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Raspberry bushy dwarf virus (RBDV) is the sole member of the idaeovirus genus 

of plant viruses. It is a pollen-borne virus that economically impacts both red and black 

raspberries worldwide. Three strains of the bipartite RBDV have been reported. The 

common strain found in North America, South America, Australia, New Zealand and 

Europe and the resistance breaking strain found only in Europe are serologically 

indistinguishable while the black raspberry strain from North America is distinct. 

Resistance to RBDV is conferred by a single dominant gene, Bu. The resistance 

breaking strain is able to infect all raspberry cultivars containing the Bu loci. The 

sequence of a full-length clone of the common strain was determined and compared to 

the previously published sequence of the resistance breaking strain. Nucleotide 

homology between the two isolates was 97.6% for RNA 1 and 97.6% for RNA 2. 

Comparison of the predicted RNA 1 protein product of the two strains showed 97.9% 

homology. The predicted amino acid sequence of the movement protein and the coat 

protein from RNA 2 demonstrated 98.6% and 98.5% identity respectively. 

The differential rate of virus spread under field conditions in the Pacific 

Northwest was also investigated. The possibility of higher temperatures inhibiting virus-

infected pollen was explored by using in vitro germination and enzymatic staining 
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procedures. Results from a two year study of virus-infected and virus-free raspberry 

pollen viability from both the Oregon and southern Washington region and the northern 

Washington and southern British Columbia region suggest temperature does not affect 

pollen germination or viability. 

Further studies were conducted to determine if a virus-degrading agent could be 

present on bee-stored raspberry pollen that becomes active only at higher temperatures. 

RBDV infected pollen from hives in northern Washington was collected and tested by 

ELISA after receiving either no heating or 32 hours of heating at 20, 30 or 40 C. 

Preliminary results indicate no such agent exists in red raspberry pollen from hives in the 

Pacific Northwest. 
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Sequence Determination and Regional Epidemiology 
of Raspberry Bushy Dwarf Virus (RBDV) 

Chapter 1: Introduction 

According to Matthews (1991), "a knowledge of the ways in which a virus 

maintains itself and spreads in the field is usually essential for the development of 

satisfactory control measures." This is important information for both growers and 

scientists to consider when dealing with any virus including raspberry bushy dwarf virus 

(RBDV). No satisfactory control measures have been developed for this disease due in a 

large part to the lack of knowledge about the mechanisms of RBDV spread between and 

within fields. As a result, this virus is causing great economic losses to many raspberry 

producing regions throughout the world, including the Pacific Northwest. 

RBDV impacts economically two important crops in the Pacific Northwest, red 

raspberries (Rubus idaeus L.) and black raspberries (Rubus occidentalis L.), but has not 

always been a problem in this region. The primary red raspberry cultivar grown in the 

Pacific Northwest prior to 1980 was 'Willamette' which is resistant to RBDV. Then in 

the early 1980's a new cultivar, 'Meeker' gained popularity because of its lighter fruit 

color, higher yield and increased resistance to root rot. Unfortunately, 'Meeker' is also 

susceptible to RBDV (Daubeny et al., 1982; Martin 1998). To compound the problem, 

the acreage of red raspberry in production in the Fraser River Valley of northern 

Washington and southern British Columbia increased substantially during the first half of 

the 1990's because of the civil war in the former Yugoslavia. Prior to the war, 
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Yugoslavia was the world's leading producer of red raspberries supplying all of Europe 

and Asia. Their production stopped when the war broke out placing a high demand on 

raspberries from the other production areas. As result of the increased price growers in 

this region could receive for their berries, the number of acres in production increased 

dramatically and all of the new acreage was planted with the susceptible 'Meeker' 

cultivar. 

RBDV is not only a horticultural problem in the Pacific Northwest, but also an 

economic one. The presence of RBDV in a red raspberry field results in the needto 

replant approximately every five years instead of the average 18 years for fields not 

affected by RBDV. Replanting costs around $3500 per acre and fields are out of 

production about 1.5 years each time they are replanted. Moreover, healthy red 

raspberries can be sold in the fresh market or as IQF (individually quick frozen) fruit 

which yields around $1.00 per pound, while RBDV infected fruit, which is crumbly, can 

only be sold to the juice or jam market at prices of $0.25-$0.28 per pound (1998 prices). 

If an average yield of red raspberries is five tons per acre per year then these accumulated 

costs add up to the grower losing about $1000 per acre per year. Based on these 

economic losses it is obvious that RBDV is a substantial problem facing the raspberry 

industry in the Pacific Northwest. 

In the mid 1990's some growers began to notice a decrease in both yield and 

quality of their Meeker fields. After some examination and testing by local researchers 

the cause was determined to be RBDV. With further research an interesting phenomenon 

in the distribution, incidence and spread of the virus was observed. RBDV has a high 

incidence and spreads very quickly through red raspberry fields in theFraser Valley. It 

http:0.25-$0.28
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also spreads quickly through black raspberry fields in the Willamette Valley of Oregon. 

In red raspberry fields in the Willamette Valley, RBDV spreads very slowly and has a 

low level of incidence (Martin 1998) as illustrated in Figures 1 and 2. The cause of the 

differential rates of movement is unknown but somehow the virus is being stimulated to 

spread in some areas or restricted from spreading in others. An understanding of how the 

virus is transmitted from plant to plant and how it enters and moves through a plant 

should lead to the development of suitable control methods. 

There are some possible explanations to consider that may account for the 

differential rates of movement. In both red and black raspberries in Oregon and in red 

raspberries in the Fraser Valley, the honeybee (Apis mellifera) is used for pollination 

(Berry Production Guide, 1996) so this is probably not a factor in the differential 

movement. Temperature differences do exist however between the Willamette Valley 

and the Fraser Valley so temperature could play a role. The first part of this study deals 

with the variable of temperature and its effect on virus infected pollen. Pollen samples 

from infected and uninfected red and black raspberries in the Willamette Valley and from 

infected and uninfected red raspberries in the Fraser Valley were collected and the 

viability of the pollen was determined at various temperature levels by in vitro 

germination. The viability was further tested by the use of enzymatic staining methods. 

The second aspect of this study focuses on a molecular characterization of the 

type strain of RBDV. To do this a full-length clone of RBDV was created and 

sequenced. This sequence was compared with the previously published sequence for the 

resistance-breaking strain of RBDV. In order to examine the movement of RBDV from 

infected pollen into the developing seed and into the mother plant during pollination, the 
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Figure 1. RBDV incidence in the Pacific Northwest 

Location and Crop 

Red Raspberry 

Oregon and Southern Washington 

Whatcom Co. and Fraser Valley of British Columbia 

RBDV Incidence* 

9/55 

38/45 

Black Raspberry 

Willamette Valley in Oregon 7/10 

a. Number of fields positive for RBDV over total fields tested 

Figure 2. RBDV infection in red raspberry fields 

Location 

Northern Washington 
Field 1 
Field 2 
Field 3 

Oregon 
Field 1 
Field 2 
Field 3 

RBDV Infection 

1996 1998 
0/72a 49/88 
0/72 15/88 
2/72 73/88 

1996 1998 
4/72 4/72 
0/72 0/72 
5/72 4/72 

Year Planted 

1995 
1996 
1994 

1984 
1989 
1986 

a. Number of RBDV positive fields over total fields tested 
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green fluorescent protein (GFP) was fused to the movement protein of the virus clone. In 

the future indicator plants such as Chenopodium quinoa can be inoculated with the 

modified RBDV and movement of the virus into the plant can be visualized. 
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Chapter 2: Literature Review 

Raspberry Bushy Dwarf Virus 

Raspberry bushy dwarf virus is a positive-sense, single-stranded RNA virus 

(Murant et al., 1986) with 33 nanometer quasi-isometric particles (Barnett and Murant, 

1970). Transmission of the virus occurs naturally through infected seed and pollen 

(Murant et al, 1974) with RBDV particles being located both on and in pollen grains 

(Bulger et al., 1990) The virus can also be transmitted via mechanical methods (Barnett 

and Murant, 1970). To date no vectors have been implicated in transmitting RBDV 

(Converse, 1991). In 1990 Bulger et al. attempted to transmit RBDV using onion thrips 

(Thrips tabaci) but were unable to achieve any transmission. Aphid resistant cultivars of 

R. idaeus readily become infected with RBDV, thereby eliminating aphids as vectors for 

this virus (Daubeny et al., 1982). The virus consists of a bipartite genome, illustrated in 

Figure 3, with three RNA species termed RNA 1, RNA 2, and RNA 3 (Mayo et al., 

1991). RNA 1 is 5449 nucleotides in length and contains one long open reading frame 

encoding a single, 190 kilodalton protein that functions as the viral polymerase (Ziegler 

et al., 1992). RNA 2 is 2231 nucleotides long and is bicistronic containing two open 

reading frames. The 5' open reading frame is 1074 nucleotides and encodes the putative 

39 kilodalton movement protein. The 3' open reading frame is 822 base pairs in length 

and contains the information for coding the coat protein. The third RNA species is a 

subgenomic of RNA 2. RNA 3 encodes the 30 kilodalton viral coat protein (Natsuaki et 

al., 1991). 
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Figure 3. Genome organization of RBDV 

ORF I 

RNA I methytransferase helicase polymerase 

5' cap Replicase 

5449 by 

ORF 2 

RNA 2 
Movement Protein5' cap 

2231 by 

ORF 3 

RNA 3 
Coat Protein5' cap 

946 by 

RBDV has been classified as the sole member of the recently approved idaeovirus 

genus of plant viruses (Murant and Mayo, 1995). The term idaeovirus originates from 

the latin name for red raspberries, Rubus idaeus. The unique genomic organization and 

particle size of RBDV prevent it from being included in genera with other shared 

characteristics. The most closely related viral genera to the idaeovirus group are the 

ilarviruses (type member, tobacco streak virus, illustrated in Figure 4) and the monotypic 

alfamovirus group (AMV). Both RBDV and the ilarviruses have similar sized isometric 

particles, are transmitted by pollen (Ziegler et al., 1993) and have the ability to cause 

both vertical and horizontal transmission (Das and Milbrath, 1961; Converse and Lister, 

1969). Ilarviruses and AMV have a tripartite genomic organization as opposed to the 
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Figure 4. Genome organization of tobacco streak ilarvirus 

ORF I 
RNA I 

methyltransferase 
5' cap helicase 

3491 by 

ORF 2 
RNA 2 

5' cap polymerase 

2926 by 

ORF 3 
RNA 3 

MP 
5' cap 

2205 by 

RNA 4 ORF 4 

5' can 
CP 

1125 by 

bipartite idaeovirus scheme but share many sequence similarities (Francki, 1985). 

However both the ilarvirus and AMV replicase genes are divided into two sections and 

encoded on two different RNA species whereas the idaeovirus replicase is encoded as 

one gene on one RNA species (Ziegler et al., 1992). 

The first observations of RBDV occurred in Britain in 1933 by Harris who 

noticed yellowing of red raspberry foliage (Murant, 1987). Later, in Scotland, Cadman 

(1952) reported similar foliar symptoms as well as stunting and leaf curling symptoms 

which he termed 'bushy dwarf disease' and later, 'symptomless decline.' In the 1960's it 

was found that the disease was transmitted via infected pollen and that diseased plants 
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contained a manually transmissible virus. Through extensive inoculation, grafting and 

serological tests, Barnett and Murant (1970) were able to purify and characterize 

raspberry bushy dwarf virus. This study also revealed that RBDV and loganberry 

degeneration virus are the same virus. In 1982, Jones et al. proved that RBDV is also 

identical to raspberry yellows virus and based on symptoms, properties and hostrange, 

suspect that it is also synonymous with raspberry line pattern virus. 

In addition to infecting the Rosaceae family, RBDV is capable of infecting plants 

from several other families including Amaranthaceae, Chenopodiaceae, Cucurbitaceae, 

Fabaceae and Solanaceae (Barnett and Murant, 1970). Rubus is the primary host of 

RBDV and many species in the genus can be infected by the virus. In addition to its 

originally discovered host, red raspberry (R. idaeus), it has been reported on youngberry 

(R. loganobaccus x R. flagellaris) in South Africa (Kooyman et al., 1982). Kokko, et al. 

(1996) reported arctic bramble (R. articus) as a new host for RBDV in Finland. 

Thimbleberry (R. parviflorus) in the Pacific Northwest has been found to be commonly 

infected with RBDV in the wild (Credi et al., 1986). Black raspberries (R. occidentalis) 

are also a common host for RBDV as are boysenberries (Converse, 1973) and 

loganberries (Barnett and Murant, 1970). Incidences of RBDV on R. idaeus have also 

been found in locations other than North America and western Europe such as 

Yugoslavia (Dulic-Markovic and Rankovic, 1992), Russia (Knight and Barbara, 1981), 

the Czech Republic (Spak et al., 1998), Chile (Hepp, 1998) as well as New Zealand and 

Australia (Murant, 1987). 

RBDV symptoms on red raspberry are actually quite disparate from the original 

characterization of "bushy dwarf', as infected plants of most cultivars are neither bushy 
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nor dwarfed. This misnomer probably stems from the original characterization of the 

virus when it was purified out of plants that were doubly-infected with both RBDV and 

black raspberry necrosis virus (BRNV) (Jones et al., 1982). When infected with RBDV 

alone, plants of many cultivars exhibit no foliar symptoms. Several culitvars develop a 

veinal or general chiorosis on the leaves in addition to the hallmark symptom of crumbly 

fruit (Murant, 1987). 

Detection of RBDV in the field is difficult because of the lack of reliable 

symptoms. There are several methods of detection that can be used in the laboratory to 

identify the virus. The most common method is the serological test ELISA (enzyme 

linked immunosorbent assay). Grafting onto indicator plants such as Cydonia oblonga 

can also be used as can mechanical inoculation of indicator plants such as Chenopodium 

quinoa to test for disease ( Murant, 1987). 

Attempts to eliminate RBDV from infected raspberry plants using heat therapy 

have been largely unsuccessful (Murant et al., 1974; Knight and Barbara, 1981). Some 

success has been made at reducing the virus particle concentration and therefore lowering 

the RBDV ELISA values in red raspberry through meristem tip culture (Lankes, 1995). 

The time and cost of this procedure make it impractical for routine use in elimination of 

RBDV in the field. In vitro chemotherapy treatment using Ribavirin, an antiviral agent, 

to eliminate RBDV has also been researched and results are similar to those from heat 

treatment (Martin unpublished data). 

Resistance to RBDV does exist and is conferred by the presence of a single 

dominant gene, Bu (Jones et al., 1982). In the early 1980's it was noticed that cultivars 

previously thought to be resistant to RBDV had become infected indicating the presence 
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of a second strain of RBDV, the resistance breaking strain (RBDV-RB) (Barbara et al., 

1984). The resistance breaking strain and the common strain are serologically 

indistinguishable and the RB strain can only be identified through graft indexing on Bu 

containing cultivars. The RB strain has so far been confined to Europe with isolates 

being reported in the United Kingdom (Knight and Barbara, 1984), the Czech Republic 

(Spak et al, 1998) and Yugoslavia (Dulic-Markovic and Rankovic, 1992). There have 

been no confirmed reports of the RB strain in North America (Stahler et al., 1995) and it 

is unlikely to be present in New Zealand since grafting tests of local isolates onto 

common strain resistant cultivars have been unsuccessful (Wood, 1995). There were 

reportedly two cultivars considered resistant to the RB strain, liaida' and `Rannaya 

Sladkaya,' but an upcoming paper by Knight shows that these, too, are susceptible when 

grafted. Through segregation studies of the RBDV-RB resistance it was found that a 

field resistance, which is exhibited by Ilaida' and `Rannaya Sladkaya', is heritable and is 

probably conferred through two components. The first component is the resistance gene 

Bu. The second component is not yet characterized but appears to be multigenic 

(Jennings and Jones, 1989). A third isolate of RBDV has been reported in black 

raspberry in North America (Murant and Jones, 1976). This type B isolate differed from 

the common and RB strains only in that it formed spurs in gel-diffusion serological tests 

and was reportedly more difficult to transmit and to maintain in greenhouse plants. 

Otherwise all three strains appear to be identical and no further reports on the black 

raspberry strain have been published. 
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Pollen Transmission 

The first report of virus transmission via pollen came from Reddick and Stewart 

in 1918 (Mandahar, 1981). The current number of known pollen transmissible viruses 

varies from 19 (Mandahar and Gill, 1984) to 37 (Mandahar, 1981). Most of these viruses 

cause vertical transmission from the pollen to the seed; however at least nine of these 

viruses can also cause horizontal transmission and subsequent plant-to-plant spread. 

These nine viruses come from four viral groups: ilarvirus, nepovirus, sobemovirus and 

idaeovirus (Mink, 1993). The method through which horizontal transmission occurs is 

presumably complex and is still unknown. The embryos and mother plant tissues are 

separated by a callose layer which most likely prevents cell-to-cell virus movement 

(Mandahar, 1981). Somehow the virus must escape this barrier to cause infection in the 

mother plant but this remains a mystery. 

Pollen Germination 

There are several variables that can influence pollen germination in plants such as 

temperature, relative humidity, species, cultivar and presence of disease within the plant. 

No studies have been conducted to examine all of these factors simultaneously but there 

are many examples of experiments analyzing one or two variables at a time. 

Several studies have concluded that the pollen from virus-infected plants is 

compromised in some way. Most often the results have shown a decrease in the pollen 

viability (Vertesy, 1976; Childress and Ramsdell, 1986; Pesic, 1988) or the length of the 

germination tubes (Vertesy, 1976; Pesic and Hiruki, 1988). Others have concluded that 

viruses alter the developmental pattern of the pollen grains (Murdock et aL 1976) or their 
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morphology (Haight and Gibbs, 1983). In 1986, Childress and Ramsdell demonstrated 

that pollen from highbush blueberries infected with blueberry leaf mottle virus had 

decreased viability and in vitro germination rates as compared to virus-free pollen. 

The optimal temperature for pollen germination varies from species to species and 

also varies among different cultivars of the same species (Farlow et al., 1979 and Egea et 

al., 1992). Common trends do exist among a wide range of species however, that 

indicate the presence of an inverse relationship between temperature and pollen 

germination percentage (Yates and Sparks, 1989). Kim et al. (1985) also found that in 

filbert (Corylus avellana L.), the pollen germination decreased as the temperature rose 

from 15 to 30 C. 

