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ABSTRACf 

The research presented in this dissertation involves the study of two systems 

in order to analyze and develop resistance in plants to pathogens. The first study 

considered the interaction between lettuce (Lactuca sativa L.) and Plasmopara 

lactucae-radicis, a recently described casual agent of downy mildew. This unique 

fungus is the only known casual agent of downy mildew that is restricted to the roots 

of its host. Thirty-eight lettuce cultivars were screened for resistance to P. lactucae

radicis. Two-wk-old lettuce plants grown hydroponically were challenged with this 

fungus and evaluated 2 and 3 wk after inoculation for resistance. Root necrosis and 

production of sporangia on roots was considered a susceptible reaction. Five 

cultivars were determined to be resistant to this fungus. Resistant cultivars, however, 

were colonized by the fungus but did not support the production of sporangia on 

roots. Data from F2 and F3 progenies demonstrated that resistance was conferred 

by a single recessive allele (plr). Fungal infection of susceptible plants resulted in 

significant decreases in fresh root and shoot weights and leaf number compared to 

decreases associated with infection of resistant plants. RFLP probes have been 

identified for mapping the plr gene. The second topic of this dissertation dealt with 

the development of transgenic tobacco plants that express a chimeric gene that 

consisted of the 35-S promoter and the coat protein gene of Beet Curly Top Virus, 

a member of the geminivirus group. Expression of viral coat protein genes in plants 

has resulted in resistance to the virus from which the coat protein gene was obtained. 
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This type of "coat protein-mediated" resistance has not been demonstrated for any 

geminivirus. Tobacco leaf discs were inoculated with an Agrobacterium tumefaciens 

line that contained the chimeric gene. Three transgenic lines were determined by 

Southern and Northern analysis, and ELISA, to express the chimeric gene and 

produce coat protein. Trials to determine the resistance of these plant lines to 

BCfV are pending federal approval. 



CHAPTER 1 

INHERITANCE OF RESISTANCE IN LETTUCE TO PLASMOPARA 

LACIUCAE-RADICIS 

Introduction 

11 

In 1987 a new casual agent of doWDY mildew, Plasmopara lactucae-radicis 

Stang. & Gilbn., was discovered on lettuce (Lactuca sativa L.) cultivars Ostinata and 

Salina in a commercial hydroponic greenhouse in Rapidan, Virginia, that employed 

the nutrient film technique of cultivation (43). This fungus, which systemically 

colonizes the roots and produces sporangia on indeterminate sporangiophores, is 

restricted to the root system in which intercellular hyphae and intracellular haustoria 

are produced. 

A preliminary screening of the susceptibility of three commercial lettuce 

cultivars, Sitonia, Ostinata and Salina, demonstrated extensive root necrosis and 

sporangia formation on the roots of Ostinata and Salina but not Sitonia, which was 

resistant to P. lactucae-radicis (44). The objectives of this study were 1) to screen 

additional lettuce cultivars for resistance to P. lactucae-radicis, and 2) to determine 

the genetic basis for resistance in lettuce to this fungus. A preliminary report has 

been published (45). 
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Materials and Methods 

Inoculum. Pure cultures of P. lactucae-radicis, an obligate parasite, were 

maintained on lettuce plants (cv. Ostinata) grown under hydroponic conditions in a 

Phototron growth chamber (Pyraponic Industries, Inc. n, San Diego, CA). Healthy 

Ostinata seedlings were rotated into the chamber every 3-4 wk in order to maintain 

stock cultures of the fungus. Infected plants served as the source of inoculum in all 

studies reported herein. 

Cultivar screen. The susceptibility of 38 lettuce cultivars (Table 1) was 

evaluated in a greenhouse under hydroponic conditions (42). Lettuce seeds were 

germinated on water agar and transferred to Oasis horticubes (Smithers Oasis, Kent, 

OH). Single 1-wk-old seedlings of each cultivar were transplanted into holes cut into 

a styrofoam floatation board. The board was then placed in a plastic tub containing 

13.3 L of a continuously aerated nutrient solution. Tubs were placed in a 

temperature controlled box and the nutrient solution temperature maintained at 26°C 

(44). One wk after transplanting, an Ostinata plant infected with P. lactucae-radicis 

was placed into each tub and served as a source of inoculum. 

Evaluation. The root system of each cultivar was examined microscopically 

for the presence of sporangia on roots as well as necrosis of the root system 2 and 

3 wk after inoculation. Root necrosis and production of sporangia on roots was 

considered a susceptible reaction whereas lack of root necrosis and no sporulation 

on roots was considered a resistant reaction. Additionally, a portion of the root 

system (3 or 4, 1 cm root segments) of each cultivar was excised and stained with 
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acid fuschin and examined microscopically for the presence of intercellular ~yphae 

and intracellular haustoria as previously described (44). The experiment was 

replicated three times for each cultivar and was repeated on three separate occasions. 

Genetic studies. The genetic basis of resistance in lettuce to P. lactucae

radicis was evaluated by screening two F2 families (250 plants) and four F3 families 

(104 plants). F2 progenies resulted either from a cross between a resistant cultivar, 

Cobham Green, and a susceptible cultivar, Calmar, or from a cross between another 

resistant cultivar, Mildura, and a susceptible cultivar, Pennlake. 

Healthy 2-wk-old F2 seedlings were grown hydroponically and inoculated as 

described above. The roots of each F2 plant were examined microscopically for the 

presence of necrosis and sporangia 2 wk and 3 wk after inoculation, and the plants 

classified as susceptible or resistant. Chi-square analysis of the resistance or 

susceptibility of the F2 progenies was performed using 50 plants from each cross in 

each trial. Analysis of Cobham Green x Calmar F2 progeny wa~ repeated four times. 

Analysis of Pennlake x Mildura F2 progeny was conducted only once because of a 

limited amount of F2 seed. 

Four resistant F2 plants from the cross Cobham Green x Calmar were 

transferred to 10 cm diam. pots containing sterile vermiculite and grown to maturity 

in a greenhouse. Self pollination of these plants produced four F3 families. Two-wk

old F3 siblings from each family were assessed for resistance or susceptibility to P. 

lactucae-radicis as described above. The F3 analysis was repeated twice for each of 

the four sibling groups, first with 10 plants per group and then with 16 plants per 
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group. Each hydroponic tub also contained a healthy Ostinata plant which served 

as a susceptible control plant. Control plants were evaluated microscopically for the 

presence of sporangia on roots 2 wk and 3 wk after inoculation to verify that 

hydroponic conditions were conducive to pathogen spread and sporangia production. 

Effect of Root Infection on Yield. The effect of P. lactucae-radicis infection 

on yield characteristics was measured in the susceptible cultivar Calmar and two 

Cobham Green x Calmar F3 sibling groups derived from different resistant F2 plants. 

Five 2-wk-old Calmar plants and five 2-wk-old plants of each of two resistant F3 

families were grown separately in tubs along with two healthy 2-wk-old Ostinata 

plants that served as susceptible· controls. The tubs were inoculated by transfer of 

an infected Ostinata plant into each tub as described above. Fresh leaf and root 

weights, and number of leaves per plant were measured 30 days after inoculation. 

Roots were excised from the plant at the base of the stem, blotted dry and weighed. 

Five Calmar plants and five plants from each F3 family, grown in separate 

uninoculated tubs, served as healthy controls in each replication. Each treatment and 

comparison between inoculated plants and uninoculated plants was repeated twice. 

Results 

Cultivar screen. Symptoms among the 38 lettuce cultivars screened for 

resistance to P. lactucae-radicis ranged from a white root system and no sporangia on 

roots to a severely necrotic, brown root system and extensive sporulation on roots. 

