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The United States is the third-largest producer of raspberries in the world. Washington 

State leads the nation in red raspberry (Rubus idaeus L.) production. ‘Meeker’, the 

most grown red raspberry cultivar in the Pacific Northwest (Washington, Oregon and 

British Columbia, Canada) is highly susceptible to Raspberry crumbly fruit, a virus-

induced disease that produces drupelet abortion and reduces fruit quality and yield. 

The disease has long been attributed to Raspberry bushy dwarf virus (RBDV), a 

pollen-and-seed transmitted virus found in most commercial raspberry fields around 

the world. In recent years, an increased severity of crumbly fruit was observed in areas 

where two additional viruses were common. One of these viruses, Raspberry leaf 

mottle virus (RLMV), was characterized recently and shown to be a novel 

closterovirus transmitted by the large raspberry aphid Amphorophora agathonica 

Hottes. The second virus, Raspberry latent virus (RpLV) was a tentative member of 

the family Reoviridae whose characterization remained to be completed. To 

investigate the role of these two new viruses in the crumbly fruit disorder, ‘Meeker’ 



 

raspberry infected with single or mixtures of the three viruses, in all possible 

combinations, were generated by graft inoculation. Eight treatments, including a virus-

free control, were planted in the field at the Northwestern Research and Extension 

Center in Mt. Vernon, WA. Plant growth and fruit crumbliness were evaluated during 

establishment and the second year. Simultaneously, the characterization of RpLV, at 

the genetic and biological level, was completed. RpLV is a novel member of the plant 

Reoviridae composed of 26,128 nucleotides divided into 10 genomic dsRNA 

segments. Analysis of the RNA dependent RNA polymerase (RdRP) indicated that 

RpLV was related most closely to members of the genus Oryzavirus. However, the 

genomic terminal regions, conserved at the genus level in reoviruses, did not show 

homology to those of oryzaviruses, suggesting that RpLV may be a member of a new 

genus. It was found later, that RpLV was transmitted by A. agathonica. As all other 

plant reoviruses are transmitted by leaf- and planthoppers, these findings strongly 

support the creation of a new genus in the plant Reoviridae for the classification of 

RpLV. Real-time quantification of viral titers in single or mixed infections revealed 

that the titer of RBDV was enhanced ~400-fold when the virus was found in co-

infections with RLMV. Interestingly, plants co-infected with these two viruses showed 

significant reduction in plant growth during the establishment and second year. 

Crumbly fruit was more severe in plants infected with the three viruses compared to 

the virus-free control. Taken together, this work presents valuable information about 

the interactions between three important raspberry viruses and their effect on plant 

growth and fruit crumbliness in ‘Meeker’, the most important red raspberry cultivar in 

the Pacific Northwest.  
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The Pacific Northwest (PNW) (Oregon, Washington, in the U.S. and British 

Columbia, Canada) is the third largest producer of red raspberries in the world. In 

2010, the State of Washington, the nation’s leading producer, produced nearly 70 

million pounds of processed red raspberry fruit, valued at more than $50 million 

(Geisler, 2011). Red raspberries have been cultivated commercially in the U.S. since 

the mid 1800’s. In 1967, Washington State University released ‘Meeker’, a vigorous 

cultivar with high fruit quality and long fruiting canes suitable for machine harvesting 

(Wolford, 1967). ‘Meeker’ became the most widely planted cultivar in the PNW. 

Nevertheless, the production of this cultivar has been hampered by an important viral 

disease. Raspberry crumbly fruit disease, caused by Raspberry bushy dwarf virus 

(RBDV), produces drupelet abortion resulting in lower grade fruit and yield reduction. 

Crumbled berries do not meet the specifications necessary for high valued markets 

such as fresh or individually quick frozen (IQF) fruit. Instead, poor quality fruit are 

sold to juice or puree industries for approximately half of the price compared to the 

IQF market (Hancoop, personal communication). 

RBDV is a pollen-and-seed borne virus in the genus Idaeovirus found in all raspberry 

production areas around the world. Studies have shown that entire fields may become 

infected with the virus within 3-5 years of planting, depending on inoculum pressure 

from adjacent fields (Converse, 1973; Murant et al., 1974; Bulger et al., 1990). Due to 

the pollen-borne nature of the virus, bees play a major role in spreading the disease 

and little can be done to reduce the spread of the virus to new plantings nearby 

infected fields. The virus management strategy has been based on replanting crumbly-

fruited fields with certified virus-tested plants (Murant et al., 1974). Consequently, the 

losses attributed to crumbly fruit also include the costs associated with replanting and 

the establishment year during which no fruit is produced (Gianessi et al., 2002). 

In recent years, the severity of the crumbly fruit disorder has increased in northern 

Washington and British Columbia, where growers are now forced to replant their 

fields after the fourth fruiting season. Interestingly, raspberry growers in southern 

Washington and Oregon, where RBDV is also common, have been able to maintain 
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their plantings for much longer without experiencing major crumbly fruit problems 

(Martin unpublished data). Two new viruses were identified from areas where severe 

crumbly fruit was observed in northern Washington.  One of these viruses, Raspberry 

leaf mottle virus (RLMV) was characterized recently and found to be a novel member 

of the genus Closterovirus (fam. Closteroviridae) (Tzanetakis et al., 2007; McGavin 

and MacFarlane, 2010). Members of this genus commonly are transmitted by aphids 

(Karasev 2000). Therefore, the common raspberry aphid Amphorophora agathonica 

Hottes, was tested and found to be a vector of RLMV. The second virus identified and 

found at high incidence in fields in northern Washington was Raspberry latent virus 

(RpLV), a tentative member of the family Reoviridae whose characterization was yet 

to be completed (Jelkmann et al., 1989). It was also observed, that the populations of 

A. agathonica were higher in northern Washington compared to southern Washington 

and Oregon. These findings suggested the existence of a new virus complex (involving 

RBDV, RLMV and/or RpLV) responsible for the severe crumbly fruit observed in 

northern Washington. Determining whether such an interaction resulted in increased 

severity of crumbly fruit, would enable growers to implement vector management 

strategies in order to reduce the spread of the insect-transmitted viruses and prolong 

the profitable period of ‘Meeker’ plantings.    

Increased symptoms in plants, caused by two or more viruses interacting with each 

other, are common in nature (Vance, 1999). Early reports of cases where associations 

of two distinct viruses result in synergistic interactions include the co-infection of 

Potato virus Y (PVY) (genus Potyvirus) and Potato virus X (PVX) (genus Potexvirus) 

in tobacco. This complex resulted in the increase in the titer of PVX coat protein RNA 

along with more severe symptoms (Rochow and Ross, 1955).  

Virus interactions may have different effects on functions necessary for the successful 

completion of the virus life cycle, i.e. replication, intra-and intercellular movement, or 

transmission (Dufresne et al., 1999; Untiveros et al., 2007). A common effect, 

however, is the increased accumulation of at least one of the viruses involved in the 

interaction relative to the virus alone (Calvert and Ghabrial, 1983; Poolpol and Inouye, 
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1986; Pruss et al., 1997, Hu et al., 1998; Wintermantel, 2005). In potyvirus-mediated 

synergistic interactions, the helper component protein (HC-Pro) of potyviruses has 

been shown to be responsible for the synergistic effect and also for the suppression of 

the plant RNA-silencing mechanism, suggesting that the increase in accumulation of a 

second virus, relative to the virus alone, is related to the suppression of the host 

defense mechanism (Vance, 1999; Voinnet et al., 1999; Pruss et al., 1997).  Other 

types of virus synergistic interactions result in the virus ability to move more 

efficiently through a plant, transmission by a new vector or infection of a non-host 

plant (Barker 1987; Cooper et al., 1996; Dasgupta et al., 2001; Choi et al., 2002; 

Latham and Wilson, 2007; Wintermantel et al., 2008). 

Examples of cases where viral complexes result in severe diseases in crop plants have 

been reported increasingly. Virus yellows disease in sugar beet has been shown to be 

caused by the interaction between Beet mosaic virus (BMV), genus Potyvirus, and 

either Beet yellows virus (BYV), genus Closterovirus, or Beet western yellows virus 

(BWYV), genus Polerovirus (Wintermantel, 2005). García-Cano et al. (2006) showed 

that mixed infections of the crinivirus Tomato chlorosis virus (ToCV) and the 

tospovirus Tomato spotted wilt virus (TSWV) resulted in resistance breakdown when 

TSWV-resistant plants were pre-infected with ToCV.  

Corn lethal necrosis disease is caused by co-infection of Maize chlorotic mottle virus 

(MCMV) and either Wheat streak mosaic virus (WSMV) or Maize dwarf mosaic virus 

(MDMV) (Niblett and Claflin 1978; Scheets 1998). Similar examples include the 

interaction between Cucumber mosaic virus (CMV) and Zucchini yellow mosaic virus 

(ZYMV) in zucchini squash plants (Choi et al., 2002; Wang et al., 2002); or Sweet 

potato feathery mottle virus (SPFMV) and Sweet potato chlorotic stunt virus (SPCSV) 

in sweet potatoes (Karyeija et al., 2000). 

In Rubus, Blackberry yellow vein disease (BYVD), initially thought to be caused by 

the crinivirus Blackberry yellow vein associated virus (BYVaV), was found to be the 

result of an interaction involving at least two viruses: BYVaV and the brambyvirus 
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Blackberry virus Y (BVY) (Susaimuthu et al., 2008). Neither of these viruses caused 

symptoms when present alone. However, when present in co-infections, the titer of 

BVY was increased several-fold, and the titer of BYVaV decreased ~500-fold. This 

interaction resulted in dramatic vein yellowing and development of line patterns 

(Susaimuthu et al., 2008).  

Raspberry mosaic disease (RMD) and black raspberry decline (BRD) are two other 

examples of disorders caused by virus complexes in Rubus. RMD was first reported in 

the 1920s and is likely caused by combinations of at least three viruses including 

Black raspberry necrosis virus (BRNV), genus Sadwavirus, Rubus yellow net virus 

(RYNV), genus Badnavirus and RLMV (Halgren et al., 2007; Tzanetakis et al., 2007; 

McGavin and MacFarlane, 2010). BRD has become a serious problem in Oregon, 

where most of the nation’s black raspberries are produced. Although the disease is 

attributed to a viral complex, BRNV has been hypothesized to play a major role in the 

severity of symptoms (Halgren et al., 2007).  

This work presents results on a new virus complex responsible for the increased 

severity of raspberry crumbly fruit in ‘Meeker’. The genetic and biological 

characterization of RpLV, a component of this complex, was also elucidated.  

 

 

 

 

 

 

 

 



6 

Chapter 2: 

 

Complete Sequence and Genetic Characterization of Raspberry latent virus, a 
Novel Member of the Family Reoviridae 

 

Diego F. Quito-Avila, Wilhelm Jelkmann, Ioannis E. Tzanetakis, Karen Keller, and 
Robert R. Martin 

 

 

 

 

 

 

 

 

 

 

 

 

Virus Research                                                                                                            
Bury St Edmunds,                                                                                                   
Suffolk IP29 4ST, UK                                                                                                   
55: 397-405 

 



7 

Abstract 

A new virus isolated from red raspberry (Rubus idaeus L.) plants and detected in the 

main production areas in northern Washington State, USA and British Columbia, 

Canada was fully sequenced and found to be a novel member of the family 

Reoviridae. The virus was designated as Raspberry latent virus (RpLV) since it is 

symptomless when present in single infections in several Rubus virus indicators and 

commercial raspberry cultivars. RpLV genome was 26,128 nucleotides (nt) divided 

into 10 dsRNA segments. The length of the genomic segments (S) was similar to those 

of other reoviruses ranging from 3948nt (S1) to 1141nt (S10). All of the segments, 

except S8, have the conserved terminal sequences 5'-AGUU----GAAUAC-3'. A point 

mutation at each terminus of S8 resulted in the sequences 5'-AGUA----GAUUAC-3'. 

Inverted repeats adjacent to each conserved terminus as well as stem loops and 

extended pan handles were identified by analyses of secondary structures of non-

coding sequences. All segments, except S3 and S10, contained a single open reading 

frame (ORF) on the positive sense RNAs. Two out-of-frame overlapping ORFs were 

identified in segments S3 (ORF S3a and S3b) and S10 (ORF S10a and S10b). Amino 

acid (aa) alignments of the putative proteins encoded by the main ORF in each 

segment revealed a high identity to several proteins encoded by reoviruses from 

different genera including Oryzavirus, Cypovirus, and Dinovernavirus. Alignments of 

the polymerase, the most conserved protein among reoviruses, revealed a 36% aa 

identity between RpLV and Rice ragged stunt virus (RRSV), the type member of the 

genus Oryzavirus, indicating that these two viruses are closely related. Phylogenetic 

analyses showed that RpLV clusters with members of the genera Oryzavirus, 

Cypovirus, Dinovernavirus and Fijivirus. These genera belong to the subfamily 

Spinareovirinae which includes reoviruses with spiked core particles (‘turreted’ 

reoviruses). In addition, two nucleotide binding motifs, regarded as ‘signature’ 

sequences among turreted reoviruses, were also found in RpLV P8, suggesting that 

RpLV is a novel dicot-infecting reovirus in the subfamily Spinareovirinae. 
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Introduction 

The Reoviridae contains viruses with genomes composed of multiple (9-12) segments 

of linear double-stranded RNA (dsRNA). This family is the most diverse of the 

dsRNA virus families, as it includes species isolated from a wide range of hosts 

including mammals, birds, fish, insects, arachnids, marine protists, crustaceans, fungi 

and plants (Brussaard et al., 2004; Hillman et al., 2004; Mertens et al., 2005).  

More than 75 virus species have been classified as members of 12 well-established 

genera: Orbivirus, Orthoreovirus, Rotavirus, Coltivirus, Aquareovirus, Cypovirus, 

Fijivirus, Phytoreovirus, Oryzavirus, Seadornavirus, Mycoreovirus and Idnoreovirus 

(Mertens et al., 2005). The genera Cardoreovirus, Dinovernavirus, and Mimoreovirus, 

have been established recently and include viruses isolated from crabs, mosquitoes 

and marine protists, respectively (Attoui et al., 2005; Attoui et al., 2006; Zhang et al., 

2004).  

Currently, there are three genera of plant reoviruses; Fijivirus, Oryzavirus and 

Phytoreovirus. The genus Fijivirus includes members with 10 segments and is divided 

into 5 groups based on host, vectors and serological properties (Isogai et al., 1998a; 

Mertens et al., 2000). Members include viruses that infect monocots and insects 

(Hunter et al., 2009; Nakashima et al., 1996; Noda and Nakashima, 1995). The genus 

Oryzavirus includes two members; Rice ragged stunt virus (RRSV) and Echinochloa 

ragged stunt virus (ERSV), also comprised of 10 segments (Chen et al., 1989; Holmes 

et al., 1994; Shikata et al., 1979; Uyeda and Milne, 1995; Yan et al., 1992).  

Phytoreovirus includes viruses with 12 segments that infect both monocots and dicots 

with Wound tumor virus (WTV), Rice dwarf virus (RDV) and Rice gall dwarf virus 

(RGDV) being the recognized members of the genus (Black 1945; Mertens et al., 

2000; Nuss and Dall, 1990). The recent characterization of Tobacco leaf enation virus 

(TLEV) (Picton et al., 2007; Rey et al., 1999), and Homalodisca vitripennis reovirus 

(HoVRV), isolated from the hemipteran Homalodisca vitripennis (Stenger et al., 

2009), have expanded this genus now to include insect viruses. 
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In 1988, a novel reovirus was identified in red raspberry in Washington, USA. Partial 

sequence was obtained and used to design detection primers (Jelkmann and Martin, 

1989). The virus has been detected commonly in the main raspberry production areas 

in the Pacific Northwest (PNW), especially in areas where raspberry crumbly fruit 

disease is prominent (Murant et al., 1974; Martin 1999). 

The new reovirus does not cause symptoms when grafted onto raspberry indicator 

plants and thus, the name Raspberry latent virus (RpLV) is proposed. The 

characterization of RpLV has been necessary in order to elucidate possible interactions 

with other viruses and its implication in crumbly fruit and other raspberry diseases.  

 

Materials and Methods 

Type Isolate Source. Root cuttings from ‘Meeker’ raspberry were obtained from 

production fields in northern Washington, USA. The cuttings were originated from 3 

and 4-year old plants, some of which had shown crumbly fruit symptoms in previous 

seasons. A total of 90 root cuttings were planted, grown in one gallon pots and 

maintained in a greenhouse under standard conditions (12h day light at 25°C). The 

virus status of each cutting at the time of planting was not know. Plants were tested for 

all reported Rubus viruses either by PCR or ELISA. Most plants were found to have 

mixed infections containing at least two of the following viruses: Raspberry bushy 

dwarf virus (RBDV), Raspberry leaf mottle virus (RLMV) and RpLV. A few plants 

were identified that contained single infections with RBDV, RLMV or RpLV. One of 

the plants infected only with RpLV was selected as our ‘type isolate’ and used for 

subsequent cloning and sequencing.  

Our ‘type isolate’ plant was also used to leaf-graft inoculate the virus onto different 

virus-free red raspberry (i.e. ‘Malling Landmark’ and ‘Norfolk Giant’) and black 

raspberry ‘Munger’, all of which are commonly used as standard Rubus virus 

indicators.  
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Detection. RpLV was detected by RT-PCR using primers designed from genomic 

segments S1, S3 and S8. Primer set S1 (F: 5'-CCACGCCCAACCTCCAAATAA-3' R: 

5'-ACCCCGTCTCCCCATCTGC-3') amplifies a 465 bp fragment of the putative B 

spike protein gene located on the core capsid. Primer set S3 (F: 5'-

GGCTGGGTACTGATCTTGG-3' R: 5'-GCTAATCCCCCGCCATC-3') amplifies a 

268 bp portion of the viral RdRp gene, and primer set S8 (F: 5'-

CACCGCCCAACCACAACT TCT-3' R: 5'-CCTCGTGCTCGCTCTCCTTCATA-3') 

amplifies a 547 bp fragment of the putative non-structural protein P8 gene.  

Total RNA or viral dsRNA was heat denatured at 95°C for 5 min and reverse 

transcribed by Superscript Reverse Transcriptase (Invitrogen Corporation, Carlsbad, 

CA, USA) in a total volume of 25 µl. After denaturing the transcriptase, 2.5 ul of 

cDNA was immersed in a total of 25 ul of PCR mix. The PCR reactions were 

performed as follows: one cycle of initial denaturation at 94°C for 4 min, 40cycles of 

denaturation for 30 s at 94°C, annealing for 30 s at 55°C, extension for 45 s at 72°C 

and a final extension for 10 min at 72°C. PCR products were analyzed by 

electrophoresis through ethidium bromide-stained 2% agarose gels in 1X Tris-

Phosphate- EDTA (TPE) buffer. All primer sets were equally effective for detection of 

RpLV from total RNA and viral dsRNA isolated from leaf tissue (data not shown). 

 

Double-stranded RNA Extraction. Twenty grams of fresh leaf tissue was powdered in 

liquid nitrogen and dsRNA was extracted using phenol/STE buffer, and recovered by 

cellulose CF-11 chromatography, as previously described (Morris and Dodds, 1979). 

The dsRNA was treated with ribonuclease T1 from Aspergillus oryzae (Sigma-Aldrich 

Corp. USA) and DNAse 1 from bovine pancreas (Sigma-Aldrich Corp. USA) under 

high salt conditions to remove single-stranded RNA and dsDNA, respectively.  After 

the digestions, the dsRNA was once again purified on CF-11 cellulose columns and 

precipitated with EtOH.  
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Electrophoretic Analysis. RpLV dsRNA was pelleted, dried and analyzed at room 

temperature by electrophoretic separation on a 1.5% agarose gel (AGE), stained with 

ethidium bromide and visualized with a UV light.  In order to separate RpLV 

segments S1-S3, which co-migrated as a single band in agarose gels, dsRNA was 

separated on a 10% polyacrylamide gel in Tris-Glycine running buffer at pH 8.3 for 8 

h at 4°C. 

 

cDNA Synthesis, Cloning and Sequencing. Total and gel-extracted dsRNA (the latter 

was done several times to obtain clones from S6) were used as template for the reverse 

transcription (RT) reactions. The universal random primer 5'-

GCCGGAGCTCTGCAGAATTCNNNNNN-3' (Froussard, 1992) was used to 

generate cDNA following the methodology described by Tzanetakis et al. (2005). 

