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Characterization of the soybean genome in regions

surrounding two loci for resistance to soybean mosaic virus

by

Alec J. Hayes

(ABSTRACT)

Soybean mosaic virus (SMV), has been the cause of numerous

and often devastating disease epidemics, causing reduction

in both the quality and quantity of soybeans worldwide.  Two

important genes for resistance to SMV are Rsv1 and Rsv4.

Alleles at the Rsv1 locus have been shown to control

resistance to all but the most virulent strain of SMV.  This

locus has been mapped previously to the soybean F linkage

group.  Rsv4 is an SMV resistance locus independent of Rsv1

and confers resistance to all strains of SMV.  This locus

has not been mapped previously.  The purpose of this study

is to investigate the two genomic regions that contain these

vitally important resistance genes.

A population of 281 F 2 individuals that had previously

been genotyped for reaction to SMV was evaluated in a

mapping study which co mbined bulk segregant analysis with

Amplified Fragment Length Polymorphism (AFLP).  A Rsv4-

linked marker, R4-1, was identified that mapped to soybean

linkage group D1b using a reference mapping population.

More than 40 markers were mapped in the Rsv4 segregating

population including eleven markers surrounding Rsv4.  This
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will provide the necessary framework for the fine mapping of

this important genetic locus.

Previous work has located Rsv1 to a genomic region

containing several important resistance genes including

Rps3, Rpg1, and Rpv.  An RFLP probe, NBS5, whose sequence

closely resemb les t hat of several cloned plant disease

resistance genes has been mapped to this chromosomal region.

The efficacy of using this sequence to identify potential

disease resistance genes was assessed by screening a cDNA

library to uncover a candidate disease resistance gene which

corresponds to this NBS5 sequence.  Two related sequence

classes were identified that correspond to NBS5.

Interestingly, one class c orre sponds to a full length gene

closely resembling other previously cloned disease

resistance genes offering evidence that this NBS5-derived

clone is a candidate disease resistance gene.

A new marker technique was developed by combining the

speed and efficiency of AFLP with DNA sequence information

from cloned disease resi stance genes. Using this strategy,

three new markers tightly linked to Rsv1 were identified.

One of these markers, w hich maps 0.6 cM away from Rsv1, has

motifs consistent with other cloned disease resistance

genes, providing evidence that this approach is an efficient
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method for targeting genomic regions where disease

resistance genes are located.
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CHAPTER I.

Introduction
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Genetic Mapping in Soybean

Since the rediscovery of Mendel’s “Laws of Inheritance”

in the early 20 th  century, the s teady progression of genetic

understanding as it relates to crop breeding has been

unceasing.  One of the more important concep ts, ge netic

linkage, has been an especially powerful tool for the plant

breeder.  Genetic linkage is the principle that genes which

are located close together on a chromosome are less likely

to be recombined by a crossover event during meiosis than

genes located far apart on a chromosome or on different

chromosomes.  Traits that are simply inherited and

differentially expressed by a set of alleles at a locus can

be scored in a population segregating for this trait.  These

qualitative traits can then be compared to other similarly

obta ined qualitative traits to determine if the two traits

assort independently or if they are genetically linked.  Any

group of linked genetic loci (called a linkage group)

correspond to all or a portion of a single chromosome.

In the early soybean breeding research of the late-

1930s and 1940s, workers established genetic linkage maps

that inc luded traits such as seed color, flower color, leaf

shape, and pubescence-type.  In addition simply inherited

traits of agronomic importance, such as pathogen resistance

could be mapped on these linkage groups.  Those
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morphological markers that were determined to be closely

linked to important genes such as disease resistance were of

the greatest value, because the breeder could select for the

morphological marker as a reasonably accurate indi cator of

the disease response genotype.  In practice, this type of

favorable linkage relationship is more the exce ption than

the rule, because morphological markers are sparsely

scattered on the soybean linkage map and often are not

closely associated with any trait of interest.

Molecular Markers

It wasn’t until the late 1970s that r esea rchers began

to explore new types of genetic markers to expand the

soybean genetic map.  Collectively termed molecular markers,

these are detectable protein or nucleic acid variations that

are simply inherited and segregate according to Mendel’s

laws.  These new markers are generated in the laboratory

using tools developed by biochemists and microbiologists.  

The first of these markers to be u sed to establish

genetic relationships were the i sozyme markers.  These were

used largely in the 1970s and 1980s (Beremand, 1975).  By

analyzing the migration of selected enzymes, electrophoresed

on a matrix such as a starch or polyacrylamide gel,

researchers could detect slight differences in allelic
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enzymes, or allozy mes.  The inheritance of these allozymes

could be followed in a segregating population.  For example,

Rennie et al. (1987) reported a linkage relationship between

soybean response to the pathogen Phytophthora megasperma  f.

sp. glycinea  and the gel banding pattern of isocitrate

dehydrogenase allozymes.

Allozyme mapping was hampered tremendously because of

several factors.  First there are very few enzymes

identified which show detectable polymorphism, and thus the

likelihood of finding a linkage relationship is very low.

In addition, the expression of certain proteins throughout

the life-cycle of the soybean and am ong ti ssue types could

be highly variable, in addition to variability introduced by

environmental conditions (Adams et al., 1981; Hanks et al.,

1983).  This adversely comp licates the detection of some of

the various isozymes in soybean.

Restriction Fragment Length Polymorphism

The evolution of molecular markers as a preeminent tool

for soyb ean geneticists began in the late 1980s with the

emergence of Sou thern blotting, which led to the detection

of DNA polymorphisms, by Restriction Fragment Length

Polymorphism (RFLP) (Apuya et al., 1988; Botstein et al.,

1980).  Detecting polymorphisms using DNA is a more powerful
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genetic marker tool, because DNA is less variable across

tissue types and throughout the life cycle of the plant than

are proteins.  RFLP is a technology whereby genomic DNA is

broken down into short nucleotide chains by restriction

enzymes that cut the DNA at very specific nucleotide

seque nces.  Restriction enzymes that are routinely used for

RFLP recognize specific palindromic sequences of between

four and six base pairs (bp).  This results in the genome

being cut up into chains of nucleotides ranging from a bout

200 bp to about 20 kilobases (kb).  Restriction-digested

geno mic DNA is run on an agarose gel that separates the DNA

by size.  The DNA is then transferred to a nylon membrane

which can be hybridized using labeled DNA probes.

Poly morp hisms are detected when the probe hybridizes in at

least one of s everal lines to a different size fragment.

Polymorphisms typically arise from point mutations at the

restriction enzyme cut site or through insertion or deletion

of DNA.

RFLPs have been instru mental in developing the first

saturated maps of soybean.  Keim et al. (1990) reported the

first linkage map of soybean, which was constructed based on

linkage relationships of 150 RFLP markers in an

interspecific population, Glycine max  X Glycine soja .  In

this original work, the researchers were able to identify 26



6

linkage groups corresponding to the 20 chromosomes of

soybean, far fewer linkage groups than had been previously

identified.  In addition, because these markers covered

large regions of the soybean genome, the researchers were

able to predict the genetic location of several major

quantitative trait loci controlling important agronomic

traits.  This first RFLP map , which is known as the USDA-

ARS-ISU map of soybean, has been combined with the classical

genetic map, forming a refer ence map to which other soybean

linkage maps are compared (Shoemaker and Specht, 1995).  The

linkage groups assigned to this map (A-W) are used by

soybean breeders and mol ecular geneticists to describe the

location of particular genes of interest.  A database has

been set up to list all the markers mapped in this

population so that it may be used as a resource for

obtaining markers that c orresp ond to a particular genetic

locus (http://probe.nalusda.gov).

RFLPs have become the standard genetic marker for

soybean gene mapping because they can be generated fairly

easily, and are highly repeatable from lab to lab.  There

are drawbacks to RFLP’s as a genetic marker, however.  First

of all, the level of polymorphism detected by RFLP is fairly

low among the cultivated and wild accessions of G. max  and

G. soja  (Roth et al., 1989).  Keim et al. (1989) reported
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that among 58 diverse acce ssions of G. max  and G. soja , 15

of 17 markers showed only two allele-types and the remaining

two markers showed only three allele types.  In addition 6

of the 17 markers showed an alternate allele in only one or

two of the 58 lines.  This observation suggests that the

probability of detecting polymorphism in a given mapping

population with a given probe is fairly low, particularly if

both parents are elite lines and/or c ommercial cultivars.

In fact in a related study of 38 adapted soybean lines and

128 RFLP marker loci, Keim et al. (1992) estimated that only

one in five marker loci would be informative for a given

pair of individuals.  A similar study by Skorupska et al.

(1993), testing 108 lines with 83 probes, reported similar

results.

In addition to its low level of polymorphism, RFLP

mapping of soybean is hampered by the complexity of the

soybean genome.  Soybean is postulated to be an anc ient

tetraploid and as such it contains significant regions of

homoeology within its genome (Hymowitz and Singh, 1987;

Lohnes et al., 1997).  Homoeologous gen omic r egions are

large stretches on two or more chromosomes, which are not

identical, but share significant areas of highly conserved

sequence.  This means that a particu lar so ybean probe will

likely hybridize to more than one restriction fragment on a
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Southern blot and often times will map to two or more

different loci.  This can complicate the association of a

marker to the appropriate linkage group as it relates to a

gene or locus of interest.  In order to deal with this

problem, researchers are careful to note the enzyme used and

the sizes of the polymorphic bands mapped in order to avoid

confusion.  This information is not useful, however, should

a rese archer need to use a different restriction enzyme to

detect a mappable polymorphism.

PCR-based Molecular Markers

In recent years, several different types of DNA markers

have come into common use for mapping in soybean.  Three of

these molecular markers in common use are microsatellites or

simple sequence repeats (SSR), random amplified polymorphic

DNA (RAPD), and amplified fragment length polymorphism

(AFLP).  All of these markers are gen erated using the

polymerase chain reaction (PCR).  PCR is a method by which

small DNA sequences (usually between 100 bp and 5 kb) can be

amplified exponentially by thermocycling using a heat stable

polymerase.  These PCR-based markers address some of the

concerns surrounding RFLPs.