Five cultivars, Cobham Green, Sitonia, Mildura, Bourguignonne GBH, and May 
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King, were classified as resistant and thirty-three cultivars were classified as 

susceptible (Table 1). 

Microscopic examination revealed that the root system of both susceptible 

and resistant cultivars were colonized by the fungus. However, the extent of root 

colonization was restricted in resistant cultivars. Numerous intercellular 'runner 

hyphae' ( 8-20/root) were observed in susceptible ,cultivars whereas only 2-4 such 

hyphae were observed in resistant cultivars (44). Additionally, intracellular haustoria 

in resistant but not susceptible cultivars appeared abnormal. Preliminary studies (45) 

had revealed extensive deposits of callose around haustoria in resistant but not 

susceptible cultivars. The relationship, if any, between callose deposition, and 

resistance will be addressed elsewhere. 

Inheritance of resistance. Certain resistant and susceptible cultivars identified 

in this screen were selectively crossed to produce populations for determining the 

genetic control of resistance in lettuce to P. lactucae-radicis. F2 progeny (Table 2) 

derived from the cross Cobham Green x Calmar segregated in the ratio of one 

resistant to three susceptible when assayed 2 wk and 3 wk after inoculation (except 

for one of the repeat experiments in which the plants were only assayed 2 wk after 

inoculation). 

Inheritance of resistance was examined further by analysis of F3 progenies 

produced by self pollination of resistant F2 plants derived from the cross Cobham 

Green x Calmar. All F3 families produced by resistant F2 plants were uniformly 

resistant to P. lactucae-radicis and sporangia were absent from the roots of every 
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Table 1. Resistance or susceptibility of cultivars of Lactuca sativa to 

Plasmopara lactucae-radicis. 

Susceptible Susceptible Resistant 
----------- ----------- ---------
Arnplus Lobjoits Cos Cobham Green 
Autumn Gold Mariska Mildura 
Avon Defiance Marquette Sitonia 
Avoncrisp Merit Bourguignonne GBH 
Blondine Mesa 659 May King 
Calmar Montello 
Capitan Ostinata 
Climax Sabine 
Dandie Saffier 
Diana Salad Bowl 
Empire Salina 
Endive Salinas 
Fila Sucrine 
Grand Rapids Valmaine 
Greenlakes Vanguard 7S 
Hilde Winterhaven 
Kordaat 
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Table 2. Segregation of resistance to P. lactucae-radicis in F2 progenies 

from crosses between resistant and susceptible cultivars of 

Lactuca sativa. 

--------------------------------~------------------------------------------------------------------------

Cross 

Days 
Mter 
Inoculation 

Cobham Green(R) x Calmar(S) 14 
21 

Pennlake(S) x Mildura(R) 14 
21 

Number of Chi
F2 plants square 
R:SB (1:3) 

46:154 
31:119 

16:32 
5:43 

0.43 
1.51 

1.83 
5.44* 

a: R = Resistant; S = Susceptible. * = Significant at 5% level. 
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plant (Table 3). Microscopic examination of roots from one plant from each F3 

family revealed haustoria and hyphae in the roots of each plant. Each family was 

grown with a single healthy Ostinata plant that served as a susceptible control. 

Microscopic examinatio~ revealed that sporangia were produced on the roots of all 

Ostinata plants, indicating that conditions during these tests were conducive to 

pathogen spread and sporangia formation. 

F2 progeny derived from the cross between Pennlake and Mildura segregated 

in a 1 resistant:3 susceptible ratio when evaluated for the presence of sporangia 2 wk 

after inoculation. However, the segregation ratio of this F2 progeny deviated 

significantly from the 1:3 ratio when evaluated 3 wk after inoculation (Table 2) .. The 

experiment was not repeated for this F2 progeny because of a lack of F2 seed from 

this cross. 

Effect of Root Infection on Yield. Results of the effect of P. lactucae-radicis 

infection on fresh shoot and root weights and number of leaves for Calmar and the 

two Cobham Green x Calmar F3 families are presented in Figure 1. Infected Calmar 

plants have over a 50% reduction in the number of leaves relative to uninfected 

controls while plants from both F3 families had less than a 10% reduction in leaf 

number relative to healthy controls. Both F3 families had significant decreases in 

root weight and shoot weight to due infection. But these decreases were several 

orders of magnitude smaller than the decreases observed for infected Calmar plants. 

Calmar plants experienced a 1880% reduction in root weight and a 3928% reduction 

in shoot weight relative to unifected Calmar plants. Roots of infected Calmar plants 
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F3 Family 

1 
2 
3 
4 
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Segregation of resistance to P. lactucae-radicis in F3 families 

from a cross between Cobham Green and Calmar. 

Rating of 

F2 plant 

(R or S) 

R 
R 
R 
R 

F3 Segregation 

26:0 
26:0 
26:0 
26:0 

a: R = Resistant; S = Susceptible. 
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Fig. 1. Effect of Plasmopara lactucae-radicis infection on fresh shoot weight, fresh 

root weight, and leaf number for three genotypes of Lactuca sativa L. Two-wk-old 

seedlings of each genotype were inoculated by placing an infected Ostinata plant into 

the hydroponic growth chamber. Plants were assayed 30 days after inoculation. 

Each mean is the average of five replicates in each of two repetitions; n= 10. The 

vertical bar shows the standard error. 
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were brown and necrotic, whereas roots of infected F3 plants were white and 

appeared healthy. 

Discussion 

The cultivar screen identified five resistant cultivars and thirty-three cultivars 

that were susceptible to P. lactucae-radicis based on the presence or absence of 

sporangia on roots (Table 1). The results of three replicates for each cultivar were 

unambiguous, with all three replicates producing sporangia on roots for all 

susceptible cultivars and all three replicates having no sporangia on roots for all 

resistant cultivars. These results indicated that there was no variation within a 

cultivar for resistance but that there was variation between cultivars for resistance to 

P. lactucae-radicis. These results also suggested that resistance in lettuce to P. 

lactucae-radicis might be simply inherited, perhaps involving one or a few genes. 

Chi-square analysis indicated that resistance to P. lactucae-radicis was simply 

inherited and conditioned by a single recessive allele at a single locus in the cultivar 

Cobham Green (Table 2). We have designated this gene plr. The cross between 

Cobham Green and Calmar produced F2 progeny that segregated in a ratio of 1 

resistant:3 susceptible. Four resistant Cobham Green x Calmar F2 plants were selfed 

to produce F3 plants that were analyzed for segregation of resistance to P. lactucae

radicis. Every plant of each of four F3 families were resistant (Table 3), indicating 

that there was no segregation of resistance among F3 plants derived from resistant 

F2 plants. The F2 and F3 segregation analysis indicates that resistance in Calmar 

------------------
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is conditioned by a single recessive gene. The results of the segregation analysis of 

resistance in Pennlake x Mildura F2 plants were not clear, as the plants segregated 

in a 1 resistant:3 susceptible ratio when assayed 2 wk after inoCulation (Table 2) but 

deviated from this ratio when assayed 3 wk after inoculation. These results suggest 

that resistance in Mildura may be influenced by plant age and environmental factors 

or may be conditioned by more than a single gene. 

The results of our cultivar screen and segregation analysis demonstrate 

unique features of this host-pathogen interaction. This is the first report of resistance 

to a fungal root pathogen of lettuce that is determined by a single recessive gene. 