There are two common methods for determining pollen viability, in vitro 

germination and staining procedures. In vitro germination involves placing the pollen on 

agar amended with a sugar source and various micronutrients or in a suspension with 

similar components and observing germ tube growth. The necessary ingredients required 

in the media vary according to plant species (Demeke and Hughes, 1991) but it is 

generally agreed that sucrose is an essential component for angiosperm pollen 

germination (Brewbaker and Kwack, 1963). After the pollen and media have incubated 

for 2-24 hours depending on species, the germ tubes can be measured and the viability 

determined. A standard protocol used is that pollen tubes longer than the diameter ofthe 

pollen grain are considered viable (Parfitt and Ganeshan, 1989; Hughes and Cox, 1993 

and van der Walt and Littlejohn, 1996). 

While in vitro germination methods typically underestimate pollen viability 

because of difficulties in determining the ideal media or incubation temperature (La Porta 
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and Roselli, 1991), most staining methods overestimate the viability by assuming all 

pollen grains with living cytoplasm are viable and will potentially germinate (Peterson 

and Taber, 1987). Staining methods are usually colorimetric, enzymatic tests that utilize 

enzymes in healthy pollen grain cytoplasm to cleave a substrate and produce a color to 

indicate viability. One of the most common stains used is fluoroscein diacetate which is 

hydrolyzed to fluoroscein by an active esterase in the cytoplasm. The product resulting 

from this fluorochromatic reaction (FCR) is then detectable by fluorescence (Peterson 

and Taber, 1987 and La Porta and Roselli, 1991). In studies testing the viability of sweet 

cherry pollen (Prunus avium L.), La Porta and Roselli (1991) determined that the results 

from in vitro germination are consistent with those from FCR indicating that either could 

be used effectively to determine pollen viability in other plant species. 

Virus Degradation on Bee-Stored Pollen 

An interesting phenomenon was reported by Cole and Mink (1984) of virus 

particles being degraded on some bee-stored pollen. They found that particles of both 

prune dwarf virus and prunus necrotic ringspot virus, pollen-borne ilarviruses, were 

degraded by an agent located on or in bee-stored pollen of almond [Prunus dulcio (Millo) 

D.A. Webb] and sweet cherry (Prunus avium L.). This enzyme-like agent was only 

active at temperatures greater than 30C and after purification of pollen leachates appeared 

to contain one or more proteolytic enzymes and possibly a cofactor or nonproteolytic 

enzyme. A similar mechanism may be at work in the raspberry systems in the Pacific 

Northwest. Bee-stored red raspberry pollen may contain a similar agent that is capable of 
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degrading RBDV particles at higher temperatures which may help to explain the 

differential incidence and rates of movement between the Willamette and Fraser Valleys. 

Green Fluorescent Protein 

The green fluorescent protein or GFP is becoming a widely used tool in molecular 

biology. Extracted from the jellyfish Aequorea victoria, GFP has several biological 

applications. GFP can be used as a noninvasive reporter of viral infection, (a replacement 

for GUS assays) since it does not depend on any cofactors to fluoresce, is stable over 

long periods of time and does not interfere with cell growth or normal cell functions 

(Baulcombe et al., 1995). Another application for the protein is to monitor gene 

expression and protein localization within plant cells (Haseloff and Amos, 1995). Finally 

on a larger scale, GFP is useful in ecological monitoring. As the number of transgenic 

plant field trials increases so does the concern over the spread of transgenes into 

unintended hosts. By marking the transgene with GFP it can be easily tracked in the field 

by using a hand held UV lamp (Leffel et al., 1997). 

Several studies have been carried out in recent years using GFP to monitor viral 

movement in plants. Santa Cruz et al. (1996) created potato virus X (PVX) constructs 

with GFP fused to the coat protein and to the movement protein to allow localization of 

these proteins during the infection process. The sites of viral replication were readily 

seen using confocal microscopy (Oparka et al., 1995). Work has also been done with 

tobacco mosaic virus (TMV) where the coat protein was replaced with the GFP in two 

strains. This replacement does not affect viral movement since previous studies 

demonstrated the coat protein is not necessary for efficient cell to cell movement of the 
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virus. By visualizing the fluorescence exhibited from these two strains, differences in 

pathogenicity and host range could be determined (Chen et al., 1995). The movement 

protein of TMV has also been fused to GFP in work done by Heinlein et al. (1995) and 

Epel et al. (1995). Through this work the localization of the movement protein at the 

plasmodesmata was confirmed and new insight into cooperation between the movement 

protein and microtubules in delivering the protein to the plasmodesmata was uncovered. 



17 

Chapter 3: Sequence Determination and Production 
of RNA 1 and RNA 2 Full-Length Clones 

Abstract 

Raspberry bushy dwarf virus (RBDV) is the sole member of the idaeovirus genus 

of plant viruses. It is a pollen-borne virus that economically impacts both red and black 

raspberries worldwide. Three strains of the bipartite RBDV have been reported. The 

common strain found in North America, South America, Australia, New Zealand and 

Europe and the resistance breaking strain found only in Europe are serologically 

indistinguishable while the black raspberry strain from North America is distinct. 

Resistance in raspberry to RBDV is conferred by a single dominant gene, Bu, 

however, a resistance breaking strain of RBDV exists that is able to infect all raspberry 

cultivars containing the Bu loci. The sequence of a full-length clone of the common 

strain was determined and compared to the previously published sequence of the 

resistance breaking strain. Nucleotide homology between the two isolates was 97.6% for 

RNA 1 and 97.6% for RNA 2. Comparison of the predicted RNA 1 protein product of 

the two strains showed 97.9% homology. The predicted movement protein and the 

subgenomic coat protein from RNA 2 demonstrated 98.6% and 98.5% amino acid 

homology respectively. 

In order to determine the method of transmission of RBDV from virus-infected 

pollen to virus-free mother plants during pollination, the green fluorescent protein (GFP) 

was fused to the movement protein of an RBDV clone. The infectivity of the clone was 

not determined. 
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Introduction 

Raspberry bushy dwarf idaeovirus has become a serious economic pathogen 

affecting raspberry production in the Pacific Northwest and in other raspberry producing 

regions worldwide (see chapter 1). RBDV is a pollen-borne virus that can cause both 

horizontal and vertical transmission (Mink, 1993). This ability to cause horizontal 

transmission of the virus from infected pollen into the pollinated mother plant is the cause 

of concern among growers as it leads to rapid spread of the virus within the field. 

The actual mechanism of virus movement from infected pollen into the mother 

plant is not understood. Bulger et al. (1990) found that RBDV particles are present both 

on the surface and within pollen grains and hypothesize viral spread through germ tube 

growth into the style of the mother plant allowing virus particles to enter the vascular 

system. Hamilton (1985) and Mink (1993) disagree with this theory based on the 

presence of cellular barriers separating the mother plant tissues from the embryo, 

possibly preventing viral movement between the two. 

The work presented in this paper describes the first attempts to elucidate this 

unknown method of viral transmission by creating tools to allow visualization of the 

virus as it moves from pollen into the mother plant during pollination. A full-length 

clone of the common strain of RBDV was produced and the green fluorescent protein 

(GFP) was fused to the viral movement protein. Once this clone is made to be infectious, 

visualization of the virus in planta can be achieved by illumination with UV light. By 

pollinating plants with pollen infected with the GFP clone, virus movement into the 

mother plant can be monitored. 



19 

Materials and Methods 

Virus isolate 

The isolate of RBDV used throughout this study was a common strain of the virus 

that originally came from 'Favorite' red raspberry from France and was maintained in red 

raspbeny in a greenhouse. 

Virus purification 

Chenopodium quinoa plants were dusted with carborundum powder and rubbed 

with RBDV infected red raspberry leaves ground in inoculation buffer (0.05M potassium 

phosphate buffer pH 8.5). Ten days post inoculation the C. quinoa plants were harvested 

and homogenized in three volumes of ice cold buffer (0.1M potassium phosphate pH 7.0 

and 0.1 % 2-mercaptoethanol in a prechilled Waring blender. The homogenized tissue 

was expressed through cheesecloth and the liquid was centrifuged at 10K rpm for 10 min 

at 4C in a GSA rotor (Sorvall, Dupont Instruments, Newton, CT). The supernatant was 

poured off and adjusted to pH 5.0 with 0.5M citric acid then incubated at 4C for 30 

minutes. The sample was then centrifuged at 10K rpm for 10 min at 4C. Virus was 

precipitated by adding 8% PEG-8000 and 0.8% NaCI and stirring at 4C for one hour. 

The mixture was centrifuged again at 10K rpm for 10 min at 4C. The supernatant was 

poured off and the pellet was resuspended in 20 ml of cold 0.05M sodium citratebuffer, 

pH 7.0. When fully resuspended, this mixture was centrifuged at 10K rpm for 10 min at 

4C. The supernatant from this spin was transferred into a 25 ml ultracentrifuge tubes on 
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5m1 of a 25% sucrose cushion made in the same buffer. The tubes were then centrifuged 

at 40k rpm for 90 min at 4C in a 50.2 Ti rotor (Beckman, Palo Alto, CA). The pellets 

were resuspended in 250 41 of 20mM Tris, pH 8.0, and transferred to a 1.5 ml eppendorf 

tube. 

RBDV RNA Extraction 

RBDV RNA was extracted from the pellets resuspended in 250mM Tris from the 

virus purification. 250 p.1 of Proteinase K solution (50mM Tris-Cl pH 8.0, 1mM CaC12, 

1% SDS, 500 µg/ml proteinase K) at 45C was added to the tube, vortexed and allowed to 

incubate at 45C for 10 minutes. Then 500 pi of phenol:chloroform:isoamyl alcohol 

(25:24:1) was added, vortexed and centrifuged at 13K rpm for 10 minutes. The aqueous 

layer was removed and 200 p.1 of 5M ammonium acetate and 1200 p.1 of ethanol were 

added. The tubes were stored at -70C until ready to use. 

Production of RNA 2 clone 

Primers were developed from the published sequence of the RBDV resistance 

breaking strain to amplify RNA 2 cDNA (Mayo et al., 1991; Natsuaki et al., 1991; 

Ziegler et al., 1992) and were prepared at the Central Services Laboratory at Oregon 

State University. A reverse transcription reaction was set up to amplify cDNA. In a 

0.2m1 PCR tube, 2.5 pl of 3' primer (5'GCTCTAGAGGGGTTTGCTCAGCAAAC), 

containing two extra 5' nucleotides, an XbaI site (underlined) and 18 nucleotides 

homologous to the 3' end of RNA 2, 5 pi of water and 3 pl of purified RBDV RNA were 

combined and incubated at 70C for 10 minutes. After incubation the tube was placed in 
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an ethanol ice bath and 4 pl first strand buffer (Gibco BRL, Gaithersburg, MD), 2 pl 

0.1M DTT (Gibco BRL), 5 pl 10mM dNTP's and 0.5 pl of Superscript II reverse 

transcriptase 200 units/pl(Gibco BRL) were added. The mixture was placed at 40C for 

45 minutes. The reverse transcription reaction was placed on ice and 5 pl were aliquoted 

into a fresh 0.2m1 PCR tube. PCR components were added to the RT aliquot (3 }.11 10mM 

dNTP's, 3 pi Taq Extender Buffer (Stratagene), 2.5 p.15' primer 

(5'GCTCTAGATATATTTTCACACAGT), containing two extra 5' nucleotides, an XbaI 

site (underlined) and 16 nucleotides at the 5' end of RNA 2, 1.5 p.13' primer, 1.3 p.1 Taq 

Extender (Stratagene, La Jolla, CA), 1.3 p.1 Taq Polymerase (Promega, Madison, WI), 2 

pl 25mM MgC12 (Promega) and 30 pl of sterile water). The PCR reaction was carried 

out in a Stratagene Robocycler with 35 cycles of 94C for 30 seconds, 40C for 30 seconds 

and 72C for four minutes. 

Production of RNA 1 clone 

Primers were developed from the published sequence of the RBDV resistance 

breaking strain to amplify RNA 1 cDNA (Mayo et al., 1991; Natsuaki et al., 1991; 

Ziegler et al., 1992). These primers were prepared at the Central Services Laboratory at 

Oregon State University. The primers were designed to amplify RNA 1 in two segments 

as shown in Figure 5. The first segment, 1C-2, contains bases 1-3090 of RNA 1 and the 

second segment, 1H-2 contains nucleotides 3070 to the end of the genome (5449). A 

reverse transcription reaction was set up to amplify each segment. In a 0.2m1 PCR tube, 

2.5 pl of the 3' primer for each segment was added [1C-2, 
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Figure 5. Production of full-length RNA 1 clone 

1. Amplify two segments of RNA 1 

1 3090 3070 5449 

1C-2 1H-2 

2.	 Clone into pCR2.1 TA cloning vector 

1C-2 

111-2 

3.	 Amplify a third segment of RNA 1 and clone into pCR2.1 
1510 4170 

1H-1/1C-3 

4.	 Clone 1C-2 and 1H-1/1C-3 together using Agel and SacI 
AleI Sar 

1C-2 

Ale' Sad 

1H-1/1C-3to get 1C-2p 

1 Agel 3512 
I 

1C-2p 

5.	 Clone 1C-2p and 111-2 together using Sad and modified HindIII and XbaI sites
VI Sad HindIII 

1C-2p 

SpicI )13aI 

1H-2 

fill in the HindIII and XbaI sites using Klenow to create blunt ends 

to get full-length RNA 1, nucleotides 1-5449 
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Figure 5. (Continued) 

Agel 
1 

Sad 
I 

RNA I 

blunt 

(5'GAACACTTAATTATGCTATAA) all nucleotides homologous to RNA 1 3070-3090, 

1H-2 (5'TCCCCCGGGGTTTGCTCAG) ten nucleotides homologous to 3' end of RNA 

1, containing 3 extra 5' nucleotides and an underlined Smal site], 5111 of water and 31.1.1 of 

purified RBDV RNA were combined and incubated at 70C for 10 minutes. After 

incubation the tubes were placed in an ethanol ice bath and 441 first strand buffer, 20 

0.1M DTT, 5111 10mM dNTPs and 0.5p1 of Superscript II reverse transcriptase 200 

units/4I were added. The mixtures were placed at 40C for 45 minutes. The reverse 

transcription reactions were placed on ice and *were aliquoted into a fresh 0.2m1 PCR 

tube. PCR components were added to the RT aliquot (3p1 10mM dNTPs, 3µl Taq 

Extender buffer, 2.50 5' primer [1C-2 

(5'TCCCCCGGGATATTTGGTGTCTGGCTGTTTAAGCGATAAG 

AATCTGCTGG), containing 3 extra 5' nucleotides, an underlined Smal site and 41 

nucleotides homologous to base pairs 1-41 of RNA 1; 1H-2, 

(5'CCCTCAGGACATCACTTTGTC) homologous to nucleotides 3070-3090 of RNA 1], 

1.5413' primer, 1.3µl Taq Extender, 241 25mM MgC12, 1.3p.1 Taq Polymerase and 30 pl 

of sterile water). The PCR reactions were carried out in a Stratagene Robocycler with 35 

cycles of 94C for 30 seconds, 40C for 30 seconds and 72C for seven minutes. 
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After amplifying the two RNA 1 fragments by PCR, the reactions were 

electrophoresed on a 1% agarose gel stained with ethidium bromide and then gel purified 

using the Gibco Concert Rapid Gel Extraction Kit (Gibco BRL) as per manufacturer's 

protocol. The purified DNA was then ligated with the TA cloning plasmid pCR2.1 

(Invitrogen, Carlsbad, CA) according to the provided protocol. Following ligation the 

plasmids were transformed into electrocompetent TG-1 cells and colonies were 

miniprepped using the 5'-3' Perfect Prep plasmid purification kit (5'-3' Inc., Boulder, 

CO) according to the manufacturer's protocol. 

In order to combine the two segments of RNA 1, a third fragment was amplified 

using primers developed from the published RBDV sequence and created at the Central 

Services Laboratory at Oregon State University. A reverse transcription reaction was 

prepared to amplify cDNA of the third segment. In a 0.2m1PCR tube, 2.51113' primer 

(5'AAGGCAACACAGACTGGGTCC) homologous to nucleotides 4150-4170 of RNA 

1, 51.11 of water and 31_il of purified RBDV RNA were combined and incubated at 70C for 

10 minutes. After incubation, the tube was placed in an ethanol ice bath and 4111 of first 

strand buffer, 2µl 0.1M DTT, 5p1 10mM dNTPs and 0.541 Superscript II reverse 

transcriptase 200 units/111 were added. The mixture was placed at 40C for 45 minutes. 

The reverse transcription reaction was then placed on ice and 5p1 were aliquoted into a 

fresh 0.2ml PCR tube. PCR components were added to the RT aliquot (3[1110mM 

dNTPs, 311I Taq Extender Buffer, 2.4115' primer (5'TTATAGCATAATTAAGTGTTC) 

homologous to nucleotides 1510-1530 of RNA 1, 1.51113' primer, 1.3p1 Taq Extender, 

1.3111 Taq Polymerase, 24125mM MgC12 and 30p1 of sterile water). The PCR reaction 

was carried out in a Stratagene Robocycler with 35 cycles of 94C for 30 seconds, 40C for 
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30 seconds and 72C for 4 minutes. The PCR reaction was electorphoresed on a 1% 

agarose gel and stained with ethidium bromide. The 2660 by fragment, 1H-1/1C-3, 

nucleotides 1510-4170 of RNA 1, was excised from the gel and purified with the Concert 

Rapid Gel Extraction Kit according to the manufacturer's protocol. The purified DNA 

was then cloned into the TA vector pCR2.1 and transformed into electrocompetent TG-1 

cells. Colonies from this transformation were miniprepped using the Perfect Prep 

Plasmid Purification Kit then digested with restriction enzymes to check for presence of 

the insert. A sample found to contain the insert was then digested with Sad (NEB, 

Beverly, MA) and Agel (NEB) as was the 5' RNA 1 fragment, 1C-2. Following the 

restriction digest, the reactions were electrophoresed on a 1% agarose gel, gel purified 

using the Gibco kit and ligated together (12µl 1H- 1 /1C -3, 5p.1 1C-2, 2µl ligase buffer 

(NEB) and 1p1 T4 DNA ligase (NEB)) overnight at 14C. The ligation reaction was then 

transformed into electrocompetent TG-1 cells. Colonies were miniprepped with the 5'-3' 

Inc. kit and screened for the presence of the insert using restriction enzymes. A sample 

with the insert (1C-2p) was then modified for cloning with the 3' segment of RNA 1. It 

was first digested with HindIII (NEB) and then blunt ended using Klenow (add 2p1 

10mM dNTPs, 1.5p1Klenow (NEB) to 75W digestion reaction and incubate at 25C for 

15 minutes). The reaction was stopped by incubation at 75C for 10 minutes followed by 

a phenol:chloroform:isoamyl alcohol (25:24:1) extraction, an ethanol precipitation and 

washed with 70% ethanol. The pelleted DNA was dried under vaccum (Integrated Speed 

Vac System IS110, Savant) resuspended in 60 pi water then digested with Sad (NEB). 