SSR is a type of genetic marker that detects

polymorphisms that result from differing copy number of a
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small nucleotide repeat, of between 1 and 5 bp (Weber,

1990).  Specific primer sequences are designed that f lank a

known small nucleotide repeat.  The repeat is amplified by

PCR and visualized on an agarose or polyacryla mide g el, in

order to detect size polymorphisms resulting from the number

of repeats.  Akaya et al. (1992) reported polymorphism of AT

and ATT repeat s equences in soybean.  These were generated

by designing primers and amplifying SSRs of sequences

obtained from the Genbank database.  They noted three

mark ers that gave 6, 7, and 8 alleles per locus in a

population study of 43 soybean genotypes.  In numerous

studies following this it has been noted that SSRs are a

powerful genetic marker in soybean because they are highly

polymorphic, they are found throu ghout the genome, they are

easy to run once they have been identified, and they are

almost always detected as a single locus m arker (Diwan and

Cregan, 1997; Doldi et al., 1997; Rongwen et al., 1995).

The major drawback to microsattelites is that tremendous

time and effort is required to locate the presence of an SSR

in the genome.

Recently Cregan et al. (1998) reported a comprehensive

map of soybean in which they mapped 443 SSR loci in at least

one of four soybean mapping populations including the USDA-

ARS-ISU soybean map.  By using the computer program JOINMAP,
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they were able to generate a consensus map that included

information from markers mapped in all of these populations.

In this way they were able to report 20 linkage groups in

soybean corresponding to the 20 chromosomes.  Beca use SSRs

are single locus markers, this is the most informative

molecular map thus far published in soybean.

RAPD is another PCR-based marker that has been used

extensively (Martin et al., 1991; Williams et al., 1990).

These markers are generated from genomic DNA template, using

low stringency PCR and a single primer that is usually ten

nucleotides in length.  The idea is that by random chance,

there will be several sites on the genome that contain two

conver sely oriented sites that are complementary to the

random primer.  Differential amplification of a product

between two lines, usually prese nce/ab sence, results in a

polymorphism being generated.  RAPDs have not been used as

markers for mapping as extensively in soybean as they have

in some other species.

The major appeal of R APDs as a marker technology is

that they can be generated at a minimal cost to the

researcher because a minimal amount of resources and genomic

information are required up front.  However, some studies

have questioned the re peata bility of RAPDs for certain

applications (Chen et al., 1997).  Specifically, these
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markers are generated under low-stringency conditions.

Minor changes in the PCR reaction, particularly from lab to

lab, can alter the resulting banding pattern, calling into

question the repeatability of some of these markers.

Recently, r esear chers have begun to deal with the

repeatability issue by first ident ifying a RAPD band of

interest and then isolating and sequ encing this band to

design sequence specific primers which reliably amplify the

marker.  These are referred to as sequence characterized

amplified region (SCAR) markers and were first proposed by

Paran and Michelmore (1993).

In recent years, there has been wide acceptance of AFLP

as an important PCR-based marker system (Vos et al., 1995).

AFLP is a relatively new type of molecular marker that

allows researchers to screen large numbers of loci in a

short period of time.  To generate AFLPs, genomic DNA is

double digested with a four- and six-cutter r estriction

enzyme.  Specific nucleotide adaptors are then ligated to

the restriction ends by DNA ligase.  A subset of the

generated fragments are amplified using adaptor-specific

primers that contain three selective nucleotides at the 3'

end of the primer.  The six-cutter-speci fic pr imer is end-

labeled using �
32P-ATP and pol ynuc leotide kinase.  The PCR

products are then run on a polyacrylamide gel and visualized
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by autoradiography.  Numerous bands (~40-60) are generated

from a single run with AFLP. 

Maughan et al. (1996) performed an AFLP study,

evalua ting 15 AFLP primer pairs for polymorphism in 12

Glycine max  and 11 Glycine soja  accessions.  Of the 759

fragments detected, 274 (36%) were polymorphic between at

least two accessions.  While this level of polymorphism can

not be expected to be seen in an intraspecific cross of

closely related cultivars, the data suggest that AFLP is a

powerful and efficient marker strategy available for

detecting polymorphism among lines. 

Keim et al. (1997) have recently published an AFLP-

based linkage map in soybean.  The map consists of 28

linkage groups covering 3441 cM.  Six-hundred-fifty AFLP

markers were mapped.  The map contains a marker density of 1

per 4cM, but there are large gaps between markers in certain

regions of the genome.  This suggests that AFLP markers may

not be as ubiquitous as once postulated.  It is important to

note however that this map was generated using only 42

recombinant inbred lines (RILs).  While mapping with RILs

increases the level of recombination relative to F 2 mapping,

there are still relatively few segregat ing li nes, lending

some bias toward clustering of markers.
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Cloning Disease Resistance Genes

The decade of the 1990s has witnessed a tremendous leap

in the understanding of plant disease resistance with the

cloning of s everal genes that directly trigger defense

response.  In 1992, Johal and Briggs cloned the Hm1 gene

from maize ( Zea mays  L.).  This disease res istance gene

protects the maize plant from deleterious effects of the

fungus,  Cochliobolus carbonum , by neutralizing a toxin

produced by the invading organism.  While the cloning of

this gene is certainly important, it is largely restricted

to a single host-pathogen relationship and can not be

applied to other plant-pathogen interactions.

A more common host-pathogen resistance comp lex is the

gene-for-gene model of resistance, first described by Flor

(1955).  Nearly all plants studied, show some form of a

gene-for-gene interaction.  Essentially gene-for-gene means

a single avirulence gene-product from the pathogen interacts

with a single resistance gene product from the host to

trigger a defense response that deters continued invasion

and multiplication of the pathogen (Crute and Pink, 1996).

The most common defense mechanism is the hypers ensitive

resp onse in which the plant initiates localized cell death

to deter the spread of the pathogen.  The tomato

( Lycopersicon esculentum ) Pto  and P. syringae  pv. tomato
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avrPto is one such gene-for-gene relationship that triggers

a hypersensitive response (Ronald et al., 1992).  

Ground-breaking work in the field of plant disease cloning

began in 1993 when Martin et al. reported the successful

map-based cloning of Pto , a single domi nant g ene in tomato

which confers resistance to certain races of Pseudomonas

syringae  pv. tomato .  This was the first cloning of a plant

gene known to trigger localized defense responses.  The Pto

gene codes for a 321 amino acid, putative cytoplasmic

protein with homology to protein kinases.

Following closely on the heels of the discovery of the

Pto  gene sequence was the successful cloning of two other

resistance genes, N from tobacco ( Nicotiana tabacum )

(Whitham, 1994) and Rps2 from Arabidopsis  (Bent et al.,

1994).  The N gene confers resistance to to bacco mosaic

virus (TMV) and Rps2 provides resistance to the bacterial

speck pathogen, Pseudomonas syringae  pv. tomato .  The

elucidation of these two genes was important not only

because they, like Pto , showed a gene-for-gene host pathogen

relationship but because the two resistance genes themselves

shared several regions of remarkable ded uced amino acid

conservation.  This was especially important in light of the

fact that these two genes are from very diff erent organisms

and confer resistance to widely differing pathogens.
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Specifically, these gene products were shown to share marked

homology in the N-terminal region, which exhibits a putative

nucleotide binding site (NBS) region with conserved motifs

resembling P-loop, kinase 2, and kinase 3a amino acid

structures (Baker et al., 1997).  Fu rthe rmore, these genes

contain numerous other undefined c onserved regions.  In

addition, both gene products contained a C-terminal leucine

rich repeat (LRR) region.  Neither of these genes shows any

sequence similarity to the previously cloned Pto  gene.

Several resistance genes from a small group of plants

have been isolated since these original resistance genes

were cloned.  These include Rpm1 (Grant et al., 1995), Rpp5

(Parker et al., 1997), and Rps5 (Warren et al., 1998) from

Arabidopsis , Cf -2 (Dixon et al., 1996), Cf -4 (Parniske et

al., 1997), Cf -9 (Jones et al., 1994), I 2C (Ori et al.,

1997), and Mi  (Milligan et al., 1998) from tomato, Xa1

(Yoshimura et al., 1998) and Xa21 (Song et al., 1995) from

rice ( Oryza sativa ), L6 (Lawrence et al., 1995) and M

(Anderson et al., 1997) from flax ( Linum usitatissimum ), and

Hs1pro-1  (Cai et al., 1997) from sugar beet ( Beta vulgaris ).

In addition a gene proposed to be a strong candidate for

Cre 3 in wheat ( Triticum aestivum ) has been cl oned (Lagudah

et al., 1997).  This gene has not been confirmed by

transformation however.  
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These disease resistance genes can be divided into

similarity groups based on deduced amino acid sequence (for

a review see Baker et al., 1997).  The three g enes from

tomato, Cf -2, Cf -4, and Cf -9, are similar in that they

contain extensive regions of sequence identity and

similarity including an LRR and a transm embrane domain.

Hs1pro-1  is also included in this group because it shares

similar motifs with the Cf  genes, although it does differ

markedly from the Cf  genes in overall amino acid sequence.

Both Xa21 and Pto  are classified uniquely individual because

they d iffer significantly from all known resistance genes.

Xa21 contains both a protein kinase motif and LRR.  Pto

contains a protein kinase domain.  Subsequent stud ies have

shown that Pto  interacts directly with a second gene

product, Prf , which contains an NBS and LRR (Salmeron et

al., 1996).  It is postulated that Pto  is involved in

pathogen recognition, while Prf  actually triggers the

cascade of events leading to a defense response.

By far the largest group of resistance genes belongs to

the NBS-LRR group of genes.  These include N, Rps2, Rpm1,

Rpp5, Rps5, I 2C, Mi , Xa1, L6, M, and the putative Cre 3 gene.

All of these genes share significant N-terminal

conservation, including the NBS region t hat c ontains a

conserved P-loop motif, GIxGMGGxGKTLA (x=any amino acid)
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(Saraste et al., 1990), a kinase-2 region, K(R/K) �

L�VLDDV(W/D) ( �=aliphatic amino acid), and a putative

kinase-3a region, GSR �I �TTR (Traut, 1994).  In addition

there are numerous regions of undef ined conservation in the

N-terminal region.  Similarly all of these genes contain an

LRR in their C-terminal region.  The NBS region in these

resistance genes is important because it is likely to

facilitate signal transduction and thus is postulated to be

involved in triggering the d efense response.  LRR’s are not

well understood but are thought to be involved in protein-

protein interactions (Kobe and Dei senh ofer, 1995) and thus

could play a role in pathogen re cognition (Baker et al.,

1997).