This mechanism of inheritance differs from that observed for resistance in lettuce to 

another casual agent of downy mildew, Bremia lactucae Regel, where resistance is 

controlled by dominant genes (21). Genetic analysis has identified 13 dominant 

genes (Dm) in lettuce that confer resistance to B. lactucae (21). It should also be 

noted that although Cobham Green is resistant to P. lactucae-radicis, this cultivar is 

used as the susceptible check in studies of resistance in lettuce to B. lactucae because 

no resistance genes to B. lactucae have been identified in Cobham Green (21). The 

determination of resistance to P. lactucae-radicis in lettuce by a single recessive gene 

is also different than the results obtained in studies with Plasmopara Izalstedii (Farl.) 

Berl. & de Toni (=Plasmopara Izeliantlzi Novotelnova f. helianthi) and sunflower 

(Heliantlzus annuus L.). Nine dominant genes that confer resistance to P. halstedii 

have been identified in sunflower (40). P. halstedii, which is closely related to P. 

lactucae-radicis, is the only other casual agent of downy mildew that produces 
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sporangia on the roots of its host (43). 

Microscopic examination of the roots of infected Cobham Green x Calmar 

F3 plants demonstrated the absence of sporangia on roots but the presence of hyphae 

within the roots. This showed that resistant plants are not immune to infection by 

P. lactucae-radicis and accounts for the reduction in shoot and root weights. It is 

important to note, however, that the study of the effects of infection on yield 

characteristics were conducted using an infected Ostinata plant as the source of 

inoculum and F3 plants were exposed to a continuous source of inoculum throughout 

the duration of the experiment. If F3 plants had been inoculated and then grown in 

the absence of an infected Ostinata plant, yield reduction would be expected to be 

slight since the fungus cannot sporulate on resistant plants. 

Continuing research includes RFLP mapping of the position of the plr gene 

by linkage analysis of a Cobham Green x Calmar F2 population. RFLP mapping of 

genes (Dm) in lettuce that condition resistance to B. lactucae has been done using 

F2 progeny from a Calmar x Kordaat cross (24). We will also investigate the role 

of callose deposition in resistance to P. lactucae-radicis. We previously observed 

extensive callose deposition around haustoria in resistant plants but not susceptible 

plants (45). Callose deposition has been identified as a important component of the 

resistance mechanism between barley (Hordeum VUlgare L.) with the ml-o resistance 

locus and powdery mildew (Erysiphe graminis f.sp. hordei) (41). 
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CHAPTER 2 

EXPRESSION OF THE BEET CURLY TOP VIRUS COAT PROTEIN GENE 

IN TRANSGENIC TOBACCO 

Introduction 

Strategies for the control of virus diseases of crop plants rely on methods that 

restrict or prevent infection of plants by viruses. The most desirable method of 

control is the development of cultivars with heritable resistance to virus infection 

(36). The ability to develop resistant cultivars may be limited by a lack of genes that 

confer resistance within the gene pool of the crop genus or species. An alternative 

approach to virus control has been to inoculate plants with an avirulent or mild virus 

strain in order to prevent future infection by a more virulent virus strain. This 

method of control is referred to as "cross-protection" (36). Cross-protection has been 

used successfully to reduce losses associated with virus infection in several crops. 

Tomato (Lycopersicon esculentum cv.Ace 55) seedlings were inoculated with a mild 

strain of Tobacco Mosaic Virus, TMV MII-16, and then inoculated 16 days later with 

a severe strain, TMV A (1). The yield of cross-protected plants was 50% higher and 

there was 10% more extra-large fruit than on plants inoculated only with the severe 

strain, TMV A (1). Inoculation of papaya (Carica papaya L.) seedlings with a mild 

strain of Papaya Ringspot Virus, PRY HA 5-1, prior to transplantation to the field, 

has been successful in controlling losses in papaya grown commercially in Taiwan . 

Cross-protected trees had 82% more fruit than unprotected trees (53). Large-scale 
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field testing with 200,000 cross-protected papaya seedlings demonstrated that net 

income from protected fields was 109% higher than from fields containing only 

unprotected plants (53). 

Although cross-protection has been demonstrated to be an effective method 

of control for virus diseases of some field and greenhouse crops, certain problems 

associated with cross-protection limit the expansion of this control method to other 

crops. These include difficulty in obtaining mild or avirulent strains for use as 

"inducer" viruses. Another problem is the possibility that severe disease symptoms 

may result from a synergistic effect in the plant between the inducer virus and a non

related virus. For example, it has been observed that tomato plants infected with 

virulent isolates of TMV and Cucumber Mosaic Virus (CMV) exhibit more severe 

symptoms than when infected by either virus alone (16). A third problem is the 

possibility of the avirulent or mild inducer virus mutating to a more virulent form 

that could negate any benefits associated with using the virus to induce cross

protection. These problems prompted researchers to examine the possibilities of 

developing resistance to viruses by the incorporation of portions of viral genomes 

into plant genomes, through the use of techniques for plant transformation. The 

majority of the successful attempts to develop plants with virus resistance have 

focused on producing transgenic plants that express viral coat protein genes. 

The general approach taken to develop t~ansgenic plants that express a viral 

coat protein gene and produce the viral coat protein is described below. First, the 

viral coat protein gene is isolated, and a chimeric gene is constructed by putting the 
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viral coat protein gene .under the transcriptional control of a promoter and a 

polyadenylation signal that are both functional for plant transcription of RNA (3). 

The most commonly used promoter is the Cauliflower Mosaic Virus (CaMV) 35-S 

promoter, and the most commonly used polyadenylation signal is that from the 

nopaline synthase gene (NOS) ofAgrobacterium tumefaciens (3). The chimeric gene 

construct is typically incorporated into the plant genome by infecting plant leaf discs 

or callus withA. tumefaciens cells that contain the chimeric gene in a plasmid. Plants 

that contain the chimeric viral coat protein are then regenerated from transformed 

plant tissue using conventional axenic tissue culture. "Coat protein-mediated 

resistance" (3) is achieved when regenerated plants that express a particular viral coat. 

protein gene are resistant to infection by that virus, or a closely related virus. 

Coat protein-mediated resistance has been demonstrated against several 

plant viruses (3). The first example of such resistance was in tobacco (Nicotiana 

tabacum cv.Xanthi) against TMV (38). Disease phenotypes of plants exhibiting coat 

protein-mediated resistance against TMV include fewer local necrotic lesions, a 

reduced rate of systemic infection, and less virus accumulation in transgenic plants, 

as compared to disease phenotypes of similarly infected non-transgenic control plants 

(3). Coat protein-mediated resistance has several advantages over cross-protection 

for the development of virus resistant plants. A mild virus strain that induces cross

protection may mutate to a more virulent form, whereas a coat protein gene alone 

is not sufficient for disease development. Another advantage is that the incorporated 

coat protein gene and resistance phenotype may both be inherited as a single gene 
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(3). The disease resistance phenotype associated with cross-protection is not 

heritable and can only be realized by inoculating every generation with the mild or 

avirulent virus. Coat protein-mediated resistance has been demonstrated to be an 

effective control strategy for virus diseases of crops grown in the field. Tomato 

plants that expressed a chimeric TMV coat protein gene were grown in a field along 

with non-transgenic control plants in a study conducted by researchers from 

Washington University and Mon:santo Company (35). No more than 5% of the 

transgenic plants developed disease symptoms by the time of fruit harvest, whereas 