The digestion reaction was electrophoresed on a 1% agarose gel, stained with ethidium 

bromide and the insert was gel purified using the Gibco kit then stored at -20C until 
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ligation with the 3' RNA 1 segment. 111-2, the 3' RNA 1 segment was digested with 

XbaI (NEB) then blunt ended with Klenow using the same protocol as above. The 

purified DNA, resuspended in 60p,1 of water, was then digested with Sad and gel purified 

with the Gibco kit to prepare it for ligation. The purified segment was ligated with 1C-2p 

(121.1.1 1H-2, 5p.1 1C-2p, 2111 ligase buffer (NEB) and 11.11 T4 DNA ligase (Gibco BRL) 

overnight at 14C to create full-length RNA 1. The ligation reaction was then transformed 

into electrocompetent TG-1 cells and colonies were miniprepped with the 5'-3' kit and
 

digested to screen for the insert.
 

Serological Detection of RBDV 

Triple antibody sandwich ELISA (Enzyme Linked ImmunoSorbent Assay) was 

used to detect RBDV. IgG purified from polyclonal antiserum served as the coating 

antibody and was diluted to 211g/m1 in carbonate coating buffer, pH 9.6 (1.59g Na2CO3, 

2.93g NaHCO3, 1 liter water). 100 Ill of diluted coating antibody was added per well to a 

microtiter plate (Nalge Nunc International, Denmark) and incubated for 2-4 hours at 

room temperature. Coating antibody was dumped out and the plates were blocked by 

adding 200 Ill per well of blocking buffer [1X phosphate buffered saline (8g NaCI, 0.2g 

KH2PO4, 2.9g Na2HPO4.12H20, 0.2g KC1 per liter H20, pH 7.4), 0.05% Tween-20 and 

0.2% nonfat dry milk powder] and incubated for 1 hour at room temperature. Leaves to 

be tested were homogenized in grinding buffer (1X PBS containing 0.05% Tween-20, 

0.2% nonfat dry milk powder and 2% polyvinylpyrrolidone) and 100 1.11 per well were 

loaded onto plates after tapping out blocking buffer. All samples were tested in duplicate 

wells. The plates containing plant sap were incubated at 4C overnight. The following 
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day the plates were washed three times with half strength PBS and tapped dry. 

Monoclonal antibody, R5, was diluted 1:2000 in blocking buffer and 100 1.1,1 per well 

were added and incubated at 26C for 2 hours. Plates were washed again three times with 

half strength PBS, tapped dry and 100 piper well of polyvalent goat anti-mouse alkaline 

phosphatase conjugate (# A0162 Sigma, St. Louis, MO) diluted 1:4000 in blocking buffer 

were added and the plates were incubated for 2 hours at 26C. Plates were washed again 

three times with half strength PBS, tapped dry and 100 pl per well of the substrate, para

nitrophenyl phosphate (#104-105 Sigma) diluted 0.5mg/ml in substrate buffer (10% 

diethanolamine in water, pH 9.8) were added and the plates were incubated at room 

temperature. After overnight incubation at room temperature, absorbance at 405nm was 

recorded in an ELISA plate reader (Molecular Devices, Sunnyvale, CA). If the 

absorbance values were 5 times greater than those for healthy controls and greater than 

0.1, the samples were considered RBDV positive. 

Sequencing 

To prepare for sequencing, the RNA 2 PCR reaction was run out on a 1% agarose 

gel stained with ethidium bromide and then gel purified following the protocol of the 

Concert Rapid Gel Extraction kit. The purified DNA was then ligated with the TA 

cloning plasmid pCR2.1 according to the provided standard protocol. Following ligation, 

the plasmid was transformed into electrocompetent TG-1 cells and colonies were 

miniprepped using the 5'-3' Perfect Prep plasmid purification kit according to the 

manufacturer's protocol. Minipreps containing the RNA 2 insert were sent along with 

the full-length RNA 1 also in the pCR2.1 vectorto the Central Services Lab at Oregon 
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State University for sequencing. Initial sequencing primers used were the standard 

pUC119 Forward (5'TGTAAAACGACGGCCAGT) and Reverse 

(5'CAGGAAACAGCTATGACC) primers. Subsequent primers were developed based 

on the sequencing results of the full-length clone. The genomes of both RNA 1 and RNA 

2 were completely sequenced in both directions 

Preparation of the GFP Clone 

This construct was developed as a fusion of the GFP with the RBDV movement 

protein in a plasmid containing the cauliflower mosaic virus 35S promoter, nopaline 

synthase (NOS) terminator and coat protein ofRBDV and is illustrated in Figure 6. The 

plasmid backbone was pUC119. The GFP was amplified out of the p17 plasmid supplied 

by Dr. J. Haseloff (Cambridge University, Cambridge England) using primers developed 

from the sequence of that plasmid. The primers were designed to create a Smal site plus 

3 extra nucleotides on the 5' end of the GFP and an Acc65I site plus 2 extra nucleotides 

on the 3' end. Standard PCR was used to amplify the GFP (5p1 Taq polymerase buffer, 

3111 25mM MgC12, 1111 10mM dNTP's, 1µl of both 

5'(5'TCCCCCGGGATGAGTAAAGGAGAAG) and 3' 

(5'CGGGGTACCTTATTTGTATAG) GFP primers, 0.51.1.1Taq polymerase, 5µl plasmid 

DNA [0.414/1.11] and 34ill water) with 35 cycles of 94C for one minute, 55C for one 

minute and 72C for two minutes in a Robocycler. The PCR reaction was electrophoresed 

on a 1% agarose gel and the 716 base pair band was excised and purified using a 

QIAquick gel extraction kit (Qiagen, Valencia, CA). The purified GFP was then cloned 

into the TA cloning vector pCR2.1 using the kit supplied by Invitrogen according to the 

http:0.414/1.11
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Figure 6. Production of GFP clone 

1. Begin clone with pUC119 backbone
 

HindIII XbaI Smal Acc65I EcoRI
 
1 I I 1 

2.	 Amplify GFP from p17 plasmid adding Smal and Acc65I sites to ends 

Smal Acc65I
 

GFP
 

3.	 Clone GFP into pUC119 using Smal and Acc65I to create GP plasmid
 

GFP
 GP plasmid 

4.	 Amplify NOS from p17 plasmid adding Acc65I and EcoRI sites to ends 

Acc65I	 EcoRI 

{ NOS 

5.	 Clone NOS into GP plasmid using Acc65I and EcoRI to create GNP plasmid 

GFP NOS GNP plasmid 

6.	 Amplify 3' end of RNA 2 adding Acc65I sites to ends 

Ac 651 Acc55I 

3' RNA 2 

7.	 Clone 3' end of RNA 2 into GNP plasmid using Acc65I to create GN3P plasmid 

GFP 3' RNA 2 NOS	 GN3P 
plasmidFigure 6. (Continued) 

8.	 Amplify movement protein out of full-length RNA 2 clone adding XbaI and Smal
sites to the ends 

aI 
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9.	 Clone movement protein into GN3P plasmid using XbaI and Smal to create GN3MP 
plasmid 

MP GFP 3' RNA 2 NOS GN3MP plasmid 

10. Digest p17 with HindIII and XbaI to drop out 35S promoter 

HindIII XbaI 

35S 

11. Clone 35S promoter into GN3MP plasmid using Hindi' and XbaI to create full GFP 
clone 

35S MP I GFP I 3' RNA 2 NOS 

GFP Clone 

Note: in full GFP clone an additional 6 nucleotides exist between MP and GFP fusion to 
create two extra amino acids proline and glycine 

supplied protocol. Colonies were recovered and miniprepped using the Perfect Prep 

Plasmid Purification kit and digested with Smal (Promega) and Acc65I (NEB). The 

digestion reaction was electrophoresed on a 1% agarose gel and the GFP band was 

excised and purified with the QlAquick gel extraction kit. The pUC119 plasmid was also 

digested with Smal and Acc65I and gel purified. The purified GFP and pUC119 were 

ligated together (12µl GFP, 5111 pUC119, 2111 ligase buffer and 1111 T4 DNA ligase) 

overnight at 16C. The ligation reaction was used to transform electrocompetent TG-1 

cells (300 cells and 1.50 ligation reaction) then grown overnight on LB plates amended 
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with ampicillin (Sigma). Colonies resulting from the transformation were selected and 

2m1 overnight cultures were grown in LB broth containing ampicillin. These cultures 

were miniprepped as described above then digested with Acc65I and Smal to check for 

the presence of the GFP. One of the colonies found to contain the GFP was grown in a 

larger culture and purified with the Perfect Prep Plasmid Purification kit. The NOS 

terminator was amplified out of the p17 plasmid using the same protocol as the GFP 

amplification. The 5' primer used to amplify the NOS 

(5'GGGGTACCGATCGTTCAAACATTTGG) created an Acc65I site plus 2 extra 

nucleotides on the 5' end and the 3' primer (5'CGGAATTCGATCTAGTAACATAG) 

created an EcoRl site plus 2 extra nucleotides on the 3' end. After amplification the 

242bp NOS was recovered by gel purification and cloned into the TA cloning vector as 

described for the GFP DNA. Digestion reactions using Acc65I and EcoRI (NEB) were 

prepared for both the TA cloning vector containing the NOS and the pUC119 with GFP. 

The desired fragments were gel purified then ligated together overnight at 16C. The 

ligation reaction was transformed and then colonies were miniprepped according to the 

same protocols previously used. Purified plasmids were digested with EcoRI and Smal 

to check for presence of the NOS insert. Again a colony now containing the NOS and the 

GFP (GNP plasmid) was selected and purified from a larger volume culture. The coat 

protein of RBDV along with the nontranslated region between the movement and coat 

proteins and the nontranslated region following the coat protein were amplified from the 

RNA 2 clone (described earlier). Both the 5' 

(5'CGGGGTACCTAACTTAGTTGTTAATGC) and 3' 

(5'CCGGGTACCGAGGGITGCTCAGC) primers used to amplify this 3'RNA 2 region 
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created Acc65I sites plus 2 extra nucleotides on both ends of the DNA fragment. After 

amplification the 1020 by fragment was TA cloned then removed from the vector by 

digestion with Acc65I and ligated with the GNP plasmid also digested with Acc65I. The 

ligation reaction was transformed and colonies were miniprepped. The presence and 

orientation of the 3'RNA 2 insert was checked by digestion with Acc65I and Hindi 

(NEB). A colony containing the 3' RNA 2 insert in the proper orientation as well as GFP 

and NOS (GN3P) was selected and purified from a large culture. The movement protein 

and 5' untranslated region of RNA 2 was amplified out of the previously characterized 

RNA 2 clone with primers designed from the published RBDV sequence. The 5' primer 

(5'GCTCTAGATATATTTTCACACAGTTACT) created an XbaI site plus 2 extra 

nucleotides on the 5' end and a 3' primer (5'TCCCCCGGGATAAACGGAATGTG) 

designed to create a Smal site plus 3 extra nucleotides on the 3' end. After amplification, 

the movement protein was TA cloned then cut out of the TA cloning vector by digestion 

with XbaI (NEB) and Smal. The GN3P plasmid was also digested with XbaI and Smal 

and then ligated to the movement protein. The ligation reaction was transformed and 

miniprepped colonies were screened by digestion with XbaI and Smal. A colony 

containing the movement protein insert along with the GN3P (GN3MP) was purified 

from a large culture. The 35s promoter was recovered from the p17 plasmid by digestion 

with XbaI and HindIII (NEB). The 834 by fragment was gel purified then ligated with 

GN3MP also digested with XbaI and HindIII. The ligation reaction was transformed and 

miniprepped colonies were screened by digestion with XbaI and HindIII. A colony 

containing the entire 7217 by GFP plasmid was purified from a large culture. 
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Preparation of clones for plant inoculation 

Plasmid pLITMUS28 (NEB) was modified by the addition of the 35S promoter 

and the NOS terminator to use for inoculating plants with control RNA 2 not containing a 

GFP fusion. The NOS was amplified out of the p17 plasmid using primers developed 

from the sequence of that plasmid. The 5' primer 

(5'GGCCTAGGGATCGTTCAAACATTTGG) created an AvrII site plus two extra 

nucleotides on the 5' end and the 3' primer (5'CGAGGCCTGATCTAGTAACATAG) 

created a Stul site and two extra nucleotides on the 3' end. After amplification, the NOS 

was TA cloned and then digested with AvrII (NEB) and Stul (NEB). The pLITMUS28 

plasmid was also digested with AvrII and Stul and the two gel purified fragments were 

ligated together. The ligation reaction was transformed and colonies were miniprepped 

and screened by digestion with AvrII and Stul. A colony containing the NOS insert was 

grown in a large volume culture and purified. The purified plasmid was then digested 

with HindIII and XbaI and ligated with the 35S promoter also digested with HindIII and 

XbaI (amplified from P17 for use in the GFP clone). The ligation reaction was 

transformed and colonies were miniprepped and screened by digestion with HindIII and 

XbaI A colony containing both the NOS and 35S inserts was selected (pL28I) and grown 

in a large culture. The RNA 2 clone previously described was amplified out of the TA 

cloning vector using primers designed from the published RBDV sequence to create an 

XbaI site plus two extra nucleotides on the 5' end 

(5'GCTCTAGATATATTTTCACACAGTTACT) and an AvrII site plus two extra 

nucleotides on the 3' end (5'CGCCTAGGGAGGGTTGCTCAG). After amplification 
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the RNA 2 was gel purified then ligated with pL28I digested with XbaI and AvrII. The 

ligation reaction was transformed and colonies were miniprepped to screen for RNA 2 

insert by digestion with XbaI and AvrII. 

To prepare RNA 1 for plant inoculation, the GFP clone was digested with Acc65I 

then blunt ended with Klenow as following the same protocol as described earlier. After 

a phenol:chloroform extraction, ethanol precipitation and resuspension in water, the GFP 

clone was digested with Xbal to remove all genes of the clone except the 35S promoter 

and NOS terminator. RNA 1 was amplified out of the pCR2.1 vector using two primers 

created from the RNA 1 sequence. The 5' primer (5' 

GCTCTAGATATTTGGTGTCTGGCTGTTTAAGC) was designed to create an XbaI 

site plus two extra 5' nucleotides. The 3' primer (5' 

GCTCCGGATGGGGTTTGCTCAG) was designed to create a Stul site plus two extra 

nucleotides on the 3' end of RNA 1. After amplification, the PCR product was digested 

with XbaI and Stul then electrophoresed on an agarose gel and purified using the Concert 

Rapid Gel Extraction Kit. The linearized GFP clone containing an XbaI site at the 3' end 

of the 35S promoter and a blunt ended site at the 5' end of the NOS terminator was 

ligated with the digested RNA 1 PCR product. The ligation reaction was transformed 

and colonies were miniprepped to screen for the insert. Those containing the insert were 

prepared for plant inoculation. 
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Results 

GFP Fusion 

The green fluorescent protein was fused to the movement protein of the full-

length clone of RNA 2 just prior to the termination codon of the movement protein open 

reading frame. The fusion created six extra nucleotides between the movement protein 

and the green fluorescent protein. These nucleotides, CCCGGG result in the addition of 

proline and glycine residues between the two proteins. These two amino acids both have 

nonpolar side chains so they are less likely to disrupt the fusion protein structure than 

those containing polar side chains but may still cause some steric hindrance. Once 

inoculated onto plants, the GFP should be expressed as a fusion protein containing both 

the movement and green fluorescent proteins although the infectivity of the clone was not 

determined. 

Sequence comparison 

After determining the sequence of the full-length clone of the common strain it 

was compared with the previously published sequence of the resistance breakingstrain of 

RBDV (RBDV-RB) (Natsuaki et al, 1991 and Ziegler et al, 1992). There was an overall 

nucleotide sequence homology of 97.6% between the two RNA 1 species of the RBDV 

strains with a total of 129 nucleotides being different, sequence shown in Figure 7 with S 

representing the clone created in this study and RB representing the sequence of the 

resistance-breaking. Two nucleotide differences were in the 5' untranslated region and 

two were in the 3' unstranslated region, the remainder were contained within the coding 
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sequence. Silent mutations accounted for the bulk of the nucleotide changes, with 80 

silent mutations occurring within the coding sequence. There was an overall amino acid 

homology of 97.9% with 44 amino acids differing between the predicted protein product 

of the two strains. Amino acid comparison of the polymerase gene shown in Figure 8 

with amino acid differences outlined in boxes. 

The overall nucleotide sequence homology, illustrated in Figure 9, of RNA 2 was 

97.6% with 53 nucleotides differing between the two strains. In the 5' untranslated 

region there were three nucleotide changes, two nucleotides were different in the 3' 

untranslated region and there was one nucleotide change in the non coding region 

between the movement protein and coat protein coding sequences. There were 18 

nucleotide changes in the movement protein and 12 of those resulted in silent mutations. 

The overall amino acid homology between the predicted movement proteins, shown in 

Figure 10, was 98.6% with only five amino acid differences. There were 30 nucleotide 

changes in the coat protein; 25 were silent mutations. Amino acid homology between the 

two proteins was 98.5% again with only five amino acid changes. Coat protein amino 

acid comparison displayed in Figure 11. 