Briefly, a mixture containing the purified dsRNA and primers was denatured with 

CH3HgOH at room temperature for 30 min. Then, a second mix, containing reverse 

transcription buffer,  DTT, dNTPs, and Superscript III RT (Invitrogen Corp. USA) 

was added to the denaturant mix and incubated for 50 min at 50°C. The reaction was 

terminated by heating at 75°C for 10 min.  The RNA template was digested with 

RNase H (Invitrogen Corp.), and then a PCR reaction containing the anchor primer 5'-

GCCGGAGCTCTGCAGAATTC-3' was performed to amplify the cDNA products. 

The PCR products were cloned into the pCR4-TOPO TA vector (Invitrogen Corp.) 

and sequenced on an ABI 3730XL DNA analyzer by Macrogen (Seoul, Korea). 

 

Deep Sequencing. Illumina sequencing technology was also implemented to advance 

the sequencing of RpLV genome. cDNA was first generated using the primer 5'-

TTATCATCTGAGTGAGGTACCNNNNNN-3' from dsRNA as described above 

(bolded bases represent KpnI restriction site). Random fragments were PCR-amplified 

using the anchor primer 5'-TTATCATCTGAGTGAGGTACC-3' and subsequently 
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digested by KpnI at 37°C for 24h. From this point, sample preparation was performed 

as recommended by Illumina. Briefly, amplified DNA was randomly fragmented to 

less than 800 bp by a nebulization technique which generates dsDNA pieces that are 

blunt-ended or have 5'/3' overhangs. An end repair reaction was then carried out that 

removed the 3' overhangs and filled in the 5' overhangs, followed by the addition of 

adenosine to the 3' ends. 

Adapters were then ligated to the ends of the DNA fragments and PCR-amplified 

using primers complementary to the adapters. Lastly, the PCR products were 

hybridized to the flow cell of the Illumina platform and sequenced. 

 

Genome Assembly. Sequences obtained from regular cloning were assembled into 

contigs using the assembly program CAP3 (Huang and Madan, 1999). The contigs 

were compared to the database at the National Center for Biotechnology Information 

(NCBI) GenBank using BLASTx and aligned with the nearest relative in order to 

design primers to fill the gaps. After getting the ends of each segment (see below) 

open reading frames (ORFs) were identified by the ORF finder software at the NCBI 

website (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). 

The Illumina sequencing yielded about 3 million paired-end reads of 36 bases each. 

The reads were processed and assembled into contigs using Velvet (Zerbino and 

Birney, 2008) and CodonCode Aligner (CodonCode Corp., Dedham, MA, USA). 

Contigs obtained from these programs were aligned to those obtained from 

conventional cloning by CAP3 and ClustalW (Thompson et al., 1994). 

 

Terminal Regions. The 5' and 3' termini were obtained by poly (A) tailing of the 3' 

ends of dsRNAs, as described (Isogai et al., 1998b), followed by RT-PCR using 

primers developed to known sequences near the ends and oligo dT.  To reconfirm the 

first (5'-end) and last (3'-end) bases of each segment, a 3' blocked DNA 
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oligonucleotide was ligated to both 3'-ends of the dsRNAs followed by RT-PCR using 

its complementary primer and specific primers for each end as described (Attoui et al., 

2000). 

Sequence Comparison and Phylogeny. ClustalW was used for alignment of amino 

acid sequences corresponding to the polymerase of representative members of each 

genus in the Reoviridae (except for the genus Idnoreovirus because the RdRp 

sequence has not been determined yet). Alignment performed by ClustalW was also 

used for phylogeny analyses. The evolutionary distances were computed by MEGA 

software version 4.1 (Tamura et al., 2007) using Maximum parsimony and Neighbor-

Joining methods with the bootstrap test (500 replicates), (Felsenstein, 1985; Saitou 

and Nei, 1987). GenBank accession numbers of the amino acid sequences used in this 

analysis are provided in Figure 2.4. 

 

Results 

Electrophoretic Analysis of Double-stranded RNAs. Double-stranded RNA from 

RpLV singly-infected plants was separated by 1.5% agarose gel electrophoresis 

(AGE) and 10% PAGE. The AGE profile was similar to those of other reoviruses and 

revealed the presence of multiple segments arranged in three groups, based on their 

molecular masses (high, intermediate and low) (Fig. 2.1). The PAGE profile allowed 

for the separation of three distinct dsRNA segments that co-migrated as a single band 

in AGE. S1-S4 form the high molecular mass group, the intermediate class contains 

segments S5-S8 and the low molecular mass group includes segments S9 and S10 

(Fig. 2.1). S6 was found to be less intense compared to the rest of the intermediate and 

high bands. However, semi-quantitative RT-PCR using primers developed to this 

segment were as effective as detection primers from other genomic segments when 

total RNA was used as template (data not shown). 
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The electrophoretic pattern was observed consistently in dsRNA preparations from 

different raspberry cultivars that had been leaf-graft-inoculated with RpLV (i.e. red 

raspberry ‘Malling Landmark’ and ‘Norfolk Giant’ and the black raspberry ‘Munger’), 

ruling out the presence of additional dsRNAs associated with RpLV or belonging to 

other viruses. 

  

Sequence Analysis. The 10 RpLV segments were sequenced completely and deposited 

in the GenBank under accession numbers (HQ012653-HQ012662). The complete 

genome consisted of 26,128 nucleotides with segments ranging from 3948 bp (S1) to 

1141bp (S10) (Table 2.1). Reovirus segments normally encode a single open reading 

frame (ORF) that spans almost the entire length of the segment. However, there have 

been several cases where reovirus segments encode more than one ORF (Bodelon et 

al., 2001; Mattion et al., 1991; Soo et al., 1998; Suzuki et al., 1996; Upadhyaya et al., 

1998).  

For RpLV, all segments except S3 and S10 contain a single ORF. Non-coding regions 

(NCR) range from 11 to 120bp for the 5' ends and 57 to 298bp for the 3' ends (Table 

2.1). Additional out-of-frame overlapping ORFs were identified in segments S3 (ORF 

S3b) and S10 (ORF S10b). The ORF locations and predicted size for the putative 

proteins are shown in Table 2.1.  Examination of the context of the initiator codons in 

RpLV ORFs S3b and S10b indicated that ORF S3b has a weak context (AGCAUGC) 

compared to the one in S10b (ACGAUGG). However, studies have demonstrated that 

initiator codons flanked by an adenine in position -3 regardless of the nucleotide at +4, 

can be considered strong initiators (Kozak, 1984, 1991). Leaky scanning mechanisms 

have been shown to operate for initiation at multiple AUG initiator sites in 

polycistronic segments in reoviruses (Suzuki et al., 1996; Bodelon et al., 2001).   

Using BLASTx default parameters, several RRSV proteins showed the highest amino 

acid identity to the putative RpLV orthologs including ORFs S1, S2, S3a, S4, S5, S8, 
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S9 and S10a. Therefore, the putative protein functions of the respective ORFs are 

proposed based on the homology to the RRSV counterparts (Table 2.2).  

S6 and S7 ORFs did not show significant amino acid sequence identity to RRSV 

orthologs. However, when the search was limited to dsRNA viruses only, the 

mammalian orthoreovirus-2 (mORV2) core protein, namely µ2, returned as the closest 

hit (33% aa identity; e-value: 0.13) for the region between nt 301 and 474 of RpLV 

S7. 

Likewise, the region between nt 60-305 of RpLV S6 showed 28% identity to the 

putative P8 structural protein of RRSV when the search was limited to dsRNA viruses. 

This was further analyzed by using PSIPRED software (McGuffin et al., 2000) to 

predict secondary structures of RpLV ORF S6 and RRSV P8. The analysis revealed 

similar folding patterns between the two proteins (data not shown), suggesting that 

these proteins may have diverged at a faster rate compared to other proteins. Similar 

folding patterns were not observed between RpLV ORF S7 and mORV2 µ2 when the 

same analysis was performed. 

BLASTp (PSI- and PHI-BLAST) analyses also failed to identify orthologs for RpLV 

ORFs S3b and S10b. It is noteworthy that RRSV segment 4 (orthologous to RpLV S3) 

also contains an internal ORF (RRSV ORF 4b) located at positions similar to that of 

RpLV S3b (Upadhyaya et al., 1998). However, comparison of folding patterns 

between the two ORFs did not reveal significant similarities (data not shown). 

Two subfamilies, Spinareovirinae and Sedoreovirinae, have been created for 

reoviruses based on their core structure. The former includes the ‘turreted’ viruses, 

which have protrusions (spikes) located atop the core particle,and the latter includes 

the ‘non-turreted’ viruses, without spikes resulting in particles with a smooth surface 

appearance (Miyazaki et al., 2008; Reinisch et al., 2000). Recent observations have 

shown that viruses in the turreted group contain two nucleoside triphosphate (NTP) 

binding motifs (Nibert and Kim, 2004). These motifs were also identified in the S8 
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ORF of RpLV (Supplemental Table S2.1). Studies conducted on mORV2 µ2 protein, 

which also contains these two NTP binding motifs, have suggested that reovirus 

proteins containing these two motifs should be minor components of the inner core 

capsid and possibly involved in the viral transcription complex (Nibert and Kim, 

2004). 

 

Analysis and Comparison of Terminal Sequences. Two characteristic features 

located in the terminal regions have been observed in reoviruses; genus-specific 

conserved terminal sequences and segment-specific inverted repeats. Both features are 

believed to have evolved as recognition signals for replication and packaging of 

reoviruses and possibly other segmented RNA viruses (Anzola et al., 1987; Gaillard et 

al., 1982; Ni et al., 1996). 

Analysis of RpLV terminal sequences revealed the conserved tetranucleotide AGUU 

at the 5' termini and hexanucleotide GAAUAC at the 3' termini for all segments except 

S8, where a point mutation at both ends (5'-AGUA----GAUUAC-3') was observed 

(Table 2.3). Comparison of the 5' termini revealed conservation of the first three 

nucleotides (AGU) between members of the genera Cypovirus, Fijivirus and 

Dinovernavirus. The triplet starting at the second base of RpLV (GUU, except for S8) 

resembles those of the genera Orbivirus, Seadornavirus, and Aquareovirus. The last 

three bases at the 3' termini (UAC) were identical to those of some species in the 

genus Orbivirus, a more distantly related group (Supplemental Table S2.2).   

RpLV terminal sequences also contain 6-11 nt-long inverted repeats adjacent to the 

conserved termini of each segment (Fig. 2.2 and Table 2.3). The analysis of the 

secondary structure of non-coding sequences revealed the presence of stem loops and 

extended pan handles that start at the complementary sequences near the ends of each 

segment (Supplemental Fig. S2.3). These features were shown to be involved in 

segment packaging and template recognition for initiation of minus-strand RNA 
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synthesis inside the core particle of rotaviruses and are hypothesized to function in a 

similar fashion for other reoviruses (Guglielmi et al., 2010). 

The inverted repeats of RpLV contain a high A+U content (above 70%) (Table 2.4).  

Based on the suggested functions for these inverted motifs (Anzola et al., 1987; 

Guglielmi et al., 2010; Patton and Spencer, 2000), this high A+U content may indicate 

the need for a weak and transient interaction between the complementary sequences 

during segment encapsidation and RNA synthesis.  

 

Phylogenetic Analysis. Maximum parsimony (MP) and neighbor-joining (NJ) 

methods were used to construct phylogenetic trees using the complete amino acid 

sequences of the RdRp from representative species of each recognized genus in the 

Reoviridae. Both methods yielded identical trees. Figure 2.3 shows a radial MP-tree 

where RpLV clustered with members of the group of the turreted reoviruses, 

particularly with those belonging to the genera Oryzavirus, Cypoviruses and 

Dinovernavirus (GenBank accession numbers of viruses used in the phylogenetic 

analysis are listed in supplemental Table S2.3). 

Further analysis of the full-length amino acid sequence of the RdRp revealed a 36% 

identity between RpLV and RRSV. The most conserved region was located between 

aa 420-796 of RpLV (438-808 for RRSV) (Supplemental Fig. S2.4a). Several other 

reoviruses belonging to the genera Cypovirus, Dinovernavirus and Fijivirus also 

showed aa identities ranging from ~20-28% (data not shown).  Multiple sequence 

alignment of the RdRp aa sequences from members of the genera closest to RpLV 

revealed highly conserved regions distributed along the entire sequence, suggesting a 

common origin for these viruses (Supplemental Fig. S2.4b). 

Analysis of the inner core capsid protein, also conserved in reoviruses (Attoui et al., 

2002), supported the close relatedness between RpLV and members of the genera 

Oryzavirus and Cypovirus, as the closest relatives, and Dinovernavirus and Fijivirus 
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as more distantly viruses (data not shown). Accordingly, the G+C content of RpLV 

was found to be 42.7% (Table 2.1) similar to those of cypoviruses (43%) and the 

oryzavirus RRSV (44.7%). Whereas members of the Dinovernavirus and Fijivirus 

genera have G+C contents significantly lower, i.e. 34.4% for Aedes pseudoscutellaris 

dinovernavirus and 34.8 % for Nilaparvata lugens fijivirus.  

 

Discussion 

RpLV was first isolated from raspberry in 1988 and has been found at high incidence 

in the main production areas in the northern Washington State, USA and British 

Columbia, Canada. The suggested name derives from the fact that RpLV is 

symptomless in single infections in standard Rubus virus indicators or in the red 

raspberry cultivars tested. However, RpLV is implicated in a new virus complex 

responsible for causing severe crumbly fruit in red raspberries (Quito-Avila et al., 

2010). The high incidence of mixed virus infections in red raspberry plants containing 

RpLV, RBDV; (Daubeny et al., 1982) and RLMV, (Jones, 1982; McGavin and 

MacFarlane, 2010; Tzanetakis et al., 2007) in production areas where raspberry 

crumbly fruit is most severe has led to the speculation that RpLV plays a role in this 

disease. In order to elucidate possible interactions between RpLV and other raspberry 

viruses, the complete characterization of RpLV was necessary.   

Partial sequence showed that RpLV was RRSV, the type member of the genus 

Oryzavirus (Holmes et al., 1994; Shikata et al., 1979; Yan et al., 1992).  Here we 

report the complete nucleotide sequence of RpLV and highlight important genetic 

features showing that RpLV is indeed a new member of the family Reoviridae and 

constitutes the first reovirus reported to infect Rubus and one of only a few that are 

known to infect dicots. 

Reoviruses have been classified based on morphological and genetic features. Two 

important criteria considered for classification purposes to the genus level are the 
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amino acid identity above 30% in the polymerase, and the presence of conserved 

terminal nucleotide motifs (Anzola et al., 1987; Mertens et al., 2000; Mertens et al., 

2005).    

The aa alignment of the polymerase between RpLV and RRSV showed an identity of 

36%. This places the viruses in the same genus. However, the analysis of the 

conserved terminal motifs of RpLV revealed a complete lack of conservation with 

members of the Oryzavirus (RRSV and ERSV), which share the terminal 

oligonucleotide sequences 5'-GAUAAA and GUGC-3' (Yan, et al., 1992; Yan, et al., 

1994).  The first three nucleotides at the 5'-end of RpLV (AGU) are shared among 

members of the genera Cypovirus, Fijivirus and Dinovernavirus, which are also 

phylogenetically related to RpLV. The three terminal nucleotides (UAC) show 

conservation with their counterparts of members of the genus Orbivirus, a well-

characterized non-turreted reovirus genus that includes species transmitted by different 

insects (Mertens et al., 2005). Another feature is the conservation of the first and last 

nucleotides in some genera. RpLV, along with Dinoverna-, Fiji-, and Cypoviruses 

have an adenosine as the first nucleotide whereas members of the Orbi-, Seadorna-, 

Aqua-, Ortho-, Oryza-, Mimo-, and Phytoreoviruses have a guanosine. The last 

cytosine appears to be conserved across most reovirus species, manifesting the 

evolutionary linkage between species in this family and suggesting a possible 

monophyletic origin (Supplemental Table S2.2).  

Despite the high aa identity in the RdRp between RpLV and RRSV, the complete lack 

of conserved terminal sequences between these two viruses, and other features 

discussed below, may indicate that RpLV represents a new genus of plant reoviruses 

that infects dicots. To our knowledge, aquareoviruses and orthoreoviruses, having an 

aa identity of 42% in the RdRp, have constituted the only case where reoviruses with 

such a high aa identity (above 30%) in the RdRp are placed in two separate genera 

(Attoui et al., 2002).  The conserved terminal motifs may also differ between members 

of the same genus as is the case with mycoreoviruses (Suzuki et al., 2004) and 
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cypoviruses (Rao et al., 2003). The inverse, species with the same terminal motifs that 

belong to different genera, has also been observed, i.e. Reptillian orthoreovirus (RRV) 

and Aquareovirus C (AQR-C), (Mohd-Jaafar et al., 2008). 

Analyses of the non-coding regions of RpLV revealed a pattern that was consistent for 

each segment. This includes uniformity of the conserved termini, inverted repeats 

adjacent to each conserved terminus and the predicted secondary structures formed by 

non-coding regions (Fig. 2.2 and Supplemental Fig. S2.3).  

As in the case of aquareoviruses and orthoreoviruses (42% aa identity in the RdRp), 

other parameters must be considered rather than basing virus classification solely on 

the amino acid identity of the polymerase (Attoui et al., 2002). One of these 

parameters is the host range of the virus. Oryzaviruses have only been reported to 

infect monocots whereas RpLV has been isolated from raspberry, a dicot.  

The similarity between RRSV ORF S8 and RpLV ORF S6 was lower compared to 

those observed for RpLV ORFs S1, S2, S3a, S4, S5, S8, S9 and S10a (Table 2.2). 

RRSV P8 has been suggested to be a component of the outer capsid. As such, it may 

be involved in vector transmission along with other capsid proteins, such as P1 and 

P9. The analysis of secondary structures revealed similar folding patterns for RRSV 

ORF S8 and RpLV ORF S6, indicating that the two proteins may have evolved from a 

common ancestor and such a low similarity between them may be vector-related. 

RRSV is persistently transmitted by the brown planthopper Nilaparvata lugens (Stal) 

and other Nilaparvata spp. (Hibino, 1996); whereas preliminary transmission studies 

failed to transmit RpLV using several hopper species commonly found in Rubus. 

However, we can not rule out this possibility until RpLV vector is identified. 

RRSV orthologs were not identified corresponding to RpLV ORF S7. Instead, a short 

alignment region (33% aa identity; e-value: 0.13) was found between this sequence 

and mORV2 µ2 protein when BLASTx searches were limited to dsRNA viruses only. 

The comparison of the secondary structures between these two proteins failed to 
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identify similar folding patterns, minimizing the possibility of function similarities 

between them. Interestingly, members of the genera Aquareovirus (Grass carp 

reovirus) and Cypovirus (Dendrolimus punctatus cypovirus) also show a very short 

region with low similarity to mORV2 µ2 protein (Quito-Avila, personal observation). 

However, the alignments for each of these viruses are located at different regions of 

the µ2 protein, and belong to proteins with different functions. In addition, RpLV P8 

but not P7 shares the two ‘signature’ motifs also found in mORV2 µ2 (Supplemental 

Table S2.1). These findings obscure the possibility of an evolutionary linkage of the 

mammalian orthoreovirus µ2 protein and other reovirus proteins. 

The two ‘signature’ motifs have been found in all reoviruses that belong to the 

subfamily Spinareoviridae (‘turreted’ reoviruses). Proteins containing such motifs are 

speculated to have NTP-binding functions and be involved in the viral replication 

complex as minor components of the inner core capsid (Nibert and Kim, 2004). These 

‘signature’ motifs were identified in RpLV P8 and its ortholog RRSV P7 

(Supplemental Table S2.1). Interestingly, recent studies demonstrated that RRSV P6 

but not P7 was involved in NTP binding (Shao et al., 2004) and also in virus cell-to-

cell movement (Wu et al., 2010). Furthermore, RRSV P7 was reported to be a non-

structural protein (Pns7) with no NTP-binding activity (Upadhyaya et al., 1997).  

We were unable to identify a RRSV P6 orthologous protein in RpLV. We hypothesize 

that RpLV S7 may encode a protein with viral movement functions similar to that of 

RRSV P6, and the lack of homology between the two proteins might be related to the 

different host systems in which each virus operates, i.e. monocots for RRSV and 

dicots for RpLV. It has been reported that movement proteins (MPs) play a significant 

role in host specificity in some closely related viruses. Mise et al. (1993) demonstrated 

that the monocot-adapted Brome mosaic virus and the dicot-adapted Cowpea chlorotic 

mottle virus were not able to systemically infect their hosts when the MPs were 

exchanged between the two bromoviruses. Furthermore, RpLV ORF S7 has a high 

serine (12%) and threonine (8%) content. Proteins with these characteristics are 
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usually O-glycosylated and involved in interactions with cell walls (adhesins) (Zhou 

and Wu, 2009). At this point, however, we can only speculate about the putative 

functions of RpLV P7 and its evolutionary divergence from RRSV P6 until 

experimental data is obtained. 