Homology-based Cloning of Resistance Gene-like Sequences 

To date, all these plant disease resistance genes have

been cloned using either a map-based cloning strat egy or a

transposon-tagging strategy.  These techniques are both

tedious and tremendously labor intensive.  The cloning of

several of these NBS/LRR plant disease resistance genes with

similarly conserved structural order has sparked tremendous

interest in developing techniques that could identify other

resistance genes that share similar structure but confer

resistance to other pathogens.  By using a homology-based
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technique, one might be able to tremendously decrease both

the time and r esources required to clone a resistance gene

of interest.

Yu et al. (1996) reported a PCR-based technique that

was used in soybean to identify pote ntial resistance-gene-

like (RGL) sequences.  The strategy consisted of designing

degenerate primers from conserved sequences corresponding to

two coding regi ons from the disease resistance genes N and

Rps2.  Specifically, these primers were designed based on

the conserved P-loop and putative kinase-3a regions of the

cloned genes.  Using low-stringency polymerase chain

reaction (PCR), they w ere able to amplify corresponding

sequences of approximately 340 bp from soybean genomic DNA

that contained similar conserved sequences.  They determined

that there are at least eleven different RGL classes present

in soybean based on sequence information and hybridiza tion

patterns of the RGL sequences on a set of diagnostic

Southern blots .  The amplified sequences were then used as

probes in a mapping population to dete rmine their proximity

to the location of known soybean disease resistance genes.

Five of the eleven classes have been mapped to regions of

the soybean genome where resistance genes have been

identified.
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At about the same time Kanazin et al. (1996) reported a

similar study in soybean whereby they were able to employ a

similar technique using slightly different primers to

amplify RGL sequences.  These workers also designed a

degen erate primer corresponding to the P-loop region, but

instead of using the kinase-3a as their reverse primer, they

used a site farther downstream which corresponded to the

highly conserved GLPLAL undefined motif.  In their study

they identified nine different RGL classes, six of which

mapped near known disease resistance loci.  Inte restingly,

of the nine RGL classes they identified, only three were

closely related in sequence to the RGL sequences id entified

by Yu et al. (1996).

To date similar studies h ave been published by groups

working with potato ( Solanum tuberosum ) (Leister et al.,

1996), tomato (Ohmori et al., 1998), Arabidopsis  (Aarts et

al., 1 998; S peulman et al., 1998), lettuce ( Lactuca sativa )

(Shen et al., 1998), sunflower ( Helianthus annuum )

(Gentzbittel et al., 1998) and in the grain crops, rice,

wheat, barley ( Hordeum vulgare ), and maize (Col lins et al.,

1998; Leister et al. 1998; Seah et al., 1998).  In all of

these studies the researchers were able to identify RGL

sequences that mapped very close to or cosegregated with

resistance genes of interest.  Other unpublished work has
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turned up similar RGL sequences in oat ( Avena sativa ) and

pine tree ( Pinus radiata ) (Cheng and Armstrong, unpublished;

McCallum et al., unpublished).  

In all, no less than 150 RGL sequences have been

reported from various plant genomes.  Comparison of these

sequences along with the corresponding conserved sequence

from previously cloned resistance genes sh ows that very

different plant species, have very sim ilar t ypes of RGL

sequences.  For instance potato RGL clone, STU60080, shares

52.4% structural similarity with the lettuce RGL clone,

AF017754 and 52.9% similarity with soybean RGL clone, NBS17.

In addition, it is important to note that within a species

RGL sequences can be highly divergent as well.  For

insta nce, Arabidopsis  RGL sequence AF039377 is only 10.2%

similar to anot her Arabidopsis  RGL clone, AF039385, and is

actually more similar to a group of potato RGL sequences.

In general however, it is not surprising to notice that the

stuctural tree of RGL sequences shows that most cluster into

species specific groups.

Of course the importance of these RGL sequences is that

they may represent small sequences within a larger gene that

confers resistance to an important crop disease.  In the

works published thus far all have reported that at least

several RGL sequences map near or cosegregate with a
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resistance gene of interest.  Certainly the potential exists

to clone important genes directly using this technique.  For

instance, the recently cloned disease resistance gene, Rps5

of Arabidopsis , has been shown to contain an RGL sequence

(Warren et al., 1998).  The NBS portion of this gene was

simultaneously and independently identified by Aarts et al.

(1998), suggesting that it would have been possible to clone

this gene simply by using the known RGL sequence.

Use of these sequences to tag a gene can be complicated

however, because often times RGL sequences are members of a

mult i-gene family which cluster at a particular locus.

Multiple copies of a similar RGL sequence may be repeated in

a small genomic region, which would make it difficult to

pinpoint which sequence, if any, actually represents the

functi onal resistance gene.  In addition, highly divergent

RGL sequencess may be clustered very close to one another on

the genome.  For instance, Leister et al. (1998) identified

an RGL sequence in rice, r4, that they physically linked to

the Xa1 locus by isolating both on a single bacterial

artificial chromosome (BAC).  A group from Japan however had

simultaneously cloned the Xa1 gene and shown that in fact it

did not contain this RGL sequence, r4, but another somewhat

divergent previously unidentified RGL sequence (Yoshimura et

al., 1998).
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Resistance in Soybean to Soybean Mosaic Virus

The most important viral disease of soybean worldwide

is soybean mosaic virus disease caused by the soybean mosaic

virus (SMV).  The occurrence of this disease has been

reported where ever soybeans are cultivated (Thottapilly and

Rossel, 1987).  Outbreaks of the disease, particularly in

regions of Asia, have been blamed for severe yield losses

(Irwin and Goodman, 1981).  The disease has been reported

throughout the U.S. soybean production area with recent

yield losses being most severe in the lower Mississippi

Delta (S. Tolin, personal communication).  The upper South

has also experienced significant yield losses as a result of

SMV disease (Ren et al., 1997).

Symptoms of SMV infection on susceptible cultivars

incl ude typical mosaic-like dark and light green areas, as

well as irregular areas of raised leaf tissue and downward

curling of the leaf margins (Sinclair, 1 982).  General

stunting of infected plants is also a common manifestation

of SMV infection.  A final important symptom of SMV

infection is seed coat mottling which results in reduced

value due to decreased seed qual ity (Quiniones et al.,

1971).

As with most v iral diseases in plants, efforts to

control the spread of the pathogen primarily involves the
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development and cu ltiv ation of resistant cultivars.  Three

genetic loci controlling resistance to SMV have been

reported to date.  Rsv1, first reported by Kihl and Hartwig

(1979), is the most widely used resistance source in

commercial soybean cultivars.  Two additional SMV resistance

loci, Rsv3 and Rsv4, have been reported (Ma et al., 1995; Tu

and Buzzell, 1987). 

Resistance at the Rsv1 locus has been reported from

numerous sources.  Different alleles at this locus have been

reported including Rsv1-y from York, Rsv1-m from Marshall,

Rsv1-k from Kwanggyo, Rsv1-t from Ogden, and Rsv1-n from

PI486355 (Chen et al., 1991, Ma et al., 1995).  All of these

alleles can be distinguished by their reaction to the seven

strains of SMV G1-G7, as distinguished by Cho and Goodman

(1979).  The most important of these Rsv1 alleles, derived

from PI96983, confers resistance to all but the most

virulent strain, G7, of SMV.  This allele has been mapped in

a population of 243 F 2 individuals of the cross PI96983 X

Lee68, to a cluster of disease resistance genes on the F-

linkage group, flanked by the RFLP markers, K644 and B212

(Yu et al., 1994).  Rsv1 maps 0.2 cM from the RFLP marker

R45 (Saghai Maroof, unpublished).

Two additional independently segregating SMV resistance

loci are Rsv3 and Rsv4.  Rsv3 from L29 confers resistance to
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the more virul ent SMV strains, G5-G7, but shows

suscepti bility to strains G1-G4.  This gene was originally

derived from the soybean cultivar Columbia (Tu and Buzzell,

1987).  Rsv4 is a single dominant resistance gene derived

from PI486355 (Ma et al., 1995).  It confers resistance to

all seven strain groups of SMV and unlike all other SMV

resistance genes does not show any necrotic response.  Map

locations for the two genes, Rsv3 and Rsv4,  have not been

reported in the literature.

Research Objectives

The major focus of this research is to investigate the

genomic regions surrounding the two SMV resistance genes

Rsv1 and Rsv4.  As stated earlier, Rsv1 maps to a resistance

gene cluster on linkage group F.  Around this cluster of

genes, two RGL sequences, class b and j, have been

identified, suggesting that the potential exists to identify

resistance genes and other RGL sequences in this imp ortant

chromosomal region.  The chromosomal region where Rsv4 is

located has not been reported, thus preliminary mapping work

needs to be done to characterize the Rsv4 locus.

The specific objectives of this research are:

1)  to combine AFLP and bulk segregant analysis

strategies in a segregating F 2:3  population of D26 X Lee 68
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(Ma, 1995) to locate the chromosomal region containing Rsv4

and to then map the Rsv4 region using known markers for that

linkage group.

2) to expand on the NBS work begun by Dr. Yong Yu by

screening a cDNA library from soybean using the class b NBS5

probe that maps to the Rsv1 region, in order to clone and

characterize a full length disease resistance-like gene.