Figure 7. RNA 1 sequence comparison 

1 ATATTTGGTGTCTGGCTGTTTAAGCGATAAGAATCTGCTGGTCTGACATCS 
50 

111111111111111111 H1111111111 1 11111111111111HW
RB 1 ATATTTGGTGTCTGGCTGTTTAAGCGATAAGAATCTGCTGGTCTGACATC 50 
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Figure 7. (Continued) 

51 TATCTCTTGGGTATCCTTATTGACTACGGGGATTGTTTACTTGAGATTTT 100
 
11111111111111111111111111111111111111111111111 11
 

51 TATCTCTTGGGTATCCTTATTGACTACGGGGATTGTTTACTTGAGATATT 100
 

101 CTTATGGAGTGCTTAGATTTCTCCAAGCTGTGGTTTTCTACGGCCGCTGG 150
 
11111111111111111111111111111111111111111111111111
 

101 CTTATGGAGTGCTTAGATTTCTCCAAGCTGTGGTTTTCTACGGCCGCTGG 150
 

151 TCTCCAGCAACGGTGCCATTATGACTGTGTTGCGTGGGAATGCCTGGGTG 200
 
1111111111111111 1111111111111111111111111111 1111
 

151 TCTCCAGCAACGGTGCTATTATGACTGTGTTGCGTGGGAATGCCTAGGTG 200
 

201 ATGACGATCTGCAGATCTTCATTTCTGGCCTGAACCGCCTCATAGGGTTC 250
 
1111 11111 1111111111111111111111111111111111 11
 1
 

201 ATGATGATCTACAGATCTTCATTTCTGGCCTGAACCGCCTCATAGAGTCC 250
 

251 GTTGCTGTTTCTTGTACTGGCGACGAAGATTTGGACTTCGTCGTGGACTC 300
 
11111111111111111 11111111111111111111111111111111
 

251 GTTGCTGTTTCTTGTACCGGCGACGAAGATTTGGACTTCGTCGTGGACTC 300
 

301 ATGTAATGAGTTCGCCACGGGGAGAGACTTGAAGTCTTTCTTCGCTGCTG 350
 
11111111111111
 1111111111111111111111111111111111
 

301 ATGTAATGAGTTCGTTACGGGGAGAGACTTGAAGTCTTTCTTCGCTGCTG 350
 

351 ACCTCCCTGTTAGAGAGGTCAGTTCTGTGGGATGTATATCTCACTTCATT 400
 
1111111111111111111111111111111111111111111111 111
 

351 ACCTCCCTGTTAGAGAGGTCAGTTCTGTGGGATGTATATCTCACTTTATT 400
 

401 CCAGGTTCGGTTTCTGGACTGAATGTCTCGGACTTAfTGGATAACCAGTT 450
 
11111111111111111111111111111111111 11111111111111
 

401 CCAGGTTCGGTTTCTGGACTGAATGTCTCGGACTTGCTGGATAACCAGTT 450
 

451 GTATGGTTGTTCTGTATTTTCCTCTGATTTCGAATCGAAACTGAGGGATA 500
 
111111111111111111111111 11111111111111 1111111111
 

451 GTATGGTTGTTCTGTATTTTCCTCCGATTTCGAATCGAAGCTGAGGGATA 500
 

501 TGCGGGATGCGGCCTTTTCTGATGCCGCGTCGGGTGTTTCGCAACTAGTT 550
 
1
 111111111111 11111111111111111111111111111111111
 

501 TACGGGATGCGGCCCTTTCTGATGCCGCGTCGGGTGTTTCGCAACTAGTT 550
 

551 AGTTGCCATTTTGAAAAAGATGTTAGACACCTTTTGGCGGAGAATGCTAA 600
 
11111111111111111111111111111111 11111111111111111
 

551 AGTTGCCATTTTGAAAAAGATGTTAGACACCTCTTGGCGGAGAATGCTAA 600
 

601 TTCCGTCAAGATCCCTGTGCCTCAGAAACTCAGTGATGACGATATGAGGA 650
 
111111111111111111 1111111111111111111111111111111
 

601 TTCCGTCAAGATCCCTGTACCTCAGAAACTCAGTGATGACGATATGAGGA 650
 

651 TTTTAAGGGATCACTTTCCTCGTTATGAGTTGAAGTTCACTCAGAACGTG 700
 
11111111111111111111111111111111111111111111111111
 

651 TTTTAAGGGATCACTTTCCTCGTTATGAGTTGAAGTTCACTCAGAACGTG 700
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701 GACGGCCCGCACAATATGGCCGCCGCTCATAGGTTGTTGGAGACTCATGA 750
 
11111111111111111111111111111111111111111111111111
 

701 GACGGCCCGCACAATATGGCCGCCGCTCATAGGTTGTTGGAGACTCATGA 750
 

751 TTTGTTGTCCAACTTCCCTGCGGGTGCACCTATCTTGGATATAGGTGGCA 800
 
111111111111111111 1111 111111111111 1111111111111
 

751 TTTGTTGTCCAACTTCCCCGCGGATGCACCTATCTTAGATATAGGTGGCA 800
 

801 ATTGGTTTTCTCATTTTCGTTATGGGAGGTCCAATGTTCATAGTTGTTGC 850
 
1111111111111111 111111111111111111111111111111111
 

801 ATTGGTTTTCTCATTTCCGTTATGGGAGGTCCAATGTTCATAGTTGTTGC 850
 

851 CCTATGCTAGATTTAAGGGACAATGAACGACATACTCATCGTTTAACGAT 900
 
11111111111111111111111111111111111111111111111111
 

851 CCTATGCTAGATTTAAGGGACAATGAACGACATACTCATCGTTTAACGAT 900
 

901 GACTGAGAGTCTAATGTCCAGCTTGCGCCATCGCTATGCTGGCACAATTG 950
 
11111111111i111111111111111111111111111111 1111111
 

901 GACTGAGAGTCTAATGTCCAGCTTGCGCCATCGCTATGCTGGTACAATTG 950
 

951 ATCTCGATCCCGACGCTCACCTTTCAAGGAAGGTGTCTGACTCTATGAAA 1000
 
11111111111111111111I11111111111111111111111111111
 

951 ATCTCGATCCCGACGCTCACCTTTCAAGGAAGGTGTCTGACTCTATGAAA 1000
 

1001 GAGTTTTATAAGCGCTGGGCTGTACACCCTAAAGATTTAATTAGGTTGTA 1050
 
11111111111111111111111111111111111111111111111111
 

1001 GAGTTTTATAAGCGCTGGGCTGTACACCCTAAAGATTTAATTAGGTTGTA 1050
 

1051 CGCCGGCATACGTGACGGCAACTCATCGCTCTATTGTCACCATAAATTTG 1100
 
11111111111111111111111111111111111111111111111111
 

1051 CGCCGGCATACGTGACGGCAACTCATCGCTCTATTGTCACCATAAATTTG 1100
 

1101 GTGTGTCATGGAACGATGTTTTATGGGAGTCGGAGAGGAATAACTGCCTC 1150
 
11111111111111111111111111111111111111111111111111
 

1101 GTGTGTCATGGAACGATGTTTTATGGGAGTCGGAGAGGAATAACTGCCTC 1150
 

1151 ACTATCCCGGAACCTGAGTGCCCTTTTAAAGCTAAGTATGCTATAATGGT 1200
 
III
 1111111 11111111111111111111111111111111111111
 

1151 ACTGTCCCGGAGCCTGAGTGCCCTTTTAAAGCTAAGTATGCTATAATGGT 1200
 

1201 GCATTCCGGTTATGACCTACCTCTAAAGGGACTTATTGGAGGCATGGTAC 1250
 
11111111111111111111111111111 11111111111111111111
 

1201 GCATTCCGGTTATGACCTACCTCTAAAGGAACTTATTGGAGGCATGGTAC 1250
 

1251 AGCATGGTGTGGTCGAGTTGCATGGGACTATGATCGCCGATCCTGCTATG 1300
 
1
 11111
 11111111111111111111111111 11 111111111111
 

1251 AACATGGCGTGGTCGAGTTGCATGGGACTATGATTGCTGATCCTGCTATG 1300
 

1301 TTAGTCGCTACAAGTGGCTATATCCCTGCGCTGCGTTGTAACTGGGAAAA 1350
 
11111111111111111111111111111 11111111111111111111
 

1301 TTAGTCGCTACAAGTGGCTATATCCCTGCACTGCGTTGTAACTGGGAAAA 1350
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1351 ATCCAAAGGTCAAATTTGGTTTTCTTTCCGAGATGACAGCACAATGGGTT 1400
 
111111111111111111111111111111111111111111 1111111
 

1351 ATCCAAAGGTCAAATTTGGTTTTCTTTCCGAGATGACAGCACGATGGGTT 1400
 

1401 ACAGGCATGACTGGGAGGTGTACTCTAAGTATTTGACCTCCACAGTCGTC 1450
 
1111111111111111111111111111111111111 111111111111
 

1401 ACAGGCATGACTGGGAGGTGTACTCTAAGTATTTGACTTCCACAGTCGTC 1450
 

1451 TCTTGCGGTAAGCATTTTTACGTGATGGAAAGAGACAAGTACAGACACGG 1500
 
11111111111111 11111111111111111111111111111111111
 

1451 TCTTGCGGTAAGCACTTTTACGTGATGGAAAGAGACAAGTACAGACACGG 1500
 

1501 TGTGTTATTTTATAGCATAATTAAGTGTTCTGGATCCCTTCGTAAAGGGG 1550
 
11111111111111111111111111111111111111111111111111
 

1501 TGTGTTATTTTATAGCATAATTAAGTGTTCTGGATCCCTTCGTAAAGGGG 1550
 

1551 ATCACACTTTTTTTCATAATGCCTGGTTTCACGAAATGTACGATAAGTAC 1600
 
11111111111111111111111111111111111111111111111111
 

1551 ATCACACTTTTTTTCATAATGCCTGGTTTCACGAAATGTACGATAAGTAC 1600
 

1601 ATTATGAAAGTCCCCCTGGTAAAGGTAAAGGACTTAACTGGTGATGAAGG 1650
 
111111111111111 1111111111111111111111 11111111111
 

1601 ATTATGAAAGTCCCCTTGGTAAAGGTAAAGGACTTAACCGGTGATGAAGG 1650
 

1651 TTCCGTCGAGTGTTCTTGGCGTGAAGTTGTGATGTCTAGGAAACTTGTGG 1700
 
11111111111111111111111111111111111111111111111111
 

1651 TTCCGTCGAGTGTTCTTGGCGTGAAGTTGTGATGTCTAGGAAACTTGTGG 1700
 

1701 ATAGGGTCATTGAGGTTTGCCTTAGGGGTGTGGAACCCATTAACTTTGGA 1750
 
1111111111111111111111111111111 11111111111111111
 

1701 ATAGGGTCATTGAGGTTTGCCTTAGGGGTGTAAAACCCATTAACTTTGGA 1750
 

1751 AACTGCGATGACGCTGTTCACATGGACAATCTCCGGATCATCCAGAACCA 1800
 
11111111
 11111111111111111111111111111111111111111
 

1751 AACTGCGACGACGCTGTTCACATGGACAATCTCCGGATCATCCAGAACCA 1800
 

1801 TCTGCTGAGTCATTCACAAACACTGGTTTTAAATGGTAGTACCATTATTA 1850
 
111111111111111 1111111111111111111111111111111111
 

1801 TCTGCTGAGTCATTCGCAAACACTGGTTTTAAATGGTAGTACCATTATTA 1850
 

1851 GGGAGGAGGCGATNCCTTTTAAGGATTTCTCTCCTGTATCCGTGACCATA 1900
 
1111111111111:111111111111111111111111111111111111
 

1851 GGGAGGAGGCGATACCTTTTAAGGATTTCTCTCCTGTATCCGTGACCATA
 1900
 

1901 TATTTTGAAATATTGTTGACGAGATCCAAGGAATCCCTATCTTTAGCCTG 1950
 
1111111111111111111111111 111111111111111111 11111
 

1901 TATTTTGAAATATTGTTGACGAGATACAAGGAATCCCTATCTTTGGCCTG 1950
 

1951 GTTTCATGCTGGTCTGGGTCCCGACTTTAAGTTGGGTTCTTGGGTGTCCT 2000
 
111111111111111111111111111111111111 11111111 1111
 

1951 GTTTCATGCTGGTCTGGGTCCCGACTTTAAGTTGGGCTCTTGGGTATCCT 2000
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2001 CTTTGAAGAGGGT GTTTTACCGGATT CTAGGT TT CCCGGCTAAT CTT CTA 2050
 
1111 11111111111 11111111111111 11111111111111111 I
 

2001 CTTTAAAGAGGGT GTTCTACCGGATTCTAGGTTTCCCGGCTAATCTTCTA 2050
 

2051 AAGTAC GTTTTAAAC GCACTTTT TAGAT GT CAT GACAAGGTT T CAGACAT 2100 
1111 11111111 11111111111111111 11111111111111111 11 

2051 AAGTAC GTTTTAAAC GCACT T TT TAGAT GC C GT GACAAGGTTTCAGACAT 2100 

2101 GGAGTTT GT GAAACCCGCT GT C GAAAAAT T GACAGTGTTAGAGAACACCT 2150 

111111111111111111111111111111111111111111111 1111 
2101 GGAGTTT GT GAAAC CCGCT GT C GAAAAAT T GACAGT GTTAGAGAATACCT 2150 

2151 ATATAGGGAAATCT CTAAT GGGCGATT GT CCTACT CTAAAAGAGTAT GAT 2200 

11111111111111111111111111111111111111111111111111 
2151 ATATAGGGAAAT CT CTAAT GGGC GATT GT C CTACT CTAAAAGAGTAT GAT 2200 

2201 GATT CGGCCTT CTT CAACATATT GGAGAAT GT GGGCAAT GAGTT GTTTAA 2250 
11111111111111 111 1111111111111111111111111111111 I 

2201 GATTCGGCCT T CT TCAATATAT TGGAGAAT GTGGGCAATGAGTTGT TTAA 2250 

2251 CAACT CTAGTAC C GAT T CCGGAAAAC C G GAAATAC C C GAAAT GAC C GT GA. 2300
 

11111111111111111111111111111111 1111111 11111 III
 
2251 CAACT CTAGTAC C GATT C C GGAAAAC C G GAAACAC C C GAAGT GAC CAT GA 2300
 

2301 CCGGTAATCCCAAT GTAGTAATAACT GAGGCT GTTAGCTACT GT CGAGCT 2350 
111111111111111 1 111111 11111111 1111111111111111 

2301 CC GGTAATCCCAAT GCAGTAATAGCT GAGGCTAT CAGCTACT GTCGAGCT 2350 

2 351 GAGGT CGATAGAAT T GGGAAGAAGT GT GAGAGAAT T CT CCAT GCCTACCA 2400
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIH 11111 

2 351 GAGGT CGATAGAATT GGGAAGAAGT GT GAGAGAATT CT C CAT GCTTAC CA 2400 

2401 GGCCACT GGGAATT GC GGCGGGTACCTAAACGATACT GACAAT GTAGGCG 2450 

11111111111111111111111111111 IIIH11111111111111 I 

2401 GGCCACTGGGAATTGCGGCGGGTACCTAAACGATACTGACAATGTAGGTG 2450 

2451 T GT T C GACAAGAT GAC GT C CT G G GTACAAAAAC C CAAG GAGTT C GAT CAC 2500 
1111111 111111111111111111111111111111111111111111 

2 451 T GT T C GATAAGAT GAC GT C CT G GGTACAAAAAC C CAAG GAGTT C GAT CAC 2500 

2501 GAATTTGGATGGGAAGGCTCCTCCTTTATTAAATT GT CTT GGTTTGGGAA 2550 
11111111111111 11111111111111111111111111111111111 

2501 GAATTTGGATGGGATGGCTCCTCCTTTATTAAATTGTCTTGGTTTGGGAA 2550 

2551 AATAC C GGACTT T GTAGGAAGGTAT T TAGTAGT GACT GAT G GGACAC GT G 2 600 
111111111111111111111111111111111111111 1111111111 

2 551 AATACCGGACTTTGTAGGAAGGTATTTAGTAGTGACTGACGGGACACGTG 2600 

2 601 TAAT GACAAAT C T GAAAT T TT CT C GT CAGTAT G CTACTAT T C CAGCAACC 2650 
III 1111111 11111111111111111111111111111111111111 

2 601 TAAC GACAAATTT GAAATTTT CT C GT CAGTAT GCTACTAT T CCAGCAAC C 2 650 
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2651 GTAACACCCACCATTAAACT GGTT GAT GGT GTTAC C GGAT GT GGGAAAAC 2700
 

illilli11111i11111 1111111111111111 11111 11111111 
2651 GTAACAC C CAC CAT TAAAT T GGT T GAT GGT GTTACT G GAT GC GGGAAAAC 2700
 

2701 GACT GAGAT CGTTAGGC GTTAT CAT C CT GGGATTT TART C CTAAGT GTAT 2750
 

1111 1111111111111111111 11111111111111111111111111 
2701 GACTGAGATCGTTAGGCGTTATCGTCCTGGGATTTTAATCCTAAGTGTAT 2750
 

2751 GTAAGGCTAACGT GGAT GAGATTAGAAGAAAATTAGC GGC C GT GGACT CA 2800
 

HI1111111111111111111111111111111111111111111111 
2751 GTAAGGCTAAC GT GGAT GAGATTAGAAGAAAATTAGC GGC CGT GGACT CG 2800
 

2801 AAGTTCATTAGGACCGTTGATTCTTAT CTTCT CAGCCCGAGTGTGACCGG 2850
 
111111 11111 11111111111111111111111111111111111111 

2801 AAGTTCATTAGAACCGTTGATTCTTATCTTCTCAGCCCGAGTGTGACCGG 2850
 

2851 AAGTTGT GATGAACTCTTCATAGATGAGTATGGT CTCT CACAT CCGGGCA 2900
 
111 111111111111111 11111111111111111111 1111111111 

2851 AAGCT GTGAT GAACTCTT CATAGAT GAGTAT GGTCT CT C GCATC C GGGCA 2900
 

2901 TTCTGTTACTGGCTATCCACATTAGCGGAATCCGAAAGGTCACTCTCTTT 2950
 
111111111 1111111111 111111111111111111111111111111 

2901 TTCTGTTACTGGCTATCCATATTAGCGGAATCCGAAAGGTCACTCTCTTT 2950
 

2951 GGTGACTCTGAACAGATTCCTTTCTGCAATCGCCTTGCCGATTTCCCTCT 3000
 
11111111111111111111111 11111111111111 11111 11111 

2951 GGTGACTCTGAACAGATTCCTTTTTGCAATCGCCTTGCTGATTTTCCTCT 3000
 

3001 AAAATACAACT CCGT T GAAGAC GT GGGAT T GAAC T T T GACAGGGAAAT CA 3050
 

1111111111111111111111111 1111111111111111111111111 
3001 AAAATACAACT CCGTT GAAGACGT GGGAT T GAACTT T GACAGGGAAAT CA 3050
 

3051 GGTCTACTACTTATAGATGCCCTCAGGACATCACTTTGTCT TTACAGAAA 3100
 
1111 11111 1111111111111111111111111111111111111111 

3051 GGTCCACTACTTATAGATGCCCTCAGGACATCACTT TGTCTTTACAGAAA 3100
 

3101 AT GTATAAGACAAAAC C GATAAAAAC GGTAT CGAC T GT T GAAAGT T C GAT 3150
 

11111111111111111111111111111111111111111111111111 
3101 AT GTATAAGACAAAACCGATAAAAACGGTAT C GACT GT T GAAAGT T CGAT 3150
 

3151 AACCAT CAAAC CAATAAAGAGCGAATTTGAAATTCCTCTACCCAATGCGT 3200
 
11111 111111111111111111111111111111111111111111111 

3151 AACCAT CAAACCAATAAAGAGCGAATTTGAAATTCCTCTACCCAATGCGT 3200
 

3201 TTGATGGTCCCGTGTTGTACATATGCATGACTAAGCATGATGAAAGCCTT 3250
 
1111111111 111111111111111111111111111111111111111 

3201 TTGATGGTCCTGTGTTGTACATATGCATGACTAAGCATGATGAAAGCCTT 3250
 

3251 TTAAAATTGCGTTGGGCCAAAGAGAACGTTTCTAGCGAAGTTCGAACGGT 3300
 
11111 111111111111111111111 1111111 111111111111111 

3251 TTAAAGTTGCGTTGGGCCAAAGAGAACATTTCTAGCGAAGTTCGAACGGT 3300
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3301 GCACGCGGCTCAAGGTTTGAGTTATAAGAACGT C GT GTATT T CAGGTTAA 3350
 