99% of the non-transgenic plants developed symptoms (35). Fruit yields of 

transgenic tomato plants were equal to yields of healthy, uninoculated plants, whereas _ 

the infected, non-transgenic plants had a 26 to 35% decrease in yield compared to 

healthy controls (35). Previous examples of coat protein-mediated resistance in 

tobacco are listed in Table 4. All the viruses listed have RNA genomes. Coat 

protein-mediated resistance has not been demonstrated against any virus with a DNA 

genome. Two plant virus groups have DNA genomes, the caulimoviruses and the 

geminiviruses (19). Members of the geminivirus group of plant viruses are 

characterized by a single stranded (ss) circular DNA genome encapsidated in 

twinned, or "geminate" capsids that are 18 nm. wide x 30 nm. long (26). Beet Curly 

Top Virus (BCTV), a member of the geminivirus group, causes severe, often lethal, 

diseases in sugarbeet (Beta vulgaris L.) and in over 300 other species in 44 families 

of plants, especially in the Cruciferae, Chenopodiaceae, Compositae, Fabaceae, and 

.- _. __ ._.-._---
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Table 4 Summary of examples of coat protein-mediated resistance 

Chimeric CP gene Transgenic plant Virus resistanceC Reference 

P35S8:AMV:NOSb tobacco AMV 26 

P35S:CMV:rbcSc-E9 tobacco CMV 3 

P35S:TSV:NOS tobacco TSV 40 

P35S:PVX:rbcS-E9 tobacco PYX 18 

eP35Sd:PVY :rbcS-E9 tobacco PVY 23 

P35S:SMV:NOS tobacco TEV,PVY 38 

P35:TRV:NOS tobacco TRV,PEBV 39 

P35:TMV:NOS tobacco TMV 35 

aP35S:Cauliflower Mosaic Virus 35S promoter. bNOS: Nopaline Synthase 

polyadenylation signal. crcbS: ribulose bisphosphate carboxylase polyadenylation 

signal. 

deP35S: enhanced CaMV 35S promoter. Cyjrus abbreviations:AMV = Alfalfa Mosaic 

Virus, CMV = Cucumber Mosaic Virus, TSV = Tobacco Streak Virus, PYX = 

Potato Virus X, PVY = Potato Virus Y, TEV = Tobacco Etch Virus, TRV = 

Tobacco Ringspot Virus, PEBV = Pea Early Browning Virus, TMV = Tobacco 

Mosaic Virus. 
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Solanaceae (7), and is transmitted by two species of leafhopper, Circulifer tennelus 

(Baker) and C. opacipennis (Lethierry) (4). Symptoms of BCfV infection vary 

between hosts and may include chlorosis, leaf curl and distortion, stunting, or plant 

death (4). 

Beet Curly Top Virus was the principal factor limiting sugarbeet production 

in the western United States prior to World War II (12). Damage from BCfV has 

recently been limited by a control program that included limiting populations of the 

leaf hopper vectors by applying insecticides to vector breeding areas in foothills, 

and the use of cultivars with resistance to Bcrv (12). The inheritance of resistance 

in beet to BCfV is poorly understood. Duffus and Skoyen (13) investigated the. 

relationship between plant age and resistance to BCfV and concluded that resistance 

to Bcrv increased with plant age. Seedlings of a beet cultivar considered resistant 

to Bcrv, cv. US 75, were inoculated at different ages with the Logan isolate of 

Bcrv, a severe strain (13). Of the plants inoculated at age 12 wk, 38.4% were 

infected by BCfV, whereas 95.4% of those inoculated at age 4 wk were infected 

(13). The nature of this resistance limits the effectiveness of resistant varieties in 

controlling losses due to Bcrv. No effective cross-protection has been demonstrated 

against Bcrv (13). Isolates of BCfV are increasing in virulence to such an extent 

that isolates considered virulent in the 1950s, such as BCfV strain 11, were 

considered mild in 1977 when compared to disease symptoms resulting from infection 

by recently isolated strains of BCfV, such as Fresno 1 or Logan (29). 
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The limited effectiveness of resistant cultivars in reducing losses due to 

BCfV, coupled with the increasing virulence of BCfV strains, necessitates the 

development of alternative methods for the control ofBCfV. Coat protein-mediated 

resistance has not been demonstrated in transgenic plants against BCfV. The 

obj<?ctive of this study was to develop transgenic tobacco plants that express a 

chimeric BCTV coat protein gene. The development of such transgenic plants may 

provide another method of control against BCTV. 

Materials and Methods 

Construction of the chimeric BCIV coat protein gene. 

BCfV has a ss circular DNA genome containing 2993 nucleotides (46). The 

complete nucleotide sequence of the Mumford strain of BCfV has been determined 

by Stanley et. a1. (46). Plasmid pBCf051 contains the portion of the BCfV genome 

within the nucleotides 2679 to 1825 (15). The coat protein of BCfV is encoded 

within nucleotides 697 to 1459 (46), and is contained within pBCf051, which was 

purchased from the American Type Culture Collection (ATCC #45037). A 1.0 

kilobase (kb) fragment containing the BCfV insert was excised from pBCf051 by 

restriction with Alu1, and then ligated into the Eco R5 site of Bluescript (Stratagene, 

San Diego, CA.) to create pJV4 (Fig. 2). This insert contained the region of the 

BCfV genome within nucleotides 654 to 1688 and included the putative 

polyadenylation signal for the BCTV coat protein gene (46). 
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BCfVDNA 
= = = = = = = = = = = = = pBCf051 ---------------:---------------- Bluescript 
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Fig.2. Cloning strategy to isolate the BCfV coat protein gene and the CaMV 35-S 

promoter. A: The BCfV coat protein gene and polyadenylation signal was cleaved 

from pBCf051 with AIu1 and ligated into the EeoR5 site of Bluescript to create 

pJV4. B: The CaMV 35-S promoter was cleaved from pBI121 with Hind3 and 

BamH1, and ligated into the Hind3 and BamH1 sites of plLJC8 to create pJV8. The 

BCfV coat protein gene ( =) is 1034 bp and the CaMV 35-S promoter (*) is 800 bp. 
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The CaMV 35-S promoter was isolated as a O.S kb Hind 3- Brun Hl 

fragment from pBIl21 (Sigma, St. Louis MO) and then was ligated into the Hind 

3 and Bam HI sites ofpUCS to create pNS (Fig.2). A O.Skb ~ l-Eco Rl fragment 

containing the 35-S promoter was excised from pNS and ligated into the Pst 1 and 

Em Rl sites of pJV4 to produce pJVlO (Fig.3). Plasmid pNI0 was partially 

digested with Sma 1, a restriction enzyme that produces blunt termini, and Hind 3 

linkers were ligated to the blunt termini to produce pNll. Plasmid pJVll 

contained a 2.0 kb Hind 3 fragment that had the CaMV 35-S promoter inserted 

upstream, and in the proper orientation for transcription of the BCTV coat protein 

gene. This chimeric BCTV coat protein gene construct was excised from pJVll by 

restriction with Hind 3 and then ligated into the Hind 3 site of the plant 

transformation vector pBIlOl (22) to produce pJVl3 (Fig. 3). Plasmid pJV13 

contained the chimeric 35-S BCfV coat protein gene construct between left and right 

border sequences of the T-DNA from the Ti plasmid of A. tume/adens (5). The 

placement of the chimeric coat protein gene between the left and right border 

sequences resulted in the ability to integrate the chimeric gene into a tobacco nuclear 

genome by the inoculation of leaf discs with A. tume/adens cells containing pJV13. 

Triparental mating. 

