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Abstract 

In Laeruca sari va , the dominant gene Tu confers resistance to infection by turnip 

mosaic virus (TuMV). Tu and Dm5/8, a gene for resistance to B/'cm;a lacflIcae, arc 

linked in L. sariva. The area surrounding Dm5/8 on the genetic map of L. .\'{/riWl 

contains restriction fragment length polymorphism (RFLP) and random ampli lied 

polymorphie DNA (RAPD) markers. The orientation of Tu relative to Dm5/8 was Ilot 

known. Locating Tu would indicate which markers aœ on the map of lettuce close to 

Tu. To locate Tu on the L. sariva genetie map, FJ families from recombinant F2 in the 

Dm5/8 area of a cross between TuMV -resistant (Cobbham Green) and susceptible 

(Calmar) cultivars were inoculated with TuMV and phenotypcd for 1;, by indirect 

enzyme-linked immunosorbent assay. Polyclollal antibodies for iml11unodeteetion wcrc 

pruduced using turnip mosaic virus coat protein cxpressed in E. coli. Phcnotypic ratios 

within FJ families were used to determine individual F2 genotypes for 1il. With thesc 

genotypes, Tu was located on the genetic map of L. saliva relative to data present for 

Dm5/8 and surrounding markers, between OPM18 and OPY13. Using bulked segregant 

analysis, bulks created for the Dm5/810cus were screened for genetie polymorphisl11s by 

theRAPD technique. Five new RA PD markers, UBC346, UBC517, UBC563 , UIJC599, 

and UBC675 were found linked to Tu after mapping relative to F2 genotypes for 1)., and 

other RAPD markers. The resulting three-point mapping information indicates lhat Tu 

is flanked by two markers, OPMIBIOPLOB and UBC346, at respective genetie distances 

of 0.4 and 0.7 cM . 
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Résumé 

Parmi les plantes appartenant à l'espèce Lactuea saliva, le gène dominant Tu est 

suffisant pour conférer une résistance à l'infection par le virus de la mosaïque du navet 

(TuMV). Tu et Dm5/8, un gène permettant la résistance au Bremia laetueae, sont liés 

dans L. saliva. La région entourant Dm5/8 sur la carte génétique de la laitue contient 

beaucoup de marqueurs de polymorphismes de longu>!ur de fragments de restriction 

(RFLP) et d'ADN polymorphique amplifié (RAPD). L'orientation de Tu par rapport à 

Dm5/8 n'était pas connue. La localisation de Tu permettrait d'identifier les marqueurs 

rapprochés de celui-ci sur la carte génétique de la laitue. Pour ce faire, une population 

FJ issu d'un croisement entre un cultivar résistant au TuMV (Cobbham Green) et un 

cultivar susceptible au TuMV (Calmar) fut inoculée avec du TuMV. Les phénotypes de 

chaque plantes furent déterminés par analyse ELISA. Des anticorps polyclonaux pour 

l'immunodétection ont été produits en utilisant une protéine recombinante de la capside 

du TuMV exprimée dans E. coli. Le rapport phénotypique dans la population F3 a été 

utilisé pour déterminer les génotypes de la population F2 concernant Tu. Avec ces 

génotypes, Tu a été localisé sur la carte génétique de L. sativa dans la région où se 

trouvait Dm5/8, entre OPM18 and OPY13. En utilisant l'analyse de ségrégation de 

groupes, des groupes créés pour le locus Dm5/8 ont été examinés pour la présence de 

polymorphismes génétiques par la technique de RAPD. Cinq nouveau marqueurs RAPD, 

UBC346, UBC517, UBC563 , UBC599, et UBC675 ont été liés à Tu après la cartographie 

relative aux génotypes de la population F2 pour Tu et d'autres marqueurs RAPD. La 

cartographie à trois points indique que Tu est entouré de deux marqueurs, OPM1810PL08 

et UBC346, à une distance génétique respective de 0.4 et 0.7 cM . 
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1. Introduction 

Plant responses to viral infection are determined in many cultivated crops by 

single resistance genes (Matthews, 1991; Fraser, 1990; Ellis el al., 1988). Several 

models have been proposed to account for the inhibition of viral multiplication in 

resistant plants by resistance gene products, but in the absence of a c\oned candidate 

gene, the causal relationship to the resistance phenotype has been difficult to confirm 

(Fraser, 1987; Bruening el al., 1987; Ponz el al., 1988). 

Severai protcins, enzymes and mRNAs are induced or repressed upon viral 

infection (Legrand et al., 1987; Kombrink et al., 1988). Many of these factors can also 

be induced by abiotic stresses, making their role in resistance difficult to establish 

(Bowles, 1990). Differential1y expressed genes are thought to be involved in the general 

stress defense reaction mounted by the plant ceU in response to infection, and are not the 

determinants of the resistance phenotype. In contrast, plant viral resistance genes 

expressed either constitutively or in a regulated manner are specific for one or a few 

strains of a virus (Fraser, 1987), and are the key genetic factor that determines whelher 

the plant will be resistant or susceptible. 

The use of molecular markers to determine map location followed by map·based 

cloning is a promising approach for the isolation of viral resistance genes from plants. 

Human disease genes such as the cystic fibrosis gene have becn cloned using map·based 

cloning (Rom mens el al., 1989). No viral resistance gene has yet becn cloned from 

plants . 
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A single dominant gene, Tu, confers resistance to turnip mosaic virus (TuMV) 

in L. smiva (Zink and Duffus, 1970). TuMV represents a significant problem in the 

Brassicaceae, particularly in economically important crops such as rutabaga (Brassica. 

napus subsp. napobrassica) and canola (8. napus subsp. oleifera) (Shattuck and Stobbs, 

1987). No complete resistance to TuMV has yet been found in the Brassicaceae (Doucet 

et al., 1990; Pink and Walkey, 1990). 

A detailed genetic linkage map for L. sativa (Kesseli et al., unpublished; Kesseli 

et al., 1991) has been prepared using Restriction Fragment Length Polymorphism 

(RFLP) (Beckman and Soller, 1983) and Random Amplified Polymorphie DNA markers 

(RA PD) (Williams et al., 1990). Yeast artificial chromosomes (YACs) of up to one 

million base pairs have been reported. A partial Y AC library containing lettuce genomic 

DNA (genome size of L. saliva is 2.6 x 109 bp, Arumuganathan and BarIe, 1991) has 

been produced (Fortin et al., unpublished) which could be used for genomic walking 

experiments. Markers in the area of Tu may be useful in screening these Y ACs. 

In screening for RFLP or RA PD markers, few polymorphisms between cultivars 

segregate with the target gene. Cultivars Calmar (a crisphead lettuce) and Cobbham 

Green (a butterhead), while differing at the Tu locus, are polymorphie at many other 

loci. Most markers detected between these two cultivars will not be linked to Tu. Near 

isogenic Hnes (NILs) increase the likelihood of polymorphisms being linked to a gene of 

interest. For example, 50% of the polymorphisms between NILs of lettuce produced 

after five backcrosses were linked to the target locus (Paran et al., 1991). Two cultivars 

which differed at the Dm Il locus were used to produce these NILs. The percent of 

2 



• polymorphisms linked to a target locus using NILs varies with cultivar relatedness and 

the number of backcrosses performed. In bulked segregant analysis, markcrs linked to 

the target region are screened for using pools of DNA from resistant and susceptible 

homozygous individuals originating from a single cross (Michelmore ('f al., 1991). Ali 

polymorphie markers which identify a sequence divergence betwccn two pools of 

adequate size (Le. 10 or more individuals per bulk) are linked to the target locus. 

The first step towards cloning and characterization of the Tu resistance gcnc is the 

identification of closely linked and flan king molecular markers. As the gcnomic region 

surrounding Dm5/8 con tains many RFLP and RAPD markers (Kesseli ('1 al., 

unpublished; Kesseli el al., 1991); it is feasible that sitllating Tu on the genetic map of 

lettuce will reveal some markers which are tightly linked to Tu. 

Objectives 

1. To pro duce an antibody to turnip mosaic virus coat protcin (TuMV-CP) usÎng 

recombinant TuMV -CP expresscd in Escllelicllia coli. 

An enzyme-linked immunosorbent assay (ELISA) was llSed to score individuals 

as either resistant or susceptible to TuMV-infection. The genotyping experiment for the 

location of Tu lltilized enzyme-linked immunosorbent assay (ELISA) (see objective 2). 

Anti-TuMV antibodies for ELISA were not commerciaJly available. The TuMY-CP was 

eloned into an expression vector (pET-CP) by J.-F. Laliberté. pET-CP was obtained and 

antibodies to TuMY-CP produced by injecting rabbits with TuMY-CP expressed in E . 

• 3 
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2. To locate Tu relative to DmS/8 on the genetic map of Lactuca saliva. 

A population segregating for Dm5/8 was examined for recombinants in the area 

of Dm5/8 by R. W. Michelmore (University of California, Davis). As Tu is close to 

Dm5/8, the genetic information for recombinant individuals in the area of Dm5/8 was 

used to locate Tu. F3 families derived from F2 recombinant individuals were provided 

by R. W. Michelmore. These individuals were phenotyped for resistance or 

susceptibility to TuMV by ELISA. Phenotypic ratios within F3 famUies determined F2 

genotypes at Tu. Incorporating the genotyp~s for Tu with the mapping information in the 

area of Dm5/8 provided by R. W. Michelmore gave the location of Tu on the genetic map 

of L. saliva. 

3. To find molecular markers flanking and tightly linked to Tu using bulked 

segregant analysis. 

Many markers in the genetic area surrounding Dm5/8 have been mapped by R. 

W. Michelmore. By situating Tu on this map, sorne markers may be closely linked to 

Tu. Two pools of DNA (bulks) for the Dm5/8 locus produced by R. W. Michelmore 

were screened for polymorphism. Polymorphisms between pools were examined for 

cosegregation with the TIl locus. Genotypes for new RA PD loci were added to the 

mapping information provided by R. W. Michelmore and to the genotypes for Tu (see 

objective 2) to produce a genetic map of the area surrounding Tu . 
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• Il. Literature Rcview 

1. Mechanisms of resistance to plant viruses 

Monogenic resistance to viruses in cultivated crops is conferrcd in man y cases by 

single genes (Fraser, 1987; Ellis et al., 1988; Matthews, 1991). At Icast twenty-nine 

dominant viral resistance genes are known in plants (Fraser, 1987). Recessive viral 

resistance genes are not uncommon, both types of gene often occurring for diffcrent 

viruses in the sa me plant species (van Loon, 1987). In L. sari va , a dominant and a 

recessive gene confer resistance to turnip mosaic virus (TuMY) and lcttuce mosaic virus 

(LMV) respectively (Zink and Duffus, 1970; Walkey et al., 1985). 

Plant viral resistance genes, such as the dominant 1 genc in Phaseolus bcans 

against bean common mosaic virus (BCMV), confer long-term resistance, in this case 

lasting at Jeast 40 years (Walkey, 1985). Virulent isolates of ReMV overcoming the 1 

gene have been reported but have not become prevalent in the field (Walkey, 1985). 

Resistance to potato virus X in potato cultivars such as Epicure and King Edward in 

Britain has lasted more than 50 years (Walkey, J985). 

The mechanisms by which resistance genes prevent viral infection remain unc1ear. 

Two theories that explain the interaction between viruses and viral rcsistance genes in 

plants are the gene-for-gene theory of FIor (1971) and the positive/negativc mode! 

proposed by Fraser (1987) . 
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• 1.1 The gene-ror-[~ene 'thcory 

Jn the gene-for"gene theory, each allele in the host that confers resistance is 

complementary to a virulence locus in the pathogen which can overcome resistance (FIor, 

1971). Complem(mtation between a plant resistance gene and an avirulence gene in the 

pathog,en causes pathogen 10caJization observed in the plant as a hypersensitive response 

(HR). In HR, localized cell death at the site of infection prevents systemic spread of the 

pathogen. 

The limited size of viral genomes makes it unlikely that a viral gene would have 

as its SOlé function avirulence or virulence (Fraser, 1990; Padgett and Beachy, 1993). 

Fraser (1983) observed that differences in virulence between strains ofTMV was not due 

to their ability to replicate in the ho st but was correlated with differences in the thermal 

stabilities of their coat protein subunhs. It was demonstrated by Saito et al. (1987) that 

a factor coded for by the TMV-L (tomato strain) coat protein gene was responsible for 

the hypersensitivity response of Nicotiana sylvestris containing the N' gene. Tobacco 

carrying the N' gene was susceptible to TMV-OM (common strain), causing systemic 

spread and ",osaic symptoms upon infection. Knorr and Dawson (1988) observed that 

a point mutation of TMV-OM (common strain) caused a single ami no acid change in the 

viral coat protein. This mutation c:aused a HR to the virus in tobacco instead of the usual 

systemic infection (Knorr and Dawson, 1988). 

Protl~ins other th an viral CP have produced changes in the interaction between 

virus and host following mutation. No mutation in the CP is known to induce the N 

gene-mediated HR by tobamoviruses (reviewed by Culver et al., 1991). Mutations in 
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the 126 kDa protein of a tomato mosaie virus (ToMV) strain overcame the resistanee 

eonferred by the Tm-} gene in tomato (Meshi el al., 1988). Mutations in strains of 

ToMV which overcame the Tm-2 and Tm-22 resistance genes were found to have 

occurred in the movement protein (MP) gene (Meshi et al., 1989; Calder and Palukaitis, 

1992). From cloning and sequencing of a mutant tobamovirus, Ob, which could 

overcome the N gene-mediated HR and produce systemic infection in tobaeco carrying 

the N gene, Padgett and Beachy (1993) found that the Ob MP aJone did not overeome 

the N gene-mediated response. Mutagenesis of Ob which reversed the response, as 

observed by a HR on tobacco, was found to have oecurred as a single nucleotide change 

in the 126 kDa gene (Padgett and Beachy, 1993). 

Molecular studies pertaining to the gene-for-gene theory are facilitated by the 

small genome size of plant viruses and their relative ease of c1oning. Examination of 

how viral genes interaet with host resistance genes will be furthered by the cloning of 

viral resistance genes from plants. 

To date, the gene-for-gene theory has been more closely examined on the levcl 

of the virus than of the host. The positive/negative model of viral resistance proposcd 

by Fraser (1987) examines the mechanisms of resistanee conferred by host genes. 

1.2 A positive and a negative model of resistance 

A positive and a negative model for viral resistance which predict plant responses 

to infection has been proposed based on data from the interactions between different 

viruses and their hosts (Fraser, 1987). The negative model explains the interaction 
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between recessive host genes and viruses, where complete immunity is conferred onto 

a resistant plant by the absenc(~ of a gene product (Fraser, 1987). In the positive model, 

a resistant plant produces an inhibitor of viral replication (Fraser, 1987). Plants with 

dominant genes displaying a positive mechanism of resistance recognize viral invasion 

and "switch on" resistance (Fraser, 1987). 

From an examination of host-virus combinations, Fraser (1987) suggests that virus 

localization, as evidcnced by a HR to infection, is associated with the presence of 

dominant genes. The majority of dominant viral rcsistance genes examined to date fit 

Fraser's (1987) positive model (Fraser, 1990). 

Sorne dominant alleles confer complete immunity to viral infection (Fraser, 1990). 

Complete immunity conferred by a single locus is defined by the absence of symptoms 

and no HR response. Such cases may not fit Fraser's (1987) positive model as, to 

produce a rapid response to viral invasion and prevent HR, the resistance gene must 

produce its putative product constitutively. Such a mechanism may be present in the 

cowpea cv. ArIington where a protease inhibitor has been shown to inhibit polyprotein 

processing of cowpea mosaic virus (CPMV) (Ponz et al., 1988). Resistance to CPMV 

in Arlington cowpeas is conferred by a dominant gene whose putative product may be 

expressed constitutively (Bruening et al., 1987). A direct genetic relationship between 

this constitutively expressed protein and the dominant resistance gene has yet to be 

determined. 