111111 1111111111111111111111111111111111111111111
 

3301 GCACGCAGCT CAAGGTTT GAGTTATAAGAACGT C GT GTATT T CAGGTTAA 3350
 

3351 CT C GTACT GACAAC GATTTGTATACCAAGAGAAAACT GCCATAT CATTT G 3400 

1111111111 11111111111111111111111111 111111111111
 
3351 CT CGTACT GATAACGATTTGTATACCAAGAGAAAACTACCATATCATTTG 3400
 

3401 GT GGCAAT TT CTAGGCATACT GACAAAAT CGT TTACT GTACCACAAAACC 3450
 

11111111111111111111111 11111111111111111 11 11111
 
3401 GT GGCAAT TT CTAGGCATACT GATAAAAT CGTTTACT GTACTAC GAAACC 3450
 

3451 T GAAGACT CAT CT GAtTTTT CTCTAT CT GCT CTAAAAAATAC CAT CAAAA 3500
 
1111 1111111111111111111111111111111111111111111111
 

3451 T GAAGACT CAT CT GATTTTT CT CTAT CT GCT CTAAAAAATACCAT CAAAA 3500
 

3501 CCTCTCGGGATTTAACCCGGGAGGCTAGT GGTTCAAAGAGCTCTTATGCT 3550
 
111111111111111111 1111111111111111 11111111111111
 

3501 CCTCTCGGGATTTAACCCAGGAGGCTAGTGGTTCAGAGAGCTCTTATGCT 3550
 

3551 GGT GT CTT CGAAT CGAATTCGGAGGTAACCGCAACCAAACCT GAGGT GT G 3 600 
1 111111111111 11111111111111111111111111111111 11 

3551 GTT GT CTT CGAATCAAATT CGGAGGTAACCGCAACCAAACCT GAGGTTT G 3 600 

3601 TGAAAATGTTAGAAAAGCAGCTGAGATAAATTTTCCCGGTTCCTCTGACG 3 650
 
111111111111111111111111111 11 11111111 11111111111
 

3601 T GAAAAT GT TAGAAAAGCAGCT GAGAT GAAT T T T CCCGTT T CCT CT GACG 3650
 

3651 CTTTATATCAGAAGGAAGTGCCCATTTATGGTGCAATACCCGACCCCAAG 3700 
11111111111111111111111111 1111111111111111HH 111 

3651 CTT TATAT CAGAAGGAAGT GC C CAT T TAT GGT GCAATAC C C GAC C C GAAG 3700 

3701 GGAAAAGCAAGTT GTAATCCGGGTAGT GTTAT CANGGCCATAGAANAATT 3750
 
1111111111111 1111111111111111111:1111111111:11H
 

3701 GGAAAAGCAAGTTACAATCCGGGTAGTGTTATCAGGGCCATAGAAGAATT 3750
 

3751 GACCCCAGGTAACACCAGCATAGATACTGATGCTTTGGACGAACTAGTTG 3800
 
11111111111111111111111111111111111111111111111111
 

3751 GACCCCAGGTAACACCAGCATAGATACTGATGCTTTGGACGAACTAGTTG 3800
 

3801 AAGTTGGT CCTATTAGTTTACAAGTT GGTAGTATAAGAT GGGAT GTCT CT 3850
 
1111111111111 1111111111111 11111111111111111111111
 

3801 AAGTTGGTCCTATGAGTTTACAAGTTGGTAGTATAAGATGGGATGTCTCT 3850
 

3851 AAGATAT CAC C C C GCTT GTTTACTAACAACAAAT T C GCAGT T C CACAC CT 3900 

IIIIIIIIIH 11111111111111111111111111111111 11111 
3851 AAGATATCACCTCGCTTGTTTACTAACAACAAATTCGCAGTTCCGCACCT 3900 

3901 ACCGACTGGAGCTTTGTTAAGGCGTAACACAAGCAGTCGTCAGGTTGGAT 3950
 
11111 1111111 11111111111111111 1111111111111111111
 

3901 ACCGACTGGAGCCTTGTTAAGGCGTAACACGAGCAGTCGTCAGGTTGGAT 3 950
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3951 TGGCTATAGAAAAGCGAAACGCTAACGTCATGAATAGCCAAAAATACTTT 4000 
111111111111111111I111111 11111111111111111111 III 

3951 T GGCTATAGAAAAGCGAAAC GCTAAT GT CAT GAATAGCCAAAAATATTTT 4000 

4001 GAT CT GGAAAATTTAGCTAATAAGGCGGTAGAGAGATTTTT CGAT TT CTT 4050
 

11111111111111111111111111111111111111111111111111
 
4001 GAT CT GGAAAATTTAGCTAATAAGGC GGTAGAGAGAT T TTT CGATTTCTT 4050
 

4051 TATAGATAT GGAGAAATT CT CGAAACTACCAACT GGAGT CTTAGGCT CGA 4100
 
11111 1111111111111111 11111 1111111111111111111111
 

4051 TATAGATAT GGAGAAATTCTCAAAACTGCCAACT GGAGTCTTAGGCTCGA 4100
 
. 

4101 GTGCTGAGCAGATACAAACATACCAGAATAAAACTGGTAATAAGGTGACG 4150 
11111 11 11111111111 11111111111 1111111111111111111 

4101 GT GCT GAACAGATACAAACGTACCAGAATAAAACT GGTAATAAGGT GACG 4150 

4151 GAC C CGGT CT GT GTT GC CTTAT CCCCAAT T CAAAAATACAAACATAT GAT 4200
 
11111 11111111 111111111111111111111111111111111111
 

4151 GACC CAGT CT GT GT T GCCTTAT CCCCAATT CAAAAATACAAACATAT GAT 4200
 

4201 TAAGAGGGAT GT CAAATT CAATTT GACT GAT GGT GCT CAAAGT GAGTATA 4250
 

11111111111111111111111111111111111111111111111111
 
4201 TAAGAGGGAT GT CAAAT T CAAT TT GACT GAT GGT GCT CAAAGT GAGTATA 4250 

4251 CTAAAGCT GGT CAC CAT TACTTAT CAT CAACCAGAGATAACT CAGGAT GCT 4300 

111111111 1111111111111111111111111111111HII 1111
 
4251 CTAAAGCT GCCACCATTACT TAT CAT CAACCAGAGATAACT CAGGT T GCT 4300
 

4301 ACT GCCATTTTT GGTCAGTTAAAAACTAGACT GGT GGCTT GTAGCAATAA 4350
 
11111111111111111111 111111111111 1111111111 11111
 

4301 ACT GCCATTTTT GGTCAGTTTAAAACTAGACT GTT GGCTT GTAGAAATAA 4350
 

4351 GTT GT TAAATATACGT CT T GAACAT GATAAT GAT T T GAGCGGATAT T TAA 4400 
111 I111111111 11111111111111111111111111111111111 

4351 GT T CT TAAATATACCT CT T GAACAT GATAAT GAT T T GAGC GGATAT T TAA 4400 

4401 CCAAATAT CATTT GGGGAGT GAAAATAAAACTTT CACTGAAATT GACTTT 4450
 

1111111111111111111111111111 111111111111111111111
 
4401 CCAAATAT CATTTGGGGAGT GAAAATAACACTTT CACT GAAATT GACT TT 4450
 

4451 T CTAAATT CGATAAAAGT CAAGGGGAAAT C CAT CAACTTATTCAGGATTT 4500
 

11111111111111111111111111111111111111 111111 11111
 
4451 TCTAAATTCGATAAAAGTCAAGGGGAAATCCATCAACTCATTCAGGATTT 4500
 

4501 AATCCT GATAAAGTTT GGTT GT GATCCCGAGTTTGTAGCCTAT GGT CTA 4550
 

111111111111111 1111111111111111111111111111111111
 
4501 AATCCT GATAAAGTTCGGTT GT GATCCCGAGTTT GTAGCCTTAT GGTCTA 4550
 

4551 CCGCCCACAGAAGTTCTTCTATTTTCGATCAAAAAGTTGGAATTGGTTTT 4600
 
1111111111111111111111111111111111 111111111111111
 

4551 CCGCCCACAGAAGTTCTTCTATTTTCGATCAAAACGTTGGAATTGGTTTT 4600
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4601 AAAACT GATTT C CAAAGAAGAACGGGCGATGCTTTTACTTTTCT GGGAAA 4650
 

I1111111111111111111111111111111111111111111111111 
4601 AAAACTGATTTCCAAAGAAGAACGGGCGATGCTTTTACTTTTCTGGGAAA 4650
 

4651 CTCTTT GGTAACTGCCGCCATGCTGGCGTTTGTCATAAGTGACCCAGAAA 4700
 
111111111111111111111111111111111111 11111111111 1 

4651 CTCTTTGGTAACTGCCGCCATGCTGGCGTTTGTCATCAGTGACCCAGATA 4700
 

4701 GGGAGAAGATTAGGTACATGTTGGTGGGTGGGGACGATTCTTTGATCTGC 4750
 
1111111111111111111111111111111111111111111111111I 

4701 GGGAGAAGATTAGGTACATGTTGGTGGGTGGGGACGATTCTTTGATCTGC 4750
 

4751 TCCTACGGTCCAATACAAGTACCTTTGCAACCATTTGGTGACGTATTTAA 4800
 
111111111111111111111111111 1111111 111111 1111111 

4751 TCCTACGGTCCAATACAAGTACCTTTGGAACCATTGGGTGACATATTTAA 4800
 

4801 TAT GTT CAT GCAAGTT GGTACAACCAGCTT GT CCTTAT TT CGCGT CT CGCT 4850
 
111111 1111111111111111111111111111111111111111111 

4801 TAT GT CTT GCAAGTTGGTACAACCAGCTT GT CCTTATTTCGCGT CT CGCT 4850
 

4851 ACTTGATTAGGAGAGGTGACGAAATTTTGTGTGTTCCCGACCCTTACAAA 4900
 
1111111111111111111111111111111111111111111 111111 

4851 ACTTGATTAGGAGAGGTGACGAAATTTTGTGTGTTCCCGACCCCTACAAA 4900
 

4901 CTTTT GGT GAAGTT GGGGAGGAAAGACATT CCGGACAATCAAGCATCATT 4950
 
1111111111111111111111111111 11111111111111111111 

4901 CTTTTGGTGAAGTT GGGGAGGAAAGACGTCCCGGACAATCAAGCATCATT 4950
 

4951 AT GCGAGATACGTACCGGAT T GGCAGATAGT GCCAAATATATCT T T GAT G 5000
 
111111111111111111111111111111 11111111111111111111 

4951 AT G C GAGATAC GTAC C GGAT T GGCAGATAGT GC CAAATATAT
 CT T T GAT G 5000
 

5001 ATAT T GT GAAACAGAAGTT GGCTATT CT T GTACAGGT GCGCTATAATAAA 5050
 
11111111111111111111111111111111111111111111111111 

5001 ATAT T GT GAAACAGAAGT T GGCTATT CT T GTACAGGTGCGCTATAATAAA 5050
 

5051 GCTGCACCTAGTTTATATGATGCCCTTTGCACTGTGCATTGGGCATTATC 5100
 

5051 GCTGCACCTAGTTTATATGATGCCCTTTGCACTGTGCATTGGGCATTATC 5100
 

5101 T TCTAATACCAAT TT CT CGAAGT T TTACACT GT TACTAACACTT CTAAT G 5150
 

1111111111111111111111111111H111111111111111 1111 
5101 TTCTAATACCAATTTCTCGAAGTTTTACACTGTTACTAACACTTCCAATG 5150
 

5151 AAGT GC GAAGGAACAGAAGAGGT GT TAAGAT TACT TAATAC CAT CATAAT 5200
 
11111111111111111111111111111111111111111111 1111 

5151 AAGT GC GAAG GAACAGAAGAGGT GT TAAGAT TACT TAATACCAT T T TAAT 5200
 

5201 TCTGCAGCATTTTCTTTTGACCGGCTTAGTAATAAGTCTTTGCCTGTCTC 5250
 
I1111111111111111111111111111111111111111111111111 

5201 TCTGCAGCATTTTCTTTTGACCGGCTTAGTAATAAGTCTTTGCCTGTCTC 5250
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5251 TTTTCAATGCTGTTATTGGTTTTAAAACCAAAAAGTATCTAAATCTTGAA 5300
 

HI11111111111111111111111111111111111111111111111 
5251 TTTTCAATGCTGTTATTGGTTTTAAAACCAAAAAGTATCTAAATCTTGAA 5300
 

5301 GAT TTAAAGATAAAT CTT GAAAAGGAACTTTT CAAGCACAAAGTCTTGAA 5350
 
111111111111111111 11111 111111111111111111111111111 

5301 GAT TTAAAGATAAAT CTT GAAAAGGAACTTTT CAAGCACAAAGT CT TGAA 5350
 

5351 TGAGTCT CTCTCAAGGAGACAAGGTTTCTTAAGCCTAGCTCACTAGGCTT 5400
 
1111111111111111111111111111 1111111111111111111111 

5351 T GAGT CT CT CT CAAGGAGACAAGGTT TCTTAAGC CTAGCT CACTAGGCTT
 5400
 

5401 AACTCCCAATTTGGGAGTTGTCCTTACGGACGTTTGCTGAGCAAACCCC 5449
 
1111111111111111111111111111111111111111111111111 

5401 AACT CCCAATTT GGGAGTT GT C CTTAC GGACGTTT GCTGAGCAAAC CC C 5449
 

Figure 8. Polymerase amino acid comparison 

S 1 MECLDFSKLWFSTAAGLQQR H DCVAWECLGDDDLQIFI SGLNRL 50IIIIIIIIIIIIIIIII1H 11111111111111111111111 ICI 
RB 1 MECLDFS KLW FS TAAGLQQR DCVAWEC LGDDDLQ I FI SGLNRL 50
 

51 AVSCTGDEDLDFVVDSCNE
 GRDLKSFFAADLPVREVSSVGCI SHFI P 100
 
11111 111111111111111 11111111111111111111111111111 

51 AVSCTGDEDLDFVVDSCNE
 GRDLKS FFAADLPVREVSSVGCI SHFI P 100
 

101 GSVSGLNVSDLLDNQLYGCSVFS SDFESKLR SDAASGVSQLVS 150

111111 1111111111111111111111111 HIIIIIIIIII 

101 GSVSGLNVSDLLDNQLYGCSVFS SDFESKLR SDAASGVSQLVS 150
 

151 CHFEKDVRHLLAENANSVKIPVPQKLSDDDMRI LRDHFPRYELKFTQNVD 200
 
11111111111111111111111111111111111111111111111HI 

151 CHFEKDVRHLLAENANSVKIPVPQKLSDDDMRI LRDHFPRYELKFTQNVD 200
 

201 GPHNMAAAHRLLETHDLLSNFP
 P I LDI GGNWFSHFRYGRSNVHSCC P 250
 
1111111111111111111111 1111 111111111111111111111 

201 GPHNMAAAHRLLETHDLLSNFP P I LDI GGNWFSHFRYGRSNVHSCCP 250
 

251 MLDLRDNERHTHRLTMTESLMS S LRHRYAGT I DLDPDAHLS RKVSDSMKE 300 
1 1111111111111111111111111111111111111111111111111 

251 MLDLRDNERHTHRLTMTESLMS S LRHRYAGT I DLDPDAHLSRKVSDSMKE 300
 

301 FYKRWAVHPKDLIRLYAGIRDGNSSLYCHHKFGVSWNDVLWESERNNCLT 350 
11111111111111111111111111111111111111111111111111 

301 FYKRWAVHPKDLIRLYAGIRDGNSSLYCHHKFGVSWNDVLWESERNNCLT 350 
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Figure 8. (Continued) 

351 I PEPECPFKAKYAIMVHSGYDLPL IGGMVQHGVVELHGTMIADPAML 400
 
111111111111111111111111 11111111111111111111111
 

351 V PEPECPFKAKYAIMVHSGYDLPL
 IGGMVQHGVVELHGTMIADPAML 400
 

401 VATSGYIPALRCNWEKSKGQIWFSFRDDSTMGYRHDWEVYSKYLTSTVVS 450
 
11111111111111111111111111111111111111111111111111
 

401 VATSGYIPALRCNWEKSKGQIWFSFRDDSTMGYRHDWEVYSKYLTSTVVS 450
 

451 CGKHFYVMERDKYRHGVLFYSIIKCSGSLRKGDHTFFHNAWFHEMYDKYI 500
 
11111111111111111111111111111111111111111111111111
 

451 CGKHFYVMERDKYRHGVIFYSIIKCSGSLRKGDHTFFHNAWFHEMYDKYI 500
 

501 MKVPLVKVKDLTGDEGSVECSWREVVMSRKLVDRVIEVCLRG
 PINFGN 550
 
111111111111111111111111111111111111111111 111111
 

501 MKVPLVKVKDLTGDEGSVECSWREVVMSRKLVDRVIEVCLRG
 PINFGN 550
 

551 CDDAVHMDNLRIIQNHLLSHSQTLVLNGSTIIRE FKDFSPVSVTIY 600
 
1111111111111111111111I1111111111111 1111111111111
 

551 CDDAVHMDNLRIIQNHLLSHSQTLVLNGSTIIRE I FKDFSPVSVTIY 600
 

601	 FEILLT
 ESLSLAWFHAGLGPDFKLGSWVSSLKRVFYRILGFPANLLK 650
 
1111111
 11111111111 1111111111111111111111111111111
 

601 FEILLT
 ESLSLAWFHAGLGPDFKLGSWVSSLKRVFYRILGFPANLLK 650
 

651	 YVLNALFR H KVSDMEFVKPAVEKLTVLENTYIGKSLMGDCPTLKEYDD 700
 
11111111111111111111111111111111II111111
111111111
 

651 YVLNALFR
 KVSDMEFVKPAVEKLTVLENTYIGKSLMGDCPTLKEYDD 700
 

701 SAFFNILENVGNELFNNSSTDSGKP GNP
 YCRAE 750
 
11111111111111111111111111 1111 11111
 

701 SAFFNILENVGNELFNNSSTDSGKP
 GNP YCRAE 750
 

751 VDRIGKKCERILHAYQATGNCGGYLNDTDNVGVFDKMTSWVQKPKEFDHE 800
 
11111111111111111111111111111111111111111111111111
 

751 VDRIGKKCERILHAYQATGNCGGYLNDTDNVGVFDKMTSWVQKPKEFDHE 800
 

801 FG SSFIKLSWFGKIPDFVGRYLVVTDGTR NLKFSRQYATIPATV 850
 
11 IIIII1111111IIi1111111111111 1111111111111111
 

801 FG SSFIKLSWFGKIPDFVGRYLVVTDGTR NLKFSRQYATIPATV 850
 

851 TPTIKLVDGVTGCGKTTEIVRR
 GILILSVCKANVDEIRRKLAAVDSK 900
 
11111111111111111111111IIf11111111111111111II 111111
 

900
 851 TPTIKLVDGVTGCGKTTEIVRR
 GILILSVCKANVDEIRRKLAAVDSK 

901 FIRTVDSYLLSPSVTGSCDELFIDEYGLSHPGILLLAIHISGIRKVTLFG 950
 
11111111111111111111111111111111111111111111111111
 

901 FIRTVDSYLLSPSVTGSCDELFIDEYGLSHPGILLLAIHISGIRKVTLFG 950
 

951 DSEQIPFCNRLADFPLKYNSVEDVGLNFDREIRSTTYRCPQDITLSLQKM 1000
 
11111111111111111111111111111111111111111111111111
 

951 DSEQIPFCNRLADFPLKYNSVEDVGLNFDREIRSTTYRCPQDITLSLQKM 1000
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1001 YKTKPIKTVSTVESSITIKPIKSEFEIPLPNAFDGPVLYICMTKHDESLL 1050
 