The objective of a triparental mating is to transfer a plant transformation 

vector, such as pBIlOl, from E. coli to a strain of A. tume/adens that contains a 

"disarmed" Ti plasmid, such as strain LBA4404 (5). The transfer between bacteria 



33 

35-S 
BCfV CP Promoter 

--------------------- = = = = = = = --------- pJV 4 -----******** --pN8 
I I I I 

I 
I I 

I I I I I 

Pstl EcoRI Hind3 Hind3 Pstl BamHIEooRI 
Pstl/EcoRI Pstl/EcoRI 

35-S 
Promoter BCfV CP 

A. -----------------* * * * * * * * = = = = = = = = -------- pNIO 
I I I 
I I I 

BamHI Smal Hind3 

Smal/Hind3 linker 

35-S 
Promoter Bcrv CP 

B. ____ 0 ______ -------******** = = = = = = = = ________ pJVII 
I I I 
I I I 

BamHI Hind3 Hind3 
KANr 

< + + + + + + --------------------- < pBIlOI 
I I I 
I I I 

Right Border Hind3 Left Border 

Hind3 Hind3 
c. 

35-S 
KANr Promoter Bcrv CP 

< + + + + + + + + ----------* * * * * * * * = = = = = = = = = = --------------------- < pJV13 
I I I I 
I I I I 

Right Border Hind3 Hind3 Left Border 

Fig.3. Cloning an expression vector. A: The 35-S promoter from pJV8 was ligated 

into the Pstl and EcoRl sites of pJV4 to create pJVIO. B: Digestion of pJVlO with 

Smal and addition of Hind3 linkers creates pJVI1. C: The chimeric gene from 

pJVll was ligated to the Hind3 site of pBIlOl to produce pJV13. 
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is mediated by another E. coli strain that contains the broad host range mobilization 

plasmid pRK2013 (10). Resistance to kanamycin is conferred by the plant 

transformation vector, so it is possible to select for transformed A. tumefaciens cells 

by growth on media that contains kanamycin (50ug/ml) (5). A. tumefaciens cells 

selected by growth on media that contains kanamycin will have two plasmids, the 

plant transformation vector and the "disarmed" Ti plasmid. 
.. 

The disarmed Ti plasmid does not contain two regions of DNA found on wild 

type Ti plasmids, the phytohormone biosynthesis genes, and the tra DNA, which 

mediates the transfer of Ti plas~ds between cells of A. tumefaciens (5). The only 

portion of the wild type Ti plasmid found on a "disarmed" Ti plasmid is the vir region, 

conferring the ability to transfer DNA that is between the left and right border 

terminal repeats of the T-DNA (5). The particular construction of the "disarmed" 

Ti plasmid facilitates its use as a vector for plant transformation by making the 

plasmid competent in promoting DNA transfer into plants, but incompetent of 

transfer into another strain of A. tumefaciens. 

The triparental mating was performed as previously .described (5) using A. 

tumefaciens LBA4404 containing a disarmed Ti plasmid, E. coli HBI0l containing the 

broad host range mobilization plasmid pRK2013, and E. coli 7118 containing pJVI3. 

Bacterial colonies were grown at 30°C on M9 sucrose media (31) with 50ug/ml 

kanamycin and 250 ug/ml streptomycin. Colonies produced on this media were 

isolated for further study to confirm the presence of pJV13 within the bacteria. 
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Analysis of streptomycin and kanamycin resistant bacteria. 

Individual colonies of bacteria that grew at 30°C on M9 sucrose media 

containing kanamycin and streptomycin were subcultured onto plates containing 

lactose agar (31) and the alpha-keto lactose test was performed as previously 

described (2) to confirm that the colonies were Agrobacterium. 

Subcultures of colonies that tested positive in the alpha-keto lactose test were 

grown overnight at 30°C in 2 ml of LB (31) containing 50 ugjml kanainycin. Plasmid 

DNA was then isolated from the bacterial populations by alkaline lysis (31). Plasmid 

DNA was digested for 2 hr at 37°C with Hind 3, electrophoresed on a 1% THE 

agarose gel, and the DNA was transferred to Genescreen membrane (NEN, Burbank, 

CA.) by diffusion Southern blotting (31). Southern blots of plasmid DNA were 

probed with a 2.0 kb Hind 3 fragment from pJV13 (Fig. 4) labeled with P32 dATP 

(NEN, Burbank,CA). This fragment used as the probe was the 2.0 kb Hind 3 

cassette that contained the chimeric 35-S BerY coat protein gene construct. Plasmid 

pJV13 digested with Hind 3 was present in one lane of each blot to serve as a 

positive control. Mter probing, the blots were autoradiographed for visual analysis. 

Probe labeling was performed by the method previously described by Feinberg and 

Vogelstein (14). Hybridization and autoradiography protocols and conditions were 

previously described by Maniatis et. al. (31). 
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Plant transformation and regeneration. 

A single colony of A. tumefaciens, which was identified by Southern analysis 

to contain pJV13, was grown to log phase in M9 sucrose media with kanamycin 

(50ug/ml) and streptomycin (250 ug/ml), and used to inoculate surface-sterilized leaf 

discs of Nicotiana tabacum cv. Xanthi. Leaf disc transformation was performed as 

described by Horsch et. al. (20) except the leaf discs were transferred to MS media 

(32) that lacked both phytohormones and nurse f~eder cultures after co cultivation 

with A. tumefaciens. 

Two days after cocultivati<?n, leaf discs were transferred from plates containing 

MS media to plates containing tobacco shoot induction' media (TSM) (28) with 

kanamycin (200 ug/ml), and grown in a growth chamber under a 12 hr photoperiod 

at 25°C. Shoots that developed on TSM with kanamycin were transferred to GA-7 

vessels (Magenta Corp. Chicago IL) containing tobacco root induction media (TRM) 

(28) with kanamycin (100 ug/ml), and grown in a growth chamber under the 

temperature and photoperiod conditions described above. Shoots that developed 

roots on TRM with kanamycin were removed from the GA-7 vessels, agar was 

washed off the roots with ddH20, and the plants were transplanted to 10 cm pots 

containing vermiculite and grown in a growth chamber under the conditions 

described above. 
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Southern blot analysis of regenerated tobacco plants. 

Plants regenerated from leaf discs grown on TSM and TRM containing 

kanamycin were analyzed to determine if the chimeric 35-S BCIV coat protein gene 

construct was present in the genomes of these plants. Genomic DNA was isolated 

from 1 gm of fresh leaf tissue by the method of Doyle and Doyle (11). Ten ug DNA 

of each plant was restricted with Hind 3, electrophoresed on a 1% TBE agarose gel, 

and the DNA was transferred to Genescreen membrane by diffusion Southern 

blotting, as previously described (31). Each blot contained one lane of pJV13 

digested with Hind 3 as a posi.tive control and one lane of non-transformed N. 

tabacum cv. Xanthi genomic DNA restricted with Hind 3 for a negative control. 

Blots containing positive and negative controls, and Hind 3 restricted genomic DNA 

from regenerated plants, were probed with a 2.0 kb Hind 3 fragment from pJV13 

that was labeled with P32 dATP. This fragment was the same 2.0 kb Hind 3 cassette 

that was used as a probe for the Southern analysis of A. tume/aciens, and contains 

the chimeric 35-S BCfV coat protein gene construct. The blots were then 

autoradiographed for visual analysis. The probe was labeled as previously described 

(14). Hybridization and autoradiography conditions and protocols were as previously 

described (31). 
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Northern blot analysis of transgenic tobacco plants. 