3) to develop and test a novel marker system that

combines RGL homology-based strategies with AFLP technology

to generate markers tightly linked to the Rsv1 gene.
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CHAPTER II

MOLECULAR MARKER MAPPING OF Rsv4, A GENE CONFERRING

RESISTANCE TO ALL STRAINS OF SOYBEAN MOSAIC VIRUS
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Abstract

Several genes that confer resistance in soybean to soybean

mosaic virus (SMV) have been identified.  One of these

resistance loci, Rsv4, confers resistance to all known

strain groups of SMV.  A population of 281 F 2 individuals

from the cross of D26 ( Rsv4) X Lee 68 ( rsv 4) was screened

for disease response.  Two sets of DNA from 12 to 15 F 2

individuals being either homozygous resistant or susceptible

were pooled to produce two bulk resistant and two bulk

susceptible DNA samples.  Parents and bulks were screened

with 101 AFLP primer pairs and linked polymorphisms were

identifi ed.  A putative linked locus, amplified by the

primers Mse-AAA and Eco-AAG, was converted to an RFLP and a

single polymorphic band was mapped 5 cM away from Rsv4.  The

same band was mapped in a second population containing 300

mapped loci and it was determined that this band was located

on the D1b linkage group.  Subsequent mapping in the Rsv4

mapping population has shown that the Rsv4 locus is flanked

by the microsattelite markers, Satt542 at 4.7 cM and Satt558

at 7.8 cM.
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Introduction

The most important viral disease of soybean worldwide

is caused by the soybean mosaic virus (SMV).  The occurrence

of this disease has been reported where ever soybeans are

cultivated (Thottapilly and Rossel, 1987).  Outbreaks of the

disease, particularly in regions of Asia, have been blamed

for severe yield losses (Irwin and G oodman, 1981).  The

disease has been reported throughout the U.S. soybean

produc tion area with recent yield losses being most severe

in the lower Mississippi Delta (S. Tolin, personal

communication).  Incidence in the upper South have also been

blamed for significant yield r educ tion (Ren et al., 1997).

Efforts to control the incidence and spread of SMV revolve

mainly aro und the development and utilization of cultivars

possessing SMV resistance.

To date, three distinct genetic loci have been reported

that confer resistance to SMV.  The first locus to be

identified, Rsv1 (Kihl and Hartwig, 1979), is the source of

resistance in most commercially available cultivars.

Resistance alleles at this locus have been effective against

all but the most virulent strain, G7, of SMV.  Yu et

al.(1994) mapped the Rsv1 locus on the soyb ean F linkage

group to a cluster of resistance genes flanked by the RFLP
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markers pK644 and pB212.  Rsv1 maps 0.2 cM from the RFLP

marker, R45 (Saghai Maroof, unpublished).

A second SMV resistance locus, Rsv3, derived from the

cult ivar ‘Columbia’, was reported by Tu and Buzzel (1987).

Rsv3 is a dominant resistance gene which is characterized by

stem-tip necro sis following infection by strains G1-G4 of

SMV.  The more virulent strains G5-G7 are incapable of

infecting lines possessing the Rsv3 gene.  This locus has

been mapped to the B link age group of soybean, 0.9 cM from

the RFLP locus, A519 (Kristipati, unpublished).

A third resistance locus was reported by Ma et al.

(1995).  This gene, designated Rsv4, confers resist ance to

all known strains of SMV.  It is derived from line PI486355,

which was shown to contain two resistance loci, one of which

is not allelic at either the Rsv1 or Rsv3 locus.  It is of

interest to note that this resistance gene is completely

dominant.  Many SMV resistance alleles show systemic

necrosis when present in the heterozygous state (Chen et

al., 1994).  The resistance allele at the Rsv4 locus shows

resistance without necrosis in both the heterozygous and

homozygous states.

A major focus of this research is to map the genetic

location of Rsv4 on the soybean linkage map.  By using

Amplified Fragment Length Polymorphism (AFLP)(Vos et al.,
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1995) and bulk segregant analysis (Michelmore et al., 1991)

we have identified markers closely linked to Rsv4.  AFLP is

a PCR-based molecular marker that allows researchers to

screen large numbers of loci in a short period of time.

Specifically, genomic DNA is double digested with a four-

and six- cutter restriction enzy me.  Specific adaptors are

then ligated to the restriction ends by DNA ligase.  A

subset of the generated fragments are amplified using

adaptor specific primers that contain three selective

nucleotides at the 3' end of the primer.  The

six-cutter-specific primer is end-labeled using �
32P-ATP and

polynucleotide kinase.  The PCR products are then run on a

polyacrylamide gel and visualized by autoradiography.

By combining AFLP with bulk segregant analysis, one can

quickly identify markers closely linked to a gene of

interest.  Bulk segregant analysis (BSA), first proposed by

Michelmore et al. (1991), is a strategy by which DNA from

several F 2 individuals (typically 12 to 15) of a segregating

population are pooled based on a selective criterion (in

this case disease resistance/susceptibility).  Marker

genotypes for the disease suscep tible bulk and disease

resistant bulk are determined in addition to parental

genotypes.  Polymorphisms in which the bulked samples show

the same marker genotype as their respective donor parent
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represent closely linked markers to the trait of interest.

Multiple methods have been used to identify markers that are

closely linked to a gene of interest including marker

analysis of near-isogenic-lines and bulk segregant analysis.

In an F 2 population segregating for a known major gene of

inter est, b ulk segregant analysis is the most effective way

to identify a closely-linked marker.

Numerous studies have been conducted, using BSA and

AFLP to map a gene of interest.  Jong et al. (1997) mapped

the Nb gene that confers resistance in potato (Solanum

tuberosum ) to potato virus X.  In this study they screened

parents and bulks with 96 AFLP primer combinations to

identify eight putatively linked markers.  Of these, three

AFLP bands were successfully converted to PCR-based cleaved

amplified polymorphic sequence (CAPS) markers.  These

markers were used in the mapping of the Nb locus to po tato

chromosome V.

In a similar study, Bendahmane et al.(1997) used A FLPs

to develop a high resolution map around the Rx1 locus for

extreme resistance in potato to potato virus X.  The Rx1

locus had been previously mapped to potato linkage group

XII.  In this study they screened a total of 728 primer

pairs using BSA to identify 57 potentially linked mark ers.

Of these they converted three tightly linked AFLPs to CAPS
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markers in order to determine their chromosomal location in

a large mapping population.  The three markers surrounded

the Rx1 locus and all three mapped within 0.5 cM of the

gene.  These markers should serve as valuable tools for the

physical capture of the Rx1 locus.

In soybean genetic mapping, AFLP has proven to be a

valuable marker strategy.  Maughan et al.(1996) performed an

AFLP study, evaluating 15 AFLP primer pairs for polymorphism

in 12 Glycine max  and 11 Glycine soja  accessions.  Of the

759 frag ments detected, 274 (36%) were polymorphic between

at least two accessions.  While this level of polymo rphism

can not be expected to be seen in an intraspecific cross of

closely related cultivars, the data suggest that AFLP is the

most po werful and efficient marker strategy available for

detecting polymorphism among lines. 

Keim et al. (1997) have rec ently published an

AFLP-based linkage map in soybean.  The map consists of 28

linkage groups covering 3441 cM.  Six-hundred-fifty AFLP

markers were mapped.  The map contains a marker density of 1

per 4 cM, but there are large gaps between markers in

certain regions of the genome.  This suggests t hat AFLP

markers may not be as ubiquitous as once postulated.

Rsv4 is an important resistance gene both because it

confers broad resistance to SMV and also because its mode of
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action, though not entirely understood, appears to be

distinct from the hype rsensi tive response type of disease

resistance.  Because of its unique resistance nature there

is interest in incorporating this along with other

resistance loci such as Rsv1 and Rsv3 into a single

cultivar, which would then, presumably possess multiple

lines of defense against SMV infecti on.  The ability to

pyramid resi stance genes into a single cultivar is greatly

expedited by the use of closely linked molecular markers.

Since genes s uch as Rsv4 and Rsv1 mask one another’s

presence, selecting lines that contain both genes is not

possible by simple phenotypic methods.  By using genetic

marker-assisted selection, gene pyramiding becomes a viable

breeding alternative for introducing multiple disease

resistance.

In addition, there is tremendous interest in

understanding how resistance genes are invol ved in defense

response against invading pathogens.  Numerous disease

resistance genes have been cloned in the last five years,

and a large number of these genes share common nucleotide

binding site (NBS) and leucine rich repeat (LRR) motifs.

All of these NBS-LRR genes confer resistance by means of a

hypersensitive response where-by localized cell death is

triggered in response to pathogen ingress, in order to deter
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the spread of the pathogen.  Rsv4 appears phenotypically to

be distinct from this large class of resistance genes

beca use it produces a symptomless response in the infected

plant (i.e. no observable necrosis).  Because of the unique

nature of this gene, it would be of interest to clone it in

order to better understand the mechanism controlling

resistance.  The first step toward cloning any gene of

interest such as Rsv4 is to map its location within the

genome. 

In this study the objective is to use AFLP and BSA to

identify a marker linked to the previously unmapped Rsv4

locus.  This marker will be mapped in a reference population

to identify the soybean linkage group containing Rsv4.

Finally, RFLP and SSR markers will be identified and mapped

on the Rsv4 linkage group to develop a linkage map

surrounding this important resistance locus.

Materials and Methods

Soybean cul tivar Lee68 ( rsv 4) was crossed with the

breeding line D26-1-1( Rsv4) to produce an F 2 population of

281 individuals (DL population).  Disease data for strains

G1 and G7 have been previously collected on 15 to 20 plants

of all 281 F 2:3  lines as d escribed (Ma, 1996).  This

population was used for the fine mapping of the Rsv4 locus.



43

A second mapping population of 149 individuals of the cross

V71-370 X PI407162 (VP population (Maughan et al., 1996))

that contains over 350 mapped loci, was used as a reference

population to assign Rsv4 to a previously defined linkage

group.

In the fall of 1995, 15 to 20 seeds of each F 2:3  line in

addition to parental l ines were planted in the greenhouse.

Young trifoliate leaves of all healthy germ inating plants

were collected 2 to 3 weeks after planting.  DNA was

isolated by freeze-drying followed by CTAB extraction as

described (Saghai Maroof et al., 1984).

DNA from twelve lines which are homozygous resistant

and twelve lines which are homozygous susceptible was pooled

to form bulk R and bulk S samples.  Dual bulk R and bulk S

DNA samples were made repre senting two mutually exclusive R

and S sub sets of the population.  This was done in order to

more precisely confirm the detection of a linked locus.

AFLP analysis was conducted according to Vos et al.