1001 YKTKPIKTVSTVESSITIKPIKSEFEIPLPNAFDGPVLYICMTKHDESLL 1050
 

SEVRTVHAAQGLSYKNVVYFRLTRTDNDLYTKRKLPYHLV 1100
 

1051 KLRWAKE I SEVRTVHAAQGLSYKNVVYFRLTRTDNDLYTKRKLPYHLV 1100
 

1101 AISRHTDKIVYCTTKPEDSSDFSLSALKNTIKTSRDL
 SYAG 1150
 
1111111111111111111111111111111i111i1 11ii
 

1101 AISRHTDKIVYCTTKPEDSSDFSLSALKNTIKTSRDL
 SYAV 1150
 

1151 VFESNSEVTATKPEVCENVRK_
 SDALYQKEVPIYGAIPDPKG 1200
 

1151 VFESNSEVTATKPEVCENVR
 SDALYQKEVPIYGAIPDPKG 1200
 

PGSVI RAI E ELT PGNT S I DT DAL D ELVEVG LQVGSIRWDVSK 1250
 

PGSVIRAIEELTPGNTSIDTDALDELVEVG LQVGSIRWDVSK 1250
 

1251 ISPRLFTNNKFAVPHLPTGALLRRNTSSRQVGLAIEKRNANVMNSQKYFD 1300
 

1251 ISPRLFTNNKFAVPHLPTGALLRRNTSSRQVGLAIEKRNANVMNSQKYFD 1300
 

1301 LENLANKAVERFFDFFIDMEKFSKLPTGVLGSSAEQIQTYQNKTGNKVTD 1350
 

1301 LENLANKAVERFFDFFIDMEKFSKLPTGVLGSSAEQIQTYQNKTGNKVTD 1350
 

1351 PVCVALSPIQKYKHMIKRDVKFNLTDGAQSEYT
 ITYHQPEITQDAT 1400
 

1351 PVCVALSPIQKYKHMIKRDVKFNLTDGAQSEYT o.. ITYHQPEIT T1 1400
 

1401 AIFG L TR
 EHDNDLSGYLTKYHLGSE FTEIDFS 1450
 

Figure 8. (Continued) 

11111111111111111111111111111111111111111111111111
 

1051 KLRWAKE
 

11111111 111111111111111111Illlil1I111111111111111
 

1111111i111111111111111 11111111111111111111
 

1111111111111111111111111111111 .1111111111111
 

11111111111111111111111111111111111111111111111111
 

11111111111111111111111111111111111111111111111111
 

1111111111111111111111111111111111 1111111111 II
 

11111 III
 1111111111111111111 11111111
 
1401 AIFG TR
 EHDNDLSGYLTKYHLGSE N FTEIDFS 1450
 

1451 KFDKSQGEIHQLIQDLILIKFGCDPEFVALWSTAHRSSSIFD GIGFK 1500
 
111111111 1111111111111111111111111111111111 111111
 

1451 KFDKSQGEIHQLIQDLILIKFGCDPEFVALWSTAHRSSSIFD GIGFK 1500
 

1501 TDFQRRTGDAFTFLGNSLVTAAMLAFVISD
 EKIRYMLVGGDDSLICS 1550
 
111111111111111111111111111111 11111111111111111
 

1501 TDFQRRTGDAFTFLGNSLVTAAMLAFVISD
 EKIRYMLVGGDDSLICS 1550
 

1551 YGPIQVP
 SCKLVQPACPYFASRYLIRRGDEILCVPDPYKL 1600
 
1111111
 11111111111111111111111111111111111
 

1551 YGPIQVP
 SCKLVQPACPYFASRYLIRRGDEILCVPDPYKL 1600
 

1601 LVKLGRK
 DNQASLCEIRTGLADSAKYIFDDIVKQKLAILVQVRYNKA 1650
 
1111111111111111111111111111111111111111
11111111
 

1601 LVKLGRK
 DNQASLCEIRTGLADSAKYIFDDIVKQKLAILVQVRYNKA 1650
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Figure 8. (Continued) 

1651 APSLYDALCTVHWALSSNTNFSKFYTVTNTSNEVRRNRRGVKIT 1694
 
11111111111111111111111111111111111111111111 

1651 APSLYDALCTVHWALSSNTNFSKFYTVTNTSNEVRRNRRGVKIT 1694
 

Figure 9. RNA 2 sequence comparison 

S 1 ATATATTTTCACACAGTTACTGTGTCTGGATATCTCGAGTTTGCTCTTTG 50
 
111111111111111111111111111111 1111111111 1111111(1

RB 1 ATATATTTTCACACAGTTACTGTGTCTGGACATCTCGAGTTTGCTCTTTG 50
 

51 GTGGTCATTGAGTGTCGAATTTAGTGTCTGATTCTCTTTTCTCTATTAAA
 100
 
1111111111111111111111111111 11111111111111111111 

51 GTGGTCATTGAGTGTCGAATTTAGTGTCCTATTCTCTTTTCTCTATTAAA 100
 

101 AGTAAAATATATCCTTGGTGACTGTGTCATCATGTTTAGCAGAAGTTCCT 150 
11111111111111111111111111111111111111111111111111 

101 AGTAAAATATATCCTTGGTGACTGTGTCATCATGTTTAGCAGAAGTTCCT 150 

151 CTACTCGCAGCTCCCTTGTGGGGAGCAGGAGTGGCTCCATTTTTGGAGGG 200 
11111111111111111111111111111111111111111111111111

151 CTACTCGCAGCTCCCTTGTGGGGAGCAGGAGTGGCTCCATTTTTGGAGGG 200 

201 GGATCTGTTAAGAAGTCTAGTACTGTGAGGGGGTTCTCTGCCGGTCTTGA 250 
11111111111111111111111111111111111111111111111111

201 GGATCTGTTAAGAAGTCTAGTACTGTGAGGGGGTTCTCTGCCGGTCTTGA 250 

251 AAGATCGCGAGGATTACCTTCCGCCAGCGCTGGTGAAAACCAGATCTCGC 300 
11111111111111111111111111111111111111111111111111

251 AAGATCGCGAGGATTACCTTCCGCCAGCGCTGGTGAAAACCAGATCTCGC 300 

301 TGCCGGGGCTTAGGATCCCAGTTAAGACTTCTTCACAACCGGGAAATTAC 350 
11111111111111111111111111 11111111111111111111111 

301 TGCCGGGGCTTAGGATCCCAGTTAAGGCTTCTTCACAACCGGGAAATTAC 350 

351	 TAC C TTAAGGAGAGAG GTATT GAT T T GC CAATT GT G CAACAGCAGAAGTT 400 
11111111111111111111111{11111111111111111111111111

351	 TACCT TAAGGAGAGAGGTAT T GAT T T GCCAAT TGTGCAACAGCAGAAGTT 400 

401 TCTGGCCGCTGACGGCAAAGAAATGGGGGAGTGTTACCTTTTGGACACTT 450
III 1111111111111111111111111111111111111111111111

401 TCTAGCCGCTGACGGCAAAGAAATGGGGGAGTGTTACCTTTTGGACACTT 450 

451 CCCGAACTGATCTGTTGGACGCTGCTAAAGCAGCGTTAAACGAGTCTAAT 500 
Ii11111111111111111111111 111111111111111111111111 

451 CCCGAACTGATCTGTTGGACGCTGCCAAAGCAGCGTTAAACGAGTCTAAT 500 

501 CT T CT TGAGTT CAACAAAT T TAAGGAAT TTAAGAAGTATAAGGGAAAGAA 550 
111111 11 11111111111111111111111111111111111111111

501 CTTCTTGAATTCAACAAATTTAAGGAATTTAAGAAGTATAAGGGAAAGAA 550 
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Figure 9. (Continued) 

551 TAATGAATTCCCTTTGGTTGAAGCATCAGTTTTTGACAAACTGATCAGGA 600
 
1111111111 1111111111 11111111111111 1111111111111
 

551 TAATGAATTCTCTTTGGTTGAGGCATCAGTTTTTGATAAACTGATCAGGA 600
 

601 AGGACGATTCTCCCATACACCTTAACAGGCTTTTAATAGCTGTTGTGCCT 650
 
I11 111111111111111111111111111111111111111111 III 

601 AGGACGATTCTCCCATACACCTTAACAGGCTTTTAATAGCTGTTTTACCT 650
 

651 GCCGTAGGAAAAGGAACACCAGGAACCGCACGAATTAAAATTCGTGACGC 700
 
11111111111111111111111111111111111111111111111111
 

651 GCCGTAGGAAAAGGAACACCAGGAACCGCACGAATTAAAATTCGTGACGC 700
 

701 GCGCCTGGATGATGGTTATGGTGAGCTTTTTAGTTCTGAAAATCGTGTGG 750
 
11111111111111111111111111111111111111111111111111
 

701 GCGCCTGGATGATGGTTATGGTGAGCTTTTTAGTTCTGAAAATCGTGTGG 750
 

751 ACTCTGGCTACATTTATTGTATAAATGTAGGCTATTCTGTTCCTAAGTCC 800
 
1111111111111111111111111111111 11111111111111111
 

751 ACTCTGGCTACATTTATTGTATAAATGTAGGTTATTCTGTTCCTAAGTCT 800
 

801 GAAATCGATTACAAAATCAATATTGATTTTGCCGGGGTACCCATCAAAGA 850
 
11111111111111111111111111111111111111111111111111
 

801 GAAATCGATTACAAAATCAATATTGATTTTGCCGGGGTACCCATCAAAGA 850
 

851 TGGTAAGTCCCCGATTTGGGTCAAAGCTGCCTTCTCTTTAGCTGGTGGCG 900
 
111111111111111111111111 111111111111111111111111
 

851 TGGTAAGTCCCCGATTTGGGTCAAGGCTGCCTTCTCTTTAGCTGGTGGCC 900
 

901 CCCCTGTGTTCTTTGATGGAACAATGAGCTTGGGTGCTGAGATTTTGCCC 950
 
11111111111 11111111111111111111111111111111111111
 

901 CCCCTGTGTTCCTTGATGGAACAATGAGCTTGGGTGCTGAGATTTTGCCC 950
 

951 GACTCTCACAAAGAGCTGTTGGGCACCTCTGCTTTGTTGTTGAATGAGGC 1000
 
11111111 11111111111111111111111111111111111111111
 

951 GACTCTCATAAAGAGCTGTTGGGCACCTCTGCTTTGTTGTTGAATGAGGC 1000
 

1001 GAATTCCAATAGGAAGTCGTTCTCTGGTGATGACGGAGAGCTTAGAAGGG 1050
 
111111 1111111111111111111111111111111111111111111
 

1001 GAATTCTAATAGGAAGTCGTTCTCTGGTGATGACGGAGAGCTTAGAAGGG 1050
 

1051 ATTATCCTTATAAGCGTTTTGAGGAGATTTCACCTTTGGATTCTATAAGT 1100
 
1111
 11111111111111111111 111111111111111111111111
 

1051 ATTACCCTTATAAGCGTTTTGAGGAAATTTCACCTTTGGATTCTATAAGT 1100
 

1101 CAGGTCGATACGGCCAGTCAAGACTCCGTTAATGAGGTGAACACCGAAAA 1150
 
11111111111111111111111111111111111111111111111111
 

1101 CAGGTCGATACGGCCAGTCAAGACTCCGTTAATGAGGTGAACACCGAAAA 1150
 

1151 TGTTCAAAACGGTACTGGTGAGGTGTATTTGGCACCTCCTTCACATTCCG 1200
 
11111111111111111111111111111111111111111111111111
 

1151 TGTTCAAAACGGTACTGGTGAGGTGTATTTGGCACCTCCTTCACATTCCG 1200
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Figure 9. (Continued) 

1201 TTTATTAATAACTTAGTTGTTAATGCGTTGAATGCATATGACACATAGTG 1250
 
11 111111111111111111111111 11111111111111111111111 

1201 TTTATTAATAACTTAGTTGTTAATGCATTGAATGCATATGACACATAGTG 1250
 

1251 TCAGTTTTGTGGTTAAAATTTTCCTAACCGCATTATATTTCATTGTTGAA 1300
 
111111111111111111 11111111111111111111111111111111 

1251 TCAGTTTTGTGGTTAAAATTTTCCTAACCGCATTATATTTCATTGTTGAA 1300
 

1301 TTAATACTAAGTAT T TAAGTTT T CAAT GT C GAAGAAAGCT GT T C CACCAA 1350
 
11111111111111 111111111111111111111111111111111111 

1301 TTAATACTAAGTATTTAAGTTTT CAAT GTCGAAGAAAGCT GTTCCAC CAA 1350
 

1351 TCGTTAAGGCTCAATACGAGCTTTATAATCGTAAGTTGAACAGAGCTATC 1400
 
1111111111111111 11111111111 11111111111111111 Ill 

1351 T CGTTAAGGCT CAATAT GAGCTTTATAACCGTAAGTTGAACAGAGCCAT C 1400
 

1401 AAGGTTTCCGGCAATCAGAAGAAGCTAGATGCTTCTTTTGTCGGGTTCAG 1450
 
1111111111111 1111111111 II 11111111111WHIM1 

1401 AAGGTTT CCGGCAGTCAGAAGAAGTT GGACGCTTCTTTTGTCGGGTT CAG 1450
 

1451 TGAGAGCTCTAACCCAGAAACTGGGAAACCTCACGCGGACATGTCTATGT 1500
 
1111111111111 11111111111 11111111111111111111111111 

1451 TGAGAGCTCTAACCCAGAAACTGGGAAACCTCACGCGGACATGTCTATGT 1500
 

1501 CT GCTAAGGTTAAGCGCGTTAATACGTGGCTTAAAAATTTTGATCGCGAA 1550
 
H1111111111111111111111111111111111 111111111111 

1501 CT GCTAAGGTTAAGC GCGTTAATAC GTGGCTTAAAAACTTTGATCGCGAA 1550
 

1551 TAT T GGGATAAC CAAT T CGCAT CAAAACCCGT T CCTAGACCTGCAAAACA 1600
 
1 11111111111111111111111H1111 1111111111111 11111 

1551 TAT T GGGATAAC CAAT T CGCAT CAAAACCCAT T CCTAGACCTGCTAAACA 1600
 

1601 GGTCTTGAAGGGTTCATCCTCCAAATCTCAACAACGAGATGCAGGAGAGG 1650
 
111111111111111111111111111111 11111111 111111111 

1601 GGTCTTGAAGGGTTCATCCTCCAAATCTCAGCAACGAGACGAAGGAGAGG 1650
 

1651 TGGTCTTTACCCGAAAAGACTCCCAGAAATCCGTTAGGACTGTGTCCTAT 1700
 
1 111111111111111111111111111111111111111111111 111 

1651 TGGTCTTTACCCGAAAAGACTCCCAGAAATCCGTTAGGACTGTGTCTTAT 1700
 

1701 TGGGTTTGTACTCCTGAGAAGTCAATGAAACCTCTCAAATATATGGAGGA 1750
 
11111111111111111111111 11111111111111111 1111111 

1701 T GGGTT T GTACT C C T GAGAAGT CGAT GAAACC T CTCAAATACAAGGAGGA 1750
 

1751 CGAAAACGTCGTTGAAGTTACCTTCAATGACCTCACAGCTCAGAAGGCTG 1800
 
111111111 11111111 111111111111111 1111111 1111111 

1751 CGAAAACGTTGTTGAAGTCACCTTCAATGACCTCGCAGCTCAAAAGGCTG 1800
 

1801 GTGACAAATTGGTTTCCATCCTGTTGGAAATCAATGTGGTGGGCGGTGCC 1850
 
1111111111111111111 111111111111111111111111111111 

1801 GTGACAAATTGGTTTCCATACTGTTGGAAATCAATGTGGTGGGCGGTGCC 1850
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Figure 9. (Continued) 

1851 GT CGAC GACAAGGGT CGAGT GGCT GT C CT GGAAAAGGAT GCT GC C GT GAC 1900 

11111111111 11111111111111111111111111111111111111 
1851 GTCGACGACAAAGGTCGAGTGGCTGTCCTGGAAAAGGATGCTGCCGTGAC 1900 

1901 GGTTGATTACCTTCTCGGAAGCCCGTATGAAGCCATAAATCTTGTTTCGG 1950
 
11111111111111111111111111111111111111111111111111
 

1901 GGT TGATTACCT TCT CGGAAGCCCGTATGAAGCCATAAAT CT TGT TTCGG 1950
 

1951 GTTTAAACAAGATAAATTTTAGATCCATGACGGATGTGGTAGACTCCATA 2000
 
1111111111111111111111111111111111111111111 111111
 

1951 GTTTAAACAAGATAAATTTTAGATCCAT GACGGAT GT GGTAGATT CCAT.A 2000
 

2001 CCAT CGCT CTTAAAT GAGCGTAAGGT GT GT GT CTT CCAGAAT GAC GATAG 2050 
11111111111111111111111111111111111111111111111111 