Three plants that were determined by Southern analysis to contain the 

chimeric 35-S BCI'V coat protein gene, were analyzed by Northern analysis to detect 

transcripts of the chimeric coat protein gene. Total RNA was isolated from 1 gm of 

fresh leaf tissue of each plant as described by Murray et al. (33). RNA was also 

isolated from fresh leaf tissue of a non-transformed tobacco plant (cv. Xanthi) to 

provide a negative control for Northern analysis. Fifteen ug RNA from each 

transgenic plant and the non-transformed Xanthi plant were electrophoresed on 1.5 % 

agarose gel that contained 2.2 M formaldehyde (Fig. 6A) (27). RNA was blotted 

from the gel to nitrocellulose by diffusion Northern blotting as previously described 

(31). Blots were then probed with a P32 dATP labeled 2.0 kb Hind 3 fragment from 

pJV13 (Fig. 6B). This is the same fragment used to probe Southern blots of Hind 

3 digested genomic DNA from regenerated plants. This probe contains the chimeric 

35-S BCIV coat protein gene that was incorporated into leaf discs by co cultivation 

of leaf discs with A. tume/adem cells that contained pJV13. The blots were then 

autoradiographed for visual analysis. The probe was labeled as previously described 

(14). Hybridization and autoradiography protocols and conditions were as previously 

described (31). 
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Analysis of transgenic tobacco plants by ELISA. 

Enzyme-linked immunosorbent assays (EUSA) for the detection of BCfV 

coat protein was performed on transgenic tobacco plants that were determined by 

Northern analysis to transcribe RNA complementary to the BCfV coat protein gene. 

An adaptation of the method of Clark and Adams (8) by Kaniewski and Thomas (23) 

was used for ELISA For each plant, 100 mg of fresh leaf tissue was placed in a 1.5 

ml Eppendorf tube and ground in extraction buffer (0.05 M N8zC03, pH 9.6) with 

a teflon pestle. The antiserum used was alkaline phosphatase-conjugated rabbit anti

BCfV. Antiserum and conjugate were added together to wells in ELISA microtiter 

plates (96-well, polystyrene) and incubated for 4 hr at 37°C (23). Each microtiter 

plate also had three control samples: 1) extraction buffer with no sample (negative 

control); 2) sugarbeet infected with BCfV (positive control); and 3) healthy, non

transgenic tobacco (cv. Xanthi) (negative control). Plates were then washed with 

PBS-tween buffer (23) and incubated at 23°C with 200 ul of p-nitrophenol substrate 

(23). The optical density at 405 nm of each well was measured using a BIO-TEC 

model EL 307 EIA reader. Readings were taken after 3 and 5.5 hr incubation with 

p-nitrophenol. ELISA was done for each plant sample at four different conjugate 

dilutions: 1/4000, 1/8000, 1/16000, and 1/32000; and four different antiserum 

dilutions: 1/8000, 1/16000, 1/32000, and 1/64000. ELISA was done by Dr. Peter E. 

Thomas at the USDA-ARS, Prosser WA. 

-~~ .. ---.. ---------------------



40 

.. Results 

Analysis of streptomycin and kanamycin resistant bacteria. 

Bacterial colonies that grew on M9 sucrose with kanamycin and streptomycin were 

subcultured to lactose agar and subjected to alpha-keto lactose tests in order to 

confirm that the colonies were Agrobacterium. All colonies produced the yellow color 

indicative of positive identification as Agrobacterium. Plasmid DNA was isolated 

from seven isolates that were positively identified as Agrobacterium by three 

successive alpha-keto lactose tests. Fig. 4 shows the results of a Southern blot of 

Hind 3 digested plasmid DNA t~at was probed with the 2.0 kb fragment of pJV13. 

Plasmid pJV13 digested with Hind 3 was included in Lane 2 of this blot in order to 

provide a positive control of hybridization conditions. Fig. 4 demonstrates that A. 

tume/adem isolates 4 through 7 (lanes 5-8) have a band that co-migrates with the 2.0 

kb Hind 3 fragment of pJV13 present in lane 2. This indicates that these isolates 

contain pJV13 as a result of the triparental mating. The upper bands found in lanes 

5, 6, and 8 correspond to a 13.0 kb fragment and represent incomplete cutting of 

pJV13 by Hind 3. Isolate 6 (lane 7) was chosen to infect tobacco leaf discs. 

Southern blot analysis of regenerated tobacco plants. 

Figure 5 presents results of Southern blot analysis of DNA from plants that 

regenerated on media with kanamycin. The blot contains Hind 3 digested DNA from 

three regenerated plants (A,B,and C), a non-transformed Xanthi. plant (negative 

control), and pJV13 (Positive control). The blot was probed with the 2.0 kb Hind 3 
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2.0 kb-

Fig. 4. Southern blot analysis of strr /kanr A. tumefaciens. Plasmid DNA was isolated 

and 10ug from each colony was digested with Hind 3, separated on a 1% agarose gel, 

transferred to Genescreen membrane, and hybridized with a 2.0 kb Hind 3 fragment 

from pJV13, which contained the chimeric coat protein gene, that was labeled with 

P 32-dA TP. Electrophoresis, blotting and hybridization were performed as described 

by Maniatis et al. (31). Lane 2 = lug pJV13 digested with Hind 3, lanes 1, 3-8 = 

Plasmid from A. tumefaciens. The A. tumefaciens isolate in lane 7 was used for 

cocultivation with tobacco leaf discs. 
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Fig. 5. Southern blot analysis of regenerated tobacc~ plants. DNA was isolated from 

1gm of fresh leaf tissue by the method of Doyle and Doyle (11). 10ug DNA of each 

plant was restricted with Hind 3, separated on a 1% agarose gel, transferred to 

Genescreen membrane, and hybridized with a 2.0 kb Hind 3 fragment from pJV13, 

which contained the chimeric coat protein gene, that was labeled with P32-dATP. 

Electrophoresis, blotting, and hybridization were performed as described by Maniatis 

et al. (31 ). Lane 1 = Hind 3 digested pJV13. Lane 2 = non transformed Xanthi. 

Lanes 3-4 = regenerated plant A. Lanes 5-6 = regenerated plant B. Lane 7-8 = 

regenerated plant C. 
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fragment from pJV13 that contains the chimeric 35-S Bcrv coat protein gene. Fig. 

3 demonstrates that all three regenerated plaIits (lanes 3-8) have a single 

hybridization signal that comigrates with the 2.0 kb fragment ofpJV13 (lane 1). This 

result indicates that regenerated plants A, B, and C were successfully transformed 

and contain the chimeric 35-S Bcrv coat protein gene in their genomes. The signal 

of the 2.0 kb fragment of pJV13 (lane 1) is extremely strong because too much 

plasmid DNA was loaded on the gel. The amount of this plasmid on a gel should 

be reduced from 1 ug to 25 ng. The strong signal in lane 1 partially obscures the 

results for the non-transformed Xanthi plant (lane 2). However, the right margin of 

lane 2 is visible and no band is present that comigrates with the 2.0 kb Hind 3 

fragment of pJV13. A total of eight regenerated lines have been identified by 

Southern analysis to contain the chimeric 35-S Bcrv coat protein gene. Plants A, 

B, and C in Fig. 5 were chosen for further analysis by Northern blotting and ELISA. 

Northern blot analysis of transgenic tobacco. 

A denaturing 1.5% agarose gel containing RNA from three transgenic plants (A, 

B,and C) and a non-transgenic Xanthi plant, a negative control, is presented in 

Figure 6A. Figure 6B presents an autoradiograph of a Northern blot of this gel that 

was probed with the 2.0 kb Hind 3 fragment from pJV13. The autoradiograph 

clearly demonstrates the presence of a single transcription product in the transgenic 

plants (lanes 2-4) that is absent in the non-transgenic control plants (lanes 1 and 5). 