RpLV ORF S3b and ORF S10b did not show homology to any of the RRSV ORFs. In 

addition, the predicted secondary structures for these two proteins did not reveal 

similar patterns to any of the proteins reported in databases, making difficult to 

hypothesize about their possible functions. Despite the similarity in positions and size 

of the predicted proteins encoded by RpLV ORF S3b and RRSV ORF S4b, the 

functions for these two proteins seem to be different as evidenced by the lack of 

homology and secondary structure similarities.  

Two methods have been described by Uyeda et al. (1998) for isolation of three 

important reoviruses: RDV, RBSDV and RRSV. Several trials using both methods 

failed to yield RpLV particles from infected raspberry plants, hampering the analysis 

of the virion morphology. However, the presence of conserved NTP-binding domains 

and the phylogenetic clustering of RpLV with turreted viruses suggest that RpLV 

belongs to the subfamily Spinareovirinae. 

Modifications to the described methods, as well as cytology studies by electron 

microscopy are needed to elucidate the virion structure and any cytoplasmic inclusions 

associated with RpLV. 

In summary, comparisons between RpLV and RRSV suggest that the two viruses have 

different genetic features i.e. terminal sequences, inverted repeats and the absence of 

RRSV homologs for RpLV segments S3b, S7 and S10b, which may have emerged as 

responses to the type of host and transmission mechanisms. The 36% aa identity in the 

polymerase between the two viruses may justify that RpLV be placed in the genus 

Oryzavirus. However, at the time this paper was being prepared, another reovirus with 

identical terminal sequences to RpLV was isolated from a different dicotyledonous 
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host in Southeastern United States and is now being characterized by Dr. Sead 

Sabanadzovic at Mississippi State University (Sabanadzovic, personal 

communication). Comparison of the RdRp sequences indicated that the two viruses 

are very closely related but yet distinct species. This finding adds more evidence for a 

possible new genus for the classification of reoviruses isolated from dicotyledonous 

hosts that contain the conserved terminal sequences 5'-AGUU and GAAUAC-3'. 
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Table 2.1. Genome organization of Raspberry latent virus. (‘X’ denotes the G+C content average). 

RNA 
segment 

Segment 
size (nt)  

G+C  

(%)  

ORF 
position 

Protein 
size (aa) 

Protein 
Mol.W. 
(kDa)  

Accession 
numbers 

S1 3948 42.6   30-3860 1276 143.1 HQ012653 

S2 3914 43.9   65-3820 1251 140.6 HQ012654 

      a.45-3761 1238 140.6   

S3 3818 42.6       HQ012655 

      b.506-1468 320 35.3   

S4 3650 41.6   22-3585 1187 134.9 HQ012656 

S5 2563 41.3   109-2265 718 80.4 HQ012657 

S6 1996 41.5   21-1928 635 72.8 HQ012658 

S7 1957 43.7   34-1890 618 68.4 HQ012659 

S8 1936 39.8   53-1858 601 67.9 HQ012660 
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Table 2.1. Genome organization of Raspberry latent virus (continued). 

RNA 
segment 

Segment 
size (nt)  

G+C  

(%)  

ORF 
position 

Protein 
size (aa) 

Protein 
Mol.W. 
(kDa)  

Accession 
numbers 

S9 1205 42.9   121-1125 334 36.8 HQ012661 

      a.12-1040 342 38.8   

S10 1141 46.7       HQ012662 

      b.269-871 200 22.2   

  X = 42.7         
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Table 2.2. Putative functions of Raspberry latent virus (RpLV) proteins based on amino acid homology to Rice ragged stunt 
virus (RRSV). N.A. indicates no orthologous protein identified.  

Rice ragged stunt virus (RRSV) Genome 
organization 

Raspberry latent virus (RpLV) homology to RRSV 
cognate proteins 

Segment Protein function Segment Query coverage (%) A.A. identity (%) 

S1 P1:Spike protein B S1 98 36 

S2 P2:Inner core capsid S4 93 26 

S3 P3:Core capsid S2 81 27 

S4 P4A:Polymerase  S3a 94 36 

  P4B:Unknown  N.A. N.A. N.A. 

S5 P5:Capping enzyme S5 39 27 

S6  Pns6:Movement/NTP-bind.  N.A. N.A. N.A. 

S7 Pns7:Non structural S8 89 24 

S8 P8:Outer capsid S6 12 28 

S9 P9:Spike protein   S10a 51 24 

S10 Pns10:Non structural S9 68 23 
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 Table 2.3. Conserved terminal sequences and inverted repeats (shaded areas) located at both termini of Raspberry latent virus 
(RpLV). Note the point mutations at S8 termini (bolded nucleotides). 

                      RpLV terminal sequences  

 

RNA segment 

              

        5’end 

 

         3’end 

  Inverted repeats  

S1 AGUUUUAUUCUC GAGAAUAAGCGAAUAC 

S2 AGUUUUUUACG CGUAAAAGCGAAUAC 

S3 AGUUUUAAUCC GGAUUAAGCGAAUAC 

S4 AGUUUAUUCUUU AAAGAAUAGCGAAUAC 

S5 AGUUUUUUUCCCACG CGUGGGAAAAAGUGAAUAC 

S6 AGUUUUAAUCCUA UAGGAUUAAGCGAAUAC 

S7 AGUUUAAUUCC GGAAUUAGCGAAUAC 

S8 AGUAAAAUCUCUA UAGAGGUUUGCGAUUAC 

S9 AGUUAAAACC GGUUUUGUGAAUAC 

S10 AGUUAAAUUCCA UGGAAUUUGCGAAUAC 
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Figure 2.1. Electrophoretic profile of dsRNA genomic segments of Raspberry latent virus.  Arrows indicate the location of 
each dsRNA band. a) Complete genome separated in 1.5% agarose gel. High, Inter., and Low refer to segments in groups of 
high, intermediate and low molecular mass, respectively. Note that band S6 is much less intense than S5, S7 and S8. b) 
Segments S1 to S4 separated in 10% PAGE. 34 



                                                                                                                                        

 

 

Figure 2.2.  Inverted repeats of three of the 10 segments of Raspberry latent virus. Bolded letters in black represent perfect 
complements located adjacent to the conserved terminals in blue. 
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Figure 2.3. Neighbor-joining tree of the RdRp amino acid sequences from representative members of the Reoviridae. 
Bootstrap percentage values are indicated on each branching site. The arrow indicates the location of Raspberry latent virus 
(RpLV) in the tree. Abbreviations: RRSV: Rice ragged stunt virus; HaCPV: Heliothis armigera cypovirus 5; BmCPV1: 
Bombyx mori cypovirus 1; ObRV: Operophtera brumata cypovirus; ApRV: Aedes pseudoscutellaris reovirus; RBSDV: Rice 
black streaked dwarf virus; MRCV: Mal del rio cuarto virus; NLRV: Nilaparvata lugens reovirus; CpRV: Cryphonectria 
parasitica mycoreovirus-1; RARV: Rosellinia anti-rot virus; CTFV: Colorado tick fever virus; EYAV: Eyach virus; GCRV: 
Grass carp reovirus; AtSRV-TS: Atlantic salmon reovirus; ARV: Avian orthoreovirus; MRV-4: Mammalian orthoreovirus 4; 
RDV: Rice dwarf virus; HvRV: Homalodisca vitripennis reovirus; BTV: Blue tongue virus; AHSV: African horse sickness 
virus; SCRV: St Croix river virus; HuRV: Human rotavirus; SiRV: Simian rotavirus; MpRV: Micromonas pusilla reovirus; 
BAV: Banna virus; KDV: Kadipiro virus; EsRV905: Eriocheir sinensis reovirus. 36 
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Abstract 

Two TaqMan-based real-time One-Step RT-PCR assays were developed for the rapid 

and efficient detection of Raspberry bushy dwarf virus (RBDV) and Raspberry leaf 

mottle virus (RLMV), two of the most common raspberry viruses in North America 

and Europe. The primers and probes were designed from conserved fragments of the 

polymerase region of each virus and were effective for the detection of different 

isolates tested in this study. The RBDV assay amplified a 94 bp amplicon and was 

able to detect as few as 30 viral copies. Whereas the RLMV assay amplified a 180 bp 

amplicon and detected as few as 300 viral copies from plant and aphid RNA extracts. 

Both assays were significantly more sensitive than their corresponding conventional 

RT-PCR methods. The sensitivity of the RLMV assay was also tested on single aphids 

after a fixed acquisition access period (AAP). In addition, the assays revealed a novel 

synergistic interaction between the two viruses, where the concentration of RBDV was 

enhanced ~ 400-fold when it occurred in combination with RLMV compared to its 

concentration in single infections. The significance of this finding and the importance 

of the development of real-time RT-PCR assays for the detection of RBDV and 

RLMV are discussed. 

 

Introduction 

Real-time PCR is increasingly being used for detection and quantification of plant 

viruses and has become the method of choice for studies on synergistic interactions 

between viruses because of its high sensitivity and reproducibility (Lopez et al., 2006; 

Osman et al., 2007; Wintermantel et al., 2008; Shiller et al., 2010; Tatineni et al., 

2010; Harper et al., 2011). Other advantages of this technique include rapid detection 

(especially for RNA viruses that require a reverse transcription step), improved 

specificity and closed-tube procedures that reduce contamination.  
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Raspberry bushy dwarf virus (RBDV) and Raspberry leaf mottle virus (RLMV) are 

two of the most common raspberry (Rubus idaeus and Rubus occidentalis) viruses in 

the Pacific Northwest (PNW) (Oregon and Washington, U.S. and British Columbia, 

Canada) and Europe (Martin et al., 2011). RBDV, a pollen-borne idaeovirus, has long 

been cited as the causal agent of crumbly fruit disease in some raspberry and 

blackberry cultivars including ‘Meeker’ and ‘Marion’, respectively (Strik and Martin, 

2003). RLMV is a recently characterized member of the genus Closterovirus (fam. 

Closteroviridae) (Tzanetakis et al., 2007a; McGavin and MacFarlane, 2010) and is 

present at high incidence in commercial ‘Meeker’ fields in Washington State (Quito-

Avila and Martin, unpublished data). RLMV is transmitted by the large raspberry 

aphid Amphorophora agathonica (Hottes) in a semi-persistent manner and has been 

implicated as a component in viral complexes responsible for important raspberry 

diseases such as raspberry mosaic, raspberry decline (Murant, 1974; Cadman, 1951, 

1952; Jones and Murant, 1975; Halgren et al., 2007; Jones et al., 2002), and raspberry 

crumbly fruit (Quito-Avila et al., 2010).  

Because of the high error-prone nature of RNA polymerases and the frequent 

recombination events between diverged sequences, RNA viruses are known for being 

genetically diverse even at the species level. This is particularly true for viruses with 

large genomes such as closteroviruses, which have been reported to be more diverse 

towards the 3’ end of the genome (Karasev, 2000; Ayllon et al., 2006; Sentandreu et 

al., 2006). At least two isolates have been reported for RLMV in North America and 

Europe where high variability at the amino acid and nucleotide levels were found in 

sequences belonging to the coat protein (CP) and the heat shock protein 70 homolog 

(HSP70h) (Tzanetakis et al., 2007a; McGavin and MacFarlane, 2010). Likewise, 

several RBDV isolates have been reported from different hosts including red 

raspberry, blackberry, Rubus multibracteatus from China, and, recently, grapevine 

(Ellis et al., 2005; Chamberlain et al., 2003; Mavric et al., 2009; Viršček et al., 2010; 

Valasevich et al., 2011).  
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In this study, two TaqMan-based One-Step-Real-Time RT-PCR assays for the rapid 

detection and quantification of RLMV and RBDV were developed. The primers and 

probes were designed from conserved genomic regions to detect multiple isolates of 

each virus. In addition, based on the results of a recent survey conducted on raspberry 

fields in northern Washington, where RLMV is present at high incidence and the 

severity of RBDV produced crumbly fruit is more prevalent, the assays were used to 

evaluate the titer of each virus in single and mixed infections. Virus complexes, 

involving at least two different viruses, are rather common in nature and often result in 

the induction of more severe symptoms compared to symptoms produced by either of 

the viruses in single infections. This phenomenon is usually caused by synergistic 

interactions that result in increases in vector transmission efficiencies, cell-to-cell 

movement and increases in virus replication resulting in higher virus titers (Kassanis, 

1963; Pruss et al., 1997; Vance et al., 1991; Vance, 1999; Voinnet et al., 1999; 

Karyeija et al., 2000; Wintermantel et al., 2008; Tatineni et al., 2010). In Rubus, 

Blackberry yellow vein disease (BYVD) is probably one of the best examples, 

described thus far, of disorders caused by virus complexes. The disease, initially 

thought to be caused by the crinivirus Blackberry yellow vein associated virus 

(BYVaV), was found to be the result of an interaction involving at least two viruses: 

BYVaV and the potyvirus Blackberry virus Y (BVY). The viruses do not cause 

symptoms when present alone, whereas in mixed infections, the titer of BVY was 

increased several fold, the titer of BYVaV was decreased approximately 500-fold and 

dramatic vein yellowing and line patterns developed (Susaimuthu et al., 2008).  

The real-time assays reported in this paper were validated by detecting each virus from 

singly infected plants and 50 mixed-infected plants obtained from commercial 

raspberry fields all of the cultivar ‘Meeker’, and RLMV from single aphids after a 

short virus acquisition period. 
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Materials and Methods 

Virus Isolates and Plant Material. Five isolates of RLMV were used in this study. 

Three of them: RLMV-GC-8-102, RLMV-GC-8-153 and RLMV-WSU-991 had been 

used previously for sequencing analysis and virus variability studies (Tzanetakis et al., 

2007a). Two new variants (RLMV-8W and RLMV-F-APh) obtained from commercial 

raspberry fields in Washington State were also included. RBDV isolates used for 

sequence alignments and primer design included RBDV-1860, RBDV-Fav-15, 

RBDV-Fav-33 and RBDV-Rub-30 obtained from the Rubus virus collection at the 

USDA Agricultural Research Service (USDA-ARS), in Corvallis, Oregon; and 

RBDV-9S obtained from commercial fields in northern Washington in 2009. The 

virus isolates were maintained in one of the virus collection greenhouses at the USDA-

ARS. This is an aphid-and-pollen-free facility so that no cross-infections of different 

isolates can occur.  

More than 400 raspberry plants from 20 different commercial fields in Washington 

and Oregon were sampled in 2010 and tested for RLMV and RBDV as part of a 

separate study. Fifty of these samples, from plants doubly-infected with RBDV and 

RLMV were selected for validating each real-time assay developed in this study. 

 

RNA Extraction and Conventional RT-PCR.Total RNA was extracted and 

precipitated in isopropanol as described (Halgren et al. 2007), followed by 

resuspension in 500 ul of wash buffer and 25 ul of glass milk (15 ul for single aphids) 

(Rott and Jelkmann, 2001). The glass milk was pelleted at 1400 g, washed with and 

500 ul of wash buffer and dried in a speed vac at room temperature. The RNA was 

resuspended in 150 ul of TE. The procedure was the same for plants and aphids, 

except that the amount of extraction buffer used for single aphids was 350 ul instead 

of 1 ml used for leaves. In order to compare the sensitivity of TaqMan assays relative 

to conventional RT-PCR, reverse transcription reactions, using plant and aphid RNA, 
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were performed using random primers as described (Halgren et al. 2007). Two and 

one half µl of the RT product were used as template for the PCR in a final volume of 

25 µl. The reaction was carried out according to the polymerase manufacturer’s 

instructions (TaKaRa Bio Inc. Shiga, Japan). In addition, conventional RT-PCR was 

performed using the AgPath-IDTM One-Step RT-PCR Kit (Applied Biosystems, Foster 

City, California, USA) using the same real-time primers but no probe to account for 

differences in detection sensitivity attributed to the buffer/enzyme system. To asses 

the RNA quality and effectiveness of the RT reaction from aphid RNA, the universal 

Actin primers Act-2F (5’-ATGGTCGGYATGGGNCAGAAGGAC-3’) and Act8-R 

(5’-GATTCCATACCCAGGAAGGADGG-3’) (Staley et al., 2010) were used to 

amplify a 683 bp transcript region. The detection primers routinely used in our 

laboratory for detection of RBDV and RLMV (Tzanetakis et al., 2007a) were 

employed for sensitivity comparison purposes. The PCR program for amplification of 

the targets consisted of initial denaturation for 4 min at 94°C followed by 40 cycles 

with denaturation for 40 s at 94°C, annealing for 25 s at 55°C for RBDV and RLMV, 

and 52°C for Actin, and extension for 40 s at 72°C, with a final 7-min extension step 

at 72°C. 

 

Primers and TaqMan Probes. A polymerase region of about 800 bases for RLMV 

and 600 bases for RBDV was amplified by PCR from each of the five isolates 

included in this study.  Five individual PCR-products per isolate were cloned into the 

StrataClone PCR Cloning Vector pSC-A-amp/kan (Agilent Technologies, La Jolla, 

California, USA) and subsequently sequenced in an ABI 3730XL DNA analyzer by 

Macrogen (Seoul, Korea). The sequences corresponding to each virus were aligned by 

ClustalW (Thompson et al., 1994) and used to design primer/probe sets from 

conserved regions. Sequences used in the alignments can be retrieved from the 

GenBank under accession numbers JN651152- JN651156 for RBDV and JN651157- 

JN651161 for RLMV.  
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Three different TaqMan assays were designed and tested for each virus. Sets showing 

the lowest Ct values (Ct value: the cycle at which the amplification/luminescence 

reaches a pre-established threshold) were selected for further detection and 

quantification purposes (data not shown). The sequence of the primer/probe sets that 

were tested and selected are listed in Table 3.1. In addition, a TaqMan assay for 

amplification of the highly conserved ndhB plant gene was designed. This gene has 

been shown to be constitutively expressed under different environmental and 

pathological conditions in Rubus and other species (Thompson et al., 2003; Tzanetakis 

et al., 2007b), hence, it was used to normalize the RNA template in samples 

containing single infections (RLMV or RBDV) and mixed infections (RBDV plus 

RLMV). All TaqMan probes were manufactured by IDT (Integrated DNA 

Technologies Inc. IA, USA) using double-quenched probes (5’FAM/ZEN/3’IBFQ). 

The AgPath-IDTM One-Step RT-PCR Kit (Applied Biosystems, Foster City, 

California, USA) was used to perform the reverse transcription and PCR in a single 

tube. The optimal reaction consisted of 10 µl of 2 X RT-PCR buffer, 1 µl of 

primer/probe mix, (5 µM primers and 2.5 µM probe), 3 µl of RNA sample (150 ng 

total), 0.8 µl of the 25 X RT-PCR Enzyme-Mix, and nuclease-free water to a final 

volume of 20 µl. Each sample was done in triplicate using the StepOnePlusTM Real-

Time PCR System (Applied Biosystems, Foster City, California, USA) under the 

following parameters: 15 min at 45ºC, 10 min at 95ºC, and 40 cycles of 15 sec at 95ºC 

and 50 sec at 60ºC. 

 

Sensitivity and Efficiency Assays. A standard curve (threshold values [Ct] versus 

number of target copies) was generated to determine the efficiency and detection limit 

of each assay. The cDNA used to generate in vitro transcripts was obtained by RT-

PCR using RNA extracts from each virus. The primer locations for the amplification 

of each template were the same as the ones used for sequence alignments, except that 

the forward primer included a T7-promoter sequence at the 5’end. 



                                                                                                                                       44                                                                                                                                

RNA transcripts were synthesized directly from purified PCR-products using T7-RNA 

polymerase (New England Biolabs, Bedford, MA) for 2 h at 37ºC. The DNA template 

was then removed by adding Turbo DNase (Ambion, Foster City, California, USA) 

incubated at 37ºC for 2 h. RNA transcripts were then purified using phenol-

chloroform and quantified using a ND-1000 Spectrophotometer® (NanoDrop 

Technologies, Wilmington, USA). The absence of the DNA template in transcript 

preparations was later confirmed by RT-PCR without reverse transcriptase. 

The concentration of the transcript solution was determined by the formula: µg of 

RNA x 106 pg/1 µg x 1 pmol/340 pg x 1/number of nucleotides of transcript. The 

Avogadro’s constant was then applied to the concentration value to obtain the number 

of RNA copies. 