(1995) and Maughan et al. (1996).  Briefly bulk and parental

DNA was dou ble digested with restriction enzymes EcoRI and

MseI.  Specific Mse and Eco adaptors were ligated to the

restri ction fragment ends.  A subset of the fragments were

amplified using adaptor-specific primers containing a single

selective base at the 3' end (+1 reaction).  A second round
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of PCR was conducted in which 32P end-l abeled Eco primers

and unlabeled Mse primers were used (+3 react ion).  Each

selective primer contained three selective nucleotides at

the 3' end.  Second round PCR reactions were run on 7 M

urea, 6% polyacrylamide gels for three hours at 45 watts.

The gel was then transferred to 3MM blot paper, covered with

plastic wrap and exposed to X-ray film for three hours.

Alternatively, selective amplification was conducted using a

fluorescently-labeled Eco primer.  Amplified products were

run on a 6 M urea, 4.5% polyacrylamide gel for five hours at

1680 V and visualized using the ABI 377 gene scan system

(Applied Biosystems; Foster City, CA).  Primers used for

AFLP screening are as listed in Table 1.

AFLP bands were converted to RFLP probes by excision of

the polymorphic band from the polyacrylamide gel.  Bands cut

from the gel were eluted in 100 uL of water incubated in a

boiling bath for 15 min. (Upender et al., 1995).  After

elution, a small aliquot was used for PCR ampl ification of

the excised DNA fragment.  This PCR product was then cloned

into the pCNTR shuttle vector using the General Contractor

cloning kit from 5prime-3prime (Boulder, CO).  Subsequent

AFLP reactions were conducted on plasmid DNA, as described

above, of putative positive clones.  In this case, 50 ng of

plasmid template were used instead of genomic template.  The
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fragments were then run alongside parental DNA on a 7 M

urea, 6% polyacrylamide gel for three hours at 45 watts to

tentatively confirm that the proper band was cloned. 

Table 1.  Number of AFLP bands polymorphic between the lines D26-1-1 and Lee68.  Polymorphisms
were detected by testing 101 Eco +3/Mse +3 primer combinations using AFLP on parents and bulks of the
population D26-1-1 X Lee68.  Boxes marked in gray represent primer combinations that were not tested.

Eco AAA AAC AAG AAT ACA AGA ACC AGG ACG AGC

Mse

CAC 3 3 3 1 2 4 1 0 6 5

CAG 3 5 3 0 0 3 4 1 7 1

CAT 0 1 0 1 0 0 1 2 2

CGA 0 2 0 0 0 0 1 1 0 1

CGT 2 2 3 4 1 1 1 0 1 0

CCT 0 0 1 0 4 1 1 1 2 2

CTG 2 1 2 1 0 0 2 1 1 2

CTT 0 2 1 0 1 1 1 0

AAG 1 1 2 1

AAT 1 0 1 1

AGA 3 1 0 0

AGG 1 0 4 3

ACG 0 0 1 1

ATA 1 1 3 2
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The cloned PCR product was used as a probe for RFLP

analysis essentially as previously described (Yu et al.,

1996).  Briefly, 8 µg of parental DNA was digested with

enzymes Dra I, EcoRI, EcoRV, Hin dIII, XbaI, and TaqI,

according to manufacturers protocols.  Digested DNA was then

separated on a 1% agarose gel at 70 to 90 mAmps for 14 to 16

h.  The DNA was transferred to Hybond nylon membrane

(Amersham, P isca taway, NJ) by Southern blotting with 0.4 N

NaOH buffer.  Screening blots were hybridized with �
32PdCTP,

random primer labeled probe.  Hybridizing bands were

visualized by autoradiography on Kodak (New Haven, CT) Xomat

film.

In addition SSR analysis was co nduc ted essentially as

Cregan (1998).  Briefly 50 ng of parental and F 2 DNA was

used as template in a 20 uL reaction containing 1X reaction

buffer (10 mM Tris-HCL, 50 mM KCL, pH 8.3), 2.5 mM MgCl2, 2

uM of each primer, 50 uM each of dATP, dGTP, d TTP, 1 uM of

dCTP, and 1 uM of �32P-dCTP, and 1.0 unit of Taq polymerase.

Thirty cycles of a standard PCR reaction were run with

denatura tion at 94 (C for 30 sec., primer annealing at 50 (C

for 30 sec., and primer extension at 72 (C for 60 sec.

Primers for SSR analysis were obtained from Research

Genetics Inc. (Huntsville, AL) or cu stom made by Gibco-BRL

Life Technologies (Rockville, MD).
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Genetic mapping was conducted using the MAPMAKER

computer program (Lander et al., 1987).  Analysis was

conducted at a threshold LOD of 3.0.

Results

AFLP analysis of the DL (D26-1-1 X Lee68) population

showed a very low level of p olymorphism.  A total of 101

primer combinations were screened with DNA from pare nts and

bulks (Table 1).  A mean of 50 clearly distinguishable AFLP

bands were detected per combination.  Of these, only 141

total polymorphisms were detected between the parents among

all primer combinations tested.  This is equivalent to

approximately 1.4 polymorphisms per AFLP reaction.  This

equates roughly to a genome coverage of approximately one

polymorphic marker every 22 cM based on an average predicted

soybean genome size of roughly 3100 cM (Cregan, 1998; Keim,

1997).  Of these 141 polymorphisms, two were deter mined to

be linked to the Rsv4 gene by bulk segregant analysis.

These linked polymorphisms, R4-1 and R4-2, were detected

with the primer combinations Eco+AAA/Mse+AAT and

Eco+AAA/Mse+AGG, respectively.

R4-1 is an easily distinguishable dominant band of ~250

bp, that is absent in Lee68 and bulk S and present in D26

and bulk R (Fig. 1).  R4-1 was excised by elution and cloned
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1      2       3      4       5      6

Figure 1.  AFLP film of DL parents and bulks using primer
combination Eco+AAA/ Mse+AAT.  The arrow indicates the linked
polymorphic band designated R4-1, that is present in lanes 1,2 and
3.  Lanes are: 1=D26-1-1 (Rsv4), 2&3=resistant bulks,
4&5=susceptible bulks, 6=Lee68 (rsv4)). 

into the pCNTR shu ttle vector using the General Contractor

5prime-3prime cloning kit.  When used as a probe, the R4-1

clone hybridized to a single polymorphic band on a Southern

blot containing parental and bulk DNA digested with enzymes

EcoRI and Dra I.  Both the D26 parent and resistant bulk were

of one allele while Lee68 and the susceptible bulk were of a
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1          2          3           4          5 

B         A          B          A         H 

Figure 2.  Southern blot of parents D26-1-1 and
Lee 68 as well as 3 F2s digested with restriction
enzyme EcoRI showing hybridization with the
AFLP converted RFLP probe R4-1.  Arrows
indicate Rsv4-linked polymorphic band.  Lanes
are: 1=Lee68 (Susc.), 2=D26 (Res.), 3,4,&5=F2s
(Homozygous Susc., Homozygous Res., and
Heterozygous respectively).  A&B =
homozygous individuals, H=heterozygous
individual.

second allele.  The clone was mapped in the DL population

using the enzyme EcoRI (Fig. 2) and was found to be located

4.8 cM from the Rsv4 locus.  Similarly the probe was ma pped

in the VP population with enzyme Dra I which showed an

equivalent sized single-copy polymorphic band.  Linkage

analysis showed that the R4-1 probe maps to the soybean

linkage group D1b, 25.8 cM

from the RFLP marker A605.

Linkage of A605 to Rsv4 was

then confirmed by mapping

the A605 probe in the DL

population in order to

verify that Rsv4 is located

on the D1b linkage group.

A605 was shown to be linked

to Rsv4 at a distance of

26.3 cM (Fig. 3).

The second AFLP marker

R4-2 is a codominant AFLP

product of approximately 120

bp.  This particular band

was only weakly amplified

that hampered efforts to
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Figure 3. Map of linkage group D1b surrounding the SMV resistance locus, Rsv4. 
Map data is calculated based on a 255 individual F2 population of the cross D26-1-1
X Lee68. 

convert it to an RFLP clone.  It was instead mapped as an

AFLP marker in a 96-sample subset of the DL popula tion.

Using this data set, it was determined that R4-2 is located
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18 cM from Rsv4 on the same side as R4-1.  Because of the

distant linkage relationship, no further attempts were made

to clone this particular fragment.

Based on the D1b linkage group information, several

published RFLP and SSR markers were identified as likely

candidates to be linked to Rsv4 (Cregan et al., 1998).

Markers were screened and polymorphic l oci in cluding RFLP

marker pK19 and SSRs Satt095, Satt157, Satt558, Satt542, and

Satt266 were mapped in the DL population.  Rsv4 was mapped

to a region of D1b which is flanked by SSR m arkers Satt542

at 4.7 cM and Satt558 at 7.8 cM.

Discussion

Mapping of the Rsv4 locus was s igni ficantly expedited

by the use of AFLP and bulk segregant analysis.  This was

particularly useful because of the low level of polymorphism

observed in this particular population.  Earlier studies

have estimated the level of polymorphism detected by AFLP.

Maughan et al.(1996) observed 127 polymorphisms out of 759

bands detected in at least one of twelve G. max  lines

evaluated.  In this particular study, we obtained 141 clear

polymorphisms from approximately 5050 amplified fragments.

This works out to an extremely low level of  polymorphism of
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2.7%.  This low le vel of polymorphism is likely due to the

fact that both D26 and Lee68 are closely related to cv.

Essex, such that their genomes are likely to be very

homologous.

In this study, we were able to show that Rsv4 maps to

the D1b chromosome.  Previous work has indicated that

numerous disease resistance loci are cl ustered in various

regions of the soybean genome.  Rsv1, for instance, is

located on the F linkage group, in a small genomic region

where genes for resistance to the pathogens Phytophthora

soja  (Rps3)(Diers et al., 1992), Pseudomonas syringae  pv.

glycinea  (Rpg1) (Ashfield et al., 1998), and peanut mottle

virus (Rpv)(Roane et al., 1983) have been identified.  It is

of interest to note that Rsv4, by contrast, is located in a

portion of the g enome where no other disease resistance

locus has been identified.