The length of the RNA transcripts are estimated to be between 0.9 and 1.0 kb based 
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Fig. 6. A. Denaturing RNA gel of transgenic tobacco. Total RNA was isolated by 

the method of Murray et al. (33). 15ug RNA from each plant was separated on a 

1.5% agarose gel that contained 2.2M formaldehyde (27). Lanes 1,5 = nontransgenic 

tobacco. Lanes 2,3, and 4 = transgenic plants A,B, and C, respectively. B. Northern 

blot analysis. The RNA on the gel depicted in Fig. 6A was transferred to 

nitrocellulose and hybridized with a 2.0 kb Hind 3 fragment from pJV13, which 

contained the chimeric BCfV coat protein gene, labeled with P32- dATP. Northern 

blotting and hybridization were performed as described by Maniatis et al. (31). 

Lanes designations are the same as in Fig. 6A. 
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on mobility relative to that of RNA size standards. This size range is approximately 

equal to the sum of the BCTV coat protein gene (762 nuc1eotides), the 5' 

untranslated leader sequence (70 nuc1eotides), plus 50 to 200 polyadenylate residues: 

together about 880 to 1030 nuc1eotides in length. Hybridization of the probe to 

RNA would only result from base pairing of the DNA probe to its complementary 

RNA sequence. These results indicate that the chimeric 35-S BCTV coat protein 

gene was transcribed to RNA by transgenic plants A, B, and C. 

Analysis of transgenic plants by ELISA. 

Results from ELISA conducted with three combinations of antiserum: conjugate 

dilutions demonstrated the production of BCTV coat protein in transgenic tobacco 

plants A, B, and C (Table 5). The optical density (O.D.) values at 405 run taken at 

3 and 5.5 hr are consistent for each transgenic plant when ELISA was done with a 

conjugate dilution of 1/4000. The O.D.405 run decreased for all plant samples at the 

1/8000 conjugate dilution indicating that the reduced values may be the result of a 

limited ability of the antiserum and conjugate to form a bound complex at the 

reduced conjugate dilution. This demonstrates that BCTV coat protein was 

endogenously produced in transgenic plants A, B, and C. 
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Table 5. EUSA 8 results (optical density at 405nm of transgenic tobacco plants 

(A, B, and C), healthy tobacco, and beet infected with Bcrv 

Dilutions: 1/8000 antibodyb 1/16000 antibody 1/8000 antibody 

1/4000 conjugate 1/40000 conjugate 1/8000 conjugate 

Sample 3hr 5~hr 3hr 5Ymr 3hr 5Ymr 

Plant A .043 .061 .042 .064 .026 .036 

Plant B .030 .044 .028 .044 .019 .027 

Plant C .036 .052 .033 .046 .024 .033 

Healthy .000 .000 .000 .000 .000 .000 

Infected .264 .398 .390 .562 .242 .357 

Bufferc -.014 -.018 -.011 -.013 -.005 -.013 

8ELISA readings are adjusted to healthy sample 0.0405 =0.0 at 3 and 5~hr. 

bantibody = rabbit anti-BC.fV conjugated to alkaline phosphatase. cBuffer = .05M 

Na2C03, pH 9.6 
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Discussion 

The results presented in this report, based on Southern and Northern analysis 

(Fig. 5 and 6), and ELISA (Table 5), demonstrate that transgenic tobacco plants have 

been produced that express a chimeric 35-S BCIV coat protein gene and produce 

BCfV coat protein. This is the first report of the expression of a chimeric 35-S 

Bcrv coat protein gene in transgenic plants. Tests for determining if these plants 

are resistant to BCfV have not been conducted becau.se federal approval for such 

tests is currently pending. APHIS Form #2000 has been completed in order to 

request permission to conduct te~ts to assess the degree of resistance in these plants 

to Bcrv. The level of resistance to Bcrv in transgenic tobacco plants is difficult 

to predict based on results of previous examples of coat protein-mediated resistance. 

The examples listed in Table 1 are all against viruses with RNA genomes, whereas 

Bcrv has a DNA genome. Coat protein-mediated resistance has not been 

demonstrated for any virus with a DNA genome (3). 

Although the viruses listed in Table 4 all have RNA genomes, the 

effectiveness of coat protein-mediated resistance was not the same for each example. 

Coat protein-mediated resistance against TMV (38) and Alfalfa Mosaic Virus (AMV) 

(28) was overcome by inoculation of plants with viral RNA. In contrast, tobacco 

plants that expressed a chimeric Potato Virus X (PVX) coat protein gene (18) were 

equally resistant to infection by PYX or PYX RNA. 
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Consideration of the mechanisms responsible for previous examples of coat 

protein-mediated resistance will enhance the ability to predict the resistance 

phenotypes of plants that express the chimeric Bcrv coat protein gene. The lack 

of consistent results in different studies has made it difficult to explain coat protein

mediated resistance by a general mechanism. The most well characterized example 

is that of transgenic tobacco plants that have coat protein-mediated resistance against 

TMV (38). TMV infects plant cells through a wound and then undergoes a process 

referred to as "co translational disassembly" (50). Cotranslational disassembly is 

proposed to occur because an instability of the virion occurs after infection that 

causes the removal of coat protein subunits from the 5' end of the virion (50). This 

allows the plant ribosome to bind to the 5' end of the RNA and begin translation 

(51). The movement of the ribosome causes the coat protein subunits that are 3' of 

the ribosome to disassociate from the virion, resulting in simultaneous translation and 

virus disassembly (51). Wilson and Watkins (52) demonstrated that the addition of 

TMV coat protein subunits inhibited the cotranslational disassembly of TMV virions 

in a rabbit reticulocyte in vitro translation system. They proposed that exogenous 

coat protein subunits were bound to the 5' end of the TMV virion and made the 

RNA inaccessible to ribosomes (52). These results led researchers to consider the 

possibility that coat protein-mediated resistance against TMV was the result of 

endogenous coat protein subunits being bound to the 5' end of TMV virions and 

subsequently inhibiting the cotranslational disassembly of the virions. 
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The requirement of the TMV coat protein rather than TMV coat protein 

RNA for resistance was confirmed by Powell et aI. (37). Specific mutagenesis was 

done to delete the ATG translation initiation codon from the chimeric TMV coat 

protein gene (37). Tobacco plants transformed with this mutated construct produced 

TMV coat protein RNA but not TMV coat protein, and were susceptible to infection 

by TMV (37). Nejidat and Beachy (34) observed that the degree of resistance 

against TMV was proportional to the amount of TMV coat protein produced by the 

transgenic plant. Transgenic plants grown at a constant temperature of 35°C were 

less protected against TMV infection than were transgenic plants grown at 22°C (34). 

ELISA of plants grown at high or low temperature indicated that plants grown at the 

higher temperature produced less TMV coat protein than plants grown at the lower 

temperature (34). Register and Beachy (39) studied the mechanism of coat protein

mediated resistance against TMV by infecting protoplasts derived from transgenic 

tobacco plants with TMV. ELISA determined that transgenic protoplasts had the 

same resistance phenotype as transgenic plants, in that similar to whole plants, 

protoplasts were resistant to infection by TMV but susceptible to infection by naked 

TMV RNA (39). Register and Beachy (39) then incubated TMV virions at DoC for 

10 min in pH 8.0 buffer. Transgenic protoplasts that produced TMV coat protein 

were susceptible to infection by pH 8.0 treated virions. Wilson (50) had previously 

demonstrated that pH 8.0 treatment of TMV virions resulted in a 100 fold increase 

in rate of translation as compared to untreated viruses. Wilson (51) proposed that 
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the pH 8.0 treatment removed coat protein subunits from the 5' end of the virion and 

exposed the 5' leader sequence of TMV RNA for interaction with 40-S ribosomal 

subunits. Register and Beachy (39) concluded that the lack of resistance against pH 

8.0 treated virions was the result of partial uncoating of the virions, which facilitated 

cotranslational disassembly. Register and Beachy (39) proposed, based on their 

results and the results of Powell et. al. (37), that resistance against TMV in 

transgenic tobacco plants might be the result of endogenous coat protein inhibiting 

the disassembly of TMV. 