A 10-factor serial dilution was prepared for each virus to obtain concentrations of 3 x 

1012 to 3 x 101 targets resuspended in RNA extracts from virus-free raspberry plants or 

virus-free aphids (the latter used for the RLMV assay only). 

 

Normalization and Relative Quantification of Virus Titer in Single and Mixed 

Infections. Linear regression and efficiency analyses were performed by the 

StepOnePlus software from Applied Biosystems. The efficiency (E), defined as the 

amount of target used as template at each amplification cycle, was calculated by the 

software according to the formula: E=10[-1/m]-1; where E is the percent efficiency and 

m the slope of the curve. 

Because it has been reported that duplex real time PCR tends to obscure true results 

when testing virus interactions (Tatineni et al., 2010), all the assays were performed 

independently, as singleplex, using the same chemistries (see primers and TaqMan 

probes section) for all the probes used in this study. 

A comparative ΔΔCt method was applied to compare the titer of RBDV and RLMV 

when present in mixed infections versus single infections. This method is based on 
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differences in Ct values of the target between treated and untreated samples, each of 

which is normalized to the respective Ct value obtained from the amplification of a 

housekeeping gene. Since the efficiencies of each assay may vary, an additional step, 

which normalizes the efficiencies of the target and the housekeeping gene, is in order 

(Pfaffl, 2001). This calculation is summarized in the formula:  

Fold change = (Etarget)ΔCt target / (EndhB)ΔCt ndhB where E = PCR efficiency of the assay 

and ΔCt the difference of Ct values between two treatments. Each biological replicate 

was done in triplicate.  

 

Comparison of Assays with Conventional Detection Methods. While ELISA is the 

method of choice for large scale detection of RBDV, conventional RT-PCR has 

proven more sensitive and specific and is also used in routine diagnosis of the virus 

(Kokko et al., 1996). Tzanetakis et al. (2007a) developed a set of degenerate primers 

for the detection of RLMV by conventional RT-PCR. The primers were derived from 

the coat protein region and have been successfully used to detect multiple isolates of 

the virus. In order to evaluate, in a practical manner, the sensitivity of these 

conventional methods compared to the TaqMan assays, 50 mg of each of five different 

leaves co-infected with RBDV and RLMV were used for RNA extraction. Ten-fold 

serial dilutions of the RNA, from 150 ng/µl to 150 x 10-9 ng/µl, were prepared. Three 

µl of each RNA dilution were used as template for conventional RT-PCR and TaqMan 

real-time PCR. 

In addition, the RLMV assay was used to evaluate the sensitivity and efficiency at 

detecting the virus from single aphids. Batches of 25 raspberry aphids (A. agathonica) 

were starved for 12 h and then allowed to feed on RLMV infected plants for an 

acquisition access period (AAP) of 12 h or 18 h. The virus acquisition experiments 

were carried out in growth chambers at 16 h light and a constant temperature of 24ºC. 

Once their AAP was finished, the aphids were collected individually and frozen at -
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80ºC for subsequent use. Three separate experiments were conducted for each AAP 

(75 aphids total per AAP). 

 

Results 

Sensitivity and Specificity of Taqman Assays. The TaqMan assay for RLMV was able 

to detect as few as 300 (3x102) target copies diluted in RNA extracts derived from 

plants or aphids. The Ct values obtained from the standard curves ranged from 25 for 

the highest dilution (3 x 102) to 6 for the lowest dilution (3 x 108) (Figure 3.1).There 

was no significant difference between the standard curves obtained from the two 

separate experiments i.e. from aphid extracts and plant extracts (data not shown), 

indicating that the primers can be reliably used to detect RLMV from aphids and 

plants with the same sensitivity.  

The TaqMan assay designed to detect RBDV showed to be more sensitive than the 

one for RLMV as it was able to detect as few as 30 copies of the target diluted in plant 

extracts. The Ct values obtained from both assays ranged from 30 ± 0.6 for the most 

diluted samples, to 6 ± 0.4 for the least diluted samples (3x1012) (Figure 3.1). The 

assays were able to detect all the virus variants maintained in the USDA-ARS Rubus 

virus collection. The efficiencies at which each isolate was detected were statistically 

the same to one another (data not shown). Fifty different samples obtained from 

commercial fields (known to have both viruses) were tested by each assay. All 

samples were positive for each virus with Ct values ranging from 22 to 28 (data not 

shown). Neither assay produced any amplification signal when virus-free raspberry 

plants (‘Meeker’ or ‘Munger’) and other hosts such as grapes, were tested as negative 

controls, indicating the specificity of each assay. 

 

Comparison to Conventional RT-PCR.The sensitivity of each assay was significantly 

higher than its conventional counterpart. While RT-PCR detected RBDV from 
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samples containing an input of up to 450 x 10-4 ng of RNA, the TaqMan assay 

detected the virus from samples with 450 x 10-7 ng of input RNA. Conventional RT-

PCR was able to detect RLMV only in the first 2 dilutions (450 and 45 ng of RNA 

input); whereas the TaqMan assay amplified samples with 100 times less RNA (450 x 

10-3) (Figure 3.2). In addition, the RLMV assay detected the virus in 50 out of the 75 

single aphids (67%) that were allowed a 12 h AAP and 60 out of 75 (80%) aphids after 

an 18 h AAP. Conventional RT-PCR from the same aphid RNA extracts failed to 

detect the virus at either AAP. The extrapolation of these amplifications to the 

standard curve revealed a virus load per aphid between 350 and 600 copies for both 

AAPs (data not shown). Conventional RT-PCR performed with the AgPath-IDTM 

One-Step RT-PCR system without the probe (see methods) showed similar sensitivity 

results to the conventional two-step RT-PCR system (Figure 3.2). This finding 

suggests that the TaqMan probe component is the determinant factor for the increased 

sensitivity in the reaction. 

 

Virus Titer in Single and Mixed Infections. Thirty-eight of the 50 leaves sampled 

from mixed-infected plants collected in the field showed a consistent pattern in the 

amplification of each virus. RBDV amplification showed an average Ct of 26 when 

present in single infections and 15 in mixed infections (Figure 3.3). The normalized Ct 

values revealed a ~ 400-fold increase in titer of RBDV when present in association 

with RLMV compared to the RBDV titer in single infections. The RLMV titer was 

neither increased nor reduced when present in combination with RBDV compared to 

single infections (data not shown). Semi-quantitative RT-PCR, using the same RNA 

input, was performed from single and mixed infections in order to validate the 

previous result. Figure 3.3 shows the intensity of the amplicons after 25 cycles 

visualized in an ethidium bromide gel under UV light. Enhanced signals were also 

observed when RBDV was detected by ELISA in mixed infections compared to single 

infections (data not shown).   
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Discussion 

The Pacific Northwest is a leading producer of red raspberries. ‘Meeker’ is the most 

widely planted cultivar in this region and accounts for over 80% of the total raspberry 

acreage. More than 40 viruses have been reported to infect Rubus in different parts of 

the world (Martin et al., 2011; Martin and Tzanetakis, 2005; Quito-Avila et al., 2011). 

Mixed infections with some of these viruses may result in synergistic interactions 

leading to more severe symptoms (Jones 1980, 1982) and widely fluctuating virus 

titers (Susaimuthu et al., 2008). Therefore, being able to detect these pathogens with 

highly sensitive and reliable methods is important when it comes to diagnostics and 

certification programs.  

RBDV and RLMV are two of the most common viruses present in raspberry 

production areas in the PNW. In a recent survey conducted in multiple commercial 

raspberry fields in northern Washington State, it was found that the incidence of 

RLMV in five year-old plantings was between 50% and 100% (Quito-Avila and 

Martin, unpublished data). This virus has been involved in virus complexes 

responsible for important diseases such as raspberry mosaic (Jones, 1980; Tzanetakis 

et al., 2007a; McGavin and MacFarlane, 2010) and raspberry crumbly fruit (Quito-

Avila et al., 2010). The latter, which has been attributed to RBDV, is by far the most 

economically important raspberry viral disease in the PNW. Three TaqMan real-time 

PCR assays, derived from conserved regions of the polymerase gene, were developed 

for each virus. Assays with the highest amplification efficiencies, consequently 

highest sensitivities, are highlighted in this communication and recommended for 

reliable detection of these viruses. Different RLMV isolates reported in the U.S. and 

Europe have been detected successfully by conventional RT-PCR using specific or 

degenerate primers derived from the coat protein region (Tzanetakis et al., 2007a; 

McGavin and MacFarlane, 2010). Likewise, RBDV is detected readily by DAS-

ELISA (Pūpola et al., 2009) and to some extend by conventional RT-PCR. However, 
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these techniques may not be sensitive enough to detect the virus when present in very 

low concentrations due to host stress or other physiological processes that may result 

in reduced virus titers, or in mixed infections where virus:virus interactions may result 

in reduced titers of one of the viruses in a complex (Susaimuthu et al., 2008; Karyeija 

et al., 2000). It has been shown, for example, that in some cases, in vitro techniques, 

aimed to eliminate viruses in plants, repress the virus replication to a point below the 

detection threshold (Fridlund, 1989) resulting in false negatives. Retesting of such 

plants may take weeks to months given that the plants have to be placed in 

greenhouses at optimum conditions so that the virus (if present) can increase its 

concentration to a detectable level. The ability to detect RBDV and RLMV from 

plants containing the virus in low titers represents a new alternative for early screening 

in in vitro virus elimination programs.  

In addition, a synergistic interaction between RBDV and RLMV was determined 

using the real-time PCR assays developed in this study. It was shown that the 

concentration of RBDV (Idaeovirus) was enhanced by RLMV (Closterovirus, fam. 

Closteroviridae). This is not the first case where distantly related viruses interact in a 

synergistic fashion. Several cases have been reported where the interaction of two 

unrelated viruses result in an increase in titer of one or both viruses (Goldberg and 

Brakke, 1987; Anjos et al., 1992; Vance, 1991; Scheets, 1998; Stenger et al., 2007; 

Susaimuthu et al., 2008). Recently, two new synergistic interactions between related 

viruses have also been reported where increases in virus titers were observed 

(Wintermantel et al., 2008; Tatineni et al., 2010). 

The increase in RBDV concentration, when present in combination with RLMV, may 

be due to the existence of the RLMV-23 kDa protein, putatively involved in RNA 

silencing suppression (Tzanetakis et al., 2007a). This has been the case for several 

other virus interactions. For example, the potyvirus Tobacco etch virus (TEV) encodes 

a potent RNA silencing suppressor, namely HC-Pro, which enhances the replication of 

unrelated viruses such as Cucumber mosaic virus (fam. Bromoviridae) and Tobacco 
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mosaic virus (fam. Virgaviridae) (Vance, 1999; Voinnet et al., 1999; Pruss et al., 

1997).  

The significance of the RBDV-RLMV interaction comes from the fact that raspberry 

fields with increased severity of crumbly fruit disease have a high incidence of RLMV 

in addition to RBDV. It is hypothesized that the increase in severity of crumbly fruit is 

due to the enhancement of the RBDV concentration in plants co-infected with RLMV. 

Field experiments are underway to validate this hypothesis. 

The real-time RT-PCR assay developed for RBDV was 10-fold more sensitive than 

the one for RLMV. This was evidenced by the detection threshold obtained from serial 

dilutions using plant or aphid extracts containing known amounts of the target. 

This difference may be due to the relatively large amplicon amplified by the RLMV 

assay, which was 30 nucleotides longer than the usually recommended amplicon size 

(150 bp). This unusual amplicon size, however, was necessary in order to design the 

primers and probe from conserved stretches that ensure the efficacy for detection of 

several RLMV isolates. Nevertheless, the RLMV assay proved to be 100 times more 

sensitive than conventional RT-PCR carried out even with the same buffer/enzyme 

system. This was evidenced by detection of the virus from serial RNA dilutions and 

also from single aphids after 12 or 18 hours of virus acquisition. 

The two TaqMan assays developed for the detection of RBDV and RLMV are suitable 

for several applications, such as analysis of virus replication, virus-vector studies and 

virus synergistic interactions. 
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Table 3.1. List of primers and probes tested for detection of Raspberry bushy dwarf virus (RBDV), Raspberry leaf mottle virus 
(RLMV) and the endogenous control (ndhB). Bolded denote the sets with the highest sensitivity and amplification efficiencies.  

 

Assay Forward Reverse 

RBDV/1st TGGAGAATGTGGGCAATGAG CCAATTCTATCGACCTCAGCTC 

RBDV/2nd GGAAGGTGTCTGACTCTATGA CCAAATTTATGGTGACAATAG 

RBDV/3rd TGGGAGATCCAATGTTCATAGT CATCAGACTCTCAGTCATCGT 

RLMV/1st TCTCCAGTCCCAAACTCTTTG CATCCCTTTTCAGCAACCAC 

RLMV/2nd GATATTGCTGTTTCCGCTGTG TTGGTGAAAGGACTCTGAAGG 

RLMV3rd TACTCCAGTCCCAAACTCTTCG ATCGAGGTCGGTCATGAGAG 

ndhB AAGCAAAAGTTCCTAGATTCATGG TTGCGTATTCGTCCATAGGTC 
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Table 3.1. List of primers and probes tested for detection of Raspberry bushy dwarf virus (RBDV), Raspberry leaf mottle virus 
(RLMV) and the endogenous control (ndhB) (continued). 

Assay Probe Ampl. size 
(bp) 

RBDV/1st 5’-/56-FAM/CGGAAAACC/ZEN/GGAAACACCCGAAG/3IBkFQ/-3’ 145 

RBDV/2nd 5’-/56-FAM/ATGAGTTGC/ZEN/CGTCACGTATGCCG/3IBkFQ/-3’ 124 

RBDV/3rd 5’-/56-FAM/ACGATGAGT/ZEN/ATGTCGTTCATTGTCCCT/3IBkFQ/-3’ 94 

RLMV/1st 5’-/56-FAM/CGTCAGTCC/ZEN/GTTATCTCCATCTCCGA/3IBkFQ/-3’ 144 

RLMV/2nd 5’-/56-FAM/AGGAACGTA/ZEN/GGGCTCTGACTTAGGC/3IBkFQ/-3’ 149 

RLMV3rd 5’-/56-FAM/AACTTCGGC/ZEN/CAACTTCTCGGC/3IBkFQ/-3’ 180 

ndhB 5’-/56-TGCTTGCATATCCACCATTTGAGTCTCC/3IBkFQ/-3’ 132 

 

 

56 
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Figure 3.1. Standard curves showing the quantification ranges for RLMV (a) and 
RBDV (b). The slopes, correlation coefficients (R2) and efficiencies (E) of each assay 
are shown. 
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Figure 3.2. Sensitivity comparison of TaqMan assays with respect to their 
corresponding conventional RT-PCR. Left panel: RBDV targets amplified by real-
time RT-PCR (amplification curves) and conventional RT-PCR (electrophoretic 
bands: 427 bp amplified by coat protein primers and 94 bp amplified by the real-time 
primers without the probe). Right panel: RLMV targets amplified by the real-time RT-
PCR assay (amplification curves) and conventional RT-PCR (electrophoretic bands: 
452 bp amplified by primers flanking the coat protein homolog and 180 bp amplified 
by the real-time primers without the probe). 
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Figure 3.3.  Amplification of RBDV from plants with single and mixed infections by 
real-time RT-PCR and conventional RT-PCR. The upper panel shows the curve 
produced from real-time amplification of RBDV from single and mixed infected 
plants. The lower panel shows amplicons (427bp) from conventional RT-PCR stained 
with ethidium bromide and visualized after 25 cycles of amplification.  
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Abstract 

Raspberry latent virus (RpLV) is a newly characterized reovirus found in commercial 

raspberry fields in the Pacific Northwest (PNW). Phylogenetic analyses showed that 

RpLV is related most closely to Rice ragged stunt virus (RRSV), the type member of 

the genus Oryzavirus. However, the conserved nucleotide termini of the genomic 

segments of RpLV did not match those of RRSV or other plant reoviruses, suggesting 

that RpLV is a possible member of a new genus in the Reoviridae. Thus far, all 

members of the plant reoviruses are transmitted in a replicative persistent manner by 

several species of leafhoppers or planthoppers. After several failed attempts to 

transmit RpLV using leafhoppers found on raspberry plants, Amphorophora 

agathonica Hottes, the large raspberry aphid commonly found in the PNW, was tested 

as a vector of the virus. Few plants tested positive for the virus when inoculated with 

groups of 50 viruliferous aphids, suggesting that aphids are inefficient vectors of 

RpLV. Using absolute and relative quantification methods, it was shown that the virus 

titer in aphids continued to increase after the acquisition period even when aphids 

were serially transferred onto fresh healthy plants on a daily basis. Transmission 

experiments determined that RpLV has a 6-day latent period in the aphid before it 

becomes transmissible; however, it was not transmitted transovarially to the next 

generation. To our knowledge this is the first report of a plant reovirus transmitted by 

an aphid. 

 

Introduction 

Due to the stationary nature of their hosts, plant viruses rely on third parties in order to 

be transmitted from host to host, with the exception of those transmitted by pollen, 

seed or mechanical means. Arthropods, fungi and nematodes have been reported as the 

main vectors responsible for virus transmission in plants (Campbell, 1996; Andret-

Link and Fuchs, 2005). Insects in the order Hemiptera (aphids, whiteflies, and 
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planthoppers) are by far the most common vectors within the phylum Arthropoda 

(Nault 1997; Ng and Falk, 2006; Hogenhout et al., 2008). The transmission 

mechanism involves acquisition, retention, and inoculation of the virus into a new 

plant by a vector. The components involved in this process define an intricate and 

specific relationship between the plant, virus and its vector and, therefore, is not a 

random mechanical process (Gray and Banerjee, 1999; Watson and Roberts, 1939, 

1940; Pirone and Blanc, 1996). The ability of a virus to be transmitted by certain 

vector is such an important and specific aspect that virus classification to the genus 

level is sometimes based on the type of vector (Karasev, 2000; Ng and Falk, 2006). 

Four categories (non-persistent, semi-persistent, persistent-circulative and persistent-

propagative) have been proposed for plant viruses transmitted by insects based on the 

time frame at which the vector is able to inoculate the virus into a new host (Watson 

and Roberts, 1939; Nault, 1997). Non-persistent viruses, for instance, are retained in 

the stylet of the insect and can be inoculated into a new host for only a short period of 

time. Semipersistent viruses, on the other hand, can be transmitted for a few hours to 

days until the insect molts and the virus is shed.  Persistently-transmitted viruses can 

be inoculated for longer periods and are not lost during the insect molt.  These viruses 

can either replicate (persistent-replicative) or circulate (persistent-circulative) in the 

vector before they are inoculated into a new host (Hogenhout et al., 2008).  

The Reoviridae, the most diverse among dsRNA virus families, includes species 

isolated from a wide range of hosts including mammals, birds, fish, insects, arachnids, 

marine protists, crustaceans, fungi and plants (Brussaard et al., 2004; Hillman et al., 

2004; Attoui et al., 2011). Plant reoviruses, classified into three genera i.e. Fijivirus, 

Oryzavirus and Phytoreovirus, are one of the three non-enveloped virus groups that 

are transmitted in a persistent propagative manner by several species of planthoppers 

(Hemiptera: Delphacidae) (fijiviruses and oryzaviruses) and leafhoppers (Hemiptera: 

Cicadellidae) (phytoreoviruses) (Hogenhout et al., 2008). The intricate relationship 

between different plant reoviruses and their respective vectors has been extensively 
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studied. Acquisition and inoculation times required for transmission of plant 

reoviruses range from minutes to days (Nault and Ammar, 1989). In addition, 

members of the Fijivirus and Phytoreovirus are capable of being transmitted 

transovarially to the vector progeny for several generations and retain their 

transmissivity for many years (Honda et al., 2008). The rates at which transovarial 

transmission occurs vary between viruses, ranging from 0.2%-17% in fijiviruses and 

1.8%-100% in phytoreoviruses (Honda et al., 2008; Hogenhout et al., 2008). 

Furthermore, the genera Fijivirus and Phytoreovirus contain members whose primary 

hosts are insects. Examples include Nilaparvata lugens virus found in the brown 

planthopper Nilaparvata lugens (Stål) and Homalodisca vitripennis virus, isolated 

from the glassy-winged sharpshooter Homalodisca vitripennis (Germar)  (Noda et al., 

1991, Stenger et al., 2009).  