Fraser's (1987) theory does not fit ail interactions between viruses and their hosts, 

as seen in the cowpea example above. One method of examining the role of plant genes 
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• in the resistance phenotype would be the cloning of such genetie clements and 

examination of their putative produets for funetion during the resistance rcsponse. 

2. The link between resÎstance gene and resistallce mechanÎsl11 

Cosegregation of a genetie locus with resistanee indicates that it is the cause of 

that resistance phenotype. Specitic resistance conferred by such genes is distinct from 

non-ho st resistance (Fraser, 1982). Non-host resistance results from incompatibility 

between host and pathogen and does not segregate as a single gcnetic locus, but instcad 

is controlled by a multitude ofloei (Fraser, 1982; 1987). Cross-protcction produccd by 

transformation of susceptible cultivars with cloned viruses or viral elcmcnts is also 

considered as separate from specitic genetic immunity as such clements produce a 

reduction of symptom severity and a delay in symptom appearance which is not sufficient 

to produce complete immunity (Harrison, el al., 1987; Abel el al., 1986; rcvicwed by 

White and Antoniw, 1991; Wilson, 1993). Gnly specifie genetic resislance which is 

complete and heritable as a single locus will be examined furthcr. 

Ponz et al. (1988), in cellular studies with protoplasts (plant cells which have 

been separated from each other by degradation of the cell wall), correlated the presence 

of an inhibitor of polyprotein processing with resistance to CPMY. Isolation and 

characterization of this inhibitor and segregation studies using crosses of resistant and 

susceptible cowpea tines have yet to be done. 

To complement cellular studies of resistance, various strategies have becn used 

to attempt to isolate the genetic sequences responsible for resistance, either indirectly 
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• through protein products (section II.2.1) or directly by the establishment of genetic maps 

necessary for map-based cloning of genes (section II.2.2). 

2.1 Protcins induccd by infcction 

Pathogenesis-related (PR) proteins were first found in tobacco cultivars displaying 

hypersensitivity to TMV (Gianinazzi et al., 1970). Gianinazzi et al. (1977) later 

examined four protein components called lb' proteins which were found in TMV -infected 

tobacco leaves. PR proteins account for the major quantitative changes in soluble host-

encoded proteins in infected plants as compared to healthy plants (Pierpoint, 1983; 1986). 

Such proteins have now been described in at least 20 plant species after infection with 

pathogens or treatment with chemicals (reviewed by Redolfi, 1983; van Loon, 1985; Bol, 

1988; Carr and Klessig, 1989). 

lnduced resistance dispJayed as a HR has been attributed to the presence of PR 

proteins and an inhibitor of virus repJication (IVR) (Loebenstein and Gera, 1981, Spiegel 

et al., 1989). Compounds such as polyacrylic acid (Gianinazzi and Kassanis, 1974) and 

aspirin (White, 1979) have induced production of PR proteins without a HR. None of 

the PR proteins or IVR has yet been shown to be the direct product of a viral resistance 

gene. It is now thought that PR proteins are involved in host responses to invading 

organisms or sorne form of stress, a theory held up by the wide diversity of their modes 

of action, ranging from inhibitors and enzymes to structural wall proteins (Bowles, 

1990) . 

• 10 



• 

• 

2.2 Map-based clonÎng of resÎstance gelles 

Correlation between protein and resistance phenotype in plants has remaincd 

elusive. One approach which has been employed successfully for the isolation of human 

disease genes where the gene product is not known is map-based or posltional c10ning 

(Rommens et al., 1989). No viral resistance gene has yet been c10ned from plants. 

The first step towards cloning a target gene is the identification of c10sely linkcd 

markers flanking the target locus, followed by the estimation of the physical distance 

between markers (Wicking and Williamson, 1991). After the discovery of markers 

physically flanking the locus, chromosome walking and jumping were used to narrow the 

region between the markers in the search for candidate genes for the cystic tibrosis 

phenotype (Rommens er al., 1989). 

Both RFLP and RA PD markers have recently been found by recombinantion 

frequency analysis to be linked to resistance genes in plants (Gebhart et al., 1993; Martin 

et al., 1993; Timmerman er al., 1993), none of which have been reported to be 

physically tightly linked to the loci of interest. Markers are tightly Iinked when the 

physical distance (in base-pairs) separating them aHows chromosome walking. The 

physical distance between markers is determined using pulsed-field gel electrophoresis 

(PFGE). By alternating the angle of the current bemg applied in gel electrophoresis, 

large DNA fragments are resolved. This strategy was necessary for the location of the 

cystic fibrosis gene where clones were oriented relative to each other on the chromosome 

using rare-cutting restriction enzymes and PFGE (Rom mens et al., 1989). 

No molecular markers located within a walkable distance have yet bcen reported 
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• for a plant viral resistance gene. Timmerman et al. (1993) have recently found RFLP 

markers linked to the pea seed-borne mosaic virus resistance locus, sbm-l, in pea. The 

closest marker is 8 cM away from the resistance locus. 

RFLP markers were found c10sely linked by recombination frequency to Tm-2a, 

a gene conferring resistance to TMV in tomato (Young et al., 1988). However, the 

physical base-pair equivalent of 1 cM in the area of Tm-2a was 4 Mb, much greater than 

the average of 500 kb per centiMorgan in tomato (Ganal et al., 1989). The genetic 

distance of 0.4 cM is equivalent to 2 Mb on the physical map of this area of the genome. 

This greater physical distance is due to the proximity of Tm-2a to the centromere, where 

recombination is suppressed by heterochromatin (Tanksley et al., 1992). Large 

populations of tomato must be screened for recombinants to obtain a higher resolution 

of markers clOSl~ to Tm-2a. 

Molecular markers tightly linked to target loci are necessary for map-based 

cloning. Three major types of molecular markers, isoenzymes, RFLPs, and RAPDs, can 

be identified for genomic regions of interest. 

2.2.1 Types of genetic mal'kers 

(i) Isoenzymes 

The isozyme technique relies on the existence of different isoforms of various 

enzymes. These isoforms migrate differentially on starch gels and can be examined for 
" 

polymorphism between individuals. Such polymorphisms are usually codominant and 

show no epistatic effects as do sorne morphological markers (Tanksley, 1983) . 
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• By focusing on differences at the protein level. the isozyme technique relies on 

the examination of differences in expressed regions. Expressed regions of plant gcnomes 

comprise 5% of the nllc1ear DNA (Singer and Berg, 1991). Therefore, 95% of the 

nuclear DNA is unavailable for analysis using isoenzymes as gcnctic markers. 

(ii) Restriction fragment length polymorphisms (RFLP) 

The use of restriction endonllcleases which selectively cJeave DNA. and tcchniqes 

to transfer DNA to solid supports and to detect low copies of homologolls DNA. have 

enabled the direct mapping by RFLP of previously inaccessible (or unexpresscd or non-

coding) genetic loci in tandem with phenotypic markers (Zabeau and Roberts, 1979). 

Molecular mapping of higher eukaryotes began with the construction of a human 

genetic linkage map using RFLPs (Botstein el al., 1980, reviewed by Tankslcy el al., 

1989). RFLP markers are often codominant, display two or more allelic forms and show 

no pleiotropic effects, making them ideal for the production of genetic maps (Beckmann 

and Soller, 1983). RFLPs are identified by probing genomic DNA cut with restriction 

endonucleases and mapping the resulting alleles for segregation with genes of interesl. 

RFLPs have been used extensively in recent years to map economically important 

plant genomes such as corn (Coe el al., 1990), tomato (Tanksley and Mutscher, 1990) 

and lettuce (Landry el al., 1987). 

(ii) Random amplifled polymorphie DNA (RAPD) 

Polymerase chain reaction (PCR) technology offers alternatives to RFLP for 
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• generating molecular markers (Saiki et al., 1985, Saiki et al., 1988). peR involves the 

use of a thermostable DNA polymerase, nucleotide triphosphates (dNTP), a reaction 

buffer containing MgCh necessary for polymerase function, oligonucleotide primers, and 

a DNA template. 

One PCR-based technique for the identification of genetic markers involves the 

use of lO-base oligonucleotide primers to generate RAPDs (Williams et al., 1990). 

RAPD primers are designed to have a minimum GC content of 50% to facilitate binding 

of primer to DNA template (Williams et al., 1990). RAPDs do not require any specifie 

sequence information from the target genome as is required by other PCR-based 

techniques. 

Paran et al. (1991) showed that, in identifying RA PD markers linked to three loci 

for downy mildew resistanee in lettuce, RAPDs were greater than 10-foid more efficient 

in terms of manpower and costs than screening for the sarne polymorphisms using RFLP 

technology. Genomic and cDNA probes which fail to detect polymorphisrn contribute 

to the lower efficiency of RFLP in this case (Paran et al., 1991). 

Paran et al. (1991) found a eontrast in the distribution of RFLP and RAPD 

markers in the downy mildew resistance gene (Dm) regions of L. sativa. No RFLPs 

were detected linked to Dm Il using near isogenic lines (NILs) produced for Dm11 while 

seven RAPDs were mapped to a 34 cM region surrounding the Dm Il locus (Paran et al. , 

1991). The absence of RFLP in this area may refleet a lack of expressed genes or genes 

which are expressed at low levels, having lower representation in the cDNA library 

(Paran et al., 1991). RAPDs may contain repetitive DNA, while RFLPs are selected to 
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• contain low copy sequences. Paran et al. (1991) proposed that RAPDs may be mapped 

to areas of the genome containing repetitive DNA which could not previously be 

examined using RFLPs. 

RAPDs are scored directly from agarose gels. The lower resolution of such gels 

may produce a higher probability of error in the scoring of bands versus probing in 

RFLPs. Weeden et al. (1992) observed an erl'Or rate of 4% in the scoring of phenotypes 

in their examination of 169 F2 individuals of pea using eight RA PD primers. Errors 

were attributed to poor amplification and difficulty in the scoring of bands (Wceden el 

al., 1992). Weeden proposed that the poor amplification of sorne samples may havu 

been due to an inhibitor of elongation isolated with the DNA. This inhibition was more 

pronounced with larger amplification products (Weeden et al., 1992). Such high error 

rates impede phylogenetic studies using RAPD data (Weeden et al., 1992). 

Linkage was identified by Weeden et al. (1992) for 22 out of 27 polymorphisms 

in pea with well·characterized morphological or molecular markers. A random 

generation of fragments is unlikeJy to produce segregation patterns with such strong 

linkage with unrelated genetic markers (Weeden et al., 1992). As most of the RAPD 

markers reflected real genetic variation, Weeden et al. (1992) determined that RAPDs 

were useful for mapping studies but that scoring errors would lead to increased map 

distances between adjacent markers and the possibility of minOT changes in marker order 

in small regions of the genome. Weeden et al. (1992) proposed that scoring errors could 

be corrected by perforrning duplicate analyses and inspecting for an excess of double 

recombinants in regions of the genome where markers are at sufficient density . 
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Tingey et al. (1992) examined advances in the utilization of RAPDs for genetic 

analysis, showing the utiIity of RAPDs for the production of genetic maps. Genetic 

maps for Arabidopsis Ihaliana (Reiter el al., 1992) and loblolly pi ne (Chaparro et al., 

1992) have recently been constructed using RAPD markers. 

Although RAPDs can be detected more quickly than RFLPs, the markers 

generated are usually dominant. Of 31 polymorphisms detected between 27 inbred barley 

lines, one polymorphism revealed two codominant amplification products after Southem 

analysis (Tinker el al., 1993). The polymorphie band (RA PD marker) has a high 

probability of containing repetitive DNA. From nine RAPD markers in lettuce, eight 

contained repetitive DNA as determined by dot blot and Southern analysis (Paran and 

Michelmore, 1993). 

To con vert RAPD markers into genomic probes necessary for chromosome 

walking, pairs of sequence characterized amplified region (SCAR) primers of 24 bp were 

produced based on the sequence at each end of the RAPD amplification products (Paran 

and Michelmore, 1993). SCAR primers produce single amplification products by PCR, 

sometimes generating length polymorphisms, converting dominant RAPD markers into 

codominant SCARs (Paran and Michelmore, 1993). Of nine sets of specifically designed 

SCAR primers produced by Paran and Michelmore (1993), three displayed length 

polymorphisms useful as codominant genetic markers. Screening of a Y AC library using 

PCR has been described (Green and Oison, 1990), allowing PCR-based markers to be 

used in chromosome walking. SCARs tightly linked to resistance genes should prove 

useful in genomic walking experiments . 
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At present, polymorphis111S must be examined for linkage to target gcnes using 

segregating populations. Screening for isozymes, RFLPs, or RAPDs as molecular 

markers linked to loci of interest would be optimized if one could increasc the probability 

that they were linked to such loci. Two methods of enriching for linkage bctwccn 

polymorphie loci and the target region in the mapping of plant gcnes arc NILs and 

bulked segregant analysis. 

2.2.2 Populations useful for dctcction of moleculm' mal'kel's 

(i) Near-isogenic Unes (NILs) 

Isogenic Hnes are derived From gene mutation in a pure tine (Slam and Zcven, 

1981), Backcrossing is used to produce NILs. In reeurrent backcrossing, parts of the 

donor genome unlinked to the locus of interest will be introgressed into the recipicnt 

genome (Young and Tanksley, 1989). With successive baekcrosses, the amount of DNA 

introgressed from the don or but unlinked to the target locus is reduced by a factor of 

two. By the eighth backcross generation, less than 0.2% of the unlinkcd donor gellomc 

will remain in the progeny (Young and Tanksley, 1989). 

Paran et al. (1991) used NILs to identify RFLP and RAPD markers Iinked to Dm 

genes in lettuce. Paran et al. (1991) determined that half of the markers polymorphie 

for a pair of NILs should be linked to the Dm region in Lactuca saliva if the NILs were 

the result of five backcrosses. To reduce the number of markers Jinked to inlrogresscd 

regions other than the target locus, Paran et al. (1991) combined pairs of NILs. 

Six to eight years of backcrossing are required to produce NILs in lettuce. The 
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• lime for NIL production depends on species generation time. In Arabidopsis thaliana 

NILs can be produced within two years. The number of backcrosses is determined by 

the minimum allowable amount of donor DNA unlinked to the target locus (Young and 

Tanksley, 1989). The backcrossing process is difficult in self-pollinating species such 

as L. sativa. In the lettuce flower, a tube of fused anthers deposits pollen on the inside 

surface as the style elongates (Ryder, 1983). Careful washing of the stig ma is necessary 

to prevent self-poIlination when producing crosses between lettuce cultivars. 

(ii) Bulkcd scgrcgant analysis 

Bulked segregant analysis has recently been described by Michelmore et al. 

(1991), enabling the identification of markers linked to a target locus using a single 

segregating population and negating the need to produce NILs. 

In bulked segregant analysis, bulks of DNA are created around a single locus 

using a segregating population originating from a single cross (Michel more et al., 1991). 

Each bulk is a pool of DNA from individuals of identical genotype for the target locus 

but which are random at ail loci unlinked to the region of interest. Bulks are screened 

for genetic polymorphisms lIsing RFLP or RAPD techniques. 
,-

BlIlks can be created for any locus in a shorter time than NILs. For example, in 

the case of L. sativa, bulks were produced within two years starting from a cross 

between cultivars carrying the traits of interest. Ft seeds from a cross of the appropriate 

individuals are grown and selfed. Each Ft individual produces an Fl population 

segregating for the target locus. F2 plants are screened for the phenotype of interest. 
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Polymorphisms detected with the resultant bulks are in cis to the target region as 

heterozygotes for the target locus are incillded in the bulks (Michelmore et al., 1991). 

For polymorphisms in cis and Irons to the target locus, the F2 generation is selfcd and 

F3 famUies phenotyped to obtain F2 genotypes so that F'] heterozygotes are exclllded l'rom 

the bulks (Michel more el al., 1991). 

Detection of polymorphisms genetically linked to the target region depends on 

bulk size and on the method chosen for polymorphism detection (RFLP or RAPDs). 