The mapping of the Rsv4 locus has resulted in the

identification of closely linked markers that will be useful

in the marker-assisted s election of lines containing this

gene.  In addition we have laid the groundwork leading

toward the eventual cloning of this important gene.  Future

efforts will involve identifying more closely linked markers

in order that physical mapping of the Rsv4 region can be

conducted.
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CHAPTER III

HOMOLOGY-BASED CLONING OF A CANDIDATE DISEASE RESISTANCE

GENE IN SOYBEAN
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Abstract

The cloning of several plant genes directly involved in

triggering a resistance response has shown that numerous

resistance genes have similar conserved amino acid sequence.

This resea rch demonstrates the potential to clone disease

resistance genes from related cr ops using a homology-based

approach.  Using NBS5, a soybean resistance-gene-like clone

that maps to a cluster of resistance genes on linkage group

F, we were able to identify two putative genes, one of which

appears to be functional based on nucleotide sequence

information.  The putative functional gene contains a 3,697

nucleotide open reading frame (ORF) sequence which when

translated reveals an N-terminal region with a high level of

similarity to the NBS/LRR class of cloned disease resistance

genes.  The C-terminal region is more divergent as seen in

other cloned genes, but it does contain a direct imper fect

repeat and leucine rich r epeat (LRR) region that is

characteristic of cloned disease resistance genes.  A second

cloned gene that is homoeologous to the F-linked gene is

located on the E-linkage group.  It contains 1,565

nucleotides of ORF in the N-terminal domain.  The C-terminal

region of this gene however contains numerous stop codons

and apparent frame shifts, suggesting that its functionality

as a disease resistance gene is questionable.  These genes,
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L20a and L33, are shown to be closely related to one another

and to the members of the NBS/LRR class of disease

resistance genes.
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Introduction

The ultimate goal of mapping any disease resistance

gene is to eventually identify the nucleotide sequence which

codes for the resistance gene product (i.e., clone the

gene).  Ground breaking work employing both map-based and

transposon tagging strategies has resulted in the cloning of

a number of resistance genes (for a review see Baker et al.,

1997).  S everal of these genes, including N from tobacco

( Nicotiana tabacum ) (Whitham et al., 1994), L6 from flax

( Linum usitatissimum ) (Lawrence et al., 1995), and Rps2 from

Arabidopsis (Bent et al., 1994), contain short amino acid

sequences that are highly conserved.

Yu et al. (1996) designed degenerate primers from

conserved sequences corresponding to two coding regions from

the disease resistance genes, N and Rps2.  They were able to

amplify corresponding sequences of about 340 bp from soybean

containing similar conserved sequences.  These sequences

contained conserved nucleotide binding site (NBS) motifs

that consist of P-loop, kinase-2, and putative kinase-3a

conserved motifs.  At least eleven different resistance gene

like (RGL) classes were identified by Yu et al. (1996).  In

a very s imilar study conducted by Kanazin et al. (1996),

additional soybean RGL sequences were characterized.

Several RGL classes have been mapped to regions of the
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soybean genome where resistance genes have been identified.

For exam ple, two NBS classes, b and j, map to a resistance

gene cluster on linkage group F that includes the Rsv1 ,

Rps3, Rpv, and Rpg1 loci (Yu et al., 1996).

Similar homology-based studies have been published by

groups working with such d iverse species as potato ( Solanum

tuberosum ) (Leister et al., 1996), tomato ( Lycopersicon

esculentum ) (Ohmori et al., 1998), Arabidopsis  (Aarts et

al., 1998; Speulman et al., 1998), sunflower ( Helianthus

annuus ) (Gentzbittel et al., 1998) lettuce ( Lactuca sativa )

(Shen et al., 1998) and the grain crops, rice ( Oryza

sativa ), wheat ( Triticum aestivum ), barley ( Hordeum

vulgare ), and maize ( Zea mays ) (Collins et al., 1998;

Leister et al., 1998; Seah et al., 1998).  In all of these

studies the rese archers were able to identify RGL sequences

that mapped very close to or cosegregated with resistance

genes of interest.  Sequence databases show similar RGL

sequences reported in oat ( Avena sativa ) and pine (Pinus

radiata )(Cheng and Armstrong, unpublished; McCallum et al.,

unpublished).  In all, no less than 150 RGL sequences have

been reported from various sources.  Comparison of these

sequences along with the corresponding conserved sequences

from previously cloned resistance genes, shows that very

different plant species have very simi lar types of RGL
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sequen ces.  Potato RGL clone, STU60080 for example,  shares

52.4% structural similarity with the lettuce RGL c lone,

AF017754 and 52.9% similarity with soybean RGL clone, NBS17.

In addition, there is ev idence that within a species RGL

sequences can be highly divergent.  For instance Arabidopsis

RGL sequ ence AF039377 is only 10.2% similar to another

Arabidopsis  RGL clone, AF039385, and is actually more

similar to a group of potato RGL sequences.  In general

however, it is not surprising to notice that the stuctural

tree of RGL sequences shows that most cluster into species

specific groups.

Following analysis of the various RGL sequences cloned

from soybean it was determined that the class b clone, NBS5,

could represent sequence from an import ant gene involved in

disease resistance.  NBS5 is 36.4% similar to the NBS region

of the N gene based on structural comparison.  Its close

proximity to a cluster of resistance genes on the soybean F

linkage group, including Rsv1, Rpv, Rpg1, and Rps3, makes it

a potentially important RGL sequence that might re present a

functional resistance gene.  In addition, the fact that it

is essentially single copy upon Southern hybridization

suggests that this p articular clone might prove more easily

cloned than some other high-copy, multi-gene family, NBS

clones.
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The objectives of this research are to identify a full

length soybean gene which corresponds to the 336 bp NBS5

sequence, and to then characterize this g ene as a candidate

member of the NBS/LRR class of disease resistance genes.

Materials and Methods 

Library Screening

Two lambda cDNA libraries and one lambda genomic

library were screened in this study.  The first cDNA library

was constructed by Clontech (Palo Alto, CA) using the lambda

tripleEx™ vector.  It was produced from mRNA of 10-day-old

leaf tissue of g reenho use grown plants of line L81-4420

which contains the Rsv1 gene derived from PI96983.  The cDNA

for pro ducing this library were obtained by reverse

transcription using both random and poly-T p rime rs.  A

second library, obtained from Stratagene (La Jolla, CA), was

constructed in the lambda Uni-zap XR™ vector.  This library

was produced from mRNA obtained from 12-day-old epicotyl

tissue of greenhouse grown plants of the cultivar Williams

82.  In this library, only poly-T primer was used for cDNA

construction.  A single lambda genomic library of the

cultivar Williams 82 was screened.  This library was

constructed by Stratagene using the lambda FixII™ vector.
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Libraries were plated out onto 150 mm plates according

to manufacturer’s protocols.  Positive plaques were

identified by transfer to Nylon membranes, followed by

hybridization with 32P-labeled probe, NBS5 (and later the

partial cDNA L2-5i).  Briefly, Magnalift (MSI, Westboro, MA)

nylon membranes were positioned onto freshly gr own pl ates

for three to four minutes.  They were then washed for five

minutes in a denaturing buffer (1.5M NaCl, 0.5N NaOH)

followed by a five minute wash in a neutraliziation bu ffer

(1.5 M NaCl, 0.5 M trisHCl pH7.5).  Finally, the blots were

rinsed in 2X SSC before being dryed and baked at 90 (C for 2

h.  Lifts were then prehybridized for 20 hours in (1 M

NaH2PO4, 1 M Na 2HPO4, 1 M PB buffer, 100 D enhardt’s solution,

and 5 mg/mL salmon sperm DN A).  Random-primer labeled probe

was added to the buffer and the lifts were incubated for 20

h at 65 (C.  Blots were t hen was hed twice for five minutes

with cold low stringency buffer (2X SSC, 0.5% SDS), followed

by a fifteen minute wash with a higher stringency bu ffer

(0.5X SSC, 0.1% SDS) at 65 (C, and a second five minute wash

under the same conditions.  Lifts were covered with plastic

wrap and exposed to Kodak (New Haven, CT) Xomat X-ray film

for 8 to 24 hours.  Positive plaques were excised from

primary plates and were screened a second time using 90 mm

plates at low plaque density to isolate single positives.
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Evaluating positive clones

Lambda cDNA positives were converted to plasmid

according to manufacturer’s protocol for further analysis.

Lambda DNA from the FixII™ genomic library was extracted

using the Promega Wizard™ lambda DNA e xtract ion kit, or

conversely by ZnCl 2 precipitation according to Ming-Tsan et

al.(1998).

Positive cDNA clones were mapped in two soybean

populations.  The population V71-370 X PI407162 (VP) was

used for identifying the map location of positive clones

(Maughan et al., 1996).  This population of 149 individuals

contains over 350 mapped loci covering all 20 linkage groups

(Saghai Maroof, unpublished).  A second popul ation from the

cross PI96983 X Lee68 (PL) was used for fine mapping of the

Rsv1 region.  This population co ntains 243 F 2 individuals

segregating for the Rsv1 locus, and has at least 40 markers

placed in the Rsv1 region of the F-linkage group.

Parental diagnostic and F 2 Southern blots were made as

previously described (Yu et al., 1996).  Briefly, 8 µg of

parental and/or F 2 DNA were digested with enzymes Dra I,

EcoRI, EcoRV, Hind III, XbaI, and TaqI according to

manufacturers protocols (Gibco-BRL, Rockville, MD).

Digested DNA was then separated on a 1% agarose gel at 70 to

90 mAmps for 14 to 16 hours.  The DNA was transferred to
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Hybond™ nylon membrane (Amersham, Piscataway, NJ) by

Southern blott ing with 0.4 M NaOH buffer.  Screening blots

were hybridized with �32PdCTP, random-primer labeled probe

(Ambion, Austin, TX).  Hybrid izing bands were visualized by

autoradiography on Kodak Xomat™ film.  Bands were mapped

based on genetic distances calculated by MapMaker 4.0 at LOD

3.0 (Lander et al., 1987).

Positive cDNA clones were sequenced either at the

University of Georgia Molecular Genetics facility using an

ABI373, or in-house using an ABI377 DNA sequ encer (Applied

Biosystems, Foster City, CA).  Plasmid template was prepared

by a standard alkaline-lysis procedure followed by

purification using QiaexII (Qiagen, Valencia, CA).