Raspberry latent virus (RpLV) is a newly characterized reovirus found naturally in 

commercial raspberry fields in the Pacific Northwest (PNW) (Oregon and 

Washington, in the U.S. and British Columbia, Canada) (Quito-Avila et al., 

2011a).The genetic characterization of RpLV revealed that the virus possesses 10 

dsRNA segments with features typical of reoviruses including conserved termini, 

inverted repeats and highly conserved RNA dependent RNA polymerase (RdRp) 

sequences (Anzola et al., 1987; Ni et al., 1996, Attoui et al., 2011). The phylogenetic 

analysis grouped RpLV with members of the subfamily Spinareovirinae and showed 

Rice ragged stunt oryzavirus (RRSV) as its closest relative with 36% amino acid (aa) 

identity of the RdRp at the amino acid level (Quito-Avila et al., 2011a). 

Based on the genetics of RpLV, it was reasonable to consider leafhoppers as potential 

vectors of the new reovirus. In efforts to identify the vector and to determine the 

transmission biology of RpLV, the brambleberry leafhopper Macropsis fuscula 

(Zetterstedt), was collected from raspberry plants in Oregon and used for transmission 

experiments. M. fuscula is the only leafhopper species reported as a potential disease 

vector in the PNW (Stace-Smith, 1960; Tonks, 1960). However, the insect is barely 
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observed in raspberry commercial areas in Washington and Oregon, and therefore has 

not been considered a problem by growers (Martin, personal observation). Repeated 

trials using both adults and nymphs of M. fuscula and two other hopper species 

collected in sweep nets, the potato leafhopper, Empoasca fabae (Harris), and the 

spittlebug, Philaenus spumarius (L.), failed to inoculate RpLV into a new host after 

several days of virus acquisition (Quito-Avila, unpublished data). The amplification of 

a 683-bp fragment from the highly conserved insect actin gene indicated that the RNA 

extraction and reverse transcription (RT) reactions were in good conditions, validating 

the negative results obtained for the virus (Staley et al., 2010). 

The high incidence of populations of the large raspberry aphid Amphorophora 

agathonica Hottes (Hemiptera: Aphididae) in northern Washington State, where 

RpLV is very common, suggested the potential involvement of A. agathonica as the 

vector of RpLV.  

This paper reports the successful host-to-host transmission of RpLV by A. agathonica. 

To our knowledge, this is the first plant reovirus transmitted by a hemipteran vector 

that does not belong to the families Cicadellidae or Delphacidae. This unique 

biological characteristic makes RpLV the first member of a new genus that includes 

plant reoviruses transmitted by aphids. 

  

Materials and Methods 

Aphid Colonies and Virus Isolates. A. agathonica colonies were obtained from young 

raspberry plants in commercial areas in Whatcom County, Washington, USA during 

the growing seasons of 2010 and 2011. Upon collection, aphids were sub-sampled and 

tested for RpLV by reverse transcription (RT) PCR to verify their virus-free status. 

The colonies were maintained at 23°C and 14h light on dsRNA-free ‘Meeker’ 

raspberries obtained from tissue culture at the USDA-ARS-HCRL in Corvallis, 
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Oregon. Apterous (wingless) adult aphids were used in experiments unless otherwise 

noted. 

 

RNA Extraction and Reverse Transcription (RT)-PCR. Total RNA was extracted 

from plants or aphids as described by Halgren et al. (2007), followed by resuspension 

in 500 ul of wash buffer and 25 ul of glass milk (15 ul for single aphids) (Rott and 

Jelkmann, 2001). The glass milk was pelleted at 1400 g, washed and dried in a speed 

vac at room temperature. One hundred and fifty ul of TE (100 ul for individual aphids) 

were used to resuspend the RNA. Reverse transcription (RT) was performed using 2.5 

ul of plant or aphid RNA as template and random primers as described (Halgren et al. 

2007). Two and one half µl of the RT product were used as template for the PCR in a 

final volume of 25 µl. The reaction was carried out according to the polymerase 

manufacturer’s instructions (TaKaRa Bio Inc. Shiga, Japan). RNA quality and 

effectiveness of the RT reaction from aphid RNA was verified by the amplification of 

a 683 bp transcript region of the actin, by primers Act-2F (5’-

ATGGTCGGYATGGGNCAGAAGGAC-3’) and Act8-R (5’-

GATTCCATACCCAGGAAGGADGG-3’) (Staley et al., 2010); whereas the highly 

conserved plant gene NADH dehydrogenase ND2 subunit (ndhB) was used as 

endogenous control to verify the RNA quality and RT reaction by amplification of a 

721bp transcript region (Thompson et al., 2003; Tzanetakis et al., 2007b). RpLV was 

detected by conventional RT-PCR using the primers described in Quito-Avila et al. 

(2011a). The PCR program consisted of initial denaturation for 4 min at 94°C 

followed by 40 cycles with a denaturation step of 40 s at 94°C, annealing for 25 s at 

58°C (RpLV, and ndhB) or 52°C (actin) and extension for 40 s at 72°C, with a final 7-

min extension step at 72°C. 
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Quantitative RT-PCR (qRT-PCR) and Standardization.The titer of RpLV in single 

aphids was monitored over time by TaqMan quantitative RT-PCR (qRT-PCR). A 

standard curve was generated as described by Quito-Avila et al. (2011) using a T7 

promoter sequence attached to the 5’end of the forward primer: 5’-

CCGAGAGTGTTTGTTACG-3’.                                                                                      

The reverse primer 5’-CGTTCCCTGTAAACGCTGCACTGTCG-3’ was developed 

to amplify a 315 nt region of the RdRp, which encloses a 131 nt region amplified by 

qRT-PCR primers RpLVF-5’-GGGACGTATTTCGCTTCTCAG-3’, RpLVR-5’-

GGGTCTGCCTCTAATGTTATGG-3’ and the probe 5’-

AGCATGATCACTGGTCTTAACGCCG-3’. 

A 10-factor serial dilution was prepared that resulted in concentrations ranging from 8 

x1012 to 8 x101 targets resuspended in RNA extracts from virus-free raspberry plants 

or virus-free aphids. Each serial dilution series was used in triplicate. The plotted 

curve (threshold values [Ct] versus number of RNA copies) was used to extrapolate 

subsequent tests and estimate the number of targets from aphids. In addition, the 

comparative quantification method (ΔΔCt) was implemented to obtain relative 

quantification values (RQ). This method ajusts variations in total RNA abundance in 

the sample by normalizing the amplification of each target to an endogenous control 

(Livak and Schmittgen, 2001). Primes for quantitative amplification of the aphid actin 

gene were used in this study as described by Quito-Avila et al. (2011b). 

Acquisition and Transmission Preliminary Experiments. Two preliminary 

experiments were set up to determine the optimal virus acquisition access period 

(AAP) and number of aphids needed for RpLV transmission to occur. This and all 

subsequent transmission experiments were done under controlled conditions (23 ± 1° 

C and 14 h light). For the first experiment, 20 RpLV-free adult aphids were allowed 

virus AAPs of 12 h, 18 h, 1 d and 2 d. The aphids were ground and tested immediately 

after each AAP was completed. The second experiment consisted of groups of 5, 15, 

25 and 50 adult aphids which were allowed to feed on a virus-infected plant for a fixed 
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AAP of 7 days. Upon virus acquisition, each group of aphids was transferred to each 

of three virus-tested plants. Inoculated plants were tested for RpLV 30, 60, 90 and 120 

days post inoculation (DPI).  

To determine how long and in what tissues aphids needed to feed before acquiring 

RpLV, aphid feeding behavior was monitored using an electrical penetration graph 

(EPG) system (Walker 2000; Tjallingii and Prado 2001). Adult aphids were starved 

for 1 h, during which time they were immobilized and connected to flexible gold wire 

(25.4 µm) with conductive glue (1 part craft glue: 1 part silver flake: 1 part water by 

weight). The other end of the wire was connected into an AC-DC EPG system 

(Backus and Bennett 2009). A second copper electrode was inserted into the soil at the 

base of ‘Meeker’ infected with RpLV.  Direct current (DC) was applied at 50 mV to 

the plant and data was collected using a Giga-Ohm (10^9) input resistor at a sample 

rate of 100 Hz. EPG recordings were acquired using a DI-710 and Windaq Acquisition 

Software (Dataq Instruments Inc., Akron, OH, USA). Aphids were recorded for 24 h 

and subsequently maintained on healthy ‘Meeker’ for 5 d before being tested for the 

virus by RT-PCR or qRT-PCR. EPG recordings were imported into the Windaq 

Waveform Browser (Dataq Instruments Inc.) and each waveform event (uninterrupted 

feeding behavior) was scored as: C (penetration in mesophyll and epidermis, including 

cell punctures), E1 (salivation into phloem sieve elements), E2 (ingestion of phloem 

sap) or G (ingestion of xylem). 

Virus Transmission in Serial Transfers. A total of 600 adult aphids were allowed to 

feed on a RpLV source raspberry plant. Three groups of aphids (200 aphids each) 

were transferred from the infected plant after 1 d, 2 d or 4 d of virus acquisition. To 

verify whether aphids had acquired the virus, 20 aphids from each group were 

individually tested by RT-PCR. The remaining aphids from each AAP group (180 

aphids) were equally distributed to three healthy plants, i.e. 60 aphids per plant, and 

allowed inoculation access periods (IAPs) of 2 d in a serial manner for a total of 12 d 

(e.g. 6 transfers) (Fig. 4.1).  After aphid removal, inoculated plants were maintained in 
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the greenhouse and tested 30, 60, 90, and 120 DPI. The experiment was repeated three 

times using the same virus-donor plants but different aphid colonies.  

 

Transmission Efficiency by Single Aphids. In efforts to measure the transmission 

efficiency by individual aphids, a total of 80 raspberry plants were inoculated with 

individual viruliferous adult aphids and maintained until the aphid died. Plants were 

tested by RT-PCR 120 DPI. A separate experiment was set up where 120 viruliferous 

adult aphids were individually confined in microtiter wells (24-well microtiter plates) 

containing leaf disks abaxial-side up. Each disk was placed on a wetted filter paper to 

keep it from drying. Aphids were maintained on each leaf disk for 4 d and transferred 

to a new disk for a total of 3 transfers. After aphid feeding, disks were submerged in 

water and exposed to 12 hours of light for 10 days as described by Wijkamp et al. 

(1993). After this period, the disks were collected and frozen at -80°C for subsequent 

virus testing. 

 

Transovarial Transmission of RpLV. To investigate whether transovarial passage of 

RpLV occurs in aphids, as is the case for other reoviruses in leafhoppers (Honda et al., 

2008), two 24-well microtiter plates were used to confine single RpLV-carrying 

female adults. Each aphid was placed on a healthy leaf disk and the newly borne 

aphids were placed on a separate healthy leaf within approximately 12 hours of birth. 

After 7 days of rearing, the offspring and their mother were individually tested for 

RpLV by RT-PCR. 

 

RpLV Replication and Accumulation in Aphids. Adult RpLV-free apterous or alate 

aphids were placed on an RpLV-infected plant for virus acquisition. After a 24 h-AAP 

the aphids were serially transferred to healthy leaves (in petri dishes) or plants (in 

insect proof cages) on a daily basis for 10 d. RpLV was quantified from individual 
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aphids sampled at 1, 5 and 10 days post acquisition (DPA). Changes in titer were 

obtained by extrapolating the Ct values to a standard curve or using the ΔΔ Ct method 

(Livak and Schmittgen, 2001).  

Changes in Ct values over time were tested with ANOVA (Proc MIXED) (SAS Inc., 

Cary NC). Differences between treatments were tested using Fisher’s Least Significant 

Difference. Aphids that tested negative for the virus were not considered in the 

statistical analysis.   

 

Results 

Acquisition and Transmission of RpLV. RpLV was detected in 55% and 80% of the 

aphids after 24 h and 48 h AAP, respectively (data not shown). One of the plants that 

belonged to the treatment inoculated with 50 aphids tested positive for RpLV 90 DPI. 

Plants inoculated with 5, 15 or 25 viruliferous aphids did not test positive for RpLV at 

120 DPI. At that point plants were considered non-infected.  

Aphids monitored with EPG were observed to ingest from both the xylem and phloem 

sap, although some individuals performed only C behaviors.  No aphids that ingested 

only from the xylem (n = 21) or probed only in the mesophyll (n = 16) tested positive 

for RpLV. Of the aphids that ingested phloem sap (n = 42), 50 % tested positive for 

RpLV. The shortest time required for RpLV acquisition was 15 min of phloem 

ingestion, which was achieved by two aphids. However, acquisition was variable, with 

some aphids feeding for up to 4 h testing negative for the virus (data not shown). 

 

Serial transfers. RpLV was transmitted to 1.9%, 5.5%, and 9.2% of the plants 

inoculated with 50 aphids that fed on the infected plant for 1 d, 2 d and 4 d, 

respectively (Table 4.1). For AAPs of 1 d and 2 d, transmission occurred in plants 

corresponding to the transfer group 4, i.e. 6 to 8 d after virus acquisition. Interestingly, 
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2 of the 5 plants that became infected after the 4-day AAP belonged to the transfer 

group 3 (4 to 6 days after virus acquisition). This may be due to inoculation of virus 

particles that had been acquired during the first 2 days of the acquisition period.  

Detection of the virus occurred at 90 DPI in 60% of the infected plants, while the 

remaining 40% tested positive at 120 DPI (data not shown). 

 

Transmission Efficiency and Transovarial Passage of RpLV to New Generations of 

Aphids. RpLV could not be detected in any of the 80 plants or 120 leaf disks 

inoculated with individual viruliferous aphids. Newly-borne aphids, whose mothers 

tested positive for the virus, did not test positive for RpLV after 7 days of rearing. The 

amplification of the 683 bp actin fragment confirmed the quality of the RNA and RT 

reaction, validating the results. 

 

RpLV Replication in Aphids. Six experiments were conducted and analyzed 

separately. Absolute quantification of RpLV (experiments 1 and 2) did not show 

significant differences (α > 0.05) in virus titer when aphids were tested and compared 

at 1, 5 and 10 DPA. However, the relative quantification method (ΔΔCt) showed 

significant differences in virus accumulation at 5 and 10 DPA in 3 of the 4 conducted 

experiments (experiments 4, 5 and 6) (Table 4.2). The increase in virus accumulation 

with respect to titer levels observed at 1 DPA ranged from 11.4 to 14.1 fold at 5 DPA. 

Interestingly, the titer levels at 10 DPA were highly variable with RQ values ranging 

from 0.3 (i.e. 0.3 times less than the titer observed at 1 DPA) to 24.3 (i.e. 24.3 times 

more virus than the observed at 1 DPA). The P values associated with each 

experiment along with the relative increase (or decrease) in virus titer over time are 

shown in Table 4.2. 
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Discussion 

Vector-mediated transmission of plant viruses is a very specific biological process.  

Successful  transmission of a virus by its vector is dependent on a series of intricate 

interactions  from virus acquisition to virus inoculation. The complexity of such a 

process is perhaps increased in viruses transmitted in a persistent manner (Hogenhout 

et al., 2008). This is due to the existence of longer pathways that involves interactions 

between virus-encoded proteins and vector components (Watson and Roberts, 1939; 

Nault, 1997; Power 2000; Whitfield et al., 2005; Gray and Gildow, 2003; Hogenhout 

et al., 2003). Here, it has been shown that the large raspberry aphid A. agathonica can 

transmit RpLV, a new plant reovirus.  

Thus far, all known plant reoviruses have been reported to be transmitted by vectors in 

the family Cicadellidae (phytoreoviruses) or Delphacidae (oryzaviruses and 

fijiviruses). The uniqueness of the transmission biology of RpLV is supported by its 

genetic analysis, which revealed that the conserved terminal regions of its 10 genomic 

segments are not fully homologous to any of the conserved termini reported for the 

three genera of plant reovirus. Partial conservation at the 5’ end was observed with 

members of the genus Fijivirus only; whereas the last three nucleoides of RpLV 

showed homology to members of the genus Orbivirus, which includes animal-

infecting viruses (Quito-Avila et al., 2011a). The conservation of the terminal 

nucleotides has been considered a determinant factor for the classification of 

reoviruses at the genus level (Anzola et al., 1987; Attoui et al., 2012). Hence, the 

genus Raslavirus (Raspberry latent virus) is proposed for the classification of plant 

reoviruses genetically related to RpLV that are transmitted by aphids.  

While this communication was being prepared, two new reoviruses, Spissistilus 

festinus reovirus (SpFRV) and Acinopterus angulatus reovirus (AcARV) were 

identified from the threecornered alfalfa hopper Spissistilus festinus Say, and the 

angulate leafhopper Acinopterus angulatus Lawson, respectively. SpFRV and AcARV 

are closely related to each other with 39 % RdRp aa identity and similar terminal 
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sequences (Spear et al., 2011). Interestingly, phylogenetic analysis showed that 

SpFRV, AcARV, RRSV and RpLV constitute a clade within the subfamily 

Spinareovirinae, within which SpFRV and AcARV share a most recent common 

ancestor (Spear et al., 2011). Furthermore, Sabanadzovic et al. (2010) isolated a new 

reovirus from native Vitis aestivalis collected from Great Smoky Mountains National 

Park, U.S.A. The sequence of the virus has not yet been published, but sequence 

exchange revealed that the new reovirus is related most closely to RpLV, sharing 

identical terminal sequences and 66 % RdRp aa identity (Sabanadzovic, personal 

communication). A phylogenetic tree constructed with the RdRp aa sequence of 

SpFRV, AcARV, RRSV, RpLV and the new Vitis aestivalis reovirus strongly suggests 

that SpFRV and AcARV should be placed in a new genus as proposed by Spears et al. 

(2011); whereas RpLV and the Vitis aestivalis reovirus should belong to a separate 

new genus (Raslavirus) leaving the Oryzavirus unaltered (data not shown). 

The efficiency at which RpLV was transmitted by A. agathonica was very low. 

Repeated attempts to transmit the virus by single aphids did not result in infected 

plants. Instead, only groups of 50 aphids per plant resulted in low rates of virus 

transmission. Experiments conducted to test the posibility of RpLV being transmitted 

at higher efficiency when acquired from plants co-infected with Raspberry leaf mottle 

virus (RLMV), commonly found in mixed infections in the field (Tzanetakis et al., 

2007a; Quito-Avila et al., 2011b), did not show significant differences (data not 

shown).  

Quantitative RT-PCR showed that RpLV increased in titers in aphids that were 

allowed an AAP of 24h and transferred immediately to healthy leaves. Three of the six 

separate qRT-PCR experiments conducted in this study showed significant (P < 0.05) 

changes in virus accumulation at 5 DPA and 10 DPA compared to virus titers at 1 

DPA. While two of those experiments showed increases ranging from 6.3-fold to 24-

fold at 10 DPA, one experiment showed a 0.3-fold decrease compared to the titer 

observed at 1 DPA. The odd decrease in virus titers along with the non-significant 
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results from the other three experiments was mainly due to the high variation observed 

across single aphids, especially after 5 DPA, where some aphids showed large 

increases while a few others showed declined levels of virus titers. The large 

variability in the apparent replication nature of RpLV in the aphid may suggest a 

precarious adaptation to a new vector. Persistently-transmitted viruses (including 

replicative and circulative) have been shown to encounter at least three barriers that 

challenge the success of their replication, circulation or transmission: i) midgut 

infection and escape, (ii) survival in the hemolymph and salivary gland infection and 

(iii) salivary gland escape (Ammar, 1994). Each barrier represents a bottleneck which 

reduces significantly the efficiency at which a virus is successfully transmitted to a 

new host. In RpLV, these obstacles may be related to age or other physiological 

aspects of the aphid, and therefore have different impact on RpLV replication and 

circulation.  

The lack of an effective mechanism that protects the virus from degradation, i.e. 

association with endosymbiotic bacteria in the aphid gut (Morin et al., 1999; Morin et 

al., 2000), may also explain the inconsistencies found in the concentration of RpLV in 

aphids. Several studies have shown a direct interaction between viral coat proteins and 

the chaperonin GroEL, produced by symbiotic bacteria in aphids and other 

hemipterans. This interaction results in complexes that allow the virus to avoid 

degradation in the gut tissue and hemolymph (van den Heuvel et al., 1994; van den 

Heuvel et al., 1997; Morin et al., 1999; Morin et al., 2000). Electron microscopy 

applied to aphid ultra-thin sections failed to detect aggregate structures characteristic 

of replication complexes in epithelial gut cells in replicative viruses (unpublished). 

Therefore, it is not clear whether  RpLV interacts with the bacterial symbionin of A. 

agathonica or other vector components to result in replicative inclusion bodies. 