Using the equation 2(1-[1/4]1\)(1/4)", where n is the number of individllals per bulk, bulks 

containing 10 individuals have a probability of producing a dominant RAPD marker 

unlinked to the target locus of 2 x 10-6 (Michelmore et al., 1991). In bulks of adequate 

size (Le. 10 or more individuals per blllk), aIl markers detected will segregale with the 

target locus and can be mapped (Michehnore et al., 1991). 

3. Turnip mosaic virus 

3.1 Characterization 

TuMV is a member of the potyvirus family of plant viruses, as characterizcd by 

the type member, potato virus Y (Ward and Shukla, 1991). This group has at least 180 

classified members and is the largest and most economically important group of plant 

viroses (Ward and Shukla, 1991). TuMV is long and filamentous, with a length of 700-

800 nm and a diameter of 12-13 nm (Smith, 1972). Pinwheel inclusion bodies arc 

formed in the cytoplasm of TuMV-infected plants (McDonald and Hiebert, 1975). Up 

to 2000 units of a single coat protein subunit are arranged at a helical pitch of 3.4 nm 
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along the length of the potyviral RNA, producing the distinctive long, flexuous 

capsomere enclosing the genome (Hollings and Brunt, 1981). 

Polyclonal and monoclonal antibodies have been produced to native TuMV 

proteins purified from infected plants (Raptis, 1975; Horsewood et al., 1991). The 

sequencing and c10ning of the TuMV genome faciHtated the production of antibodies to 

TuMV using viral proteins expressed in E. coli. TuMV cDNA, necessary for cloning 

and sequencing, was produced by reverse-transcriptase peR with degenerate primers 

designed From conserved areas of five previously sequenced potyviruses (Nicolas and 

Laliberté, 1991). 

TuMV contains a single, positive strand RNA, consisting of 9830 nucleotides 

(Nicolas and Laliberté, 1992). Upon infection, a single potyviral polyprotein is produced 

using viral RNA as an mRNA template. This polyprotein is subsequently c1eaved to 

produce various proteins necessary for repli cation (Alli son et al., 1985). 

The genome of TuMV has recently been fully sequenced and various cistrons such 

as the NIa and coat prote ln have been cloned into expression vectors for protein 

expression and subsequent antibody production (Tremblay et al., 1990; Nicolas and 

Laliberté, 1992; Laliberté et al., 1992; Robbins el al., submitted). 

3.4 Host l'ange 

TuMV is the most important viral pathogen of cruciferous crops (Shattuck et al., 

1989). Among those species susceptible to TuMV are Brassica perviridis, B. pekinensis, 

and B. napus, aH of which display systemic mosaic and stunting upon infection 

20 



• (Tomlinson, 1970; Tomlinson and Ward, 1978). TuMV is transmittcd by aphids in a 

non-persistent manner (Hollings and Brunt, 1981). Several aphid species can tran\mit 

TuMV, making it difftcult to control its spread \Ising aphicides (Tomlinson, 1970). 

No complete immunity to TuMV has been found in the Brassicaceae. Complete 

immunity is defined in this case as resistance heritable at a single gcnetic locus which 

fails to display symptoms of infection or a HR or presence of virus by ELISA. Walkey 

and Neely (1980) found no cultivars immune to TuMV in an examination of white 

cabbage (Brassiea olerllce{/). Cultivars were observed which were highly resistant in the 

field, with little or no symptoms and no development of internai necrosis during cold 

storage. Pink and Walkey (1990) examined some of these resistant cultivars for 

heritability of resistance to TuMV. Resistance in white cabbage to externat necrosis 

caused by TuMV had a genetic component as shown by heritability in different cultivars 

ranging from 41 % to 48 %. Resistance to internaI necrosis was not genctically 

determined (Pink and Walkey, 1990). 

Tomlinson and Ward (1982) described two lines of Brussieu napus, No. 165 and 

No.181, which remained sylnptomless after self-pollination and inoculation of a British 

strain of TuMV of the first inbred generation (If)' Seventy If progeny inoculatcd twicc 

with TuMV produced no symptoms (Tomlinson and Ward, 1982). Transmission electron 

microscopy of these plants failed to show the presence of TuMV particles and no local 

lesions were produced after inoculation of Chenopodium quinoa with ex tracts from these 

plants (Tomlinson and Ward, 1982). The second generation progeny of the Il plants 

were symptomless (Tomlinson and Ward, 1982). Shattuck and Stobbs (1987) later 
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• determined that Hne 165 was not immune to the Ontario strain of TuMV, with mild 

chlorotic foliage syr.lptoms and ELISA revealing the presence of TuMV. Shattuck and 

Stobbs (1987) described cv. Sensation to be im'mune to the Ontario isolate of TuMV. 

Further examinations involving other TuMV isolates and segregation studies are required. 

Aside from cruciferous crops, TuMV infects a wide range of plant species 

including members of the families: A izoaceae , Amaranthaceae, Boraginaceae, 

Campanulaceae, Caryophyllaceae, Chenopodiaceae, Compositae, Euphorbiaceae, 

Geraniceae, Leguminosae, Papaveraceae, Porrulaceae, Scrophulariaceae, Solanaceae, 

and Umbelllferal' (Zink and Duffus, 1969; Horvath, 1979). Symptoms produced on 

TuMV-susceptible species inclllde: Chenopodium quinoa (local lesions and systemic 

mosaic) (Smith, 1972), Chenopodium amaranticolor (brown-rimmed lesions) (Smith, 

1972), and Nicoliana glulinosa (systemic mosaic, stunting, occasionally lethal) (Smith, 

1972). 

TlIMV infection of LaclUca saliva cv. Calmar produced systemic mosaic, severe 

stllnting, circular chlorotic areas, and was occasionally lethal (Zink and Duffus, 1969). 

Dufflls and Zink (1969) observed that it was the circular lesions and lack of yellowing 

or tip-roll which distingished TlIMV from another potyvirus-indllced disease of lettuce 

caused by LMV. Zink and Duffus' (1969) noted that, of 79 cultivars of L. saliva 

examined for resistance to TuMV and mildew, cultivars were either susceptible or 

completely resistant to TuMV, with no segregation observed within a population of a 

given cultivar. TuMV -susceptible cultivars were mildew-resistant crisphead types: cv. 

Calmar, E-4, Imperial 410, Imperial Triumph, Valrio, Valtemp, and Valverde (Zink and 
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• Duffus, 1969), 

Resistance to TuMV cannot be introduced into the Brassicaceùe from lettllce by 

traditional breeding programs due to incompatibility. A gene conferring resistance in one 

species may be functional in another if barriers to interspecific crosses were 

circumvented (Keen, 1990). Keen (1990) suggests that, because avimlence gencs l'rom 

one pathovar can function in different pathovars, the same resistance gene may function 

in different plant species. Map-based c10ning of such resistance and Agrobtlclerium-

mediated transformation offer a means of transferring traits such as resistance between 

incompatible species. 

4. Lactuca sativa-turnip mosaic vil'us interactions 

4.1 The resistance gene, Tu 

Tu is a single dominant gene conferring resistance to TuMV on L. saliva (Zink 

and Duffus, 1970). From an examination of the pedigrees of the TuMV-susceptible 

cultivars of L. sativa, it was determined that susceptibility to TuMV (Le. the tu allele) 

was introduced into L. saliva from P.1. 91532 and P.J. 177418 (Zink and Duffus, 1969). 

It is not known how Tu confers resistance to TuMV but no HR has been reported. Ali 

TuMV -resistant cultivars of L. saliva reported by Zink and Duffus (1969) were 

completely resistant, with no local lesion development and no recovery of virus after 

TuMV inoculation. A dominant gene which does not produce a HR upon infection does 

not fit Fraser's (1987) positive model of resistance. No virulent isolates of TuMV which 

overcome Tu have yet been reported, hence the possibility of a gene-for-gene interaction 
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has not been examined . 

4.2 Linkage of Tu and Dm5/8 

Zink and Duffus (1969) proposed that the allele for mildew resistance, Dm, and 

the allele for TuMV susceptibility, lU, were Iinked in trans as none of the L. sativa 

cultivars were susceptible ta both TuMY and downy mildew. In a subsequent 

cxamination, Zink and Duffus (1970) determined, using data from eight F2 progenies of 

crosses bctween TuMY-susceptible, mildew-resistant, and TuMV-resistant, mildew 

susceptible parents that lU was Iinked ta Dm. The FI progeny From these crosses were 

TuMYand mildew resistant (Zink and Duffus, 1970). Of3,682 F2 plants assayed, 2,773 

were TuMV-resistant and 909 were TuMY-susceptible (Zink and Duffus, 1970). A total 

of 2,788 mildew-resistant and 904 mildew-susceptible plants were observed in the F2 

(Zink and Duffus, 1970). It was concluded that resistance to TuMV and downy mildew 

were each controlled by a single dominant gene, designated as Tu and Dm (Zink and 

DllffllS, 1970). The distance between these two loci was estimated at 12.5 map units 

(Zink and Duffus, 1970). 

Landry el al. (1987) created the genetic map of lettuce using RFLPs. The 

orientation of Tu relative to Dm5/8 on the map of L. saliva was not known. The area 

around Dm5/8 on the genetic map of L. sativa has many RFLP and RA PD markers 

(Kesseli et al., unpublished; Kesseli et al., 1991). As Tu is close to Dm5/8, it is 

possible that one or more of these markers is tightly linked to Tu. Assigning Tu a map 

location is the first step towards the eventual cloning and characterization of the 
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• resistance mechanism involved. New molecular markers round lIsing bulkcd scgregnnt 

analysis may be required if Tu falls in a genomic area without tightly linked tlanking 

markers . 
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III. Matcrials and Methods 

1. Identification of TuMV infection in plants 

1.1 Optimization of inoculation conditions for turnip mosaic virus 

Different dilutions of cnide extract from TuMV-infected Brassica perviridis were 

produced using 0.1 M KP04 buffer, pH 7.5. The concentrations of infected leaf 

examined for inoculations, using the above buffer, were: 0.50 g/ml, 0.25 g/ml, and 0.11 

g/l111. Bach dilution was examined for infectivity by indirect enzyme-linked 

immunosorbent assay (ELISA), described below, on a population of 12 TuMV

susceptible Lac(uca saliva, cv. Calmar. Five mock-inoculated Calmar individuals served 

as controls. The dilution which produced the minimum number of non-infected 

individuals was chosen as optimal for further experimentation. Ten Calmar individuals 

were then inoculated either once at the three-leaf stage, once at the 5-leaf stage, at both 

the 3 and 5-leaf stages, or at both the 5 and 7-leaf stages with a 0.25 g/ml suspension 

of TuMV-infected B. perv;ridis diluted in 0.1 M KP04 pH 7.5. TuMV-resistant L. 

Saliva, cv. Kordaat, was inoculated on the same schedule as Calmar. A population of 

13 1110ck-inoculated Calmar were used as controls. Three weeks after the final 

inoculation ail plants were tested lIsing indirect ELISA as described. 

1.2 Turnip mosaic vil'us propagat ion 

The TuMV isolate described by Tremblay et al. (1990) was propagated on 

Brassica perviridis under greenhollse conditions. Crude ex tracts were prepared by 
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• grinding infected leaf material (0.25 g/ml) in 0.1 M KPO, pH 7.5. and USl'd for 

inoculations. Inoculations were performed by dusting the lc,lf surt~\cc \Vith carhorundum 

and rubbing with a cotton swab saturated with crude extracl l'rom infcdcd \caf tissue. 

Nine indicator plants (Chenopodium quilloa, C. olllaramico!or. n. per"i,.idi",. H. I/(/IJUS. 

B. pekinensis, Nieo/ial/a .'~/ur;l/os(l. and L. .Wlf;va cultiv(\rs Calmar. C'ohhham Clreen. and 

Kordaat) were used lo verify the identity and the punty of the TuMV isolate lIscd. 

1.3 Virus purification 

TuMV was puritied from B. pen'il'itlis according to Choi ('1 al. (1977). Onc-

hundred grams of frozen TuMV-infected leaves were hOlllogcnized with 100 ml n.s M 

KP04 buffer (pH 7.5) containing 0.01 M NalEDTA and 0.1 % J1lcrcaptocthanul and 

filtered through MiracJoth (Calbiochem). Crude sap W(\S centrifugcd al 3 200 x g for 10 

min. To the supernatant, 1 % Triton X-lOO, 4% polyethylene glycol (PEG, m.w. 6(00), 

and 0.1 M NaCI were added, the mixture was stirred at room tempcrature for J hours, 

and centrifuged at 8 500 x g for 10 min. The pe11et was resuspendcd in 0.5 M KPo.l 

(pH 7.5) containing 0.01 M MgCl 2 and centrifuged at 8 500 x g for 10 min. The 

supernatant was centrifuged al 65 900 x g for 1.5 hours, the pellet reslIspcnded and 

centrifuged as in the previous step, and the resulting supernatant Jaycrcd onlu H JO·40% 

step sucrose density-gradient. The suc rose gradient was then spun for 2 hours al () J 000 

x g. The blue-grey band approximately 2 cm from the top of the gradient, in the 10% 

sucrase layer, was diIuted in 0.01 M KP04 (pH 7.0) and centrifuged at 69 600 x g for 

1.5 hours. The resulting pellet was resuspended in 0.01 M KP04 (pH 7.0) and 
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centrifuged at 8 500 x g for 10 min. The supernatant containing purified virus was 

stored at -70°C. 

1.4 Transmission elcctron microscopy 

A 20 JLI drop of purified virus (see above) from TuMV-infected B. perviridis was 

placed on Collodion~coated and carbon stabilized 200 mesh copper grids. Samples were 

aHowed to partially dry for 2-5 min onto the grids. The remaining liquid was then 

removed using filter paper and the grid washed twice with dH20. Twenty microliters 

of 2 % phosphotungstic acid, pH 7.0, was then added to the grid and removed after 2 min 

using filter paper followed by five washes using dH20. Grids were then placed in a Carl 

Zeiss Model EM9 transmission electron microscope for examination and photography. 

1.5 Expression of the TuMV CP in E. coli. 

A cDNA copy of the fully :,cquenced TuMV coat protein (CP) gene (Nicolas and 

Laliberté, 1990) was c10ned into the pET-ll-d expression vector by J.-F. Laliberté 

(Institut Armand Frappier, Laval, Québec). E. coli strain BL21 (DE3) harbouring the 

pET-CP plasmid, to create strain MRl, was obtained from 1.-F. Laliberté and grown in 

Luria Broth (LB) with 100 JLg/ml ampicillin (LB+amp) at 37°C. Fifty microliters were 

taken from saturated cultures grown in 3 ml of LB+amp at 37°C overnight and added 

to 50 ml LB+amp in 250 ml sterile flasks and incubated shaking until the OD600 reached 

0.5. At OD600 of 0.5,0.4 mM IPTG (isopropylthio-fi-galactoside) was added to promote 

transcription of the TuMV-CP gene and the ceUs were incubated for an additional two 
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hours after which they were harvested by centrifugation at 7 000 x g for 10 min . 

1.6 Isolation of inclusion bodies containing recombinant TIIMV-Cl) 

TuMV CP was isolated from the MRI strain of E. coli by cc1\ disruption with 

lysozyme and differential centrifugation of the TuMV-CP inclusion bodies according to 

Harlow and Lane (1988). Bacterial pellets were resuspended in resuspension buffer (0.1 

M NaCl, 1 mM EDTA, 50 mM Tris, pH 8.0) to 10 % of the original volumc (i.e. to 5 

ml). Lysozyme was then added to a final concentration of 2 mg/ml. After 20 min of 

incubation at room temperature, the tubes were centrifuged at 5 000 x g for 10 min and 

the supematant was discarded. Pellets were resuspended in ice cold resuspension buffer 

containing 0.1 % sodium deoxycholate and incubated on ice for 10 min. MgCI1 was 

added to a final concentration of 8 mM and DNaseI to a final concentration of 10 ~g/ml. 

This mixture was incubated at 4 oC with occasional mixing until viscosity was reduced. 

