,259 nucleotides, overhanging with the predict-

Cytogenet Genome Res 2020;160:329-334
DOI: 10.1159/000509845

331

Downloaded by:
UNSW Library

149.171.67.148 - 9/2/2020 5:41:06 AM



Table 1. Assembly contigs where Rubus yellow net virus sequence aligned partially

Assembly 5"overhang 3’ overhang Identity?, Qlen Qstart Qend Clen Cstart Cend E-value®
nucleotides  nucleotides %

Baumforth_k99_4826083 433 0 77 7,836 1 1,877 2,308 434 2,308 0
Baumforth_k99_1746789 0 15 85 7,836 3,566 4,421 871 1 856 0
Baumforth_k99_11970 13 9 87 7,836 141 763 644 14 635 0
Baumforth_k99_4175922 0 17 84 7,836 815 1,268 471 1 454 1.41E-122
Caroline_k99_1872834 8 1,669 82 7,836 3,286 4,870 3,259 1,590 9 0
Caroline_k99_4068957 13 0 88 7,836 141 416 288 14 288 1.69E-86
Caroline_k99_11066072 267 0 80 7,836 12 281 541 268 541 3.84E-48
Caroline_k99_10199738 12 7 78 7,836 7,551 7,830 301 294 13 3.87E-43
Caroline_k99_4929383 0 234 90 7,836 191 281 325 91 1 3.08E-24
Cascade_k99_10532002 0 15 85 7,836 3,566 4,421 871 1 856 0
Cascade_k99_9699367 1,614 6 77 7,836 1 L118 2,734 1,615 2,728 1.13E-173
Cascade_k99_7189637 0 284 80 7,836 12 281 558 274 1 4.83E-48
Cascade_k99_9349915 12 7 79 7,836 7,551 7,830 301 294 13 1.05E-44
Cascade_k99_10596469 0 234 90 7,836 191 281 325 91 1 3.87E-24
Comox_k99_4640982 18 0 86 7,836 916 1,175 278 278 19 3.65E-73
Comox_k99_3670332 0 15 84 7,836 4,141 4,421 296 1 281 1.70E-71
Comox_k99_2182286 12 7 79 7,836 7,551 7,830 301 294 13 8.19E-45
Comox_k99_2140863 27 1 80 7,836 1,557 1,774 246 28 245 1.78E-36
Glenclova_k99_2830577 0 15 85 7,836 3,566 4,421 871 1 856 0
Glenclova_k99_8263433 22 0 81 7,836 1,674 2,575 915 915 23 0
Meeker_k99_1270087 0 15 85 7,836 3,566 4,421 871 1 856 0
Meeker_k99_8020345 12 7 79 7,836 7,551 7,830 301 294 13 8.01E-45
Willamette_k99_5753313 0 15 85 7,836 3,566 4,421 871 1 856 0
Willamette_k99_6330268 0 28 84 7,836 2,852 3,208 379 1 351 2.19E-90
Willamette_k99_8644630 12 7 79 7,836 7,551 7,830 301 294 13 8.41E-45

*BLASTn analysis. Qlen, query length; Qstart, query start; Qend, query end; Clen, contig length, Cstart, contig start; Cend, contig
end.
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Fig. 2. Contigs mapped against Rubus yellow net virus (RYNV) genome. The contig name (left) includes the plant source. Blue section
(top) denotes the grade of coverage between the reference sequence (RYNV) and the different contigs. FWD, forward sequence; REV,

reverse sequence. Contigs were mapped using Geneious v10.2.
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ed plant genome in one or both ends (5" and 3"). Mapping
all the RYNV-like contigs from the different cultivars, not
afull coverage of the RYNV genome was obtained (Fig. 2).
From the pool of contigs, 3 contigs (Baumforth_
k99 4826083, Caroline_k99 1872834 and Cascade_
k99_7189637; GenBank: MT318147-MT318149)
were subjected to PCR validation and Sanger sequencing.
As a result, each of these 3 contigs were amplified from
the source plants and mapped well to the original se-
quence; Cascade_k99_7189637 contig was not only am-
plified from the source plant, but also from the “Caroline”
cultivar.