Another plausible explanation for the high variability of RpLV in aphids would be the 

initial amount of virus acquired by the aphid. The titer of RpLV may vary 

considerably depending on the leaf, and even within the leaf, where each aphid feeds.  
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The low transmission efficiency of RpLV by A. agathonica observed under controlled 

experiments was supported by data from the field.  An average of 40% of raspberry 

plants in fields with high aphid populations and incidence of RpLV and RLMV, 

became infected with RLMV but not RpLV by the end of the second year (Lightle et 

al., unpublished data.). The significance of this finding from virus management 

standpoint is noteworthy. Quito-Avila et al. (unpublished data) have shown a possible 

role of RpLV in crumbly fruit disease in ‘Meeker’ red raspberry. The low transmission 

rate may be advantageous to growers, who could reduce virus incidence and disease 

problems by implementing an effective control of the vector. 

In summary, RpLV is the first plant reovirus transmitted by aphids (A. agathonica) 

albeit with a low efficiency rate. Transmission and genetic features support the 

clasification of RpLV in a proposed new genus (Raslavirus). Virus accumulation in 

aphids was variable and seemed to be aphid-dependent. More research is needed to 

elucidate the details of the virus-vector interactions at the molecular level. However, 

this communication reports important aspects on the transmission biology of RpLV 

which are key for the epidemiology of virus-caused diseases and should be used at the 

applied level to reduce virus spread in crop plants (Nault, 1997; Andret-Link et al., 

2005; Tsai et al., 2010). 
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Table 4.1. Summary of 3 separate experiments of aphid transmission. Plants that became infected with Raspberry latent virus 
(RpLV) are shown in bold. 

 

   Days after virus acquisition 

AAP Transf.1
(2 d) 

Transf.2
(4 d) 

Transf.3
(6 d) 

Transf.4 
(8 d) 

Transf. 5 
(10 d) 

Transf.6 
(12 d) 

Total 
infected 

plants (%) 

1day 0/9 0/9 0/9 1/9 0/9 0/9 1 (1.8%) 

2day 0/9 0/9 0/9 2/9 1/9 0/9 3 (5.5%) 

4day 0/9 0/9 2/9 2/9 1/9 0/9 5 (9.2%) 
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Table 4.2. Mean values from 6 separate experiments (exp.) using absolute (Standard Curve) or relative (ΔΔCt) quantification 
methods (n = number of aphids used in the experiment).  The last row shows the P values obtained from ANOVA used to 
compare Ct numbers from amplification of RpLV in aphids at different days post acquisition (DPA). Relative Quantification 
(RQ) values indicate fold-increase (RQ values > 1) or fold-decrease (RQ values < 1) observed for RpLV in aphids at 5 DPA 
and 10 DPA with respect to the concentration of RpLV in aphids at 1 DPA (e.g. RQ = 1). Letters after the RQ values signify 
differences in RQ between DAPs within the same experiment. 

 

Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp.5 Exp. 6  

 

Method 

Standard 
Curve 

(n = 27) 

Standard 
Curve 

(n = 36) 

Relative 
ΔΔCt 

(n = 36) 

Relative 
ΔΔCt 

(n = 27) 

Relative 
ΔΔCt 

(n = 12) 

Relative 
ΔΔCt 

(n = 54) 

Quant. Values No.    
Amplified 

copies 

No. 
Amplified 

copies 

 

RQ                   

 

RQ                 

 

RQ                

 

RQ                

1 3.04E9 490,126 1           1  a           1 a          1 a 

5 3.01E9 528,183 11.4       12.7 b      14.1 c     11.4 b 

Days post 
Acquisition 

(DAP) 

10 3.19E9 517,808 28.2         0.3 a        6.2 b      24.3 b 

P value (α 0.05) 0.06 0.38 0.35 0.02      0.0007      0.02 
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Figure 4.1. Serial transfers diagram. Curved arrows denote where each aphid transfer occurred.  Boxes indicate aphids being 
sampled and tested for Raspberry latent virus. Each dashed line denotes a single plant being inoculated with 60 aphids. 
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Abstract 

Raspberry crumbly fruit in red raspberry (Rubus idaeus L.), widespread in the Pacific 

Northwest of the United States and British Columbia, Canada, is most commonly 

caused by a virus infection. Raspberry bushy dwarf virus (RBDV) has long been 

attributed as the causal agent of the disease. Recently, the identification of two new 

viruses, Raspberry leaf mottle virus (RLMV) and Raspberry latent virus (RpLV), in 

northern Washington and British Columbia suggested the existence of a new virus 

complex responsible for the increased severity of the disease. In order to determine the 

role of the new viruses in crumbly fruit, ‘Meeker’ plants containing single and mixed 

infections of RBDV, RLMV, or RpLV were developed and used to establish field 

trials at Washington State University Northwestern Research and Extension Center, in 

Mt. Vernon, Washington. Field evaluations during establishment and first fruiting year 

revealed that plants infected with the three viruses or the combinations RBDV-RLMV, 

or RBDV-RpLV had the greatest reduction in cane growth and fruit firmness, 

respectively, Quantitative RT-PCR tests showed that the titer of RBDV was increased 

~400-fold when it occurred in mixed infections with RLMV compared to RBDV in 

single infections. In addition, a survey of RpLV and RLMV in Washington and 

Oregon revealed that the two viruses are present at high incidence in northern 

Washington; whereas the incidence in southern Washington and Oregon, where 

crumbly fruit is not a serious problem, was considerably lower. Virus testing of 

crumbly-fruited plants from five different fields in northern Washington showed that 

fields infected with RLMV and RpLV, (at incidence up to 100% and 40%, 

respectively) along with RBDV (100% incidence) showed more severe crumbly fruit 

symptoms compared to fields with low incidence of RLMV and RpLV. Taken 

together, these findings suggest that growth reduction and severe crumbly fruit disease 

in ‘Meeker’ are caused by a co-infection of RBDV and RLMV or RpLV. 
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Introduction 

Virus complexes involving two or more virus species in the same host are found 

commonly in nature and often result in synergistic interactions that lead to more 

severe diseases in plants (Vance, 1999). These interactions may result in positive 

effects on different functions necessary for the successful completion of the virus life 

cycle, i.e. replication, intra-and intercellular movement, and transmission (Dufresne et 

al., 1999; Untiveros et al., 2007). A common type of synergism appears to be the 

increase in accumulation of one or more viruses in a mixed infection relative to each 

virus alone (Calvert and Ghabrial, 1983; Poolpol and Inouye, 1986; Pruss et al., 1997; 

Hu et al., 1998; Wintermantel, 2005). This phenomenon is sometimes related to the 

presence of virus-encoded RNA-silencing suppressors that counteract the plant 

defense mechanism, allowing a second virus to accumulate in the plant at higher levels 

relative to levels in single infections (Pruss et al., 1997; Vance, 1999; Voinnet et al., 

1999).  Other types of synergistic interactions of viruses in mixed infections result in 

the virus ability to move more efficiently through a plant, transmission by a new 

vector or infection of a non-host plant (Barker 1987, Cooper et al., 1996; Dasgupta et 

al., 2001; Choi et al., 2002; Wintermantel et al., 2008). 

Several cases have been reported where viral complexes result in increased severity of 

diseases in crop plants. Virus yellows disease in sugar beet has been shown to be 

caused by a synergistic interaction between Beet mosaic virus (BMV), genus 

Potyvirus, and either Beet yellows virus (BYV), genus Closterovirus, or Beet western 

yellows virus (BWYV), genus Polerovirus (Wintermantel, 2005). García-Cano et al. 

(2006) showed that mixed infections of the crinivirus Tomato chlorosis virus (ToCV) 

and the tospovirus Tomato spotted wilt virus (TSWV) resulted in resistance 

breakdown when TSWV-resistant plants were pre-infected with ToCV.  

Corn lethal necrosis disease was shown to be caused by co-infection with Maize 

chlorotic mottle virus (MCMV) and either Wheat streak mosaic virus (WSMV) or 

Maize dwarf mosaic virus (MDMV) (Niblett and Claflin, 1978; Scheets, 1998). 
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Similarly, the interaction between Cucumber mosaic virus (CMV) and Zucchini yellow 

mosaic virus (ZYMV) in zucchini squash plants (Choi et al., 2002; Wang et al., 2002); 

or Sweet potato feathery mottle virus (SPFMV) and Sweet potato chlorotic stunt virus 

(SPCSV) in sweet potatoes (Karyeija et al., 2000) resulted in severe symptoms. 

In Rubus, Blackberry yellow vein disease (BYVD), initially thought to be caused by 

the crinivirus Blackberry yellow vein associated virus (BYVaV), was found to be the 

result of an interaction involving at least two viruses: BYVaV and the potyvirus 

Blackberry virus Y (BVY) (Susaimuthu et al., 2008). These viruses did not cause 

symptoms when present alone. However, when present in co-infections, the titer of 

BVY was increased several-fold, and the titer of BYVaV decreased approximately 

500-fold. This interaction resulted in dramatic vein yellowing and development of line 

patterns on the leaves (Susaimuthu et al., 2008).  

Raspberry mosaic disease (RMD) and Black raspberry decline (BRD) are two other 

examples of disorders caused by virus complexes in Rubus. RMD was first reported in 

the 1920s and is likely caused by combinations of at least three viruses including 

Black raspberry necrosis virus (BRNV), genus Sadwavirus, Rubus yellow net virus 

(RYNV), genus Badnavirus and RLMV (Halgren et al., 2007; Tzanetakis et al., 2007; 

McGavin and MacFarlane, 2010). BRD has become a serious problem in Oregon, 

where most of the nation’s black raspberries are produced. Although the disease is 

attributed to a viral complex, BRNV has been hypothesized to play a major role in the 

severity of symptoms (Halgren et al., 2007).  

During the last two decades, red raspberry production in the Pacific Northwest (PNW) 

(Oregon, Washington in the U.S. and British Columbia, Canada) has been severely 

affected by Raspberry crumbly fruit, a virus-induced disease widespread in areas 

planted with the susceptible cultivar Meeker, as well as several other cultivars (Murant 

et al., 1974; Daubeny et al., 1982). Symptoms include drupelet abortion that causes the 

fruit to crumble at harvest, resulting in significant reductions of yield and fruit quality 

(Murant et al., 1974; Daubeny et al., 1982). The crumbly fruit disorder in ‘Meeker’ 
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has long been attributed to Raspberry bushy dwarf virus (RBDV), a pollen-and-seed-

borne Idaeovirus that is found in most if not all raspberry production areas around the 

world (Converse 1973; Murant et al., 1974). The recent characterization of two aphid-

transmitted viruses, Raspberry leaf mottle virus (RLMV) (Tzanetakis et al., 2007; 

McGavin and MacFarlane, 2010) and Raspberry latent virus (RpLV) (Quito-Avila et 

al., 2011) present at high incidence in areas where crumbly fruit is more prevalent, 

suggested the existence of a new complex responsible for the increased severity of 

crumbly fruit and yield decline in ‘Meeker’ (Quito-Avila et al., 2010). 

This communication presents data from experiments conducted to study the effect of 

single and mixed infections between RBDV, RLMV, and RpLV on plant growth and 

fruit quality in ‘Meeker’ red raspberry. The main objectives of this study were i) to 

determine whether single or mixed infections have different impacts on plant growth 

and fruit crumbliness, and ii) to monitor virus titers, in single and mixed infections, 

throughout the growing season in order to determine possible synergistic interactions 

at the replication level between the three viruses and their correlation with symptom 

expression.  

 

Materials and Methods 

Virus Isolates, Plant Material and Planting Location. A total of 90 root cuttings 

randomly chosen from 2 and 3-year old ‘Meeker’ raspberry plantings were obtained 

from production fields in northern Washington, U.S. The roots were planted and 

grown in a greenhouse under standard conditions (12 h day-light at 25°C). Plants were 

tested for all reported Rubus viruses either by PCR or ELISA. Most plants were found 

to have mixed infections containing at least two of the following viruses: RBDV, 

RLMV and RpLV. A few plants were identified that contained single infections of 

RBDV, RLMV or RpLV. The singly-infected plants were used to generate mixed 

infections by graft inoculations.  Plants infected with all combinations of the three 
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viruses were propagated in the greenhouse to obtain an adequate number of plants for 

field trials.  A total of 8 treatments were tested in this study. Seven treatments 

consisted of plants infected either with a single virus (RLMV, RpLV, or RBDV) or a 

combination of the viruses (RBDV+RLMV, RBDV+RpLV, RLMV+RpLV or 

RBDV+RLMV+RpLV). The eighth treatment contained virus-free plants obtained 

from tissue culture. Five weeks post-inoculation, the plants were tested by RT-PCR to 

confirm their virus-infected status. Plants infected with the virus or virus combination 

of interest were transplanted to 1-gallon pots and maintained in the greenhouse. The 

propagation period lasted from October 2009 to April 2010.  

After three weeks of outdoor acclimation, the plants were planted in the field at the 

Washington State University’s Northwestern Research and Extension Center, located 

in Mt. Vernon, Washington. The 8 treatments were arranged in a randomized block 

design (RBD) consisting of 6 rows (3m apart) and 5 plants (0.8m apart) per treatment. 

In order to avoid virus (RLMV and RpLV) cross contamination between treatments, 

the plants were treated with systemic insecticides based on thiamethoxan and 

acetamiprid during the months of May, July and September.  

 

Plant Growth and Crumbly Fruit Assessment. The effect of single and mixed 

infections of RBDV, RLMV and RpLV on plant growth and fruit crumbliness was 

evaluated in the field in 2010 until 2011.  To assess plant growth, height (estimated by 

measuring the longest primocane) and diameter at the base of the longest primocane 

were measured in September of the establishment year (2010), and May and 

September of the first fruiting season (2011). 

Fruit was harvested separately from each block by hand on July 13th and July 21st, 

2011. Fruit weight was obtained by averaging a subsample of 60 fruits.  Firmness, 

measured as the force (in grams) necessary to close the berry opening, was determined 

from 10 fruits sub-sampled from the 60 berry pool using an AMETEK® Hunter Spring 



                                                                                                                                     88                                                                                                                      

gauge (Barritt et al., 1980). The number of drupelets (seeds) per berry was determined 

from a 15-fruit sub-sample from each block. Berries were squashed and submerged in 

a pectinase solution (Pectinex® Smash) overnight at room temperature. To remove the 

flesh the seeds were sieve-washed, dried and counted.   

 

Data Analysis. Differences in cane height and diameter were analyzed using a 

repeated measures linear mixed model (PROC MIXED) with treatment, time, and 

treatment * time interaction as fixed factors (SAS Institute, Cary NC). Covariance 

structure was optimized using the method of Littell et al. (2006). Degrees of freedom 

were calculated using the Kenward-Rogers adjustment. Reported P values were 

adjusted using Tukey’s Honestly Significant Difference to correct for multiple 

comparisons. 

Differences in fruit parameters were tested using a repeated measures linear mixed 

model (PROC MIXED) with treatment, harvest time, and treatment * harvest as fixed 

factors. Covariance structure, degrees of freedom, and P value adjustments were done 

as described above.  All statistics were conducted in SAS 9.2 (SAS Institute, Cary 

NC).  

 

RNA Extraction and Conventional RT-PCR. Total RNA was extracted and 

precipitated in isopropanol as described by Halgren et al. (2007), followed by 

resuspension in 500 ul of wash buffer and 25 ul of glass milk (Rott and Jelkmann, 

2001). The glass milk was pelleted at 1400 g, washed with and 500 ul of wash buffer 

and dried in a speed vac at room temperature. The RNA was resuspended in 150 ul of 

TE. Reverse transcription (RT) reactions were performed using random primers as 

described (Halgren et al. 2007). Two and one half µl of the RT product were used as 

template for the PCR in a final volume of 25 µl. The reaction was carried out 

according to the polymerase manufacturer’s instructions (TaKaRa Bio Inc. Shiga, 
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Japan). Primers developed by Tzanetakis et al. (2007), for RLMV and Quito-Avila et 

al. (2011) for RpLV were employed for detection of the viruses. Keller (unpublished) 

developed a set of degenerate primers for effective detection of different strains of 

RBDV. The PCR program for amplification of the targets consisted of initial 

denaturation for 4 min at 94°C followed by 40 cycles with denaturation for 40 s at 

94°C, annealing for 25 s at 58°C and extension for 40 s at 72°C, with a final 7-min 

extension step at 72°C. 

 

Quantification and Comparison of Virus Levels in Single and Mixed Infections. In 

order to monitor the virus concentration in plants containing single or mixed infections 

over time, 5 plants of each virus-containing treatment in Washington were tagged and 

tested by TaqMan-based quantitative RT-PCR (qRT-PCR) on a monthly basis (May – 

October) during the growing seasons of 2010 and 2011. In addition, a greenhouse 

experiment was conducted to compare changes in virus titers across the treatments 

under constant conditions (12 h day-light at 25°C). To this end, plants containing 

single infections (RBDV, RLMV or RpLV) (hereafter referred to as host viruses) were 

graft-inoculated with one or two of the corresponding virus(es) (hereafter referred to 

as guest viruses) or healthy tissue (mock inoculation). qRT-PCR was used to compare 

the titer of each host virus in presence of a given guest virus(es) with its titer in the 

mock-inoculated plants. The youngest fully developed leaf was used for RNA 

extraction on a weekly basis for 7 weeks starting at 10 days post graft-inoculation. 

qRT-PCR detection of RBDV, RLMV and RpLV was performed using the primers 

and probes designed from the RdRP gene of each virus as described previously 

(Quito-Avila and Martin, 2011). The primers and probes (5’FAM/ZEN/3’IBFQ) were 

manufactured by IDT (Integrated DNA Technologies Inc. IA, USA). The AgPath-

IDTM One-Step RT-PCR Kit (Applied Biosystems, La Jolla, USA) was used to 

perform the reverse transcription and PCR reaction in a single tube. The optimal 

reaction consisted of 10 µl of 2 X RT-PCR buffer, 1 µl of primer/probe mix, (5 µM 
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primers and 2.5 µM probe), 3 µl of RNA sample (150 ng total), 0.8 µl of the 25 X RT-

PCR Enzyme-Mix, and nuclease-free water to a final volume of 20 µl, and the 

reactions performed by StepOnePlusTM Real-Time PCR System (Applied Biosystems, 

La Jolla, USA) under the following parameters: 15 min at 45ºC, 10 min at 95ºC, and 

40 cycles of 15 sec at 95ºC and 50 sec at 60ºC. 

 

qRT-PCR Data Analysis. qRT-PCR data were analyzed by two relative quantification 

methods: the delta-delta Ct method (ΔΔ Ct), implemented by Applied Biosystems 

software, and the method developed by Pfaffl (2001).  Both methods use the 

amplification of a stable endogenous control to standardize each sample and validate 

the differences in Ct values between two or more samples. 

In this study, the ΔΔ Ct method was used as a base line to detect variations or trends in 

virus titers across treatments and over time. However, if a significant variation was 

detected the Pfaffl equation was applied in order to estimate more accurately the 

amount of viral copies being increased or decreased in a given sample due to presence 

of another virus or testing time.  While the ΔΔ Ct method is practical, fast and useful 

to detect general changes in amount of starting material, i.e. viral RNA copies, it 

assumes an efficiency of 100% for the qRT-PCR assays. In turn, the method 

developed by Pfaffl (2001) takes into account the actual efficiencies of both, the 

endogenous control and the virus qRT-PCR assays. This results in a more realistic 

estimation of amount of starting material. 

 

RBDV, RpLV and RLMV Incidence in Raspberry Fields in Washington and 

Oregon. Observations and reports from raspberry growers in the PNW have indicated 

that crumbly fruit disease and yield decline are more prevalent in the northern 

production areas compared to southern Washington and Oregon (Martin, unpublished 

data). To determine whether these observations were related to virus incidence, a total 



                                                                                                                                     91                                                                                                                      

of 30 red raspberry fields in Washington and Oregon were sampled and tested for 

RBDV, RLMV and RpLV. Thirty six plants per field were randomly chosen and used 

for leaf sampling for subsequent RNA extraction and RT-PCR. 

 

Virus Survey from Crumbly Fruited Plants. During the fruiting season of 2011, a 

virus survey was conducted in five commercial raspberry fields in northern 

Washington. Four to seven year old fields from different growers were used for 

crumbly fruited plants scouting. While the focus was on RBDV, RLMV, and RpLV, 

the nepoviruses Tomato ring spot virus (ToRSV) and Tobacco ring spot virus (TRSV) 

were also tested, as they have been reported to occur at a lesser extend in the PNW 

(Martin et al., 2012). In order to standardize the sampling and symptom severity, 4 

crumbly-fruit rates (0 = no crumbly fruit, 1 = mild, 2 = medium, and 3 = severe) were 

arbitrarily established. Thirty-six samples from plants showing crumbly fruit were 

collected from each field, rated for symptom severity, and used for virus testing.  