Inclusion bodies were recovered by centrifugation at 10 000 g for 10 min. Pellets wcre 

washed twice in resuspension buffer containing 1 % NP-40 and centrifuged at 10 000 x 

g for 10 min. Pellets were then resuspended in 0.4 ml of sterile TE (10 mM Tris-Cl, 

1 mM EDTA, pH 8.0) and stored at -20°C. 

1.7 Polyacrylamide gel electrophoresis purification of TuMV-CI) and antibody 

production 

Proteins found in the inclusion bodies were left in TE buffer and 

electrophoretically separated on a 12.5% polyacrylamide gel (PAG) under denaturing 
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conditions (1 M urea and 0.4% SOS [sodium dodecyl sulfate]; Adams, 1989). Loading 

buffer (63 mM Tris-CI pH 6.8, 10% glycerol, 2% SOS, 1 M urea and 0.05% 

bromophenoJ blue) was added in a 1:5 dilution to protein sampi es which were then 

denatured for 5 min at 100°C. Samples were loaded onto SOS-PAG composed of a 

stacking gel (0.125 M Tris.CI, pH 6.8; 0.1 % SOS [w/v]; 4.2 % acrylamide/bis [w/v]; 

0.05 % fresh ammonium persulfate; 0.1 % TEMED [N ,N, N' ,N'-

tetramethylethylenediamine]) and a separating gel (0.375 M Tris.CI, pH 8.8; 0.1 % SOS, 

12.5% acrylamide/bis [w/v]; 0.05% fresh ammonium persulfate; 0.05% TEMED). Law 

molecular weight protein markers (Pharmacia) were used to determine molecular weights 

of proteins on the gel. The markers were: Phosphorylase b, 94000 kDa; Bovine Serum 

Albumin (BSA), 67 000 kOa; Ovalbumin, 43 000 kDa; Carbonic Anhydrase, 30 000 

kDa, Soybean Trypsin Inhibitor, 20 100 kOa; and a-Lactalbumin, 14 400 kDa. Side 

strips from the gel were stained for 45 min in 40% methanol, 7% acetic acid and 0.1 % 

Coomassie Blue R250, and destained for 15 min in 40% methanol and 7% acetic acid. 

The band at approximately 34 kDa was cut from the unstained gel, pulverized by several 

passages in a 26G needle, emulsified in Freund's incomplete adjuvant (Oifco) and 

injected intramuscularly into 8 week old female rabbits according to Vaitukaitis (1981). 

Three injections were performed at ten day intervals. Ten days after the third injection, 

serum was collected and stored at -70°C. 

1.8 Immullodetection 

An indirect ELISA assay based on the protocol of Clarke et al. (1986) was used 
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• for the detection of TuMV CP. Ail incubations were at room temperature. Wells were 

washed six times between each step using phosphate buffered saline (PBS; 0.137 M 

NaCI, 27 mM KCI, 43 mM Na2P04, 14 mM KH2P04, pH 7.0) containing 0.05% Tween-

20 (PBST). Leaf samples were ground in extraction buffer (0.150 M Na2C03. 35 mM 

NaHC03 and 2 % polyvinylpyrolidone (PVP) 44,000) at a ratio of 0.05 g of leaf per of 

millilitre buffeJ'. Samples were centrifuged for one minute at 14 000 x g. Microtiter 

plate wells (Falcon) were blocked with PBST containing 2% bovine serum albumin 

(DSA). Anti-TuMV CP diluted 1: iOOO in PBST buffer containing 0.2% BSA and 2% 

PVP was bound to the CP antigen. Antigen-antibody complexes were detected with goal 

anti-rabbit alkaline phosphatase conjugate (Bio-Rad) diluted 1 :5000 in the saille buffer. 

Substrate buffer (9.7% diethanolamine, pH 9.8) containing 1 mg/ml p~nitrophenyJ 

phosphate (Sigma) was added and color intensity was measured at 405 nrn. 

1.9 Statistical analysis 

A baseline for minimum positive values was produced using ELISA of the 

negative controls. Between 5 and 12 negative controls were included per cultivar per 

experiment. The upper Iimit for negative values was obtained using four standard 

deviations above the mean for the negative contraIs. Any plants with ELISA values 

above this baseline were scored as positive for TuMV-infection. 

1.10 Immunoblotting 

Infected and non-infected leaf ex tracts were prepared by grinding 0.25 g of leaf 
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• in one ml of buffer (0.1 M Tris"CI pH 8.0, 5 mM EDTA, 0.1 % Triton X-100, 0.1 % 

mercaptoethanol). Protein was quantitated using a Coomassie Blue dye"binding assay 

(Bio-Rad). Samples were added to 40 /-(1 of dye-binding reagent (Bio"Rad) and 160/-(1 

H20 in Falcon microtiter plates. Plate readings at ODS9S were taken between 5 and 30 

minutes after the addition of ail reagents. A range of 5 different concentrations, 2 J1.g//-(l, 

4 J1.gl J1.1, 6 J1.g//-(l, and 10 J1.g//-(1 of BSA were used to produce a standard curve of protein 

in this manner. After quantitation, the appropriate amounts of samples were diluted in 

loading buffer as previollsly described and flln Dn a 15 % polyacrylamide gel under 

denaturing conditions as described by Gallagher et al. (1989). AlI conditions for SDS-

PAGE were as previollsly described except that 15% bis/acrylamide was used in the 

separating gel instead of 12.5 %. Protein was transferred electrophoretically to 

nitrocellulose using a Bio-Rad protein transfer apparatus at 14 V for 12-16 hours. Anti" 

TuMV serum was diluted 1 :800 in PBS containing 1 % BSA. Goat anti-rabbit IgG linked 

to alkaline phosphatase (Bio-Rad) at a 1 :3000 dilution in PBS and a nitroblue tetrazolium" 

based assay (Bio-Rad) were used for antigen"antibody complex detection (Gallagher et 

al., 1989). 

2. Identification of polymolophisms linked to Til 

2.1 Plant gellOmic DNA purification 

DNA extractions were performed by the CTAB (hexadecyltrimethylammonium 

bromide) method of Doyle and Doyle (1987). Five grams of fresh leaf material were 

homogenized with 15 ml of CTAB- (l.4 M NaCI, 20 mM EDTA, 0.1 M Tris-Cl, 0.2 
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% (v/v) 2-mercaptoethanol, pH 8.0) solution in a Waring blender. Five milliliters of 4X 

CTAB+ (8% (w/v) CTAB, 1.4 M NaCI, 20 mM EDTA, 0.1 M Tris-Cl, 0.2% (v/v) 2-

mercaptoethanol, pH 8.0) solution was th en added and the homogenate incubated in a 

60°C water bath for 30 min, swirling occasionally. Chloroform-isoamyl alcohol (24: 1) 

was added in a 1: 1 ratio to the homogenate and the mixture emulsified and ccntrifugcd 

at 7 000 x g for 5 min. The aqueous phase was added to 2/3 volume of cold isopropanol 

and incubated for at Jeast 30 min at -20Q C to precipitatc the DNA. DNA was pcllctcd 

by centrifugation at 7 000 g for 10 min. The supernatant was then rCl110vcd and the 

pellet washed with wash buffer (10 mM ammonium acetate, 76% cthanoJ). DNA was 

vacuum dried and resuspended in sterile TE and stored at -200C. 

2.2 Agarose gel electropboresis 

Agarose gels of 1.2 % were prepared by melting the appropriate amount of 

agarose in 0.75 X TBE buffer (89 mM Tris, 89 mM borie acid, 2 mM EDTA). Gels 

were poured into a gel bed containing teflon combs for the formation of wells. '1'0 load 

samples, the comb was removed and 0.75 X TBE buffer added to the tank to cover the 

gel. To aid loading of DNA into wells, glycerol 10 X loading buffer (50% glycerol, 0.1 

M NaEDTA, 1 % (w/v) SOS, 0.2% bromophenol blue, 0.1 % xylene cyanol) was added 

to DNA samples. After samples were loaded, a current of2.9 V/cm was applied. Gels 

were stained with 0.5 ~g/mJ ethidium bromide and visua1ized under ultraviolet Iight. 
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• 2.3 Production of bulks for the Tu locus 

Eighty F2 plants originating from a cross between Calmar as the male parent 

(susceptible to TuMV) and Kordaat as the female parent (resistant) were planted and 

grown under greenhouse conditions in 4 cm pots containing Promix artificial soil. Plants 

were fertilized at monthly intervals. The fungicide Benlate was sprayed once at three 

weeks at a concentration of 1 mg/ml to prevent Botrytis infection. Leaf material was 

taken from each F2 individual and frozen at -70°C. When the plants had bolted at 

approximately tllTee months of age, and before fIowering, aIl were covered with fine-

mcsh material to prevent cross-fertilization. Seed was harvested and 18 F3 plants from 

each F2 individual were planted in fIats and treated as above. At the three-leaf and again 

al the 5-leaf stage, and using inoculum containing 0.25 g/ml of TuMV-infected B. 

perviridis in 0.1 M KP04, pH 7.5, aH plants were inoculated (see section III. 1.2). Three 

weeks after the final inoculation, aIl plants were tested for TuMV-infection by R. Singh 

using ELISA as described (section 111.1.8). 

2.4 Ralldom amplified polymorphie DNA 

Bulked samples of DNA, from plants characterized as homozygous resistant or 

susceptible to downy mildew, were created by Michelmore et al. (1991) using purified 

DNA of F2 individuals from a cross between cultivars Calmar and Kordaat. These bulks 

were used for RAPD-PCR as described by Williams et al. (1991) using random decamers 

(R.l. Carlson, Univ. of British Columbia). Bach amplification rcaction contained 

approximately 20 ng of genomic DNA, 240 nM primer, 100 ~M of each dNTP, 10 X 
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• reaction buffer (0.1 M Tris-Cl pH 8.8, 0.5 M KCI, 15 mM MgClh 1 % Triton) and 1.25 

units of Taq polymerase (BRL). Reactions were performed in a Hybaid thermal cycler 

pIaced at 4 oC and programmed for 45 cycles of 1 min at 35 oC, 2 min at 72 oC, 1 min 

at 92 oC, preceded by an initial denaturation step of 94 oC for 5 min. Amplitied DNA 

patterns were analyzed by 1.2 % agarose gel electrophoresis and ethidium bromidc 

staining. 

2.5 Southern blotting 

After separation and visualisation, RAPD-PCR products were transfcrred to 

Hybond N + positively charged nylon membrane (Amersham) by alkaline capillary 

blotting (Wahl et al., 1979; Meinkoth and Wahl, 1984). A blotting paper (3MM) wick 

was pIaced over a tray of O.4M NaOH. The gel was placed upside down on the wick 

and a sheet of Hybond N + membrane of the same dimension was put on top of the gel, 

followed by 3MM paper and a 10 cm high stack of paper towel. After a transfer of 24 

hours the membrane was rinsed in 2 X SSC (0.3 M NaCI, 30 mM Na-citrate, pH 7.0). 

2.6 Probe preparation 

For nonradioactive probes, 50-100 ng of DNA were labelled with digoxjgcnin 

(Boehringer Mannheim). DNA for labelling was obtained from reamplified polymorphie 

bands of primers UBC517, UBC563, UBC599, or UBC675 isolated from agarose gel 

using Geneclean (Bio 101). Following the manufacturer's instructions, DNA was 

denatured at 100°C for 10 min, added to hexanucleotides, dNTP, and Klenow enzyme, 
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and incubated 20 hours at 37°C. The reaction was stopped using 25 mM EDTA, pH 8.0 

and the probe precipitated using 0.5 M LiCl and 3 volumes of prechilled ethanol for 2 

hours at -20°C. The probe was washed using cold 70% ethanol, dried under vacuum and 

dissolved in 50 ul TE buffer. 

The polymorphie band amplified using primer UBC346 was eut from the gel and 

approximately 50 ng were labelled using the random priming method (Feinberg and 

Vogelstein, 1983) with 32p-dCTP and T7 DNA polymerase as per the manufacturer's 

instructions (Pharmacia). Specifie activity of the probe was determined by a scintillation 

counter. 

2.7 Prehybridizatiol1 and hybridizat ion 

Filters were placed in hybridization bottles with 50 ml of hybridization solution 

(5 X SSC, 1 % bJocking reagent (Boehringer Mannheim), 0.1 % N-Iauroylsarcosine, 

0.02% SDS (w/v), 50% formamide) and incubated at 42°C for 12 hours. For 

hybridization, prehybridization solution was discarded and 5 ml of prehybridization 

solution containing freshly denatured probe was added and allowed to hybridize at 42°C 

for 24 hours. After hybridization, filters were washed twice for 5 min with 100 ml of 

2 X SSC, 0.1 % SDS (w/v) and twice for 15 min at 68°C with 0.1 X SSC, 0.1 % SDS 

(w/v). For nonradioactive probes, detection was as described by the manufacturer 

(Boehringer Mannheim). The radioactive probe was detected by exposure to X-ray film 

for 30 min . 
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3. Mapping of Tu and RAPD markel'S 

The program Mapmaker 3.0 (Lander et al., 1987) was used to map Tu relative 

to Dm5/8 and to map new RA PD markers linked to Tu. Two and three~point mapping 

were carried out using an algorithm written into the program . 
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• IV. Rcsults and Discussion 

1. Optimization of inoculation conditions 

The TuMV strain sequenced by Nicolas and Laliberté (1992) was obtained and 

used for inoculations. TuMV was propagated on the TuMV-susceptible species B. 

perviridis. B. perviridis plants were inoculated with TuMV at the two leaf stage. The 

third to sixth leaves displayed severe mosaic with less stunting than later emerging 

Jeaves. B. perviridis was chosen for virus propagation instead of a TuMV-susceptible 

cultivar of L .. \·oliva to minimize the probability of contamination with other virust!s of 

lettuce, such as LMV, in the inoculum for the phenotyping expI!riments (see section 

IV.3). Seeds of B. perviridis, Tendergreen mustard spinach, were obtained from 

Northrup King Co. (Minneapolis, USA). The leaves of B. perviridis (third to sixth) 

yielded approximately 15 g/plant of TuMV-infected material. For virus purification, 

TuMV -infected leaves were harvested three weeks following TuMV -inoculation and 

stored at -70°C. lnfected leaves were taken from each plant only once due to stunting 

caused by TuMV-infection. Five to twenty TuMV-infected B. perviridis were planted 

every two weeks and maintained under green hou se conditions for use as inoculum. 

Frozen leaf material provided lower infectivity in inoculum as compared to freshly-

infected B. perviridis leaves. The lower infectivity of frozen TuMV-infected leaves may 

have resulted from repeated freezing and thawing of the stock supply. Freshly infected 

leaf was used as inoculum in ail experiments. 

To orient Til relative to Dm5/8, F2 populations resulting from crosses between 
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• TuMV-resistant and TuMV-susceptible cultivars of L. sQril'O wcre obtained from R.W . 

Michelmore. Twenty-three F2 individuals from a cross bctween cv. Calmar (TuMV-

susceptible) and cv. Cobbham Green (TuMV-resistant) were identificd by R. W. 

Michelmore as recombinant near Dm5/8. Recombinant F2 plants wcrc the IllOS! 

informative for the location of Tu. Plants were deftned as recombinant in the nrca of 

Dm5/8 if one or more crossover events occurred between homologous chromosomes of 

cv. Calmar and cv. Cobbham Green in the genetic region surrounding Dm5/8. The are<\ 

of crossover can be narrowed by locating the transition point bctwccn alle\es of one 

parent and allele types of the otlter parent. A data set for a recombinant individuéll could 

be A A A B B B, where each letter represents a genotype at a locus for a total of six loci 

(locus 1 through 6). In this individual, there has been a recolllbination (or crossover) 

event where the A genotype at locus 3 (like the cv. Calmar parent) changes to a B 

genotype at locus 4 (like the cv. Cobbham Green parent). A recombinant plant which 

is genetically cv. Calmar (lUlU) on one si de of Dm5/8 and cv. Cobbham Green (1il1'u) 

on the other side of Dm5/8 (as determined using molecular or morphological markers in 

the area) and which is of genotype TuTu places Tu on the cv. Cobbham Green sidc of 

Dm5/8. 