2001 CCAT C GCT CTTAAAT GAGCGTAAGGTGT GT GT CTT C CAGAAT GAC GATAG 2050 

2051 TT CGT CGTTT TACATT CGGAAAT GGGCCAACTTCCTTCAGGAAGTTTCGG 2100 

111111111111111111111111111 1111111111111111111111 
2051 TT CGT CGTTTTACATT CGGAAAT GGGCTAACTT CCTTCAGGAAGTTT CGG 2100 

2101 CAGTTTTACCGGTGGGAACCGGTAAATCTTCCACAATAGTTCTGACTTAG 2150 
1 11111111111 11111111 11111 11111111111111 111111 

2101 CGGTTTTACCGGTAGGAACCGGCAAATCCTCCACAATAGTTCTAACT TAG 2150 

2151 TTCGGACTATTTGCCTGCTAGTGGGCATATCTCACAATTTGTGAGATAAA 2200
 
11111111111111111111111111111111111111111111111111
 

2151 TTCGGACTATTTGCCTGCTAGTGGGCATATCTCACAATTTGTGAGATAAA 2200
 

2201 CGGCATAGCCGTTGTTTGCTGAGCAACCCTC 2231
 
11111111111111111111111111 11
 1 

2201 CGGCATAGCCGTTGTTTGCTGAGCAAACCCC 2231 

Figure 10. Movement protein amino acid comparison 

s 1 MFSRSSSTRSSLVGSRSGSIFGGGSVKKSSTVRGFSAGLERSRGLPSASA 50 
11111111111111111111111111111111111111111111111111 

RB 1 MFSRSSSTRSSLVGSRSGSIFGGGSVKKSSTVRGFSAGLERSRGLPSASA 50 

51 GENQISLPGLRIPVKTSSQPGNYYLKERGIDLPIVQQQKFLAADGKEMGE 100 
111111111111111 I11111111111111111111111111111111 

51 GENQI S LP GLRI P SQPGNYYLKERGIDLPIVQQQKFLAADGKEMGE 100 

101 CYLLDTSRTDLLDAAKAALNESNLLEFNKFKEFKKYKGKNNE VEASV 150 
111111111111111111111111111111111111111111 11111 

101 CYLLDTSRTDLLDAAKAALNESNLLEFNKFKEFKKYKGKNNE VEASV 150 
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Figure 10. (Continued) 

151 FDKLIRKDDSPIHLNRLLIA AVGKGTPGTARIKIRDARLDDGYGELF 200
 
111111111111111111111 1111111111111111111111111111
 

151 FDKLIRKDDSPIHLNRLLIA AVGKGTPGTARIKIRDARLDDGYGELF 200
 

201 SSENRVDSGYIYCINVGYSVPKSEIDYKINIDFAGVPIKDGKSPIWVKAA 250
 
11111111111111111111111111111111111111111111111111
 

201 SSENRVDSGYIYCINVGYSVPKSEIDYKINIDFAGVPIKDGKSPIWVKAA 250
 

251 FSLAGGAQVFFDGTMSLGAEILPDSHKELLGTSALLLNEANSNRKSFSGD 300
 
111111 III 111111111111111111111111111111111111111
 

251 FSLAGGPPVrLDGTMSLGAEILPDSHKELLGTSALLLNEANSNRKSFSGD 300
 

301 DGELRRDYPYKRFEEISPLDSISQVDTASQDSVNEVNTENVQNGTGEVYL 350
 
11111111111111111111111111111111111111111111111111
 

301 DGELRRDYPYKRFEEISPLDSISQVDTASQDSVNEVNTENVQNGTGEVYL 350
 

351 APPSHSVY 358
 
11111111
 

351 APPSHSVY 358
 

Figure 11. Coat protein amino acid comparison 

1 MSKKAVPPIVKAQYELYNRKLNRAIKVS KKLDASFVGFSESSNPETG 50
 
1111111111111111111111111111 1111111111111111111
 

RB 1 MSKKAVPPIVKAQYELYNRKLNRAIKVS KKLDASFVGFSESSNPETG 50
 

51 KPHADMSMSAKVKRVNTWLKNFDREYWDNQFASK RPAKQVLKGSSSK 100
 
11111111111111111111111111111111111 1111111111111
 

51 KPHADMSMSAKVKRVNTWLKNFDREYWDNQFASK I RPAKQVLKGSSSK 100
 

101 SQQR EVVFTRKDSQKSVRTVSYWVCTPEKSMKPLK DENVVEVTF 150
 
11111 I1111111111111111111111111111111 111111111
 

101 SQQR EVVFTRKDSQKSVRTVSYWVCTPEKSMKPLK DENVVEVTF 150
 

151 ND T QKAGDKLVSILLEINVVGGAVDDKGRVAVLEKDAAVTVDYLLGSP 200
 
III 11111111111 1111 1111111111111111111111111111111
 

151 ND QKAGDKLVSILLEINVVGGAVDDKGRVAVLEKDAAVTVDYLLGSP 200
 

201 YEAINLVSGLNKINFRSMTDVVDSIPSLLNERKVCVFQNDDSSSFYIRKW 250
 
11111111111111111111111111111111111111111111111111
 

201 YEAINLVSGLNKINFRSMTDVVDSIPSLLNERKVCVFQNDDSSSFYIRKW 250
 

251 ANFLQEVSAVLPVGTGKSSTIVLT 274
 
111111111111111111111111
 

251 ANFLQEVSAVLPVGTGKSSTIVLT 274 
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Discussion 

This report presents the strategy used to create a full-length clone of the common 

strain of RBDV and the comparative sequence analysis of that clone with the resistance 

breaking strain of RBDV to identify changes that may account for the differences in host 

range. Only 2.4% of the nucleotides differed between the two strains and just 2.1% of 

amino acids in the replicase protein and 1.5% in the movement and coat proteins deviated 

between the two. Thus the two strains appear to be very similar but Nicolas et al. (1996) 

advise that a critical change in host-pathogen interaction can result from a single amino 

acid difference. 

Amino acid substitutions occur throughout all three RBDV proteins, any of which 

could be responsible for the resistance breaking phenotype. Calder and Palukaitis (1992) 

describe the determinant for a resistance breaking strain oftomato mosaic virus that 

arises from amino acid substitutions in the movement protein. Two amino acid changes 

in the movement protein sequence allow ToMV to overcome resistance conferred by the 

tomato gene Tm2. The coat protein has also been implicated in the resistance breaking 

phenotype through studies on potato virus X (PVX) (Kavanagh et al., 1992; Querci et al., 

1995) and tobacco mosaic virus (TMV) (Saito et al., 1987; Knorr and Dawson, 1988). 

TMV can overcome resistance mediated by the N' gene in Nicotiana sylvestris, because 

of sequence changes in the coding region of the coat protein that affect exposed positions 

in the viral capsid (Culver and Dawson, 1989). To overcome other resistance genes such 

as Tml in tomato, TMV relies on sequence changes in the replicase gene. Meshi et al. 

(1988) found that two nucleotide changes within the replicase coding sequence resulting 
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in two amino acid changes, were enough to cause effective Tml resistance. The replicase 

of RBDV shares sequence homology with that of TMV (Ziegler et al., 1992) so while 

most studies find resistance breaking determinants located in the movement or coat 

proteins, the replicase cannot be ruled out. 

In the case of RBDV, comparative sequence analysis between common and 

resistance breaking strains alone is not enough to determine the amino acids responsible 

for a change in host range. In order to locate the region or regions responsible for the 

resistance breaking phenotype, further studies involving recombination between the two 

full-length clones would need to be carried out. By combining the RNA 1 segment of the 

common strain with the RNA 2 segment of the RB strain and vice versa, then inoculating 

raspberry plants resistant to the common strain, the importance of RNA 1 and RNA 2 in 

the RB phenotype could be discovered. Once the critical RNA species was discovered, 

further recombination events within that RNA species and inoculation could pinpoint the 

necessary substitutions to provide the common strain with the ability to break the 

raspberry RBDV resistance. Similar techniques were successfully used to analyze the 

resistance breaking determinant of potato virus X (Kavanagh et al., 1992) and to locate 

the pathotype specific pathogenicity determinant of pea seed-borne mosaic potyvirus 

(Keller et al., 1998). 

The infectivities of the full-length clone and GFP fusion clone were not 

determined. Several extra nucleotides exist between the 35S promoter and the 5' end of 

the virus sequence that will be removed by site directed mutagenesis prior to testing the 

infectivity. 
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Chapter 4: Regional Epidemiology of
 
Raspberry Bushy Dwarf Virus
 

Abstract 

Raspberry bushy dwarf virus (RBDV) is the sole member ofthe idaeovirus genus 

of plant viruses. The bipartite, pollen-borne virus economically impacts both red and 

black raspberries worldwide. The possible role of temperature in the spread of RBDV in 

the Pacific Northwest was explored through in vitro germination assays and enzymatic 

staining procedures. Results from a two year study of virus-infected and virus-free 

raspberry pollen viability from both the Oregon and southern Washington region and the 

northern Washington and southern British Columbia region suggest temperature does not 

affect pollen germination or viability. 

Further studies were conducted to determine if a virus-degrading agent could be 

present on bee-stored raspberry pollen that becomes active only at higher temperatures. 

RBDV infected pollen from hives in northern Washington was collected and tested by 

ELISA after receiving either no heating or 32 hours of heating at 20, 30 or 40 C. 

Preliminary results indicate no such agent exists in red raspberry pollen from hives in the 

Pacific Northwest. 
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Introduction 

Raspberry bushy dwarf idaeovirus has become a serious economic pathogen 

affecting raspberry production in the Pacific Northwest and in other raspberry producing 

regions worldwide. As the disease problem has developed in the Pacific Northwest, so 

has an interesting phenomenon regarding virus incidence and rate of spread in Oregon, 

Washington and British Columbia (see chapter 1). The explanation for this differential 

rate of transmission is unknown though many possibilities exist. 

As RBDV is a pollen-borne virus there could be insect vectors (other than the 

honeybees used for pollination (Berry Production Guide, 1996)) transmitting pollen from 

flower to flower as postulated for other pollen-borne viruses by Sdoodee and Teakle 

(1987). Another possibility is that native Rubus species growing beside raspberry 

plantings such as Thimbleberry (R. parviflorus), which is commonly infected with RBDV 

(Credi et al, 1986), are serving as an inoculum source of the virus. 

Environmental factors such as temperature could also play a role in the rate of 

virus spread as there is a temperature difference ofat least 2 C between the Willamette 

and Fraser Valleys during the raspberry bloom period (May 1 to June 15) as illustrated in 

Figure 12. This study explores the effect of RBDV on red and black raspberry pollen 

viability at various temperatures and the possible epidemiological implications of these 

effects. The ability of RBDV infected and uninfected red and black raspberry pollen to 

germinate in vitro was tested as a measure of the pollen viability. The fluorochromatic 

staining procedure was also conducted as a second estimate of pollen viability (Kearns 

and Inouye, 1993). If the differential rate of spread were caused in part by temperature 
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Figure 12. Temperature data from the Fraser and Willamette Valleys 
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effects, the expected results would indicate that the viability of infected red raspberry 

pollen would be comparable to pollen from RBDV-free plants at lower temperatures, but 

would have a lower viability rate at higher temperatures. This would reflect the rapid 

virus spread in red raspberries in the cooler temperatures of the Fraser Valley and slower 

movement in the warmer Willamette Valley. 

A second hypothesis for the differential movement is the presence of a virus 

degrading agent in raspberry pollen similar to that observed by Cole and Mink (1984). 

Tests were conducted in Washington to determine if an agent induced by warmer 

temperatures is degrading RBDV particles in red raspberry, therefore slowing the spread 

of the virus in warmer regions of the Pacific Northwest. 
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Materials and Methods 

Serological Detection of RBDV 

Triple antibody sandwich ELISA (Enzyme Linked ImmunoSorbent Assay) was 

used to detect RBDV. IgG purified from polyclonal anitiserum served as the coating 

antibody and was diluted to 2 pg/m1 in carbonate coating buffer, pH 9.6 (1.59g Na2CO3, 

2.93g NaHCO3, 1 liter water). 100 p.I of diluted coating antibody was added per well to 

a microtiter plate (Nalge Nunc International, Denmark) and incubated for 2-4 hours at 

room temperature. Coating antibody was dumped out and the plates were blocked by 

adding 200 pi per well of blocking buffer [1X phosphate buffered saline (8g NaCI, 0.2g 

KH2PO4, 2.9g Na2HPO4.12H20, 0.2g KCl per liter H20, pH 7.4), 0.05% Tween-20 and 

0.2% nonfat dry milk powder] and incubated for 1 hour at room temperature. Leaves to 

be tested were homogenized in grinding buffer (1X PBS containing 0.05% Tween-20, 

0.2% nonfat dry milk powder and 2% polyvinylpyrrolidone) and 100 p.1 per well were 

loaded onto plates after tapping out blocking buffer. All samples were tested in duplicate 

wells. The plates containing plant sap were incubated at 4C overnight. The following 

day the plates were washed three times with half strength PBS and tapped dry. 

Monoclonal antibody, R5, was diluted 1:2000 in blocking buffer and 100 p.1 per well was 

added and incubated at 26C for 2 hours. Plates were washed again three times with half 

strength PBS, tapped dry and 100 p.1 per well of polyvalent goat anti-mouse alkaline 

phosphatase conjugate (#A0162 Sigma, St. Louis, MO) diluted 1:4000 in blocking buffer 

was added and the plates were incubated for 2 hours at 26C. Plates were washed again 
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three times with half strength PBS, tapped dry and 100 pl per well of the substrate, para

nitrophenyl phosphate (#104-105 Sigma St. Louis, MO) diluted 0.5mg/m1 in substrate 

buffer (10% diethanolamine in water, pH 9.8) was added and the plates were incubated at 

room temperature. After overnight incubation at room temperature, absorbance at 405nm 

was recorded in an ELISA plate reader (Molecular Devices, Sunnyvale, CA). If the 

absorbance values were 5 times greater than those for healthy controls and greater than 

0.1 the samples were considered RBDV positive. 

In Vitro Pollen Germination 

Pollen collected from RBDV infected and uninfected red and black raspberries 

was either allowed to dry for several days (trial 1) or tested directly (trial 2) for in vitro 

germination. Thirteen milliliters of media composed of 10% sucrose (Sigma, St. Louis, 

MO) and 1% agar (Difco Laboratories, Detroit, MI) were poured into 100x15mm square 

petri dishes (Falcon, Franklin Lakes, NJ). Pollen was dusted onto the media in each of 

the four corners of the dish and allowed to incubate at a specific temperature in an 

incubator for 2.5 hours. The plates were then examined under an inverted microscope 

(Carl Zeiss, Germany) and 100 pollen grains in each corner (400 per plate) were 

screened. Pollen was considered to have germinated if the pollen tube was at least as 

long as the diameter of the pollen grain. 

Pollen Staining 

A stock solution of 0.05% fluorescein diacetate (Sigma, St. Louis, MO) in acetone 

was produced and stored at -20C. To visualize pollen, the stock solution was diluted 1:25 
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in a 10% sucrose solution. A drop ofthe diluted fluorescein diacetate was added to a 

microscope slide and pollen was dusted onto the drop. After five minutes the pollen was 

observed with a fluorescence microscope (Leica DMRB, Heerbrugg, Switzerland). 

Pollen grains exhibiting green fluorescence were considered viable whereas pollen grains 

appearing whitish-blue were judged nonviable. 

Results 

Raspberry pollen was collected from RBDV infected and uninfected plants in the 

Willamette Valley of Oregon, in southwest Washington and in the Fraser Valley of 

northern Washington and southwestern British Columbia. Four groups of one hundred 

pollen grains were tested for in vitro germination at 10, 15, 20, 25 and 30 C for each 

raspberry pollen sample. The germination percentage of the four 100 grain samples was 

averaged to yield an overall percentage for each pollen sample at each of the five 

temperatures tested. The first trial of pollen germination was during the summer of 1998; 

data are shown in Table 1. In 1999 the second trial of pollen germination was conducted 

following the same protocol as before with results shown in Table 2. The viability of 

pollen was also tested by using the fluorochromatic reaction (FCR) in 1999. An initial 

FCR assay of viability was conducted approximately 15 hours after pollen collection. 

Subsequent tests were performed after 2.5 hour incubation at the temperatures used for 

the pollen germination assay. Results are shown in Table 3. 

The higher germination percentages for all samples in 1999 than for 1998 are 

most likely a result of more rapid analysis after pollen collection. In 1998 the pollen was 



Table 1. Percentage of pollen germination 1998 

Pollen Sample Temperaturea
Species Cultivar Location RBDV 10 15 20 25 30
R.idaeus Meeker S. WA 9 15 11 15 15
R.idaeus Meeker S. WA + 14 10 10 14 14
R.idaeus Meeker N. WA 19 28 33 39 24
R.idaeus Meeker N. WA + 10 11 22 33 17
R. occidentalis Munger Oregon 1 1 0 4 0
R. occidentalis Munger Oregon + 18 16 11 25 5 

a. incubation temperature in degrees celsius 
b. in vitro germination percentage as an average from four trials 



Table 2. Percentage of pollen germination 1999 

Pollen Sample Temperaturea
Species Cultivar Location RBDV 10 15 20 25 30
R. idaeus Meeker S. WA 36b 55 32 52 33R. idaeus Meeker S. WA + 43 52 35 30 25R. idaeus Meeker N. WA 39 36 43 57 47R. idaeus Meeker N. WA + 11 30 46 55 33R. occidentalis Munger Oregon 23 46 10 16 13R. occidentalis Munger Oregon + 10 21 20 23 7 

a. incubation temperature in degrees celsius 
b. in vitro germination percentage as an average of four trials 



Table 3. Viability percentage from FCR test 1999 

Pollen Sample Temperaturea
Cultivar Location RBDV initial 10 15 20 25 30
Meeker S. WA 59b 40 36 43 32 34
Meeker S. WA + 59 47 59 32 19 39
Meeker N. WA 66 59 59 52 63 61
Meeker N. WA + 72 52 63 60 65 57
Munger Oregon 83 55 44 43 75 35
Munger Oregon + 72 65 58 48 47 9 

a. incubation temperature in degrees Celsius 
b. viability percentage as an average of four trials 
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collected and then dried for several days prior to analysis. This seems to have had a 

negative effect on germination rates particularly those of the black raspberry samples. 