 

Results  

Effect of RBDV, RLMV and RpLV on Primocane Growth. The analysis of cane 

height showed significant differences for all the tested effects, i.e. treatment (F value 

(from Type III tests of Effects) df = 4, 40, P < 0.0001), time (df = 2, 39, P < 0.0001) 

and treatment*time (df = 14, 56.1, P < 0.0001). Differences across treatments were 

more pronounced at the end of both years (establishment and fruiting year) (Fig. 5.1a; 

Fig. 5.5). The highest reduction (%) in primocane growth compared to the virus-free 

treatment at the end of the establishment year was observed in plants infected with 

RBDV-RLMV (76%), RBDV-RLMV-RpLV (71%), RLMV+RpLV (69%), RBDV 

(59%) and RBDV-RpLV (55%). Whereas at the end of the second year, primocane 

length was reduced 27%, 26% and 24% compared to the virus-free treatment, in plants 

infected with RBDV-RpLV-RLMV, RLMV-RpLV, and RBDV-RLMV, respectively 
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(Fig. 5.1a). Significant differences were found for RBDV alone compared to RBDV-

RLMV (P = 0.0002) and RBDV-RLMV-RpLV (P = 0.002).  

Likewise, time of measurement had an impact in cane diameter across treatments (df = 

14, 78.8, P < 0.0001). However, plants infected with the three viruses together were 

significantly different from the virus-free control (P < 0.0001), RpLV alone (P = 

0.0004) or RLMV alone (P = 0.01) regardless of when the measurement was taken. 

The highest reduction in cane diameter, compared to the virus-free control, was 

observed in treatments containing RBDV-RLMV-RpLV, RBDV-RLMV and RLMV-

RpLV (Fig. 5.1b). Details on statistical significance of differences across treatments 

are presented in Supplementary data (Figs. S 5.1 and S 5.2). 

 

Effect of RBDV, RLMV and RpLV on Fruit Crumbliness. Weight per berry was 

significantly different across treatments (F value (from Type III tests of Effects) df = 

7, 40) P < 0.0001) regardless of time of harvest. The treatments that showed the 

highest reduction in berry weight, compared to the virus-free plants (3.35 g/berry), 

were RBDV-RLMV-RpLV (42%), RBDV-RpLV (41%) and RLMV-RpLV (33%) 

(Fig. 5.2a; Fig. 5.5).  

Firmness showed significant differences at the treatment level (df = 7, 40, P = 0.0034) 

and also at the harvest time level (df = 1, 40 P < 0.0001) with no interactions between 

the two effects. Treatments with the highest reduction, compared to the virus-free 

control (73.54 g), corresponded to RBDV-RpLV (37%), RBDV-RLMV-RpLV (33%) 

and RBDV alone (20%) (Fig. 5.2b). 

Compared to berry weight and firmness, the number of drupelets per berry was more 

variable across time of harvest showing significant interactions between harvest-time 

and treatments (df = 7, 36.6, P = 0.0004). While the difference between the treatment 

with the highest value and the one with the lowest value (virus-free and RBDV-RpLV, 

respectively) was 36% at the first harvest, the difference between the same two 
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treatments (still being the two with the highest and lowest values, respectively) was 

22% at the second harvest. The reduction in the difference between treatments towards 

the second harvest was mainly due to a decrease in number of drupelets observed for 

the treatments with the highest values during the first harvest (e.g. virus-free, RpLV 

alone and RLMV alone). Interestingly, the two treatments for which no significant 

variation was observed were RBDV-RpLV and RBDV-RpLV-RLMV, which are also 

the two treatments with the lowest number of drupelets per berry (Fig. 5.2c). Details 

on statistical significance of differences across treatments are presented in 

Supplementary data (Fig. S 5.3). 

 

Virus Titers under Greenhouse Conditions. qRT-PCR was used to compare the titer 

of each host virus (RBDV, RLMV or RpLV) in presence of the corresponding guest 

virus with their titer from mock-inoculated plants over a period of 10 weeks. There 

were not significant changes in titer for RLMV or RpLV in the presence of a guest 

virus(es) (data not shown). However, Ct values for RBDV in co-infections with 

RLMV were 11 to 13.5 lower compared to those from RBDV singly-infected plants 7 

weeks post graft inoculation. The Pffafl equation further revealed that the 11 – 13.5 

difference in Ct values was equivalent to an increase of approximately 400-fold in 

plants co-infected with RLMV or the three viruses together (e.g. RBDV-RLMV or 

RBDV, RLMV, RpLV) (Fig. 5.3a). 

 

Virus Titers under Field Conditions. Two types of comparisons were made for viral 

titers across treatments. The first type of comparison was performed on a same 

treatment (single or mixed infection) throughout the growing season, while the second 

comparison was applied across treatments at each sampling time. While the 

concentration of RpLV and RBDV in singly-or-mixed-infected plants did not change 
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throughout the season, RLMV titers were 13 – 32 times higher in the August testing 

compared to the initial virus titer quantified in May (Fig 5.4). 

When virus titers were compared across treatments, RBDV was the only virus that 

showed significant increases in presence of RLMV. The increase in RBDV titer was 

similar to the 400-fold increase observed from the greenhouse experiment. Detection 

of RBDV by conventional RT-PCR and ELISA from single and mixed infected plants 

supported, in a qualitative manner, the results obtained from the qRT-PCR 

experiments (Fig. 5.3b). 

 

RBDV, RpLV and RLMV Incidence in Fields in Washington and Oregon. Virus 

incidence varied across field locations and age of plantings. RLMV was detected in 90 

% of the surveyed fields with incidences as high as 100% in 5 year old fields; whereas 

RpLV was found in 50 % of the fields, with incidence as high as 80% in 5 year old 

fields. RBDV was present in 100 % of the fields in Washington and Oregon where at 

least two flowering seasons had occurred. Table 5.1 shows the values for virus 

incidence obtained from different fields in Washington and Oregon.  

 

Virus incidence in Crumbly Fruited Fields. Virus incidence in fields with severe 

crumbly fruit ranged from 92% to 100% for RBDV, 96% to 100% for RLMV, and 7% 

to 40% for RpLV. A 4 year old field (score 1 = mild symptoms) showed lower virus 

incidence for RBDV and RLMV and no infection of RpLV (Table 5.2). A low 

incidence (20%) was found for ToRSV in only one of the crumbly-fruited fields. 

 

Discussion 

‘Meeker’, the most planted red raspberry cultivar in the PNW, is particularly 

susceptible to crumbly fruit caused by RBDV. The disease has resulted in significant 
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economic losses to growers due to the low prices they get for poor quality fruit and 

also the costs associated with replanting infected fields (Wolford, 1967; Gianessi et 

al., 2002). In recent years, the severity of crumbly fruit along with yield decline have 

been more prevalent in northern Washington and British Columbia compared to 

southern Washington and Oregon (Martin, unpublished data). Additionally, 

populations of the large raspberry aphid A. agathonica were greater in northern 

Washington, suggesting the possibility that additional viruses, possibly transmitted by 

A. agathonica, may be involved in crumbly fruit and yield decline. Results from the 

virus survey conducted in this study supports those observations as it was found that 

RLMV and RpLV were more common in northern Washington than in southern 

Washington or Oregon. In addition, the results obtained from fruit evaluations in the 

field indicated that plants infected with the three viruses together and the combination 

RBDV-RpLV showed the lowest values for berry weight, firmness and number of 

drupelets. However, those treatments were not statistically different from RBDV alone 

for berry weight and number of drupelets; whereas fruit firmness for plants co-infected 

with RBDV-RLMV-RpLV were significantly lower than RBDV alone. The field 

experiment also revealed that treatments co-infected with RBDV-RLMV, RBDV-

RLMV-RpLV and RLMV-RpLV produced the highest reductions in primocane 

growth. The differences were more pronounced during the establishment year, where 

primocane length was reduced in 71% and 76% in plants co-infected with RBDV-

RpLV-RLMV and RBDV-RLMV, respectively, compared to the control. 

Interestingly, the virus infections appeared to have less impact on cane growth at the 

end of the second year, where treatments co-infected with RBDV-RLMV and RBDV-

RpLV-RLMV showed reductions of 26% and 27%, respectively. The decrease in 

reduction of cane growth during the second year may be attributed to the fact that 

during the establishment year plants undergo stress intrinsically associated with 

adaptation to field conditions.  It appears that physiological effects caused by virus 

infections were more severe during the establishment phase than in the established 

plants year. 
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The virus survey from fields showing severe crumbly fruit (determined by a visual 

assessment) showed a high incidence of RBDV (100%), RLMV (100%) and RpLV 

(40%). Two fields, however, where crumbly fruit was also severe had low (7%) or 0% 

incidence of RpLV. Since symptoms of crumbly fruit in commercial fields were 

limited to visual evaluations, assessment errors may be associated with these 

discrepancies. A second year fruit evaluation from the field experiment would shed 

light on the role of RpLV in crumbly fruit. 

Quito-Avila et al. (in prep) showed that up to 40% of the plants located next to fields 

with high incidence of RLMV can become infected with the virus by the end of the 

second year. While RpLV transmission is much slower across fields possibly due to 

inefficient transmission by aphids (Quito-Avila et al., in prep), extremely high 

populations of aphids in the field may facilitate its transmission, especially in 

plantings located close to infected fields. In efforts to extend the profitable period of 

their fields, motivated by their market standards, i.e. grade A for IQF or grade B for 

bulk fruit, growers implement different strategies to control pest populations. The 

virus survey conducted in this study showed cases where the incidence of RLMV and 

RpLV was much lower in old fields where a more stringent pest control management 

was applied. This finding highlights the potential for virus control by effective vector 

management strategies. Aphid phenology studies are underway to determine the 

critical aphid migrations and populations build-up in order to optimize the timing of 

insecticide applications. 

Comparisons of virus titers across treatments revealed that the titer of RBDV was 

increased approximately 400-fold in plants co-infected with RLMV or RLMV-RpLV 

relative to the titer in plants infected with RBDV alone. While RpLV appears to have 

a neutral role in the virus complex at the replication level, the possibility of an 

interaction between RpLV and RLMV or RBDV at a different level, (e.g. virus cell-to- 

movement or transmission efficiency) should not be ruled out at this point. The 

significant increase in titer of RBDV in presence of RLMV in the field was similarly 
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found in greenhouse experiments; suggesting that environmental conditions, i.e. light 

and temperature may not have an inpact on the virus interaction. Furthermore, RLMV, 

a member of the genus Closterovirus in the family Closteroviridae, has been shown to 

have a putative 23 kDa protein involved in suppression of RNA silencing (Tzanetakis 

et al., 2007). Consequently, this protein may be responsible for the increase in titer of 

RBDV as has been shown for other virus interactions (Vance, 1999; Voinnet et al., 

1999; Pruss et al., 1997). Should that be the case, it would have been expected to 

observe a similar response in the concentration of RpLV in presence of RLMV. It is 

possible that RpLV has its own mechanism to suppress the RNA silencing machinery 

imposed by the plant as has been shown for other reoviruses (Cao et al., 2005). As a 

double-stranded RNA virus, RpLV may have different molecular interactions with 

host defense mechanisms that might not be compatible with those of RLMV. 

When the virus titer was compared among a same treatment (either single or mixed 

infection) throughout the growing season, RBDV and RpLV did not show significant 

changes. However, RLMV was present in higher concentrations (14 - 30-fold) in 

August, regardless of any co-infection with the other viruses. Day-temperatures 

registered for the week at which the leaves were collected ranged from 32 to 37C. This 

indicates that temperatures up to 37C do not have a negative impact on the titer of 

RBDV, RpLV, or RLMV, as has been reported for other viruses (Wang et al., 2006). 

From a management standpoint, this finding is very important as the virus can be 

detected at any point during the growing season. 

The results from this work strongly suggest that plants co-infected with RBDV, 

RLMV, and RpLV, may be responsible for the severe crumbly fruit and early yield 

decline observed by growers in northern Washignton and British Columbia in recent 

years. At this point, it is not clear the type of molecular interaction, if any, involving 

RpLV and RLMV/RBDV. However, the impact of RpLV on fruit crumbliness in 

plants co-infected with RBDV or RBDV-RLMV seems to be related with fruit 

firmness. Therefore, the reduction in incidence of RLMV and RpLV, based on vector 
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control, will help growers to keep their plantings longer and reduce the economic 

impact of crumbly fruit disease and early decline in red raspberry. It is important to 

point out that plant growth, evidenced by cane length and cane diameter, was 

significantly affected during the establishment and second year in plants infected with 

the three viruses and the combination RBDV-RLMV. This highlights the importance 

of using certified virus-tested material to avoid growth deficiencies during the first 

two years of the planting. By planting virus-free material, growers may get enough 

fruit from the first fruiting season “baby crop” to be able to cover for some of the costs 

associated with replanting.  
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Table 5.1.  Virus survey in commercial red raspberry (Rubus idaeus) fields of 
Washington and Oregon. Incidence (%) are shown for Raspberry leaf mottle virus 
(RLMV) and Raspberry latent virus (RpLV). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Age RLMV (%) RpLV (%)
1 4 0
1 30 0
1 10 0
2 58 21
2 0 0
2 0 0
2 6.25 0
2 16 0
3 31 6
3 6.25 0
3 12.5 0
3 50 0
4 18.75 6.25
4 12.5 0
5 68.75 0
5 90 80
5 100 75
5 43.5 6.25
5 100 17
6 70 25
6 100 6.25
6 100 12
7 100 6.25
8 100 45.5

Northern Washington
Age RLMV (%) RpLV (%)

1 0 0
5 40 20
6 0 20
7 8 17
8 19 0
8 27 0

Southern Washington/Oregon
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Table 5.2. Incidence of Raspberry bushy dwarf virus (RBDV), Raspberry leaf mottle 
virus (RLMV) and Raspberry latent virus (RpLV), in red raspberry (Rubus idaeus) 
fields showing severe crumbly fruit in Northern Washington. Crumbly fruit severity 
was arbitrarily graded as follows: 0 = normal; 3 = severe.  

Field 
Age 

 

Crumbliness 
0: normal  
3: severe 

Virus incidence 
% 

 0  1  2  3  RBDV RpLV RLMV 

4 1 44 0 25 

4 3 100 0 100 

4 3 93 7 100 

5 3 100 40 100 

7 3 92 40 96 
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Figure 5.1. Least Square Means for the interaction Treatment*Time with 95% 
Confidence Intervals. The X axis shows the times at which each measurement was 
taken: 1= Sept. of 2010; 2= May of  2011 and 3= Sept. of 2011.The legend at the 
bottom indicates the line representing each treatment for both parameters cane height 
(a) and cane diameter (b). Treatments (virus infections) are represented by the 
following letters: D = Raspberry bushy dwarf virus (RBDV), M= Raspberry leaf 
mottle virus (RLMV), L= Raspberry latent virus (RpLV), H= Healthy control. Two or 
more letters together denote a treatment with a virus combination. 



                                                                                                                                                                                                                                                          

 

Figure 5.2. Least Square Means (LSM) with 95% Confidence Intervals. Red raspberry (Rubus idaeus L.) fruit. a) Weight. b) 
Firmness. c) Number of drupelets per berry. Harvest time did not show an effect on Weight (a) and Firmness (b), whereas 
number of drupelets (c) was affected by harvest time. Accordingly, the graph shows the LSM values for the interaction 
Treatment*Harvest-time. Harvest 1(July 13th) and Harvest 2 (July 21st). Treatments (virus infections) are represented by the 
following letters: D = Raspberry bushy dwarf virus (RBDV), M= Raspberry leaf mottle virus (RLMV), L= Raspberry latent 
virus (RpLV), H= Healthy control. Two or more letters together denote a treatment with a virus combination. Arrow shows 
severely affected plant (Treatment RBDV – RpLV) with reduced number of drupelets. 105 
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Figure 5.3. Increase in titer of Raspberry bushy dwarf virus (RBDV) in mixed 
infections with Raspberry leaf mottle virus (RLMV). a) Quantitative qRT-PCR 
amplification of plants in single and mixed infections. Arrows indicate Ct values (Ct: 
cycle at which the amplification reaches a pre-determined threshold) for RBDV alone 
and in double infection with RLMV. The amplification of the endogenous control 
(ndhB) is also shown. The basic calculation of increase-fold applying the Pafaffl 
formula is shown, where E = amplification efficiency of a given qRT-PCR assay, ΔCt 
defines the difference in Ct values observed in the two treatments (RBDV alone and 
RBDV-RLMV). b) ELISA (left panel) and conventional RT-PCR (right panel) show, 
qualitatively, the increased accumulation of RBDV in presence of RLMV. D = RBDV 
alone; DM = RBDV and RLMV. 
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Figure 5.4. Virus titers throughout the season in ‘Meeker’ red raspberry (Rubus 
idaeus L.) . Relative Quatification values (RQ) are  plotted on the ‘Y’ axis. RQ values 
for the three viruses: Raspberry bushy dwarf virus (RBDV), Raspberry leaf mottle 
virus (RLMV) and Raspberry latent virus (RpLV) are shown. 
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Figure 5.5. Plant growth and severity of crumbly fruit in ‘Meeker’ red raspberry 
(Rubus idaeus L.) across treatments with more significant affect. Treatments including 
combinations of Raspberry bushy dwarf virus RBDV), Raspberry leaf mottle virus 
(RLMV) and Raspberry latent virus (RpLV), along with the virus-free control are 
shown. 
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Chapter 6: 

 

Conclusions 

 

Diego F. Quito-Avila 
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More than 40 viruses have been reported to infect Rubus in different parts of the world 

(Martin et al., 2011; Martin and Tzanetakis, 2005). Many of these viruses do not cause 

visible symptoms when present in single infections. However, in combination with 

other viruses the expression of symptoms may be increased dramatically sometimes 

with serious pathological consequences (Niblett and Claflin 1978; Scheets 1998). 

Several studies have demonstrated that two or more viruses, usually unrelated, may 

interact at different levels in the host resulting in synergisms that allow at least one of 

the viruses to increase the ability to infect the plant (Barker 1987; Cooper et al., 1996; 

Dasgupta et al., 2001; Choi et al., 2002; Latham and Wilson, 2007; Wintermantel et 

al., 2008).   

At least three cases have been reported in Rubus, where virus complexes result in 

increased severity of diseases. Blackberry yellow vein disease (BYVD), initially 

thought to be caused by the crinivirus Blackberry yellow vein associated virus 

(BYVaV), was found to be the result of an interaction involving BYVaV and 

Blackberry virus Y (BVY) (Susaimuthu et al., 2008). Recent findings, however, 

suggest that there may be more viruses involved in this complex (Tzanetakis, 

unpublished). Raspberry mosaic disease (RMD) and Black raspberry decline (BRD) 

are two other examples of disorders caused by virus complexes. RMD was first 

reported in the 1920s and is likely caused by combinations of at least three viruses 

including Black raspberry necrosis virus (BRNV), genus Sadwavirus, Rubus yellow 

net virus (RYNV), genus Badnavirus and RLMV (Halgren et al., 2007; Tzanetakis et 

al., 2007; McGavin and MacFarlane, 2010). BRD has become a serious problem in 

black raspberry in Oregon. Although the disease is attributed to a viral complex, 

BRNV has been hypothesized to play a major role in the severity of symptoms 

(Halgren et al., 2007). 

In recent years, the red raspberry industry in the Pacific Northwest (PNW) (Oregon 

and Washington, U.S and British Columbia, Canada) has faced a serious problem. 

Raspberry crumbly fruit, caused by Raspberry bushy dwarf virus (RBDV), has 



                                                                                                                                     111                                  

produced significant economic losses to growers, especially in northern Washington, 

where more than 90% of the nation’s processed fruit is produced (Geisler, 2011). The 

disease has particularly high impact on ‘Meeker’, the most extensively grown cultivar 

in the PNW. The severity of crumbly fruit has increased considerably in northern 

Washington compared to southern Washington and Oregon (Martin, personal 

communication). The presence of two highly common viruses, Raspberry leaf mottle 

virus (RLMV) and Raspberry latent virus (RpLV), in northern Washington, suggested 

the existence of a new complex involving RBDV, RLMV and RpLV responsible for 

the increased severity of crumbly fruit.  