To locate Tu on the genetic map of L. saliva, the genotypes of F2 recombinants 

at Tu were added to mapping information provided by R. W. Michelmore for markers 

in the area of Dm5/8 (table 1). F3 seed from each F2 recombinant wcre available. F2 

genotypes at Tu were found by phenotyping 10 to 18 FJ individuals per F2 recombinant. 

An ELISA test was used to determine FJ phenotypes for TuMV. Errors in phenotyping 
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Table 1. Genotypes obtained from R. W. Michelmore in the region of the Tu locus for Fl 
recombinant individuals from a cross between cvs. Calmar (TuMV susceptible) and 
Cobbham Green (TuMV resistant). Numbers in the left column represent Fl individuals. 
Lctters in the table represent genotypes A = homozygous Calmar, B = homozygous 
Cobbham Green, II = heterozygote, C = heterozygote or B, D = heterozygote or A. 

Fl OPC08 plr OPS12 OPX03 Dm5/8 OPD08 OPF12 OPM18 OPL08 OPY13 

8 C B B C B B B B B D 
Il C B B C B B D D D D 
12 C B B C B B B B B B 
15 A H H C H D D D D D 
27 C H A A A D D D D D 
28 C A D A A D D D D D 
34 C H D C H D D D D B 
35 C D C H D D D D B 
37 C H D C H D D D D D 
38 C H D H B B B B B B 
40 C II D C H D D B B B 
62 C H D H B B B B B B 
85 C H D A A D D D D D 
87 A A D A H D D D D D 
95 C H A H D D D D D 
106 C H D C H D D D D B 
108 C H A A A D D D D D 
132 A H H C H D D D D D 
134 C H D C H D D B B B 
140 C H D C H D D B B B 
144 C H D C H D B B B B 
145 C H D C H B B B B B 
149 C H D C A D D D D D 
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F3 families would affect F2 genotyping and change the position of 711 on the gcnctic map 

of L. saliva. Conditions of inoculation were optimized to rcduce errors in the 

phenotyping experiments. 

Three different concentrations (0.50 g/ml, 0.25 g/ml, and 0.11 g/ml) of TuMV

infected B. perviridis in 0.1 M KPO" (pH 7.5) were examined for infectivity on cv. 

Calmar. A 0.25 g/ml concentration of leaf in KPO .. buffer was recolllmendcd for 

inoculation using TuMV-infected B. pl>kinl'nsis (Raptis, 1975). A highcr (0.50 g/ml) élnd 

a lower (0.11 g/ml) concentration were examined in addition to 0.25 g/ml to dctcrminc 

the optimal amount of leaf in the inoculul11. Ali concentrations of leaf in KPO, bllffer 

were highly infective wh en manually inoclIlated onto Calmar (table 2). Horsewood ('1 

al. (1991) determined whether ELISA readings were positive or negalive for TuMV

infection by establishing a threshold of negative values two standard deviations above the 

mean of the negative controls. Two stanuard deviations above the mCc111 for five rnock

inoculated Calmar controls was 0.054 ELISA units (OD4U~ aner sublraction of 

background as determined using buffer controls within each plate) (table 2). Ali 10 

individuals inoculated with 0.25 g/ml and 0.11 g/ml of TuMV-infected B. perviridis in 

KP04 buffer showed TuMV-infection as determined by ELISA llsing the negative 

threshold of 0.054 ELISA units (table 2). Visual symptoms ofTuMY-infcction, stunting, 

mosaic, and circular lesions on susceptible cultivars of L. saliva (figure 1 b), correlated 

with ELISA values. The concentration of 0.25 g/ml of TuMY -infected B. perviridis was 

used for all further inoculations. 

Ten individuals of cv. Cal mar were inoculated at the 3-leaf, 5-1eaf, 3 and 5-Jeaf, 
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Table 2. ELISA vulues for Calmar inoculated with 0.5 g/ml, 0.25 g/ml, or 0.115 
g/ml of TuMV~infectcd B. pervÎlidis. Numbers in the table represent ELISA values 
for each Calmar individual three wceks aftcr inoculation. Mock arc mock
inoculatcd Calmar controls. 

0.5 g lear/ml 0.25 g lear/ml O.ll g lcaf/ml mock 

0.050* 0.108 0.100 0.034 
0.493 0.444 0.308 0.041 
0.143 0.090 0.486 0.039 
0.104 0.365 0.276 0.052 
0.086 0.096 0.070 0.038 
0.103 0.529 0.397 x=0.041 
0.488 0.358 0.849 s=0.0068 
0.364 0.081 0.683 x+2s=0.054 
0.750 0.324 0.510 x+4s=0.068 
0.964 0.393 0.231 
0.250 0.400 0.523 
0.400 0.304 0.395 

• ELISA values which were classified as negative for TuMV-infection 
using a maximum threshold for negative values four standard 
deviations above the Inean of five mock-inoculated Calmar contraIs . 
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Figure 1. Symptoms on L. sari va cvs. Calmar and Kordaat after TuMV-inoculation. a. 

TuMV-resistant cv. of L. saliva (Kordaat) inoculated with TuMY at the three and fivc

leaf stage with 0.25 g/ml of TuMY-infected B. perviridis. b. TuMV-susceptiblc cv. 

Calmar inoculated as above . 
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or 5 and 7-1eaf stages to determine if the age of the plant and repetition of inoculation 

affected infection rates. Plants \\Iere scored as negative for TuMV -infection if the ELISA 

value was lower th an the value two standard deviations above the mc~\n for 12 mock

inoculated Calmar controls. Using 0.25 g/ml of TuMV-infcctcd B. per\'iriclis in buffer. 

it was found that cartier inoculations (3-leaf stage) repeated at the 5-leaf stage produccd 

earlier and more severe symptoms with infectivi ty of 95 % (19 out of 20 plants positive 

for TuMV-infection) for susceptible L. sari va cv. Calmar than a single inoculation at the 

3-leaf stage producing infection rates of 90% (table 3a). Inoculations pcrformed on older 

plants (5- and 7-leat) produced symptoms later than on younger (3-leat) plants. Although 

infection rates of cv. Calmar inoculated once at the 5-leaf stage were 95 %, symptoms 

appeared later, as evidenced by the large number of ELISA values close to the threshold 

of 0.165 ELISA units (i.e. 0.189,0.219,0.221, 0.200 and 0.221) determincd using the 

mock-inoculated controls (table 3a). One mock-inoculated Calmar control displaycd an 

ELISA rcading of 0.200 (table 3a). This value is above the threshold value of 0.165. 

Either this plant became infected with TuMV or there was high variability in the 

background levels of the negative controls. A negative threshold cstablished using four 

standard deviations above the mean for the 12 mock-inoculated Calmar con troIs gives a 

value of 0.236. This value maintains infection rates of 95% using two inoculations (3-

and 5-1eaf) while lowering infection rates at the 5-leaf to 70% and al the 5- and 7-lcaf 

stage to 80% (down from 90% using a threshold of two standard deviations above the 

mean). For carly development of symptoms and accurate phenotyping, ail subsequent 

inoculations were performed twice (at the 3-leaf and the 5-leaf stage) and ELISA values 
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Table 3a. ELISA values 10r Calmar inoculated with TuMV at the 3-, 5-, 3- and 5-, or 5- and 7-leaf 
stages. Replicates were performed for ail treatments. 

3 leaf 3 leal 5 leal 5 leaf 3 and 5 3 and 5 5 and 7 5 and 7 
rep 1 rep 2 rep 1 rep 2 leaf,rep1 leaf,rep2 leaf,rep1 leaf,rep2 

0.329 0.090'" 0.434 0.221'" 0.932 0.581 0.669 0.300 

0.958 0.080'" 0.219'" 0.200* 0.973 *** •• 0.493 0.219* 

1.593 1.015 0.354 0.221'" 0.753 0.950 0.496 0.474 

0.914 0.689 0.567 0.487 1.065 0.949 0.271 0.457 

1.569 .0.703 0.189* 0.159* 0.836 ***** 0.253 0.082* 

1.170 0.901 0.357 0.236 1.310 0.567 0.268 0.228· 

1.260 0.602 0.489 0.280 1.265 0.243 0.561 0.341 

1.355 0.782 0.607 0.257 0.562 0.576 0.264 0.147* 

1.542 0.858 0.612 0.310 0.119* 0.972 0.570 0.230 

0.938 0.802 0.591 0.490 0.554 1.119 0.414 0.297 

"'*"'* ELISA value was greater than 2.000 
* ELISA values classified as negative for TuMV-infection using a maximum threshold of 
negative values four standard deviations above the mean for 12 mock-inoculated controls. 

moek 
inoe. 

0.076 

0.084 

0.087 

0.084 

0.074 

0.078 

0.086 

0.200 

0.117 

0.071 

0.075 

0.087 

x=O.093 
5=0.036 
x+2s=O.1G5 
x+4s=O.236 
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evaluated using a threshold four standard deviations above the mean for mock-inoculated 

controis. AU leaves of each individual were inoculated. 

The resistant cv. Kordaat, inoculated with TuMV lIsing crude extract of 0.25 g/ml 

B. perviridis at the 3- and 5- and 5- and 7-leaf stages, never displayed visible symptoms 

of TuMV infection and ELISA readings were similar for in.lClIlated as for mock

inoculated Kordaat controls (table 3b, figure la). A negative threshold two standurd 

deviations above the mean of the negative controls was not sufficient to prcvent some 

Kordaat from being c1assified as positive for TuMV-infection (table 3b). A 

threshold of four standard deviations ab ove the mean for six Illock-inoclliated KordaHt 

controls (0.124 ELISA units) ensured that all TuMV-inoclllated KordHat plants wcre 

scored as negative for TuMV-infection (table 3b). Further experiments comparing 

inoculation efficiencies of partially pllrified and purified TuMV with 0.25 g/ml of 

TuMV-B. perviridis in crude extract were deemed unnecessary as, with purification, 

infectivity of fiIamentous viruses such as TuMV tends to be lost due to aggregation of 

viral particles (Matthews, 1991). 

Infection rates of95% using 0.25 g/ml TuMV-infected B. perviridis resulted from 

a frequency of one error per 20 plants (table 3a). This error designates, by ELISA, a 

TuMV-susceptible plant as resistant to TuMV due to inefficiency of inoculation 

procedures. Tu is a dominant gene. Fl heterozygotes, when selfed, produce, according 

to Mendelian segregation of phenotypes, a three:one ratio of TU_:/ulu FJ individuals. A 

binomial equation at p=0.75 can be used to determine the probabilities of different F3 

phenotypic ratios, where p is the probability of a Tutu plant, when selfed, producing a 
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Table 3b. ELISA values for cv. Kordaat inoculated with TuMV 
at the 3- and 5 .. or 5- and 7-leaf stages. Replicates were done 
for bath treatments. 

3 and 5 leaf 3 and 5 leaf 5 and 7 leaf 5 and 7 leaf mock 
rep 1 rep2 repl rep2 Inoculated 

0.089 0.102 0.100 0.076 0.062 

0.079 0.089 0.067 0.086 0.064 

0.080 0.076 0.071 0.094 0.064 

0.063 0.071 0.071 0.072 0.091 

0.063 0.080 0.058 0.111 0.073 

0.057 0.071 0.074 0.083 0.087 

O.Oel 0.082 0.086 0.090 
x=0.074 

0.088 0.083 0.078 0.078 s=0.013 

0.074 0.081 0.085 0.077 x+4s"'0.124 

0.074 0.080 0.051 0.081 

• Ali ELISA values ln thls table were classifled as negatlve for 
TuMV·lnfection uslng a maximum threshold of negatlve values, 
four standard devlatlons ab ove the mean of 6 Kordaat contrais . 
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TuTu offspring. With x equal to the number of resistant offspring in a FJ population of 

10 plants, there is a high probability (P) of having eight resistant and two susceptible 

(P(x=8) of 0.282) or seven resistant and three susceptible (P(x=7) of 0.250) plants. The 

probability of one resistant and nine susceptible FJ individuals resulting from a F2 

heterozygote is 2.86 x 10-5• One susceptible and nine resistant F3 plunts have a binomial 

probability of 0.188. ln the phenotyping experiments, one out of 20 plants will be 

falsely identified as TuMY-resistant (false negative) using a threshold four standard 

deviations above the mean of the negative controls. The probability is higher that alaise 

negative (2.86 x 10-5) will be recognized than a false positive (0.188) (i.e. a l'aise 

negative will be re-examined because of its low probability). A negative threshold which 

is too low (such as two standard deviations above the mean of mock-inoculatcd contrais), 

increases the chance of a TuTu F2 recombinant being falsely scored as Tt/Ill due to the 

presence of a faIse positive in the F3 phenotyping population. F3 recombinant families 

subsequently tested by ELISA were scored as either positive or negative for TuMV

infection based on whether the ELISA value was above (positive) or below (negative) the 

nègative threshold. 

For the phenotyping of F3 families from F2 individuals of the Calmar x Cobbham 

Green cross, the optimal conditions of inoculation were determined as 0.25 g/ml of 

TuMV-infected B. perviridis in 0.1 M KP04 , pH 7.5 with plants inoculated on allleaves 

at the 3-leaf stage followed by a second identical inoculation at the 5-leaf stage. 

Optimization of conditions were performed using only Calmar and Cobbham Green. The 

same inoculation conditions were used in phenotyping F3 recombinant families originating 
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• from a cross between Calmar and Kordaat (TuMV-resistant) and for bulk production 

around the Tu locus using F3 families from F2 individuals of a Calmar x Kordaat cross. 

2. Expression of the TuMV CP in E. coli and antibody production 

No commercial antibody was available for TuMV. Antibodies to TuMV had been 

produced (Raptis, 1975; Horsewood, 1991). These antibodies were made using CP 

purified from TuMV-infected plants. Polyclonal antibodies from plant-purified virus 

often contain cross-reacting antibodies to plant proteins, producing high background. 

ELISA using monoclonal antibodies may or may not be sensitive depending on the 

epitope to which the antibody is produced. A monoclonal antibody produced to one 

strain of a virus may not be as efficient when used for a different strain, depending on 

the similarities between strains at that epitope. 

A reliable method for phenotyping F3 recombinant famUies was needed. After 

optimizing inoculation conditions (section IV .1), the ELISA procedure was examined for 

sensitivity of TuMV-detection in virus-infected L. sativa. The genome of TuMV had 

recently been sequenced and various cistrons cloned into expression vectors such as pET-

11-d (Nicolas and Laliberté, 1992; Studier et a!., 1990). The CP cistron of this TuMV 

isolate had been c10ned into pET-l1-d by J.-F. Laliberté, forming pET-CP for high 

expression in E. coli (figure 2). CP protein expressed in E. coli has no contaminating 

plant proteins. Polyclonal antibodies, although not specifie to a particular strain (the 

polyclonal antibody produced below reacts mildly to LMV CP) are faster to produce than 

monoclonal antibodies. Many monoclonal antibodies must be screened to find one which 
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Figure 2. pET-CP used for overexpression of c10ned TuMV-CP. E. coli strain 13L-21 

was transformed with pET-CP. In BL-21 the T7 RNA polymerasc gcne is undcr the 

control of the lac'" transcriptional reglllator. Expression of TuMV-CP occlIrs with 

addition of IPTG . 
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pET-CP 

T7 

pET-11 d 

FT4a Tu MV-CP JF7a 

FT 4a 51-TATAGTCTACCAggatccACTTCATAACCCCTGAAGGCC 

J F7a 51-GGTGTTGAGGCTTg gatccGAAccatggCAGGTGAAACG 
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• ' is sensitive and not cross-reacting to plant proteins (Horsewood el al., 1991) . 

pET-CP was designed to express .;t protein with a theoretical molccular weight 

(MW) of 34 KDa comprising amino acid residues 2,876 to 3,863 of the TuMV 

polyprotein (Nicolas and Laliberté, 1992); ail the codons betwecn the ATG and the TAA 

belonged to the TuMY CP. pET-CP was introduced into strain BL21 of E. coli by J.-F. 