Sequencing was performed based on Perkin Elmer

recommendations using dye-labeled terminators in a cycle

sequencing reaction.  Sequence assembly and analysis was

conducted using Lasergene software from DNAstar (Madison,

WI).

Results

Identifying a partial cDNA corresponding to NBS5

The initial screening with the NBS5 clone was conducted

in the Fall of 1996.  A Clontech cDNA libr ary, custom made

from the line L81-4420, was screened with the 336 bp NBS5
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insert amplified with specific internal primers (tnk005R&F)

using NBS5 plasmid as tem plate.  Originally 23 150 mm

plates, with an average density of ~1500 plaques/plate, were

screened by hybridization of lifts in triplica te.  In this

original screen a single positive clone, L2-5i, was

isolated.  This clone was evaluated during the Fall of 1996.

After conversion of this clone to plasmid, digestion with

EcoRI excised a single 2 kb band.  Southern hybridization

demonstrated that this clone hybridized to the same

restriction fragment ( EcoRI in VP) as the smaller NBS5 clone

and correspondingly mapped to the same locus.

Sequence analysis of the L2-5i insert revealed a clone

of 1,947 nucleotides in le ngth.  The clone contained 1,569

base pairs (bp) of open reading frame (ORF) sequence

preceded by 52 bp 5' of the start si te, interrupted by a

single 123 bp putative intron, and followed by 203 bp of a

second putative intron.  The first exon contained the entire

NBS5 sequence.  Additionally sequences outside of the NBS

region showed conservation with motifs identified from other

previously cloned disease resistance genes.  Sequence

comparison was made with a partially s equen ced soybean

genomic clone, B23, previously ident ified by Yu et al.

(1996), and it was confirmed that this clone corresponded

very closely to sequence data of the genomic clone.  After
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analysis it was hypothesized that L2-5i represented a

partial length genomic contaminate sequence (i.e., genomic

DNA cont amina ting the cDNA library) corresponding to a

putative resistance gene.

Additional cDNA library screening with L2-5i

In order to obtain a full length cDNA we used the L2-5i

clone as a probe to screen the same library.  Plaque density

was increased to ~17500 plaques per 150 mm plate in order to

increase the number of positives identified.  This screen

was conducted in the late Fall of 1996.  In the primary

screen, 32 plaques were identified as potential positives.

After secondary screening, 22 clones were co nverted to

plasmid for further analysis.  After insert amplification of

at least 5 clones from each putative positive convertant, no

cDNA was identified that was larger than the original 2 kb

clone, L2-5i.  Four positives were confirmed by

hybridization followed by full or partial sequencing.  All

of these were determined to contain portions of the same or

essentially the same sequence as L2-5i.  The positives

analyzed were L75-5L, L76-5L, L78 D-5L, and L85-5L.  The

complete sequencing of the L75-5L clone confirmed that L2-5i

did indeed contain 123 bp of intron sequence.  This was

confirmed by the observation that both  L75-5L and L85-5L

contained continuous ORF sequence and lacked the 123 bp of
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L20a-5L  (3.7kb)

L75-5L (1kb)

L76-5L (1.1kb)

L78D-5L (1.1kb)

L85-5L (1kb)

L26-5L (3kb)

L28-5L (1.8kb)

L2-5i (2kb)

Figure 1.  All F-linked cDNA clones sequenced showing which portion of the
partial cDNAs is present as compared to the full-length clone L20a-5L.  Clones
were isolated from cDNA libraries of Williams 82 (L20a-5L, L26-5L, L28-5L)
and L81-4420 (all others).  Circles represent sequence present in some but not
all clones.

sequence found in L2-5i (all NBS5 cDNAs characterized at the

sequence level in this project are summarized in Fig. 1).

Since only 5' sequence of the various cDNAs had been

identified in the initial two cDNA library screens and in

the g enomic clone previously reported, it became apparent

that our focus should shift to obtaining sequence

corresponding to the 3' end of the NBS5 gene sequence.

Screening of a cDNA library from cv. Williams 82

It was reasoned that since obtaining the 3' sequence

was our major goal, we should screen a cDNA library made
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only from poly-T primer.  The lambda triplEx library was

constructed using both poly-T and random primers.  By

ensuring that the poly-A tail was present we could be

assured of obtaining a clone containing the 3' end of the

NBS5 gene sequence.  A soybean cDNA library of cv. Williams

82 was obtained from Stratagene in the winter of 1996 and

screened in January of 1997.  The library was screened with

L2-5i using a plaque density of ~15000/plate.  Forty-two

plates were screened with duplicate lifts.  A total of seven

putative positives were excised for secondary analysis.  Of

these, six were continued for plasmid conversion and further

analysis.

Identification of two types of cDNA clone mapping to E and F

homoeologous chromosomal regions

The six positives identified were L9-5L, L10-5L,

L21-5L, L26-5L, L28-5L, and L29-5L.  Hybridization indicated

that all the clones were similar, but with some very

distinct differences.  Clones L26 and L28 hybridized

strongly to the same polymorphic restriction fragment ( EcoRI

in VP) previously mapped to linkage group F using NBS5 (Fig.

2).  The other four clones hybridized weakly to this same

restriction fragment.  Conversely these four clones

hybridized strongly to a se cond polymorphic fragment in

which L26 and L28 hybridized very weakly.  This band mapped
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V PP V

L29-5L L26-5L

Figure 2.  Southern blot of DNA from the mapping parents V71-370
(V) and PI407162 (P) digested with enzyme EcoRI.  The same blot
was hybridized with the putative E-linked cDNA clone, L29-5L and
the putative F-linked cDNA clone, L26-5L.  Dashed arrows indicate
a polymorphic band mapping to linkage group E.  Solid arrows
indicate a polymorphic band mapping to linkage group F.

to a previously identified hom oeolog ous region on linkage

group E (Shoemaker et al., 1996).  B ased on these

observations we deduced that these six NBS5 cDNA clones

represent sequences from two unique loci.  One gene sequence

corresponding to NBS5 is coded for on chromosome F, while a

second gene sequence, homoeologous to NBS5, is coded for on

chromosome E.

Sequence analysis indicated that in fact the six

sequenced clones did fall into two distinct sequence classes

as previously described based on hybridization experiments.

Not surprisingly, all of the six clones contained 3'
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untranslated seque nce indicating that we had fulfilled our

goal of cloning the 3' region of the NBS5 gene.

Disappointingly neither of the two F-linked clones, L26 or

L28, was determined to be full length.  

Evaluation of a f ull length chimeric contig of the F-linked

clone

Both F-linked clones (L26-5L and L28-5L), from the

Williams 82 library, did however cont ain overlap sequence

with the original clone, L2-5i from the L81-4420 library.

Consequently a working chimeric full-length contig was

cons tructed using clones L28-5L and L2-5i.  The ORF overlap

length was approximately 269 bp.  Within this overlap region

there are ~12 apparent nucleotide discrepancies, presumably

a product of the two cDNA clones being derived from

different soybean lines.  None of the nucleotide changes

caused significant discrepancies in the de duced amino acid

sequence, such as frame shifts or stop codons.  Si gnificant

analysis and comparison was done betw een this chimeric

contig and other resistance genes.  These indicated upwards

of 30% similarity between this cDNA sequence and tobacco

resistance gene N.

Evaluation of the E-linked clones

In addition to the sequence analysis of the F-linked

NBS5 clones, there was an effort to characterize the newly
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identified E-linked clones, L9-5L, L10-5L, L21-5L, and L29-

5L.  L21-5L (4.5 kb) and L29-5L (2.5 kb) were completely

sequenced.  Because of its large size, L21-5L was postulated

to be a full or near full length clone.  In fact however, it

was determined that a por tion of the clone L21-5L was

unrelated to NBS5.  L21-5L resulted from the ligation of 3.2

kb of cDNA  from the E-linked NBS5 sequ ence and 1.3 kb of

unrelated soybean cDNA sequence.  The unrelated 1.3 kb of

cDNA sequence was highly homologous to a number of �-

glucosidase genes that have been previously cloned from

other crops (Oxtoby et al., 1991; Xue et al., 1992).

Another E-linked clone, L9, showed a similar chimeric

clone structure.  This clone contained seq uence highly

homologous to a proline-rich 14kDa putative protein cloned

from kidney bean ( Phaseolus vulgaris )(Choi et al., 1996).

Similarly the L10 cDNA showed a chimeric structure, but the

identity of the unrelated sequence could not be confirmed.

Full or partial sequence information obtained on all four

E-linked clones indicated that none of them were of full

length.

Alternative approaches for identifying a full-length clone

While efforts to this point had resulted in the cloning

of multiple cDNA clones, which when taken in concert, gave a

clear picture of the sequence that makes up the NBS5 gene,
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we still did not have a single clone containing the full

gene.  At this point, efforts were made to use all of the

known sequence information to amplify either a full length

clone from cDNA and genomic library template or just

directly from gen omic DNA template.  Primers which had been

designed during sequencing were used along with a pair of

primers designed specifically from the ends of the cDNA

clones.  These primers were called FLNBS5F and FLNBS5R.

While numerous bands were amplified from library and genomic

DNA, these efforts were not successful in generating or

detecting a full length clone.

Identification of a full-length F-linked and E-linked clone

A final effort was made in the Spring of 1997 to screen

the Williams 82 cDNA library once again to obtain additional

NBS5 related clones.  A total of 54 150 mm plates with a

plaque density of ~15000 per plate were screened with the

clone L2-5i.  Twelve putative po siti ves were excised after

the prim ary sc reening.  Following secondary screening all

twelve were converted to plasmid for further analysis.