Despite being isolated as early as 1989, RpLV genetic and biological characterization 

was very limited (Jelkmann et al., 1989). The analysis and sequencing of the complete 

genome of RpLV (Chapter 2) revealed that the virus is indeed a novel member of the 

family Reoviridae. The examination of the polymerase gene, the most conserved 

among reoviruses, indicated that RpLV was closest to Rice ragged stunt virus 

(RRSV), the type member of the genus Oryzavirus. However, the conserved genomic 

terminals of RpLV did not share homology with those of RRSV or any other plant 

reovirus. Because the terminal nucleotides in reoviruses are conserved across members 

of the same genus, RpLV was hypothesized to be a member of a new genus in the 

plant Reoviridae. Furthermore, in Chapter 4, it was shown that RpLV is transmitted by 

the large raspberry aphid Amphorophora agathonica and not by leafhoppers as is the 

case for all plant reoviruses reported thus far. Therefore, this finding supported the 

creation of a new genus in the Reoviridae to include reoviruses containing the terminal 

nucleotides 5'-AGUU and GAAUAC-3' that are transmitted by aphids. 

The survey conducted in multiple commercial raspberry fields in northern Washington 

State revealed a high incidence of RLMV, where 5- year-old plantings range from 50 

to 100% infection. Fields showing severe crumbly fruit were infected with the three 

viruses at incidence as high as 100% for RBDV and RLMV and 40% for RpLV. 
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The development of Real-Time-RT-PCR assays for the detection and quantification of 

RBDV, RLMV and RpLV, revealed a synergistic interaction between RBDV and 

RLMV (Chapter 3 and Chapter 5). The titer of RBDV in mixed infections with RLMV 

was increased ~ 400-fold compared to the titer in single infections. The Real-Time-

RT-PCR assays were developed from conserved stretches of the polymerase gene of 

each virus to increase the chances to detect different isolates of the viruses.  

Additionally, sensitivity experiments, described in Chapter 3, showed that the Real-

Time-RT-PCR assays are highly sensitive compared to conventional detection 

methods, providing a new alternative to detect RBDV and RLMV from plants 

containing virus in low titers.  

Plants infected with each virus alone (RBDV, RLMV or RpLV) or in combinations 

were evaluated for growth and fruit crumbliness under field conditions. The results 

indicated that plants infected with the three viruses together and the combination 

RBDV-RpLV showed the lowest values for berry weight, firmness and number of 

drupelets. In addition, plant growth was reduced in treatments co-infected with RBDV 

and RLMV up to 76% compared to the virus-free control. The reduction in cane 

growth was more prominent during the establishment year probably due to 

physiological effects caused by virus infections during plant stress to additional 

factors, in this case, environmental factors associated with adaptation to field 

conditions.  

 

From a management standpoint, the results obtained from this study open a new 

possibility to reduce the severity of the crumbly fruit disorder in the PNW. The pollen-

borne-nature of RBDV makes it almost impossible to implement control strategies 

once the virus is established in a field. Since RLMV and RpLV are transmitted by 

aphids, they represent the manageable part of the complex. Furthermore, it was shown 

in Chapter 4 that the efficiency at which RpLV is transmitted by A. agathonia is 

extraordinarily low. Accordingly, an efficient aphid control strategy that targets the 

insect at the most critical moment during the growing season would reduce 
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significantly the incidence of both viruses. Aphid phenology studies are underway to 

determine the most effective time for cotrolling aphids with the least environmental 

and economic impact. In virus complexes responsible for severe diseases in plants, the 

search for the “weakest link”, (e.g. the most critical virus yet easiest to control) 

appears to be the most feasible approach. In this case, RpLV, inefficiently transmitted 

by the aphid A. agathonica, showed to have a significant effect on fruit firmness and 

crumbliness. Therefore, an adequate control of aphids should reduce the spread of 

RpLV and consequently crumbly fruit.  
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Supplemental Table S 2.1. Conserved nucleotide binding (NTP) motifs across turreted reoviruses. Amino acids (aa) in red 
denote conservation in all the sequences. Shaded letters denote aa conserved in at least four of the nine sequences compared in 
this table. Gray shade for highly hydrophobic aa and turquoise shade for less hydrophobic aa. Viruses: mORV2, Mammalian 
orthoreovirus 2; GCRV, Grass carp reovirus; RpLV, Raspberry latent virus; ApRV, Aedes pseudoscutellaris reovirus; 
HaCPV5, Heliothis armigera cypovirus 5; MRCV, Mal del rio cuarto virus; RArV, Rosellinia necatrix antirot virus; CTFV, 
Colorado tick fever virus; RRSV, Rice ragged stunt virus. (This table was modified after Nibert & Kim, 2004). 

 

Genus Virus Accession 
number 

Conserved  
motif A 

Conserved 
motif B 

Protein Protein 
size 
(aa) 

Orthoreovirus mORV2 ABD83954 AVLPKGSFKSTIMRVL VDSDEVGEQM µ2 736 
Aquareovirus GCRV AAM92736 LTLPKGSYKSTIIDTL IDSDALGDSL VP5 728 
Unclassified RpLV HQ012660 VCAPKGSMKSTLTKRM VDSDAWGKWL VP8 601 
Dinovernavirus APRV YP_443940 IIGQKGSGKSMLMKLI IDSDAYGKWR VP6 540 
Cypovirus HaCPV5 YP_001883315 LIGNKGSGKTTATKRM IDSDAPGRWM VP7 565 
Fijivirus MRCV YP_956843 VIGNKGVGKTEIGRMM IDSDDYGRFL P-S8 591 
Mycoreovirus RArV YP_392469 MVGKKNSGKGMIGKLI IDSDDYGRVL P6 634 
Coltivirus CTFV NP_690899 LLGRKGGGKSRLSKIF LDSDTYGKVL VP10 605 

Oryzavirus RRSV NP_620540 LIGPKASSKSFVTRQL VDSDAFGKWV Pns7 608 
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Supplemental Table S 2.2. Comparison of conserved terminal sequences across reoviruses from different genera. Bolded 
letters indicate identical nucleotides in at least three virus species. Viruses: RpLV, Raspberry latent virus; ApRV, Aedes 
pseudoscutellaris reovirus; BmCPV1,  Bombyx mori cypovirus 1; NlRV, Nilaparvata lugens reovirus; BTV, Blue tongue 
virus; LNV,  Liao ning virus; AQRV-A, Aquareovirus A; MRV, Mammalian orthoreovirus; RRSV, Rice ragged stunt virus; 
MpRV, Micromonas pusilla reovirus; WTV, Wound tumor virus. H: A/U/C, N: A/U/C/G.  

Virus                 Consensus Sequence 

Genus/species          5’ end       3’ end 

Unclassified/RpLV AGUu/a      a/uUAC 

Dinovernavirus/ApRV AGUU       a/uAGU 

Cypovirus/BmCPV1 AGUA AGCC 

Fijivirus/NlRV AGUH UGUC 

Orbivirus/BTV -GUUAA UUAC 

Seadornavirus/LNV -GUUAU c/uGAC 

Aquareovirus/AQRV-A -GUUUU CAUC 

Orthoreovirus/MRV -GCUAN CAUC 

Oryzavirus/RRSV -GAUAA GUGC 

Mimoreovirus/MpRV -GAAGA AGUC 

Phytoreovirus/WTV -GGUAU          UGAU 
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Supplemental Table S 2.3. GenBank accession numbers for virus species used in the 

phylogenetic analysis. 
 

Virus name Acronym GenBank Acc. Number 

Raspberry latent virus RpLV HQ012655 

Rice ragged stunt virus RRSV NP_620541 

Heliothis armigera cypovirus 5 HaCPV-5 YP_001883321 

Bombyx mori cypovirus 1 BmCPV1 AAR88092 

Operophtera brumata cypovirus ObRV ABB17221 

Aedes pseudoscutellaris reovirus ApRV YP_443936 

Rice black streaked dwarf virus RBSDV NP_620452 

Mal del rio cuarto virus MRCV AAO73182 

Nilaparvata lugens reovirus NLRV BAA08542 

Cryphonectria parasitica mycoreovirus-1 CpRV-1 AAP45577 

Rosellinia anti-rot virus RARV BAC98431 

Colorado tick fever virus CTFV NP_690891 

Eyach virus EYAV AAM18342 

Grass carp reovirus GCRV AAG10436 

Atlantic salmon reovirus AtSRV-TS ABO32573 

Avian orthoreovirus ARV ABF82230 

Mammalian orthoreovirus 4 MRV-4 AAL36027 

Rice dwarf virus RDV NP_620544 

Homalodisca vitripennis reovirus HvRV YP_002790884 

Blue tongue virus BTV ADD62087 

African horse sickness virus AHSV AAC40586 
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Supplemental Table S 2.3. GenBank accession numbers for virus species used in the 

phylogenetic analysis (continued). 
 

Virus name Acronym GenBank Acc. Number 

St Croix river virus SCRV AAG34363 

Human rotavirus HuRV ACV73799 

Simian rotavirus SiRV P22678 

Micromonas pusilla reovirus MpRV YP_654545 

Banna virus BAV NP_694469 

Kadipiro virus KDV NP_694468 

Eriocheir sinensis reovirus EsRV905 AAT11887 



                                                                                                                                                                                                                                                                     

Supplemental Figure S 2.3. Predicted secondary structures of terminal regions of Raspberry latent virus (RpLV). dG 
indicates the lowest energy (kcal/mol) required for the formation of such structures in each genomic segment (S). 
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Supplemental Figure S 2.4. Amino acid (aa) alignment of the polymerase sequence. 
a) Most conserved regions (shaded areas) of Raspberry latent virus (RpLV, aa: 420-
796) and Rice ragged stunt virus (RRSV, aa: 438-808). b) Multiple sequence 
alignment using the full aa sequence of RpLV, RRSV, Heliothis armigera cypovirus 5 
(HaCPV5), and Aedes pseudoscutellaris reovirus (ApRV). Shaded areas denote aa that 
are identical in at least three of the four viruses used in the alignment. 
 

a) 

RpLV            FLTSSSSGRDFQPEILISYSQVVQKVIRSRVFAAGIESETYYSLEDLEHLARQPSKLVGR 
RRSV            FLTSSSSGKDFEDAAIATMTRTIQRVAKKRIVAAGLESRSYLNQQFIADECLAAAKLVGR 
 
RpLV            DQISRRQRAVAGVNNGGTLLGFPALRILEAMLKQTKHASSGKQTGTFLDLLKPLSCFSSD 
RRSV            TQIGRRQRAIAGVNNTRSLLGFPPMLMLKALLDMTGTTSSGKQMGNYLDLLIPLGLSPYA 
 
RpLV            YFCFNSSDVEGMDASVQANVQQMMWNFVLRVASKLPRTKYFAYNYGETQVTKYEYAPNGV 
RRSV            NVIFNSADVDAMDASVQASVQQIMWHFVVYIALQLERTDYFAFTSGDEVIYELVEGKDSV 
 
RpLV            VPINVFHMLKQVTGLELACARASTSLQPQNCQIKDDILGIISTREPTFPSGLPFTGAHHS 
RRSV            ATS------IHMSGLARSCLRAMHLLQPQNCVLNDDIVGELVTREPTFPSGQPFTTVHHT 
 
RpLV            FTLISAAQADKWMEERAGGYSSTQIFHEVQGDDELFIYHGLEKQVEGDIVKDMNATRRWG 
RRSV            FTLSNAIMGGTLRVTNLTNQPSTLLNLTVQGDDTRTINYGPKGCIEKCIDDQSSFVSDWG 
 
RpLV            FSVDPETSKNTCEFLQQRVALGRFIGYPDRVSLFTAERPREGKSIKEKMSEIVGLGTDLG 
RRSV            FKVSNETSSHTSEYLQQRVSCGTFVGYPDRVSLFAAERPKEGKTMKEKMSEIWSLVTDLG 
 
 
RpLV            PRSRNPQGLVRLYYAIG 
RRSV            CRSRDPQRLVRLMYAIG 

 

b) 
 
RpLV            DKFTKKEEIPVG------LQVVRHMITRSVYQSRISSIWRQLLSVKLACEARAGARESKD 166 
RRSV            RKITLTRKLSIATQSDLDLIILKKLTTQSNCQSRVSSIWRQCVAACLAFEPQIQNNNSTQ 175 
HaCPV5          NELDIR------------YQIIKNMLEFKQCQSRLSNIWRQVAGVVLTFDTIYGEENIFR 148 
ApRV            DELGMH------------YNMIRDLISMS-SQTRYSNIWSNISGIIMYLRQYKRG----- 160 
 
RpLV            P------ISRCIATLLERHLHPPFWESKKEVHWLK-IKTLSILPLLLHAVANLGTQLLVD 219 
RRSV            SPNLNNLVKRMFATLLKPIGRLPFYERRRNFVWEEEVSCPTILPLLLYSIQNLVTQFCAG 235 
HaCPV5          G--ILAKILKDLDPEYDSKSYPFYEDRIMGRIIFQRFKIPSIMPLLIYALCHLGANFIMG 206 
ApRV            -----FALRSILIRLLTYWNNFPFFDTWDG-FKDVLPKTSTAWPLLFYAFMSVAFDYICE 214 
 
RpLV            NLTEMEVLLCFQIYLQMARRQYQDTKLSMQKKIRSWLREGLQSLGVVKVPRWSPGGMLAE 279 
RRSV            VINRMEMILAFQYYLDCGVTAYQDEKLRLQKLIRNWLREGLAKFSKIAMPNWTVSGVISC 295 
HaCPV5          -LDEDEFIMCMNNYLYMAKESYQDEKLRVKSAARNWLNEALDNLGQTWSPIWTPDMCIMG 266 
ApRV            NISEGDAIVCFQNHLENAQISYQDTKLEKKNGYTLWLKYECHNLRVALTPRYDYTGTVYG 274 
 
 
RpLV            TRMYMTREYPSTQEAMDKARKTREEILLPLINQYIRECLLRVRDVQLMLNSWIVTRIMSN 339 
RRSV            TTVKPIMITTHEAREIKSAREAREASVPTYLLQYINHAIHKAISPYQTHQYWQATRVFAN 355 
HaCPV5          YRKKNTREYSVVRKLFEKSRKERKDKLSKELNAYIDDKIRNAKSQKEITRAYVVTRIATN 326 
ApRV            NFLKDTTEYIITDEFEENEIKMKN-ILNPSFYKILQQLRREIKTVEDIIRLLTICYSARD 333 
 
RpLV            DGTYFASQPALTLDKAVKPKLCSTIT--PALRPVIMLGDSITLEADPIPNSPFARAISFT 397 
RRSV            DGTYFASVAALTLNKAVRPRIEETTVKYPNSRYLTMNKEHIAVSLPNETDTNFGLACQFV 415 
HaCPV5          DGTYYKTATALSLKKAVEPTIRQRVVPAPTVTEKTSDG---VLRQVYEEGSLFEEILDYL 383 
ApRV            DRTYYGTLMELAISKAIKPQVAGSIVPKPIPTSWLQKDPKIVLSAKYPSTSFLSQMQEFY 393 
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Supplemental Figure S 2.4. Amino acid (aa) alignment of the polymerase sequence 
(continued). 

 
RpLV            DRYVETTVQRLQGTNWEESFIQFLTSSSSGRDFQPEILIS-------YSQVVQKVIRSRV 450 
RRSV            KQFIPRLVTRLKNTNFQEEFIAFLTSSSSGKDFEDAAIAT-------MTRTIQRVAKKRI 468 
HaCPV5          LAYKEKTLSTLNNVRLDDEYLDILKMTSAGVKLDEEEHN---------DKVMAILSKKRI 434 
ApRV            RRYYPALQREIDVHALSASFINFLSTASAGVGIELPEEIINMVKDKRLLYLLKKGSGKRV 453 
 
RpLV            FAAGIESETYYSLEDLEHLARQPSKLVGRDQISRRQRAVAGVNNGGTLLGFPALRILEAM 510 
RRSV            VAAGLESRSYLNQQFIADECLAAAKLVGRTQIGRRQRAIAGVNNTRSLLGFPPMLMLKAL 528 
HaCPV5          PRAAIDSANYRNLEQFIERLQAPIFAVERQQIDRRQRMIAGINNEALLGSMASYLILTSM 494 
ApRV            LQEALLVERYNDLDPIINDFVRLIKIVVRKQIERRQRGIAGIPNNVLKINQVTYEANKPF 513 
 
RpLV            LKQTKHASSGKQTGTFLDLLKPLSCFSSDYF--------------CFNSSDVEGMDASVQ 556 
RRSV            LDMTGTTSSGKQMGNYLDLLIPLGLSPYANV--------------IFNSADVDAMDASVQ 574 
HaCPV5          FKYMSAAAQGKQSGSALDIADMLEYTSLLDC--------------ILSSMDVKGMDAAIQ 540 
ApRV            SKIARAPSHGKQSGNASDIHDLLFYTTQEDVSHIEVNGKRQMRGIVISSADVKGMDTHIQ 573 
 
RpLV            ANVQQMMWNFVLRVASKLPRTKYFAYNYGETQVTKYEYAPNGVVPINVFHMLKQVTGLEL 616 
RRSV            ASVQQIMWHFVVYIALQLERTDYFAFTSGDEVIYELVEGKDSVATS------IHMSGLAR 628 
HaCPV5          PTTRDVIHTFELEIARLSRHVSAGPFKEKWSKVIDSKGNTLSESTY--------MSALLQ 592 
ApRV            INAAMNQHLGAIEILDGIQ-YDVGPFRQTRAVIQDIQGNVYERNLN-----------GGQ 621 
 
RpLV            ACARASTSLQPQNCQIKDDILGIISTREPTFPSGLPFTGAHHSFTLISAAQADKWMEERA 676 
RRSV            SCLRAMHLLQPQNCVLNDDIVGELVTREPTFPSGQPFTTVHHTFTLSNAIMGGTLRVTNL 688 
HaCPV5          LLMIERHNTQT-AVTYVDPVFGEIVNAEGTFSSGRADTSAHHTALLPGIIRGMESMCS-- 649 
ApRV            QAIAFGLANFSQTTGINSKYFGQIPNQEGTFPSGLITTSNHHTQMLTLLIETAATTFTNE 681 
 
RpLV            GGYSSTQIFHEVQGDDELFIYHGLEKQVEGDIVKDMNATRRWGFSVDPETSKNTCEFLQQ 736 
RRSV            TNQPSTLLNLTVQGDDTRTINYGPKGCIEKCIDDQSSFVSDWGFKVSNETSSHTSEYLQQ 748 
HaCPV5          GERPSCRAMVRAMGDDANIIYSGNEEIMVANIEDDKKAMNELGFDIDEELSRSSMVFLQQ 709 
ApRV            FGKSIAIAHLMILGDDVSLMLHGNDKDVNFFMKYLVEKFSQLGLILERDESRNFGVFLQQ 741 
 
RpLV            RVALGRFIGYPDRVSLFTAERPREGKSIKEKMSEIVGLGTDLGPRSRNPQGLVRLYYAIG 796 
RRSV            RVSCGTFVGYPDRVSLFAAERPKEGKTMKEKMSEIWSLVTDLGCRSRDPQRLVRLMYAIG 808 
HaCPV5          QCVNGCFIGYPDRIGIFAKEHSNEVTSIFQSVQELRALSDDLCWRIRNTRGLKLLMTFLG 769 
ApRV            HVINGRFNGFSNRIAIFTSEDYKTRKSVQESCTEYNALIDDVIFRTYNVRKLLQFQRIHQ 801 



 

Supplemental Figure S 5.1. Primocane growth at the end of establishment year (Oct. 2010). Letters (a, b, c, d) inside the bars 
denote statistical differences as determined by Fisher’s Least Significant Difference LSD (α < 0.05). The X axis shows the 
treatments (virus infections) represented by the following letters: D = Raspberry bushy dwarf virus (RBDV), M= Raspberry 
leaf mottle virus (RLMV), L= Raspberry latent virus (RpLV), H= Healthy control. Two or more letters together denote a 
treatment with a virus combination.  
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Supplemental Figure S 5.2. Primocane growth at the end of the second year (Oct. 2011). Letters (a, b, c, d) inside the bars 
denote statistical differences as determined by Fisher’s Least Significant Difference LSD (α < 0.05). The X axis shows the 
treatments (virus infections) represented by the following letters: D = Raspberry bushy dwarf virus (RBDV), M= Raspberry 
leaf mottle virus (RLMV), L= Raspberry latent virus (RpLV), H= Healthy control. Two or more letters together denote a 
treatment with a virus combination.  
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Supplemental Figure S 5.3. Fisher’s Least Significant Difference LSD (α < 0.05) for 
fruit parameters in Red raspberry (Rubus idaeus L.). Letters (a, b, c, d) inside the bars 
denote statistical differences across treatments. The X axis shows the treatments (virus 
infections) represented by the following letters: D = Raspberry bushy dwarf virus 
(RBDV), M= Raspberry leaf mottle virus (RLMV), L= Raspberry latent virus 
(RpLV), H= Healthy control. Two or more letters together denote a treatment with a 
virus combination. 
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