Laliberté where expression of the CP was regulated by the presence of IPTG: addition 

of IPTG to the medium induces transcription of the T7 RNA polymemse gene under the 

control of the lacfl promoter, the latter will then transcribe the CP gene locatcd 

downstream of a T7 RNA polymerase promoter (Sludier el al., 1990). Upon induction 

with IPTG, almost ail of the protein found in inclusion bodies consisted of TuMV CP, 

as determined by SDS-PAGE (figure 3). Protein preparations of ceUs induced with IPTG 

and harbouring pET-CP displayed a major protein at 34 kOa which was not present in 

cells containing the pET-II d vector without insert. The expressed TlIMY -CP comigrated 

with the CP from a viral preparation of TlIMY on SOS-PAGE (see below). The 

observed molecular weight of the E. coli produced protein (as determined by SOS-

PAGE) was slightly larger than that predicted from the nuc1eotide sequence (Tremblay 

et al., 1990). Anomalous behaviour of the CP of purified potyviruscs in SOS-PAGE has 

been reported (Abo El-Nil el al., 1977; Choi and Wakimoto, 1979; and Hicbcrl and 

McOonald, 1976). 

The TuMY CP band was eut out of the gel and injccted inlo rabbits to obtain a 

polyclonal antiserum. The antibodies detected one band on Western blots of SOS-PAGE 

separated proteins of untransformed BL-21 strain (figure 4, lane 1) or of transformed but 
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Figure 3. SDS-PAGE of TuMV-CP expressed and isolated from E. coli. Production of 

TuMV-CP was induced in the MRI strain by addition of IPTG and inclusion bodies 

purified from cell Iysate by differential centrifiugation. The major protein at 

approximately 34 KDa (see arrow) consists of TuMV-CP . 
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uninduced bacteria (figure 4, lane 2), suggesting that an E. coli protein of slightly lower 

molecular weight than the TuMY CP was recognized. E. coli proteins were co-purified 

in the inclusion bodies containing the TuMV-CP. One E. coli protein migrated closely 

with the TuMV -CP. The TuMY -CP band and the comigrating E. coli protein were cut 

from the gel after estimation of position using stained side-strips. This contaminating 

protein does not affect the sensitivity or specificity of the ELISA as no E. coli proteins 

are present in L. saliva (figure 4, lane 5). 

An additional band of 38 kDa was detected in ceUs harbouring pET-CP induced 

by IPTG (figure 4, lane 3). The 38 kDa band corresponds to TuMV CP since a band 

of identical molecular weight is detected in TuMV-infected B. perviridis erude extraets 

(figure 4, lane 5), which is absent from healthy plants (figure 4, lane 4). Transmission 

electron microscopy indicated that a potyvirus-like particle was purified from TuMY

inoculated plants (figure 5). When the same viral preparation used for this Western blot 

was inoculated on diagnostic species (L. sari va Cys. Calmar, Kordaat and Cobbham 

Green, Nicofialla glufillosa, Chenopodium quinoa and C. amaranticolor, B. perviridis, 

B. napus and B. pekinensis) symptoms consistent with TuMV infections were produced. 

The same viral preparation was used to generate pET-CP. This confirmed that the serum 

did in fact recognize the CP from TuMY. 

The antiserum was used to determine whether inoculated plants from F3 

individuals of crosses between cv. Calmar (Tu MY-susceptible) and cv. Cobbham Green 

(TuMV -resistant) and cv. Cal mar and cv. Kordaat (TuMV -resistant) were resistant or 

susceptible to TuMV. Resistance or susceptibility of FJ famUies were used to determine 
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Figure 4. Immunodetection of TuMV-CP using antiserum raised against TuMV-CP 

exptessed in E. coli. Protein extracts from strain BL-21 untransformcd (lane 1), 

transformed with pET-CP but uninduced with IPTG (lane 2), transformed with pET-CP 

and induced to express TuMV-CP by addition of IPTG (Iane 3) were separatcd by SDS

PAGE and transferred to nitrocellulose. Crude plant extracts l'rom healthy (lane 4) and 

TuMV-infected plant material (lane 5) were also run in the saille gel. In cach Jane, 0.5 

p.g ofprotein was loaded. The membrane was incubated with anti-TuMV serum followed 

by anti-IgG linked to alkaline phosphatase. The arrow indicates the band of TuM V -CP 

at 38 kDa . 
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Figure 5. Transmission electron micrograph of TuMY-infected B. pn·viridis. TuMV 

was purified from B. perviridis and 20 ~I partially dried onto the grid. Aner washing 

with H20, virus particles were stained with 0.2 M phosphotungstic acid, pH 6.2. TOlal 

magnification is 79,875 X actual size. Scale-bar (2 cm) equals 0.26 ~111 • 
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genotypes of F2 progenitors from the above mapping populations at Tu . 

3. Location of Tu on the L. saliva genome 

The location of Tu in relation to markers identified by bulked segreganl analysis 

and other previously mapped markers (Kesseli el 01., 1991; unpublished) was detcrmined 

by establishing the genotype at the Tu locus for cach F2 individllal identified as a 

recombinant in the genomic region surrollnding Dm5/8. Zink and Duffus (1970) reported 

linkage at approximately 13 map units in Irons between the Dm5/8 and the Til loci in a 

cross involving L. sarÎva CYS. Calmar and Kordaat. Twenty-three FJ families of a cross 

between CYS. Calmar (tutu) and Cobbham Green (TuTu) From F2 plants that had been 

previously identified as recombinant in a region of approximately 20 cM were analyzed. 

The mapping population consisted of a total of 142 F2 individuals with 34 

homozygous susceptible to TuMV, 27 homozygous resistant to TuMV, 55 heterozygotes, 

and 26 recombinant individuals in the area of Dm5/8. Only recombinant families in the 

Dm5/8 region were phenotyped since they were the only informative individuals for 

mapping purposes. 

Ten F3 individuals from each of23 F2 families were inoculated with TuMV using 

0.25 g/ml of TuMV -infected B. pervil'idis in 0.1 M KP04 buffer at both the 3- and 5-leaf 

stages. An ELISA protocol was used to determine whether the inoculated plants were 

resistant or susceptible to TuMV, in addition to the scoring of visual symptoms (data not 

shown). Analysis for segregation ratios of resistance to susceptibility within Fl families 

allowed the genotype of progenitor F2 plants to be determined (table 4a, 4b, and 4c) . 
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• If ail F3 plants were TuMV-susceptible, the F2 parent was scored as A (Calmar = tutu) 

at the Tu locus. F3 plants which were ail resistant indicated a F2 genotype at Tu of B 

(Kordaat= TuTu). The presence of both susceptible and resistant F3 individuals indicated 

that the F2 plant was H (Heterozygote=Tutu) (tables 4a, 4b, 4c). 

Ali plants that displayed syrnptorns were found to contain virus by ELISA. Plants 

were scored as susceptible if they had an ELISA value above the negative threshold in 

one ELISA (first or second) and the third ELISA or in one ELISA and were subsequently 

scored as dead frorn viral infection in following ELISAs. Symptorns took longer to 

appcar in sorne farnilies (#85) and so three EUSAs, at an interval of three weeks 

between each ELISA, were necessary. Before the third ELISA analysis, plants were 

moved from the growth cham ber to the greenhouse due to their large size. Insect pests 

and pathogens slIch as Botrytis as well as sorne plants being too close to the heating 

elements affected phenotypic ratios. For example, families #134, #144, and #145 

showed consistently negative ELISA readings in the tirst two ELISAs for aU F3 

individuals (table 4a, 4b) but, after transfer to the greenhouse, sorne plants died which 

were close to the heating element. A large period of time elapsed between the second 

and third ELISAs (plants were bolting by the third ELISA reading), increasing the 

chances of plants dying from causes other th an TuMV, especially in the greenhouse. In 

approximately 20% of infected plants, visual symptoms could not be observed or were 

too faint to allow an unequivocal determination of whether the plant was resistant or 

susceptible. 

The death of sorne F3 plants in the greenhouse introduced potential false positives 
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Table 4a. ELISA values for recombinant F3 families of a cross between Calmar and Cobbham Green 
Ten individuals of each of 23 families were inoculated with TuMV and assayed for TuMV-infection 
by ELISA 3 weeks post-inoculation. Blanks indicate missing data. 

F2 Parent 

8 

11 

12 

15 

27 

28 

34 

35 

37 

38 

40 

62 

85 

87 

95 

106 

108 

132 

134 

'1 

0.080* 

0.678 

0.085* 

0.062* 

0.220 

0.196 

0.107* 

0.047* 

0.360 

0.049* 

0.078* 

0.052* 

0.731 

0.058* 

0.069* 

0.061* 

0.915 

0.064* 

0.095* 

2 

0.139* 

0.074* 

0.069* 

0.066* 

0.730 

0.347 

0.167* 

0.047* 

0.046* 

0047* 

0032* 

0.034* 

0.39 

0.061 * 

0.014* 

0.080* 

0.044* 

3 4 

0.089* 0.087* 

0.070* 0.115* 

0.097* 0.088* 

0.601 0.043* 

0.518 0.090* 

0.124* 0.076* 

0.121* 0.215 

0.056* 0.042* 

0.780 0.033* 

0.050* 0 041* 

0.035* 0.029* 

0.051· 0.032* 

0.575 0.004* 

0.051* 0.071* 

0.045* 0.023* 

0.151* 0.071* 

0.865 0.781 

5 

0.068* 

0.081* 

0.101* 

0.092* 

0.577 

0.699 

0.090* 

0.050* 

0.588 

0.055* 

0.063* 

0.063* 

0.971 

0.076* 

0.043* 

0.316 

0.663 

0.073* 0.083* 0.062* 

678 

0.096* 0.082* 0.120* 

0.066* 0.792 0.485 

0.116* 0.123* 0.056* 

0.053* 0.135* 0.069* 

0.363 0.636 0.485 

0.371 0.108* 0.087* 

0.091* 0.069* 0.131* 

0.046* 0.059* 0.052* 

0.049* 0.063* 0.058* 

0.059* 0.063* 0.051* 

0.055* 0 054* 0.046* 

0.069* 0.052* 0.067* 

0.062* 0.059* 0.067* 

0.083* 0.053* 0.073* 

0.119* 0.06* 0.097* 

0.047* 0.039* 0.064* 

0.037* 0.779 0.058* 

9 

0.094* 

1.015 

0.068* 

0.212 

0.904 

0.787 

0.064* 

0.060* 

0.052* 

0.054* 

0.055* 

0059* 

0.041 * 

0.097* 

0.023* 

0.073* 

0.518 

10 

0.098* 

0.116* 

0.065* 

0.063* 

0.419 

0.078* 

0.069* 

0.046* 

0050· 

0055* 

0.052* 

0.059* 

0032* 

0080* 

0.047* 

0.040* 

0.078* 

0.063* 0.060* 0.074* 0.081 * 

0.087* 0.074* 0.095* 0.133* 0.123* 0.'106* 0.073* 0.091* 

140 0.051* 0.076* 0.072* 0069* 0.077* 0.128* 0119* 0.120* 0.105* 0.062* 

144 0.062* 0.081* 0.055* 0.073* 0.077* 0.120* 0.172* 0.061* 0.079* 0.144* 

145 0.077* 0.103* 0.082* 0.073* 0.068* 0.070* 0.066* 0.082* 0.097* 0.093* 

149 0.139* 0.129* 0.108* 0.550 0 899 0.692 0.294 0.258 0.774 0.107* 

* ELISA values which were classified as negative for TuMV-infection using a maximum threshold 
of negative values, four standard deviations above the mean of 8 Kordaat controls 

" ,~ 



• " • " 

Table 4b. ELISA values for recombinant F3 families of a cross between Calmar and Cobbham Green. 
Ten individuals ,01 each of 23 families were inoculated with TuMV and assayed for TuMV-infection 
by ELISA 6 weeks post-inoculation. Dashed Unes indicate dead plants. Blanks are missing data. 

F2 parent 1 2 3 4 5 6 7 8 9 10 

8 0.026* 0.043* 0.066* 0.065* 0.053* 0.051 * 0.052* 0.051 * 0.040* 0.051* 

11 0.548 0.037* 0.043* 0.053* 0.034* 0.052* 1.009 0.645 1.378 0.690 

12 0.045* 0.037* 0.049* 0.050* 0.051* 0.059* 0.083* 0.061* 0.044* 0.058 

15 0.056* 0.049* 0.738 0.062* 0.078* 0.057* 0.852 0.039* 1.238 0.042* 

27 0.630 0.748 0.955 0.058* 1.318 1.242 1.037 0.33 1.046 1.042* 

26 0.466 0.567 0.639 0.039* 0.934* 0.608 0.206 0.074* 0.812 0.069* 

34 0.049* 0.047* 0.054* 0.052* 0.052* 0.060* 0.068* 0.070* 0.044* 0.059* 

35 0.725 0.053* 0.048* 0.063* 0.059* 0.063* 0.088* 0.148* 0.060* 0.060* 

37 0.262 0.064* 0.888 0.064* 1.098 0.071* 0.089* 0.096* 0.061* 0.069* 

38 0.069* 0.060* 0.068* 0.083* 0.055* 0.072* 0.086* 0.091 * 0.066* 0.054* 

40 0.077* 0.070* 0.070* 0.054* 0.085* 0.083* 0.096* 0.075* 0.092* 0.082* 

62 0.070* 0.062* 0.051* 0.084* 0.078* 0.084* 0.079* 0.077* 0.085* 0.095* 

85 1.248 0.093* 1.666 0.027* 1.468 0.104* 0.065* 0.573 0.053* 1.185 

87 0.086* 0.053* 0.064* 0.076* 0.072* 0.061* 0.048* 0.047* 0.981 0.062* 

95 0.070* 0.07* 0.074* 0.079* 0.085* 0.060* 0.OS4* 0.OS4* 0.049* 0.055* 

106 0.064* 0.109* 1.324 0.092* 1.420 0.079* 0.072* 0.066* 0.071* 0.061* 

108 1.165 0.08S* 1.890 1.585 1.230 1.115 1.0570.076* 1.251 1.371 

132 

134 

0.081* 

0.058* 

0.053* 0.074* 0.052* 0.05S* 0.051* 0.051 * 0.060* 

0.051* 0.054* 0.051* 0.044* 0.056* 0.053* 0.046* 

140 0.021* 0.035* 0.027* 0.030* 0.020* 0.033* 0.030* 0.025* 0.048* 0.045* 

144 0.089* 0.089* 0.082* 0.072* 0.072* 0.OS7* 0.068* 0.076* 0.069* 0.OS4* 

145 0.096* 0.079* 0.082* 0.093* 0.099* 0.089* 0.075* 0.093* 0.085* 0.082* 

149 1.052 1.530 0.392 1.188 1.196 0.479 1.765 1.720 0.827 1.364 

* ELISA values classified as negative for TuMV-lnfection using a maximum threshold of 
negative values, four standard deviations above the mean of 8 mock-inoculated controls . 
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Table 4c. ELISA values for recombinant F3 families of a cross between Calmar and Cobbham Green. 
Ten individuals of each of 23 families were inoculated with TuMV and assayed for TuMV-infection 
by ELISA 12 weeks post-inoculation. Dashed lines indicate dead plants. Blanks are missing data. 