In Figure 13 the germination percentages of all samples are presented in graphical 

form based on cultivar and location. This visual comparison allows for the observation 

that no trends emerge among the data to indicate that temperature is affecting pollen 

germination. Although both virus-infected and virus-free samples of the same cultivar 

from the same location exhibit similar patterns of germination, no comparisons can be 

made between different samples. 

For the northern Washington Meeker samples the ideal germination temperature 

appears to be 25C and the least ideal at 10C. This is opposite from what the expected 

results would be for virus-infected pollen if temperature was causing the differential virus 

movement. For the southern Washington Meeker samples 10C still seems to be the least 

desirable germination temperature but 15C appears to be the most optimal. This is an 

interesting result as both are Meeker cultivars, the only difference being the location. 

Furthermore the ideal temperature for the cooler climate of northern Washington is 

greater than that for the warmer southern Washington samples. 

The black raspberry samples of the cultivar 'Munger' are difficult to compare 

between 1998 and 1999 as the germination rates were so low for the RBDV negative 

sample in 1998. The RBDV positive samples for both years are very similar and both 

suggest that 25C is an optimal temperature for pollen germination. The RBDV negative 

sample for 1999 indicates an ideal germination temperature of 15C but without reliable 

1998 data to compare, no conclusions can be drawn. Very little difference between the 

germination percentages between virus-infected and virus-free pollen exists in 1999 for 
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Figure 13. Percent germination by cultivar and location 
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both 'Meeker' samples. This contrasts with previous studies which found virus-infected 

pollen to be less competitive during in vitro germination assays (Vertesy, 1976; Pesic and 

Hiruki, 1988). Other studies discovered no effect of virus infection on pollen 

germination such as that conducted by Massalski et al. (1988) who found that 

germination percentages of virus-free and virus-infected birch pollen were very similar. 

Like this data on raspberry pollen however, the percentages differed between collection 

sites. This seems to indicate that environment is quite important in determining the 

optimal pollen germination conditions. 

The data from the fluorochromatic reactions are exhibited graphically in Figure 

14 and demonstrate that all pollen samples were greater than 50% viable initially. The 

`Meeker' from northern Washington remained nearly uniform in viability over the range 

of temperature incubations while the 'Meeker' from southern Washington exhibited a 

pattern of decreased viability as the temperatures increased. The 'Munger' samples show 

a similar pattern to those from southern Washington with high initial viability that 

decreased as the incubation temperature increased. 

As previously mentioned, assessments of pollen viability using FCR tests usually 

overestimate the actual value while in vitro germination tests underestimate the actual 

value. Similar results are seen when the viability estimates for the 'Meeker' and 

`Munger' samples tested are compared. The FCR viabilities are consistently greater than 

those from the in vitro tests. The southern Washington 'Meeker' sample exhibits a 

comparable trend in viability percentages at various temperatures between the two assays. 

The other samples show rather different trends at the various temperatures. Only having 
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Figure 14. Percent viability from FCR test by cultivar and location 
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FCR data for one year as opposed to two makes it difficult to determine if it is an 

accurate and consistent method for analyzing raspberry pollen viability. 

Pollen was also collected from within bee hives in northern Washington. ELISA 

tests were conducted on this pollen to test for the presence of RBDV. The pollen was 

heated at 20, 30 and 40C for 32 hours and a second ELISA test was performed to 

determine if heating the bee-stored pollen at various temperatures affects or destroys the 

virus. Tests were also conducted on hand collected pollen from the same fields as 

controls. Data from the ELISA tests are shown in Tables 4 and 5. All three samples 

appear to be RBDV positive based on the initial ELISA test with no heating. After 

heating at 20C for 32 hours, samples 2 and 4 are still RBDV positive while sample 1 does 

not show positive values. After 32 hours at 30C 2 and 4 are still positive and 1 is still 

negative. Following 32 hours at 40C samples 1 and 2 are positive while sample 4 now 

demonstrates RBDV negative ELISA values. 
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Table 4. ELISA values for bee-stored red raspberry pollen 

sample 

#1 

#1 

#2 

#2 

#4 

#4 

no heat 

0.450* 

0.363 

0.315 

0.365 

0.349 

0.387 

20 C 

0.118 

0.067 

1.644 

1.629 

1.367 

1.193 

30 C 

0.090 

0.059 

0.939 

0.696 

0.963 

0.959 

40 C 

0.573 

0.563 

0.416 

0.303 

0.163 

0.180 

controls 

0.046 

0.051b 

0.050' 

0.053' 

1.452d 

1.049d 

a. bold values indicate RBDV positive 
b. blank wells 
c. healthy control sample 
d. RBDV positive control 
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Table 5. ELISA values for hand collected red raspberry pollen 

no heat 20 C 30 C 40 C controls 

N. WA 2.433a 0.766 0.891 1.417 0.069 

N. WA 2.623 0.872 0.798 1.330 0.059' 

S. WA 1.471 0.532 0.687 0.699 1.073d 

S. WA 1.674 0.636 0.502 0.638 0.963d 

a. bold values indicate RBDV positive 
b. blank wells 
a. healthy control sample 
d. RBDV positive control 

Discussion 

It has been suggested that pollen transmission is of little importance in the 

epidemiology of virus spread (Mandahar, 1981). However in the case of raspberry bushy 

dwarf virus and some ilarviruses, no vectors have been implicated in transmission and 

pollen appears to be the only route for virus movement between plants. The exact 

mechanism of pollen transmission in the field is unknown. Several theories were 

postulated earlier and one, the idea of temperature affecting virus movement in the field, 

was studied further. 

If the temperature hypothesis were accurate, the expected resultswould reflect a 

trend of decreased virus-infected pollen viability at higher temperatures as might be 
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experienced in Oregon and southern Washington during the bloom period. The results 

from pollen germination and viability staining assays of both virus-infected and virus-

free raspberry pollen from Oregon and Washington show no evidence of that trend. In 

fact no constant pattern seems to exist among any of the samples tested to suggest a 

temperature effect on pollen viability. 

These results could indicate several things. First this system for assaying pollen 

viability through in vitro germination and fluorescence staining may not be an effective 

means for measuring any effect temperature may have on pollen viability and virus 

movement in the field. More controlled tests involving pollinating raspberry plants with 

virus-infected and virus-free pollen in growth chambers or even the field may be 

necessary to elicit these temperature effects. It is a distinct possibility that temperature 

may still be involved in virus movement given recent evidence of RBDV incidence in the 

past year in Oregon and southern Washington. As illustrated by the temperature data 

given in Figure 15 from the 1998 and 1999 bloom periods, Oregon and southern 

Washington experienced an abnormally cool and wet season. It was very similar to the 

average temperatures during bloom in northern Washington and southern British 

Columbia that are displayed in Figure 16. Daily high temperatures only occasionally 

reached 25 C during the bloom period in either location during 1998 and 1999. A red 

raspberry field in southern Washington was tested for RBDV by ELISA in both 1996 and 

1998 and was found to be only 5.5% infected during both tests, as shown in Table 6. 

However after the cool bloom period in 1998 the field was retested in May of 1999 and 

the ELISA values in Table 7 indicate at least 40% infection. No known sources of 
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Figure 15. Temperature data from an Aurora, Oregon raspberry field' 
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Figure 16. Temperature data from a northern Washington raspberry field' 
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Table 6. ELISA values for southern Washington field 1996a 

0.03 0.03 1.004 
0.02 0.02 0.00 
0.02 0.03 0.02 
0.02 0.03 0.02 

1.599b 0.004 0.01 
0.009 0.02 1.451 
0.02 0.00 0.006 1.419c 
0.012 0.01 1.148 1.137c 

a.	 One leaf from each of 72 plants was collected. Three leaves were pooled to make a 
sample. 

b.	 boldface type indicates RBDV positive sample 
c.	 positive control sample 

Table 7. ELISA values for southern Washington field l999a 

1.628b 0.133 0.081 1.411 0.085 0.058 0.083 0.063 1.304 0.075 0.065 
1.852 1.764 0.116 1.488 1.398 0.080 0.073 0.063 0.388 1.373 1.382 
1.949 1.861 0.072 0.075 1.341 0.062 1.163 0.076 1.433 0.089 1.331 
1.689 0.180 0.084 0.073 0.067 0.052 0.058 0.059 0.079 1.256 0.086 
2.107 0.126 0.090 1.738 0.132 0.062 0.065 1.367 1.450 1.236 1.031 
1.552 0.091 1.758 0.098 0.070 1.682 1.307 1.432 0.175 0.069 1.309 
1.854 1.526 0.146 1.768 0.072 1.637 0.131 0.095 0.073 1.257 0.136 
0.087 0.081 0.066 2.112 0.095 1.841 0.085 0.081 0.067 0.081 1.183 

a.	 one leaf from each of 94 plants was collected and tested as an individual sample 
b.	 boldface type indicates RBDV positive sample 
c.	 positive control sample 

RBDV inoculum have been introduced, nor have management practices changed within 

the field between 1998 and 1999 except for a temperature difference during the bloom 

period, the only time that the pollen-transmitted virus is able to spread from plant to 

plant. 
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This field provides interesting evidence that perhaps temperature is playing a role 

in the movement of RBDV. Tests of other fields with previously low RBDV incidences 

and rates of spread may support this theory. Moreover following this second year of 

unseasonably cool, wet bloom times in Oregon and southern Washington, RBDV may 

have spread even further, but this can only be verified by restesting the fields by ELISA 

in the spring of 2000. 

Secondly the in vitro germination and viability staining results performed in this 

study may indicate that temperature does not have an effect on the differential incidence 

and rate of spread of RBDV in the Pacific Northwest. This would force a re-examination 

of the other hypotheses that could be contributing to the current RBDV situation 

including spread from native vegetation, the presence of different RBDV strains or 

perhaps an insect vector involved in RBDV transmission. 

Several native Rubus species are commonly found around the edges of raspberry 

fields in the Pacific Northwest. R. leucodermis, the western black raspberry and R. 

ursinus, the trailing blackberry grow around fields in both Oregon, southern Washington 

and northern Washington. In 1996, Finn and Martin conducted an extensive survey for 

the presence of RBDV and several other viruses in these two Rubus species. RBDV was 

not found in either species in any of the sampled locations from Oregon to British 

Columbia. Thimbleberry, R. parviflorus, is very common around fields in northern 

Washington and southern British Columbia. This species has previously been found to 

be approximately 19% infected with RBDV in the Fraser Valley area of British Columbia 

(Credi et al., 1986) and could be serving as an RBDV inoculum source for red raspberry 

plantings in northern Washington and southern British Columbia. R parviflorus and R. 
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idaeus can be crossed (Jennings and Ingram, 1983) which supports the idea that 

pollination by virus-infected thimbleberry pollen could be causing RBDV infection in red 

raspberry. Thimbleberry is not commonly found in the Willamette Valley of Oregon or 

in southern Washington around raspberry fields. If thimbleberry were serving as an 

inoculum source for RBDV, this would explain the differences observed between red 

raspberries grown in northern Washington and British Columbia and those in Oregon and 

southern Washington. However it would not explain the differences in RBDV infection 

rates between red and black raspberries in Oregon. 

Different strains of RBDV could be responsible for the incidence and movement 

patterns observed in raspberry fields. There are three known strains of the virus, the 

common strain (S), the resistance-breaking strain (RB) and the black raspberry strain (B). 

The S and RB strains are serologically indistinguishable while the B strain can be 

differentiated through a gel diffusion assay (Jones et al., 1996). Little research has been 

performed on the exact range of the B strain, it may be restricted to black raspberry 

which could help explain some of the differences observed between virus infections in 

red and black raspberries in Oregon. 

To date no vectors have been implicated in the transmission ofRBDV but an 

insect vector may be contributing to the epidemiology of the virus. In the closely related 

pollen-transmitted ilarvirus group, studies have found thrips may play a role in virus 

transmission. The predominant route for pollen movement from plant to plant in these 

studies appears to be honeybees (Sdoodee and Teakle, 1987; Milne and Walter, 1997). 

Movement of infected pollen from flower to flower by honeybees and subsequent 

pollination may be enough to cause infection as proposed for blueberry leaf mottle virus 
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(Childress and Ramsdell, 1987). For the ilarviruses as well as members of some other 

viral groups, infected pollen landing on flowers or leaves of the plant most likely must be 

subjected to some mechanical abrasion in order for infection to occur (Francki and Miles, 

1985; Sdoodee and Teakle, 1987; Krczal et al., 1995). 

A similar mechanism could'be at work to transmit RBDV. Virus-infected pollen 

is presumably transmitted from plant to plant by honeybees. In northern Washington and 

southern British Columbia thrips may be present in or around the raspberry flowers and 

may cause feeding wounds allowing the virus entry into the mother plant. If the thrips 

were absent in Oregon and southern Washington it could explain some of the differences 

in RBDV movement observed between the two Pacific Northwest regions. Again this 

theory does not seem to clarify the reason for the differences between virus incidence in 

Oregon red and black raspberries unless coupled with another idea such as different virus 

strains serving a purpose. Bulger et al. (1990) recognized the possibility of thrips 

involvement in RBDV spread and attempted to transmit RBDV by placing thrips on R. 

parviflorus plants dusted with RBDV infected pollen. No transmission was detected in 

their experiments which seems to lessen the likelihood that thrips may be involved in the 

epidemiology of RBDV. However, along with this assay they conducted a thrips survey 

in various Rubus species in the area of Abbotsford, British Columbia. Thrips numbers 

were highly variable and were relatively low in raspberries. This result was also 

observed by Milne and Walter (1997) who found very low levels of thrips in plum trees 

but detected prunus necrotic ringspot virus transmission through thrips feeding injuries. 

Furthermore the thrips used in the Bulger et al. study were T. tabaci while the thrips 

species found in the survey were chiefly T madronii Moulton and Frankliniella 
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occidentalis (Pergande). Evidently further tests for RBDV transmission using native 

raspberry thrips from the Pacific Northwest must be conducted to rule out the possibility 

of their involvement in RBDV transmission. 

Another aspect of this study was the investigation into the presence of a virus-

degrading agent on raspberry pollen. A limited number of samples were available from 

honeybee hives pollinating raspberries which makes definitive analysis difficult. From 

these preliminary results one sample was not affected by heating at 20, 30 and 40C, one 

sample was RBDV positive after no heating then showed RBDV negative ELISA values 

after heating at 20 and 30C but positive values after heating at 40C. Another sample was 

not affected until heating at 40 C. The results from this sample, number four, agree with 

the findings by Cole and Mink (1984) that evidence of the virus disappears after 

prolonged heating at temperatures greater than 30C. Based on the beehive temperatures 

in northern Washington given in Figure 17, the hives are reaching high temperatures 

around 35C which may not be warm enough to induce this virus degrading agent. 

Whereas in southern Washington and Oregon, the hives may be reaching temperatures of 

40C or higher possibly activating the virus degradation process. Again this theory could 

explain the differences in RBDV incidence observed between northern Washington and 

southern Washington and Oregon but there must be some way to account for the 

differences observed between red and black raspberries in Oregon. Perhaps black 

raspberry pollen does not contain the virus degrading agent so even though the 

temperatures in the hive would be conducive to activate virus degradation, the agent 

simply is not present, leading to high levels of RBDV incidence and rapid spread through 

black raspberry fields. 
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Figure 17. Temperature data from northern Washington beehives 1999° 
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Chapter 5: Conclusions 

The preceding study was composed of two parts. The first was concerned with 

learning more about the molecular mechanism of RBDV transmission in plants and the 

second dealt with the differential rates of RBDV transmission occurring in raspberry 

fields of the Pacific Northwest. To address the first research question, a full-length clone 

of the virus was produced by designing primers from the previously published resistance-

breaking strain of RBDV and amplifying virus from RNA extracted from purified virus 

particles. The sequence of this clone of the common strain was compared with that of the 

RB strain to look for possible differences in host range determinants. The green 

fluorescent protein was then fused to the movement protein of the clone to create a 

tagged RBDV construct. Once infectious, this construct can be used to observe the 

movement of RBDV into plants during pollination. 

The differential rates of RBDV movement in the Pacific Northwest region were 

studied by examining the factor of temperature affecting RBDV field spread. The results 

of raspberry pollen viability studies suggest temperature plays no role in determining the 

viability of virus-free or virus-infected pollen. This leaves a host of other possibilities 

that may account for the differential incidence and rate of RBDV movement between 

Oregon/southern Washington and northern Washington/British Columbia. One of these 

possibilities is the presence of an enzyme-like agent on bee-stored raspberry pollen that 

degrades virus particles. Preliminary studies on this possibility were conducted on red 

raspberry pollen from northern Washington. One of three samples tested demonstrated 

results consistent with this theory. With further analysis a more accurate examination of 
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this explanation could be obtained. Other possibilities remain though, such as the 

presence of an insect vector, multiple strains of RBDV in the Pacific Northwest or spread 

from RBDV infected native vegetation. 

Both parts of this study work together to achieve the common goal of developing 

adequate control measures for RBDV. Learning what is stimulating or inhibiting the 

spread of virus in the field based on studying variables such as temperature help to 

develop control practices for the current Pacific Northwest raspberry growing system. 

By discovering the actual molecular mechanism of virus transmission, long term control 

can be formed for RBDV as well as other plant viruses that can move horizontally in the 

field. 
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Appendix 1: Preparing Electrocompetent Cells 

Streak out cells on an LB plate and grow overnight at 37C. Select a colony to 

prepare an overnight culture. Inoculate one liter of L-Broth with 1/100 volume of a fresh 

overnight culture. Grow cells at 37C with vigorous shaking until mid-log phase (two 

hours). Chill the flask on ice for 20 minutes then centrifuge in a cold rotor at 5000 rpm 

for 15 minutes. Remove the supernatant and resuspend pellets in a total of one liter of ice 

cold water. Centrifuge as before then remove supernatant and resuspend cells in 0.5 liter 

of ice cold water. Centrifuge again and resuspend in 20 ml of ice cold 10% glycerol. 

Centrifuge as before and resuspend to a final volume of 2-3 ml in ice cold 10% glycerol. 

Aliquot and freeze in liquid nitrogen. Store cells at 70C for up to six months. 
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Appendix 2: Transforming Electrocompetent Cells 

Pre-chill sterile cuvettes and thaw cells to be transformed on ice. Use 1-5 ill of 

DNA to transform 30111 of cells. Mix well and transfer to the cold cuvette. Place the 

cuvettes into the chamber and set the cell porator at 330g and 41(E. Pulse once at 400 

volts. Remove the cell suspension with a sterile pipette and transfer to an eppendorf tube 

with 500111 of SOC solution. Shake the suspension at 250 rpm in a 37C incubator for one 

hour. 