Discussion

The work presented here clearly indicates that RYNV
is integrated into the genome of each of the 7 red rasp-
berry cultivars studied. Multiple molecular techniques
and bio-indexing were used to differentiate between epi-
somal and integrated sequences of RYNV in several red
raspberry cultivars. In consequence, RYNV-like sequenc-
es in the red raspberry genome should be referred as en-
dogenous RYNV-like sequences (eRYNVs).

Graft indexing is a popular technique for virus detec-
tion, especially in the case of unknown viruses; however,
in this study, we used grafting for a different reason: to
determine whether or not red raspberry cultivars hosted
a form of RYNV with infectious capacity. In the case of
the RT-PCR assay, the aim of including a DNase diges-
tion before the RT-PCR was to remove any RYNV-like
sequence present in the genomic DNA of red raspberry,
thus targeting only RNA transcripts of episomal viruses.
Similar methodology was employed in a study reporting
a new badnavirus in blackberry with integration capacity
[Shahid et al., 2017]. RYNV belongs to the family Cauli-
moviridae, and the RCA amplifies the circular RYNV ge-
nome and not the endogenous virus, since it is not a cir-
cular DNA. Overall, only the “Baumforth’s Seedling A”
plant validated the presence of an episomal RYNV with
infectious/replication capacity.

There are previous reports of integrated pararetrovi-
rus sequences with nearly perfect identity to episomal vi-
ruses in plants. For example, EPRVs have been reported
from banana [Harper et al., 1999], tobacco [Gregor et al.,
2004], petunia [Richert-Poggeler et al., 2003], rice [Kunii
et al., 2004], fig [Laney et al., 2012], yam [Umber et al.,
2014], blackberry [Shahid et al., 2017], and citrus [Yu et
al., 2019]. Most of the integrated virus-like sequences
were rearranged in the host DNA, suggesting illegitimate

Endogenous Virus Is Present in the
Raspberry Genome

recombination [Harper et al., 2002]; such recombination
may have occurred when the episomal virus was replicat-
ing in the host [Kunii et al., 2004]. Recently, EPRV's have
been used to study the heterogeneity of viral gene macro-
evolution [Chen et al., 2018].

Based on the HTS result, all the red raspberry cultivars
included in this study contain in their genetic material
sequences with high homology to RYNV, including the
plant carrying the graft transmissible isolate of RYNV
(“Baumforth’s Seedling A”). Such RYNV-like sequences
were identified as assembly contigs that mapped partially
to the virus genome and partially to the Rubus genome,
presumably originated from virus-plant junctions, and a
complete RYNV genome was not identified. Further-
more, assemblies mapped in different regions of the
RYNV genome (Fig. 2), except for the predicted region of
the replication-associated domains, which in combina-
tion with the PCR validation suggests that identified
eRYNVs are independent inserts or not conserved.

The de novo genome assemblies should offer a limited
but complete picture of virus integration in the red rasp-
berry genome. Each assembly gives a fragmented but
hopefully complete picture of the nonrepetitive parts of
the plant genome. The use of a detailed red raspberry ge-
nome, not publicly available, as reference would improve
the identification of eRYNVs and reveal the specific lo-
cation of integrations in the chromosomes. Lastly, the
use of FISH may result in the precise identification of
eRYNVs.

Additionally, discerning the structure and prevalence
of the integrated elements is important, as some EPRVs
have been reported to activate, assembly of virions and
induce infection, after exposure to abiotic stress or tissue
culture [Ndowora et al., 1999; Richert-Poggeler et al.,
2003; Kuriyama et al., 2020]. In the case of integrated se-
quences of banana streak virus, the process of propagat-
ing plants through tissue culture resulted in excision from
the banana genome to cause infection [Harper et al.,
2002]. Although the process of integration into and exci-
sion from the red raspberry genome is beyond the goal of
this study, during an independent work, plants with inte-
grated RYNV sequences were subjected to repeated heat
therapy, meristem tip-culture and plant regeneration in
tissue culture, and there were no examples of RYNV exci-
sion observed.

From a genomic perspective, the presence of eRYNVs
in different red raspberry cultivars and potentially in their
offspring makes their elimination difficult; however, new
genome editing tools such as CRISPR-Cas could provide
tools to remove the eRYNVs [Tripathi et al., 2019]. Thus,
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the ability to differentiate between episomal and integrat-
ed RYNVs can avoid unnecessary costs of false positives
at virus-elimination stages, and more importantly, re-
striction on plant movement based on inaccurate virus
diagnosis.
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