F2 Parent 1 2 3 4 5 6 7 8 9 10 

8 0.063* 0.053* 0.042* 0.058* 0.039* 0.082* 0.083* 0.069* 0.034* 0.078* 

11 0.062* 0.069* 0.059* 0.051* 0.103* 

12 0.040* 0.044* 0.037* 0.043* 0.038* 0.037* 0.045* 0.043* 0.027* 0.032* 

15 0.049* 0.051 * 0.03B* 0.021* 0.032* 

27 

28 

34 0.085* 0.031* 0.056* 0.054* 0.063* 0.066* 0.036* 0.059* 0.037* 0.028* 

35 0.059* 0.019* 0.035* 0.040* 0.044* 0.044* 0.046* 0.038* 0.038* 

37 0.035* 0.036* 0.031* 0.034* 0.037* 0.040· 

38 0.038* 0.036* 0.045* 0.043* 0.045* 0.049* 0.060* 0.054* 0.053* 0.038* 

40 0.081* 0.067* 0.076* 0.093* 0.088* 0.106* 0.086* 0.080* 0.087* 0.076* 

62 0.054* 0.055* 0.044* 0.039* 0.066* 0.066* 0.054* 0.058* 0.047* 0.045* 

85 

87 0.053* 0.052* 0.039* 0.054* 0.037* 0.061* 0.061* 0.062* 

95 0.044* 0.065* 0.053* 0.053* 0.051* 0.065* 0.058* 0.056* 0.057* 0.067* 

106 0.028* 0.050* 0.042* 0.068* 0088* 0078* 0082* 0.049* 

108 

132 0.032* 0.020* 0.026* 0.028* 0.015* 0.038* 0.026* 

134 0.050· 0.037* 0.025* 0.031* 0.038* 0.056* 

140 0.028* 0.036* 0.021* 0.033* 0.037* 0.056* 0.035* 0.031* 

144 0.025* 0.033* 0.026* 0.025* 0.056* 0.028* 0.044* 0.060* 0.031* 

145 0.146* 0.090* 0.095* 0.040* 0.050* 0.035* 0.041* 0.047* 0.028* 

149 

* ELISA values classified as negat/ve for TuMV-infection using a maximum threshcld 
of negative values, four standard deviations above the mean of B mock-inoculated controls. 
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into the phenotyping experiment. At leas~ one positive reading by ELISA was required 

in order for a plant to be classed as susceptible to TuMV. Using a binomial distribution, 

it was determined that 10 FJ individuals give p(x=lo)=O.056, or Y4.6% confidence in the 

genotyping. Eighteen FJ individuals give 99.4% confidence [P(X=18)=O.006]. After 

combining the genotypes of the 23 F2 recombinants with data provided by R. W. 

Michelmore for markers in the area of Dm5/8 (table 1), it was found that Tu was located 

between markers OPM18 and OPY13 (early map not shown). 

The genotypes of a few families were in question due to either the death of some 

FJ individuals or to contradictions between Fz genotypes for Tu and the location of Tu. 

Eight individuals of these FJ families (#8, 1134, #35, 1195, #134, #140, #144, and #145) 

were retested to deterll1ine the genotype at Tu for the F2 progenitors (table 5a, 5b) and 

to increase the confidence in the genotyping from 94.6% to 99.4%. Some plants died 

early in the experiment, as indicated in the tables by blank spaces, and so the numbers 

of individuals in some F3 families vary From the expected n= 10 or n= 18. Families were 

retested because it was unclear whether they were of genotype TuTu or Tutu. ELISA 

results From the total number of individuals surviving From both experiments were used 

to determine F2 genotypes at Tu (table 6). Ali 23 recombinant F2 genotypes for Tu (table 

6) were combined with data provided by R. W. Michelmore for markers in the genomic 

area of Dm5/8 (table 1) for analysis using Mapmaker 3.0. Tu remained between OPM18 

and OPY13 in an interval of 2.5 cM on the genetic map of L. saliva (figure 10). 

An F2 population of 66 individuals resulting From a cross between cv. Calmar and 

cv. Kordaat was used by Landry el al. (1987) to construct the genetic map of lettuce . 
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Table Sa. ELISA values for extended recombinant F3 families of a cross 
between cvs. Calmar and Cobbham Green were inoculated with TuMV 
and assayed uSing ELISA 5 weeks post-inoculation. 

F2 2 3 4 5 6 7 

8 0.072'" 0.051* 0.033* 0.040* 0.064'" 0.076* 0.061 • 

34 0.065'" 0.161 0.075* 0.006* 0.031* 0.045* 0.160 

35 1.696 0.060* 0.052* 0.025* 0.055* 0.039* 0.034" 

95 0.139 0.101 * 0.096* 1.640 0.061· 0.067* 0.064* 

134 0.103'" 0.128 0.071· 0.028* 0,089'" 0.068* 0.033· 

140 0.027'" 0.041* 0.024* 0,023* 0.154 0.130 o 104· 

144 0.033'" 0.037* 0.028* 0,026* 0.117 o.Ogg* 0.155 

145 0.056* 0.056* 0.043* 0.057* 0,091· 0,100* 0.035· 

'" ELISA values classlfied as negatlve for TuMV-lnfectian using a maximum 
thre&hald of negatlve values, four standard devlatians above the mean 
of 8 mock-Inoculated contrais . 

6 

0.060* 

0.134 

0.029* 

0.095· 

0.041* 

a 112 

a 128 

0.037* 
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Table Sb. ELISA values for extended recombinant F3 famUies of a cross 
between cvs. Calmar and Cobbham Green were inoculated with TuMV 
and assayed uslng ELISA after 9 weeks. Dashed IInes indicate dead plants. 

F2 2 3 4 5 6 7 8 

a o 091 '" 0.097'" 0.076* 0.068* 0.070* 0.131* 0.134* 0.095* 

34 0.107'" 0.095* 0.108* 0.006* 0.130'" 0.101* 0.103* 0.126* 

35 0.115* 0.095* 0,118* 0.1 '1 '" 0,126* 0.177* 0.128 * 

95 0.094* 0.064* 1.002 0.094'" 0.134* 0.133* 0.152* 0.107 * 

134 0,130'" 0,098'" 0,098* 0.120* 0.132* 0.124* 0.129* 0.083 * 

140 0.089· 0.084* 0,096* 0.074* 0.097* 0.085* 0.153* 0.073* 

144 0.115* 0.103* 0,096* 0.116* 0,147* 0.073* O., 22* 0.123* 

145 0.076* 0.088* 0.108* 0.115* 0.133* 0.091 * 0.106* 0.090* 

* ELISA values classlfled as negative for TuMV-lnfection using a maximum 
threshold of negative values, four standard devlations above the mean for 
8 mock-Inoculated Cobbham Green controls, 
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Table 6. Genotypes for Fl progenitors for Til as detcl'I1lÎned using 11'3 fmnilies of n 
cross between evs. Calmar and Cobbham Green. Phellotypic rntios within FJ 

families were used to establish genotypes at Til for Fl progenitol's (sec tublc 3n, 3b, 
and 3e). Sorne famUies were extended to distinguish betwecll 1i,l'11 and Tut" li'l 

genotypes (see table 4a and 4b). Homozygous rcsistnnt gcnotypcs (1il'fll) Ut'C 

represented by B, susceptible by A (tlltU), and heterozygotes (Tlltll) by H. 

F2 Resistant Susceptible Genotypc 

8 10 0 B 
11 5 5 H 
12 10 0 B 
lS 5 5 H 
27 0 10 A 
28 0 10 A 
34 18 0 B 
3S 16 2 H 
37 6 4 H 
38 10 0 B 
40 10 0 B 
62 10 0 B 
8S 0 10 A 
87 8 2 H 
9S 17 1 H 
106 8 2 H 
108 0 10 A 
132 7 1 H 
134 14 0 B 
140 16 0 B 
144 16 0 B 
14S 16 0 B 
149 0 10 A 
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Cultivars Kordaat and Cobbham Green are resistant to TuMV. These cultivars are of 

the butterhead type and may share loci other th an Tu, although this has not been 

determined. RAPD markers found using bulks created from a cross between CYS. Calmar 

and Kordaat (section IV.4) were mapped using a cross between Cys. Calmar and 

Cobbham Green. Only five of these RAPD markers (UBC346, UBC5/7, UBC563 , 

UBC599, and UBC675) are in both crosses and could be mapped. Small differences in 

the genomes of CYS. Kordaat and Cobbham Green may change the map distances between 

markers [i.e. map distances for markers on the Cys. Calmar x Cobbham Green map 

(section IV.4) may differ from those on the Cys. Calmar x Kordaat genetic map (Kesseli 

el al., 1991, unpllblished)]. Some marker orders could not be resolved (OPM18, OPL08 

and OPf/3, UBC5/7, UBC599) using the mapping population of Cys. Calmar x 

Cobbham Green (142 F2 indiyidllals) (section IV.4). 

A mapping population produced using cys. Calmar and Kordaat of 203 F2 

indiyiduals was obtained from R. W. Michelmore. F3 families for ni ne F2 recombinants 

in the area of Tu from this population will be used ta check the genetic distances of new 

RA PD markers relative to the published map created using a CVS. Calmar x Kordaat 

cross. The cys. Cal mar x Kordaat cross contains 406 meioses verses 284 meioses in the 

cvs. Calmar x Cobbham Green cross. Markers OPM18, OPL08 and OPf} 3 , UBG"517, 

UBC599 may be resolyed using this mapping population: 

Eighteen FJ indiyiduals from each of nine progenitor F2 plants resulting from a 

cross between Cys. Calmar and Kordaat were inoculated with TuMV at both the 3-

and 5-leaf stages llsing 0.25 g/ml of TuMV-infected B. perviridis in KP04 buffer. DNA 
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representative of the F2 parents was obtained by combinîng equal amounts of C<1ch FJ 

plant in a family and extracting as described. Using FJ phenotypes (table 7), F2 

genotypes at Tu (table 8) were detennined. These genotypes, when visually compared 

to mapping information for RAPD markers in the area of Tu and Dm5/8, place Tu 

between OPD08 and OPUJ6 on the genetic map of L. saliva (table 9). Individuals #31 

and #142 were the most informative for the location of Tu using this cross. The F2 DNA 

of all nine plants will be used to perform RAPD-PCR using RAPD markers in the area 

of Tu. Segregation of the markers in the population will be mappcd relative to 1il to 

determine genetie distances on the CYS. Calmar x Kordaat map. 

4. Detection of RAPD-markel's Iinked to Tu 

Simultaneously, bulked segregant analysis (Michel more el al., 1991) was lIsed to 

sereen for additional RAPD markers linked to Tu. Pools of DNA from P2 plants 

homozygous resistant (bulk A) or susceptible (bulk B) at the D1I15/8 locus werc combined 

to form bulks of DNA for each of the two phenotypes. Allelic variations bctwecn 

individuals are homogenized in the pools, leaving the presence or the absencc of thc 

resistanee locus as the remaining genetie differenee. The two pools werc llscd as 

substrate for RAPD-PCR analysis. Pools were made on the basis of the Dm5/8 

phenotype, and not Tu, by R. W. Miehelmore since the two loci are linked and a 

population segregating for Dm5/8 was available From the work of Kcsscli {JI al. 

(unpublished). Homozygosity of Fl individuals at the Dm5/8 locus had becn determined 

by testing FJ families for downy mildew resistance. The F2 population resulted from a 
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Table 7. ELISA values for 9 F3 families from a cross between Calmar and 
Kordaat. Ali plants were Inoculated with TuMV and assayed by ELISA 
5 weeks post-inoculation. Blanks indicate missing data. 

F3 31 118 129 131 135 142 201 220 240 

1 0.060" 1.032 0.228 0.070" -0.044" 0.233 -0.013" 0.362 1.136 

2 0.041" 0.143 0.191 -0.028" 0.630 .......... 0.275 1.407 

3 1.333 0.492 0.035" -0.018'" 1.077 .0.007'/0 0.573 0.330 1.287 

4 0.006" 0.119" 0.883 -0.036 1r -0.046 1r -0.017 1r 0.665 0.862 0.716 

5 0.134 O." 6" 0.092 1r -0.001 1r 0.143 -0.011 1r 1.050 0.927 1.784 

6 0.154 0.296 -0.008'/0 0.055" -0.019* 1.956 1.300 -0.079'/0 

7 0.065" 0.955 0.197 0.165 0.061* -0.003'/0 "'/0*"''' 0.181 0.648 

8 0.009* 0.102* 0.146 0.510 -0.043* ***** '.414 0.959 

9 0.086* 1.086 0.125 -0.005* 0.075 -0.020" 1.838 0.795 0.275 

10 0.069'" 0.796 0.177 -0.019" 0.100 1.062 1.182 ** .. "' .. 0.365 

11 0.071* 0.677 0.182 0.045'/0 -0.027* 0.057* 1.715 0.239 1.507 

12 0.038* 0.511 0.786 0.484 -0.048* 0.026* 1.176 .0.090* -0.098* 

13 0.031 * 0.790 0.101" 0.033* 0.975 -0.010* 1 .472 0.154 0.461 

14 0.032* 0.681 1.039 0.700 1.044 0.003* -0.074'" 0584 -0.092* 

15 0.084* 0.811 0.147 0.083 0.062* 0.043* 1.164 0.385 1.061 

16 0.074* 0.243 0.595 0.129 0.099 -0.037* 0.69a 1.899 1.287 

17 0.074* 0.742 0.121 0.046'/0 0.086 0.016" 1.608 0.360 1.184 

18 0.068" 1.249 0.160 0.008 1r 0.038* 0.058* 0.052 1.662 0.477 

* ELISA values classlfled as negative for TuMV-infection from a maximum threshold of 
negatlve values, four standard deviatlons ab ove the mean of 8 mock inoculated controls . 
...... " ELISA values greater th an 2.000 . 
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Table 8. Genotypes for F2 progenitors for Til as dctermincd using F3 familics of n 
cross between cvs. Calmar and Kordaat. }>henotypic ratios within F3 families \VCI'C 

used to establish the parental genotypes (sec table 7). HOlIIozygous resistnllt 
genotypes (TuTu) are represented by B, susceptible (/IItll) by A, and hctcl'ozygoycs 
(Tutu) by H. 

F2 Resistant Susceptiblc GCllotYIJC 

31 17 1 H 
118 0 15 A 
129 9 9 H 
131 11 7 1-1 
135 9 9 H 
142 15 3 H 
201 0 16 A 
220 0 17 A 
240 0 15 A 
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Table 9. Genotypes for F2 recombinants from a cross between cvs. Calmar and 
Kordaat for Tu relative to markers in the area of DmSI8. Mapping information for 
markers in the area of DmSI8 for ni ne recombinant F2 individuals were provided by 
R. W. Michelmore and combined with genotypes at Tu found by phenotyping 18 F3 
plants from each of the nine F 2 progentors. Letters in the table represent genotypes 
A = homozygous Calmar, B = homozygous Kordaat, H = heterozygote, C = 
hetcrozygote or 8, D = hctcrozygote or A. Dashed lines represent missing data. 

F% OPC08 OPS12 OPX03 OPH15 Dm5/8 OPD08 OPF12 Tu OPY13 OPU16 

31 C H D D H D A 
118 A D A A D D A D C 
129 C H D D H D A 
131 A A H D C 
135 A HIA D H D C 
142 B C B B B D H D 
201 C H D D A D A 
220 C H D D A D A 
240 C H D D A D A 1 



" "".".-.""_.~-~ 

j 

• cross between Cys. Kordaat (TuTu) and Calmar (tutu). DNA extractcd from 12 F3 plants 

was used by R. W. Michelmore to create each pool. 

Two-hundred and sixty-five primers of ten bp were screened using the bulks 

previously produced in the region of Dm5/8 (Michelmore Cf al., 1991), and seven 

polymorphie markers (UBC346, UBC517, UBC563, UBC566, UBC599, UBC675, 

UBC688) were identified (figure 6, table 10). Polymorphisms dctcctcd belwecn the two 

bulks were examined in the F2 population for segregation with the Tu locus. Ali of these 

new RAPD markers were dominant, Le. either the polymorphism was present or absent, 

with no length polymorphisms to distinguish between heterozygotes and homozygotes. 

If the polymorphism was present in the resistant (B) bulk, then ail l~ individuals 

displaying the polymorphie band were seored as C (either homozygote, BB, or 

heterozygote, BA) and those F2 individuals which did not have the band were scored as 

A. If the polymorphism was present in the susceptible (A) bulk, then ail F2 individuals 

with the polymorphie band were seored as 0 (either homozygote, AA, or heterozygote, 

BA) and F2 individuals without the polymorphism were seored as B. The mapping 

population of 142 individuals at loci scored by R. W. Michelmore in the area of Dm5/8 

was used to produce the Mapmaker file (table 1) in combination with data for new RAPD 

markers (table 11). 