The exact mechanism of the prevention of viral disassembly in transgenic 

plants is uncertain, but Register and Beachy (39) suggest three possibilities. The first 

is that specific sites for TMV disassembly are present in cells and coat protein 

synthesized by transgenic plants could block these sites. Second, if specific sites are 

not involved in TMV disassembly, local intracellular conditions that favor virus 

disassembly may be altered by endogenous coat protein in such a manner that a 

kinetic shift occurs to favor the maintenance of fully assembled virions. The third 

possibility is that endogenous coat protein binds to the 5' end of the TMV virion and 

prevents cotranslational disassembly. 

The observation that tobacco plants that produce the PYX coat protein are 

resistant to infection by PYX RNA (18), whereas tobacco plants which produce TMV 

coat protein are susceptible to infection by TMV RNA (38), suggests that differences 

between TMV and PYX assembly and disassembly may be partially responsible for 
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the different disease phenotypes associated with infection of transgenic plants by viral 

RNA. TMV disassembles in a 5' to 3' direction, and assembles in a 3' to 5' 

direction starting at the origin of assembly (OAS) located in the 3' region of the 

TMV RNA (39). However, PYX disassembles from 3' to 5', and assembles from 5' 

to 3' starting at an OAS located in the 5'-most 45 nucleotides of the PYX RNA (18). 

Transgenic plants that produce PYX coat protein may be resistant to infection by 

PYX RNA because coat protein subunits may bind to the OAS in the 5' region of 

the RNA and prevent both translation of the PYX RNA and virion assembly. 

The results obtained in different studies of coat protein-mediated resistance 

suggest that different mechanisms may control resistance, for each interaction 

between virus and transgenic plant. The best characterized mechanisms involve 

resistance against PYX and TMV, two viruses with RNA genomes contained within 

helical virions. It is difficult to predict the reaction of transgenic plants that produce 

BCTV coat,protein to infection by BCTV, an icosahedral virus with a DNA genome, 

based on results from resistance studies done with helical virions that have RNA 

genomes. The most promising similarity between BCTV and the viruses listed in 

Table 4 is that stable infection by the viruses listed in Table 4, and by BCTV (6), 

cannot be achieved if the virus has a mutated or absent coat protein gene. This 

suggests that the endogenous production of BCTV coat protein by transgenic plants 

may alter the intracellular conditions so that BCTV infection is prevented or 

restricted. 
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If coat protein-mediated resistance against BCfV is not observed in the yet 

to be tested transgenic plants, it may be possible to develop resistance to BCfV by 

the incorporation of other portions of the BCfV genome, such as the replicase gene, 

into plant genomes. Golemboski et al. (17) recently transformed tobacco with a 

chimeric gene that encodes the 54 kd protein of TMV. This protein is believed to 

be a part of the TMV replicase holoenzyme (17). Transgenic plants that express the 

chimeric 35-S 54 kd protein gene and produce the 54 kd protein are resistant to 

infection by both TMV and TMV RNA (17). This suggests that coat protein

mediated resistance may be the first of several strategies employed to develop virus 

resistant plants by the use of techniques of molecular biology and plant 

transformation. 
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APPENDIX A 

IDENTIFICATION OF RFLP PROBES FOR USE IN MAPPING THE pu GENE 

Restriction fragment length polymorphisms (RFLPs) are genetic markers used 

for the development of linkage maps. RFLP mapping involves cloning single copy 

DNA from the species of interest and using these clones as probes to follow the 

segregation of homologous regions of the genome in segregating populations (21). 

A genetic map of lettuce has been constructed by linkage analysis of an F2 

population using cDNA and genomic DNA clones that produced RFLPs (24). The 

locations of 13 genes (Dm) conferring resistance to Bremia lactucae, a causal agent 

of downy mildew on the leaves of lettuce, have been identified by linkage analysis 

using RFLP markers (21). Flanking a gene with RFLP markers can be the initial 

step taken to clone the gene, as the RFLP markers are used to confirm the insertion 

inactivation of a gene by the integration of transposable elements (24). 

One objective of our work on the interaction between lettuce and Plasmopara 

lactucae-radicis is to isolate and clone the recessive gene (plr) in lettuce that 

conditions resistance against the fungus. The cloning strategy will attempt to flank 

the plr gene with RFLP markers. The plr gene will mapped using RFLP markers for 

segregation analysis of F2 progeny derived from a cross between Cobham Green,a 
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cultivar with resistance to the fungus, and Calmar, a susceptible cultivar (45). In 

order to map the plr gene, it is first necessary to identify genomic or CDNA clones 

that produce RFLPs when used to probe Southern blots of DNA preparations from 

Cobham Green and Calmar. The objective of this initial study was to identify lettuce 

DNA clones that produced RFLPs between Cobham Green and Calmar. 

Materials and Methods 

DNA Isolation, Restriction, and Electrophoresis. DNA was isolated from 1 gm 

of fresh leaf tissue from single Calmar and Cobham Green plants by the method of 

Doyle and Doyle (11). Ten ug of DNA from each plant was restricted with either 

Eco Rl, Eco R5, Hind 3, or Bam Hl. DNA preparations from Cobham Green and 

Calmar, restricted with the same enzyme, were placed in adjacent lanes of a 1 % TBE 

gel and electrophoresed. Procedures for digestion of DNA with restriction enzymes 

and for electrophoresis have been previously described (24). 

Probe sources, Southern blotting, and Autoradiography. Genomic and cDNA 

clones of lettuce were provided by Dr. R. W. Michelmore, of the Department of 

Vegetable Crops, University of California, Davis. The cDNA and genomic DNA 

inserts were isolated from plasmids by restriction with fitl, and labeled with P32-

. dA TP as previously described (24). DNA was blotted from 1 % TBE gels to Hybond 

N + membranes (Amersham, Arlington Heights IL) by diffusion blotting, and the 

blots were probed with radiolabeled Pstl fragments. Southern blots were then 
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autoradiographed to identify probes that produced RFLPs. Procedures for Southern 

blotting, labeling probes, and autoradiography have been previously described (24). 

Results and Discussion 

Analysis of autoradiographs identified 35 cDNA clones and a single genomic DNA 

clone that produced RFLPs between DNA from Cobham Green and Calmar. Thirty . 

four of the clones are distributed among 14 linkage groups, and two of the clones are 

unlinked loci. These 36 probes will be used in an attempt to map the position of the 

pIr gene on a linkage map of lettuce. 

There are at least two reasons why it is unlikely that the pIr gene, which conditions 

resistance in lettuce against a downy mildew pathogen of roots, will be allelic to any 

of the Dm genes of lettuce, which condition resistance against a foliar downy mildew 

pathogen. The first is that pIr is a recessive gene (45), whereas the Dm genes are all 

dominant (21). The second reason is that the pIr gene present in resistant F2 plants 

was contributed by the Cobham Green parent, however, Cobham Green has no Dm 

genes and is used as the universally susceptible differential for the genetic analysis 

of resistance in lettuce to B. lactucae (21). These two observations suggest that the 

pIr gene will not be allelic to any of the previously mapped Dm genes and will be 

separate from any Dm gene on a linkage map of lettuce. 
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