The polymorphie band was faint for sorne primers, making it diffieliit to 

determine whether the band was absent, or simply low in intensity (figure 7). The 

RAPD marker data for F2 individuals recombining in the vicinity of the Tu locus were 

verified by Southern blotting to avoid mis-scoring. RAPD amplification prodllcts were 
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Figure 6. Identification of RAPDs linked ta the Tu locus by bulked segregant analysis. 

Random 10 bp primers were lIsed to amplify DNA from homozygous resistant or 

susceptible pools of P2 individllals. The pools were formed on the basis of the phenotype 

at the Dm5/8 locus, which is linked ta Tu. The F2 individuals were from a cross 

between CYS. Calmar anç Kordaat. Each pair of lanes (identified by numbers) are 

amplification products From one primer, using two pools (A and B) of DNA. Primers 

used, in arder From 1 to 7, are UBC346, UBC349, UBC506, UBC517, UBC566, 

UBC578, UBC599. Amplification products were separated by agarose gel 

electrophoresis . 
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Table 10. Primers obtained from J .E. Carlson, University of British Columbia 
(UBC), which displayed polymorphism between bulks ereated for the Dm5/810cus 
and were found Iinked to Tu. Polymorphie bands from the TuMV-suseeptible 
(Calmar) bulk are designated A and those from the resistant bulk (Kordaat) are B. 
Ali polymorphisms segregated as dominant loci. Sequences are in the S' to 3' 
orientation. 

Primer # I)olymorphism band size sequence 

UBC346 B 1065 TAGGCGAACG 

UBCS!7 A 1395 GOTCGCAGCT 

UBC563 B 710 CGCCGCTCCT 

UBC566 A 735 CCACATGCGA 

UBCS99 A 2480 CAAGAACCGC 

UBC675 B 1370 ACCGGTGGAG 

UBC688 A 910 GCAGGAGCGT 
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Table Il. Genotypes for F2 recombinant individuals frolll a cross between cvs. 
Calmar (TuMV-susceptible) and Cobbham Green (llaMV-rcsistant) for the rive new 
RAPD markers, UBC346, UBCS17, UBCS63, UBC599, and UBC675 relative to 7i,. 
Numbers in the left column represent F2 individuals. Letters in the tub le rep.'esent 
genotypes A = homozygous Calmar, B = hOl11ozygous Cobbham Green, Il = 
heterozygote, C = heterozygote or D, D = heterozygote or A. Genotypes wc.'c 
obtalned by seoring bands on a gel and were verificd using Southea'n blotting und 
probing with the polymorphie band obtained by bulked scgrcgant analysis. Dnshed 
lines represent missing data. 

Pz UBC6751310 UBC563uo Tu UBC346J06S UBC5171.19J UIJC599ullfI 

8 C C B C D D 
Il A C H C 0 J) 

12 A C B C B B 
15 A H C 0 D 
27 C A A A 0 D 
28 C A A A 0 D 
34 C C B C B B 
35 C C H C B Il 
37 A C H C 0 D 
38 A A B C B B 
40 A B C B B 
62 C C B C B B 
85 A A A C 0 D 
87 A A H C 0 D 
95 A C H C 0 D 
106 C C H C B B 
108 C A A A D D 
132 C C H C D D 
134 C C B C B B 
140 A C B C B Il 
144 A B C B B 
145 A C B C B B 
149 C C A A D D 
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Figure 7. Agarose gel electrophoresis of RAPD amplification products using primer 

UBC675 and F2 recombinants. The population from which the 23 recombinants in the 

Dm5/8 region were derived is segregating for Tu. The F2 population from a cross 

between cys. Calmar and Cobbham Green, and were previously identified as 

recombinants in the Dm5/8 region using RFLP markers. The genotype for the Tu locus 

was determined by inoculation with TuMV of F3 individuals resulting from the selfing 

of F2 parents. The genotype corresponding to each F2 individual is shown in Table 1. 

The gels were stained with ethidium bromide and the DNA visualized using an ultraviolet 

transilluminator. An arrow indicates the polymorphism which is segregating in this 

population . 
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Figure 8. Southern blot of RA PD amplification of F2 recombinants with primer lJBC675 

and probe UBC675. A nonradioactively labeled probe was preparcd for primcr UBC675 

by labeling the polymorphie band observed in blliked segregant analysis and llscd on a 

Southern transfer of RA PD amplification products (using primer UBC675) from F7 

individuals recombining in the region of Dm5/8. An arrow indicatcs thc polymorplllc 

band found using primer UBC675 which is segregating in the population . 
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Figure 9. SOllthern blot of RAPD amplific'hivn of F2 recombinants with primer UBC346 

and probe UBC346. A radioactIvcly labeled probe was prepared for primer UBC346 by 

excising and labehng the polymorphie band observed in bulked segregant analysis and 

used on a SOllthcrn transfer of RAPD amplification products (from primer UBC346) of 

23 F2 recombinants in the area of Dm5/8 . 
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Figure 10. Genetic l11ap of L. .\{/fÎva at the Tu locus. Genetir. map of L. saliva 

surrounding the 'lil locus. The mapplllg population consisted of 142 F2 mdlviduals from 

a cross bctwccn cultivars Calmar :ll1d Cobbham Green. Genette distances between loci 

arc shown in centiMorgans. Ali the markers are RA PD markers, exccpt for Dm5/8 

(rcsistancc to Brem;a laemcue), plr (resistance to Plasnwpara laclllcae radicis), and Tu . 
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compai'XI ta ~urrollndJng loci. According to a visual examination of the data, there is 

one rccombination cvent betwcen Tu and UBC346 in indlvidual #85 (table Il). 

Mapmakcr, whcn pcrformmg three-point and multl-point analysis on a combination of 

data from R. W. Michelmore (table 1) and the ncw RAPD markers and Tu (table 11), 

puts UBC346 0.7 cM away from Tu (figure 10). 

Gcnctic distance b a function of recombin(!tion frequency whe\(e 1 cM between 

two markers is equal to 1 recombination event between those markers in a population of 

100 individuals. A distance of 0.7 cM between two markers from a pop'ulation of 142 

individuals is equal to two recombination events (0.35 cM/recombinatiol1l~. When the 

triplc-crror detection of Mapmaker 3.0 is used, an error in the data is pomted out in 

individual #85 betwccn OPL08, Tu, and UBC346. Mapmaker gives an output of H-A-H 

for these markers, respectively, in individual #85, showing that a double reco,l'lbination 

cvent had to have taken place to reconcile the position of UBC346. Double 

rccombination cvents are rare and so Mapmaker 3.0 points out these points as potential 

errors in the data. Mapmaker is readlllg the D and C at locI OPL08 and UBC346 as H 

and indicates that the genotype of #85 may be wrong at Tu. Instead of tutu, #85 may be 

1,1(11. Using error detection, Mapmaker 3.0 gives a distance between Tu and UBC346 

as 0 cM. 

To determinc whethcr there is an error in genotyping, 18 F3 plants of #85 should 

be rephenotyped for TuMY -sllsceptibility or resistance. Alternatively, there may be a 

tlaw in the Mapmaker program which t'ails to recognize that, using dominant markers, 

#85 could be of genotype AA on the Dm5/8 side of Tu instead of AB (which Mapmaker 
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assumes) (table 1). Individual #85 could be AB on the UBC3.J6 SIlle of Jil. making a 

single recombination event between Tu and UBC346, and solving the dilemm<t. If thts 

is the case, the genetic distance on the map (figure 10) IS 0.4 cr,,1 instead of 0.7 eM. The 

genetic distance between Til and UBC346 must be resolved usmg the cv. Cahmu x cv. 

Kordaat cross (section IV.3). 

Three of five new RAPD markers (UBC346, UBC517, and UllC'ï9Y) wcrc 

clustered in a 1.4 cM region near Tu (tigure 10). Although the markers Idenllltl'd hy 

bulked segregant analysis were not distributcd randomly, ail polymorphie markers 

identified mapped to a region spann1l1g 20 cM around VII/5/8. This is in contrast to the 

results obtained from screening near isogenic lines by Paran et al. (1991) whcre only hait' 

of the polymorphisms obtained were linked to Ihe target locus. Hall' of the 

polymorphisms segregated randomly and appeared to be Iinked 10 gcnomic fragments 

from the donor parent that were not selected for during the backcrosscs (l'uran el al., 

1991). 

The closest markers tlanking the Tu gene are OPM 18 and UBC346 at 0.4 and 0.7 

cM respectively (figure 10). It is Iikely that many more markers will be requircd bcfore 

map-based cloning becomes feasible. Howevcr, thcre IS a widc vanatioll III the 

relationship between genetic and physical distances, from approx\lllatcly 14 kbp/cM for 

the Bz locus in corn (Dooner, 1986) to over 4 Mbp/cm al Dund the Tm-2a gcne in tomato, 

conferring resistance to Tobacco Mosaic Virus. The 1'm-2a gene is located in a 

centromeric region. The physical distance separating the gene and the marker is thus 

larger than the genetic distance would suggest. Tanksley et al. (1992) have dctermincd 
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that Tin-2a is separated from the marker by at least 2 x 106 bp. This is in sharp contrast 

to the average (for the whole tomato genome) of approximately 500,000 bp per cM 

(Young el al., 1988). Other viral resistance genes have been mapped, but linkage in 

most cases is more distant (Timmerman el al., 1993). 

The linkage detected here bctween the resistance gene and the markers is 

sufficiently close to warrant examination of the physical distance separating the two 

markers and the Til gcne. The distance between the two markers will in fact represent 

the maximum distance that will need to be covered by clones in order to recover a c10ned 

copy of the Tu genc. 

Larger segregating populations must be screened for rare recombinants in the Tu 

region that will prove useflll fLr mapping in the eventuality the physical distance is too 

large to recover in individual clones, including yeast artificial chromosome clones. 

Concurrently, new markers must be sOllght using the bulks created for the Tu locus. 

To aid future screening for markers Iinked to Tu, an F2 population from a cross 

between cv. Calmar (susceptible to TuMV) and cv. Kordaat (resistant) which segregated 

for Tu was obtained l'rom Dr. M.G. Fortin. Ten individuals per bulk are sufficient to 

ensure that ail polymorphisms detected between bulks will be Iinked to the target locus 

(Michelmore et al., 1991). 1'0 be able to find polymorphisms in cis and in frans to Tu, 

80 F2 plants were selfcd and 18 Fl individuals (F3 family) from each F2 parent were 

inoculated with TuM V at both the 3- and 5-leaf stages for phenotyping for resistance or 

susceptibiIity by ELISA. With a segregation ratio for Tu of 1 (TuTu):2(Turu): 1 (fUfU) , and 

assuming that some of the F} individuals will not attain reproductive maturity, eighty F2 
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individuais were thought to be sllfficient to cnablc the production of hulks ~:ontalllll1g al 

Ieast 10 individllals each for the Tu locus. Sixty-tive F2 plants survivcd and produn'd 

seed. Only one family produced sced wlllch was not viable. From an F} populatIon of 

65, 16 individuals should be homozygolls for Tu and 16 for fil. WllIlc Ihe 10'] plants wen.' 

growing, Icaf material was collected from ail plants and stored at -700C. DNA from 1: .. 

plants found to be lUlU (from leaf at -70°C) will be combincd in one hlilk (buJl.. A) and 

DNA from those found to be TuTti will be combined to forlll bulk Band scrccncd for 

polymorphism linked to Tu using RAPDs. Eleven F2 individllals for cach class ('/I(lil 

and tutu) were unambiguollsly identified using the ELISA values l'rom respectlvc FI 

families (R. Singh, lInpublished). This IS sufticient to Cl1surc that polymorphisllls 

detected in future RAPD screening of the blilks will be hnkeù, cithcr III ci.\' or III 11'lI/I.\', 

to the Tu locus. 

The production of bulks for the Tu locus was important as, if markcrs found llSlIlg 

the bulks for Dm5/8 created by R. W. Michelmore arc not close in physical tenus for 

chromosome walking, new markers closer to Tu will be ncccssary . 
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V. Conclusion 

The location of Tu on the genetic map of L. saliva IS the first step towards the 

eve'ltual c10mng and charactcnzation of this viral resistance ge:1c. 

Sincc the work of Duffus and Zmk (1970) it has been known that Tu is ]inked to 

Dm5/8. Studies at U. of C., Davis by R. W. Michelmore for the characterization of the 

Dm5/8 locus providcd matenal slich as recombinants in the area of Dm5/8 and bulks for 

D1115/8 which wcre useful for orienting Tu relative to Dm5/8 and finding ne'.'. markers 

linked to 1i/. 

Conditions for inoculation lIsing TuMV were optimized before performing the 

phenotyping expcrimcnts (section IV.I). An antlbody to the TuMV isolate being used 

was produced to recombmant TlIMV-CP expressed in E. coli for use in ELISA (section 

IV.2). Genotypes at Til for F2 individuals recombining in the area of Dm5/8 (obtained 

from R. W. Michclmore) were found by phenotyping F3 families of each F2 progenitor 

for rcsistance or sllsceptibility to TuMV using ELISA (section IV.3). With these 

gcnotypcs, Til was located betwccn two genetic markers, OPM18 and OPY13 , on the 

gcnetic map of L. .\lIfiva. The distance betwecn Tu and OPM18 was 0.4 cM. 

To resolve markcrs OPMI8, OPL08 and UBC517, UBC5f/9, OPY13 which 

segregate as two loci in the cv. Calmar x cv. Cobbham Green mapping population of 142 

individuals, another population containing 203 individuals was obtained from R. W. 

Michelmorc. Eightcen Fl offspring for each of nine F2 individuals from a cv. Calmar 

x cv. Kordaat cross rccombining in the area of Tu were phenotyped for resistance or 

slisceptibility to TuMV by ELISA. F2 genotypes were obtained using F3 phenotypic 
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ratios. Usiug the F2 genotypcs at Tu and mapplllg inform.ltlon (Ho\'llkd hy R. \\' . 

Michelmore, it was found that Tu is locatcd bctwccn mar"-crs OPF! ~ and OP)'! 3 (tahk 

8). 

Five new RA PD markcrs, UBC346. lJHC5/7. lJlJ(''563 , UNe5YY, and 1I/JO)75 

were found linked to Tu by blilked scgregant analysis u~ing hun.<; for thl' J)1115/~ IOl.'IIs 

obtained from R. W. Michelmorc (section IV.4). One marker, lIfJC3.J6. wa .. () 7 cM 

from Tu. Two markers, UBC566 and UBC688 , wllich dld not ~cgll.'!~alc 111 the l'V. 

Calmar x cv. Cobbham Green mapplIlg population (sec ahove) , will he exall1l11l'd lor 

linkage ta Tu in the cv. Calmar x cv. Kordaat cross lIsmg DNA exlractl'd Ilom pools 01 

each F3 family resulting from th~~ nine Informative Fl recomhinants. 

Although two markers were c10sely linked 111 gcneuc lcrrns 10 'JI" OlIM 18/0IJU)8 

~t 0.4 cM and UBC346 at 0.7 cM, it was possible that the physical distance bdwecn the 

markers was tao large in bp for chromosome walkmg and jumping. The physical 

distance between these markers will have to be delerl11l11ed lIsing pulscd-ficld gel 

electrophoresis (PFGE) and SCARs of UBC346 and OPMJ8/0P!.08. Markcrs more 

tightly linked ta Tu may be nccessary. 

For the production of new blll"-s for the Jil IOClI'\, a FI poplIl'.il()1I or X(i 

individuals segregating for Tu (c:eated from a cross betwccn cv. Calmar and cv. 

Kordaat) was obtained from M. G. Fortin and selfcd. Sccd was harvcstcd and 18 FI 

individuals inoculated twice (al 3- and 5-leaf slage) with TuMV. An ELISA was 

performed by R. Singh (unpublished) and bulks will ~()on be produccd for lI~e III 

screening t".Jr new markers linked la Tu . 
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