After PCR and/or restriction analysis and Southern

hybridization, two clones were found to be identical to

previously identified cDNAs.  The clones L27-5L and L41-5L

are repeats of L21-5L and L26-5L, res pectiv ely.  In

addition, two new la rge- insert positives, L20a-5L (3.7 kb)
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MSKAVSESTDIRVYDVFLSFRGEDTRRSFTGNLYNCLEKRGIHTFIGDYD   50
FESGEEIKASLSEAIEHSRVFVIVFSENYASSSWCLDGLVRILDFTEDNH  100
RPVIPVFFDVEPSHVRHQKGIYGEALAMHERRLNPESYKVMKWRNALRQA  150
ANLSGYAFKHGDGYEYKLIEKIVEDISNKIKISRPVVDRPVGLEYRMLEV  200
DWLLDATSLAGVHMIGIC GIGGIGKTTLARAVYHSAAGHFDTSCFLGNVR  250
ENAMKHGLVHLQQTLLAEIFRENNIRLTSVEQGISLIKKMLPRKRLLLVL  300
DDVCELDDLRALVGSPDWFGPGSRVIITTR DRHLLKAHGVDKVYEVEVLA  350
NGEALELLCWKAFRTDRVHPDFINKLNRAITFASGIPLALELIGSSLYGR  400
GIEEWESTLDQYEKNPPRDIHMALKISFDALGYLEKEVFLDIACFFNGFE  450
LAEIEHILGAHHGCCLKFHIGALVEKSLIMIDEHGRVQMHDLIQQMGREI  500
VRQESPEHPGKRSRLWSTEDIVHVLEDNTGTCKIQSIILDFSKSEKVVQW  550
DGMAFVKMISLRTLIIRKMFSKGPKNFQILKMLEWWGCPSKSLPSDFKPE  600
KLAILKLPYSGFMSLELPNFLHMRVLNFDRCEFLTRTPDLSGFPILKELF  650
FVFCENLVEIHDSVGFLDKLEIMNFEGCSKLETFPPIKLTSLESINLSHC  700
SSLVSFPEILGKMENITHLSLEYTAISKLPNSIRELVRLQSLELHNCGMV  750
QLPSSIVTLRELEVLSICQCEGLRFSKQDEDVKNKSLLMPSSYLKQVNLW  800
SCSISDEFIDTGLAWFANVKSLDLSANNFTILPSCIQECRLLRKLYLDYC  850
THLHEIRGIPPNLETLSAIRCTSLKDLDLAVPLESTKEGCCLRQLILDDC  900
ENLQEIRGIPPSIEFLSATNCRSLTASCRRMLLKQELHEAGNKRYSLPGT  950
RIPEWFEHCSRGQSISFWFRNKFPVISLCLAGLMHKHPFGLKPIVSINGN 1000
KMKTEFQRRWFYFEFPVLTDHILIFGERQIKFEDNVDEVVSENDWNHVVV 1050
SVDVDFKWNPTEPLVVRTGLHVIKPKSSVEDIRFIDPYKPTFL 1093

Figure 3.  Deduced amino acid sequence of the open reading frame portion of cDNA clone
L20a corresponding to the NBS5 sequence of soybean.  The putative protein is 1092 amino
acids in length.  The nucleotide binding site portion of the sequence is in bold letters.  The
leucine rich repeat region is underlined.

and L33-5L ( 3.5 kb), were identified as potential full

length clones.  Southern hybridization indicated that L20a-

5L was F-linked while L33-5L was E-linked.  Both clones were

sequenced in July of 1997.  After sequence analysis it was

confirmed that L20a-5L represented the full length cDNA

corresponding to the original 336 bp NBS5 sequence.

Evaluation of full length, F-linked clone, L20a-5L

L20a-5L has an insert size of 3,697 nucleotides,

including a 19 nucleotide poly-A tail.  The putative s tart
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site is located at position 73 and the ORF extends to a stop

codon ending at position 3354.  The total length of the NBS5

F-linked gene is 3,279 nucleotides which translates to a

1093 amino acid protein (Fig. 3).  The clone contains 344

nucleotides of 3' untranslated sequence.  Interestingly

there is 546 nucleotides of sequence present in L20a-5L

which is not present in the partial clone L28-5L.  This

suggests the possibility of two alternatively spliced mRNAs

derived from this single gene sequence.  Hybridization of

L20a-5L with diagnostic southern blots showed the expected

F-linked pattern, but revealed a new polymorphic band that

had not been observed in any of the other partial cDNAs.

This band maps to the E linkage group near RFLP marker

pB212, in a location 45 cM from that of the homoeologous E-

linked clones mapped in this study.

Sequence analysis indicates that L20a-5L shares

numerous conserved, defined and unde fined motifs with NBS-

LRR type resistance genes.  Based on clustal alignment

analysis (Higgins and Sharp, 1989), L20a-5L is most similar

to N, a virus resistance gene from toba cco, sharing 26%

sequence similarity.  It is least similar to Xa1, a

bacterial resistance gene from rice, sharing only 12%

similarity (Fig. 4).
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L20a (soybean)
N (tobacco)

RPP5 (arabidopsis)
M (flax)

L6 (flax)
RPS2 (arabidopsis)

Rps5 (arabidopsis)
Xa1 (rice)
Cre3 (wheat)

I2c-1 (tomato)
I2c-2 (tomato)

RPM1 (arabidopsis)

Percent Similarity

1 2 3 4 5 6 7 8 9 10 11 12

1 26.0 12.6 13.1 21.6 20.4 12.3 22.7 14.6 12.0 12.3 14.3 1 L20a (soybean)

2 11.9 12.2 20.8 20.7 13.0 25.0 12.8 11.7 13.8 14.2 2 N (tobacco)

3 75.7 13.4 13.0 17.2 12.2 13.2 17.5 17.6 15.2 3 I2c-1 (tomato)

4 13.5 14.8 19.0 14.0 14.3 16.8 17.7 16.6 4 I2c-2 (tomato)

5 70.0 14.3 16.9 13.4 12.6 12.5 11.6 5 M (flax)

6 13.9 17.2 14.0 12.5 12.0 10.9 6 L6 (flax)

7 12.4 15.7 12.0 15.3 16.1 7 RPM1 (arabidopsis)

8 13.3 13.1 11.9 12.8 8 RPP5 (arabidopsis)

9 13.0 14.2 27.0 9 RPS2 (arabidopsis)

10 18.1 13.4 10 Xa1 (rice)

11 13.2 11 Cre3 (wheat)

12 12 Rps5 (arabidopsis)

1 2 3 4 5 6 7 8 9 10 11 12

A

B

Figure 4.  A.  Phylogenetic tree of L20a-5L and cloned NBS-LRR disease resistance genes showing
relatedness based on deduced amino acid sequence of full-length genes.  Comparisons were made
using the Clustal alignment method (Saitou and Nei, 1987).  B.  Percent similarity table based on the
same Clustal analysis.

Evaluation of full length, E-linked clone L33-5L

Sequencing of the second positive clone, L33-5L,

indicated that it too represents a full length sequence

which is homoeologous to L20a.  L33 is 3,525 nucleotides in

length including a 15 nucleotide poly-A tail.  The start

site for this clone is proposed to begin at position 82.

The open reading frame for this clone only extends to

position 1646.  At this point, there is a single stop codon
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followed by sequence that is highly characteristic of

intron.  T his intron-like sequence extends for 250 bp.

Following this there is severely disjointed "ORF" sequence

which proceeds until a stop codon ending at po sition 3190.

With the exception of the first 1,565 nucleotides of ORF

sequence, this clone does not contain continuous

translatable sequence.  By comparing the sequence of L20a

with L33, one could detect the continuation of translated

sequence that shifted frames multiple times and even

includes two point mutations to a stop codon.  Notably there

is ~250 bp of sequence present in L33 not present in L20a,

and similarly ~300 bp present in L20a not detected in L33.

It is clear however, that L33 does not code for a full

length RGL protein product like L20a.

Discussion

In this study a gene was identified that corresponds to

the 336 bp RGL sequence, NBS5 of soybean.  After completely

sequencing this gene as represented by the L20a-5L cDNA

clone, sequence comparisons were done to dete rmine the

relatedness of this clone to other cloned disease resistance

genes (Fig. 4).  L20a-5L clearly belongs in the class of

plant disease resistance genes that contain an NBS and LRR.

The L20a-5L clone most closely r esembles the N gene cloned
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from tobacco that confers resistance to tobacco mosaic

virus.  Sequence similarity between these two genes is 26%.

L20a-5L is in a subgroup of NBS-LRR resis tance genes, which

includes N, L6 (flax), M (flax), and Rpp5 ( Arabidopsis ).

Similarities of these c lones to L20a-5L range from 20.4% to

26%.  A second subgroup of NBS-LRR genes which includes Rps2

( Arabidopsis ), Rpm1 ( Arabidopsis ), I2 (tomato), Xa1 (rice),

and the putative Cre3 gene (wheat) are similar to L20a-5L in

the range of 12% to 14 .6%.  The N-terminal region of the

translated L20a-5L sequence contains numerous conserved

motifs, both defined and undefined, that are shared by the

members of this group.  These include the P-loop, kinase-2,

and putative kinase-3a regions as defined by Lawrence et al.

(1995), who also described other undefined re gions of amino

acid conservation.  All the potentially significant

conserved motifs shared between L20a-5L and other cloned

resistance genes that are present in the N-terminal half of

the protein are listed in Table 1.

In addition to N-terminal conservation in the putative

protein product of L20a-5L, there are conserved

characteristics in the COOH-terminal region which further

suggest a disease resistance role for this gene product.

Like all genes in this class, L20a-5L contains a region that

resembles the common LRR found on all NBS-LRR resistance
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Figure 5.  Leucine rich repeat (LRR) COOH terminal motif of L20a. 
Consensus residues are present in at least half of the repeats.  Numbers
represent nucleotide position. "� " signifies an aliphatic amino acid and
"x" signifies any amino acid.

genes in this portion of the protein product (Fig. 5).

While no two LRRs in this superfamily of genes are

identical, all share commonalities of structure.  LRRs are

hypothesized to

play a role in

prot ein- protein

i n t e r a c t i o n s ,

which sugg ests

that this portion

of the gene is

i n v o l v e d  i n

p a t h o g e n

r e c o g n i t i o n

(Baker et al.,

1997).  It is

p e r h a p s  n o t

surprising then

that all of these

resistance genes show slightly different LRR patterns,

lending to their various specificities.

Several of these NBS-LRR genes also contain a direct

imperfect repeat sequence in the COOH region.  Both L20a-5L

and N have a small repeat region.  Others such as L6, M, and

Rpp5, contain an extensive region which is d irectly
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imper fectly repeated.  Still others such as Xa1 have an

extensive COOH region in which a stretch of sequence is

imperfectly repeated several times.  Again these

commonalities of basic structure with diverse specifics

further support the notion that this region of the gene-

product may be involved in specific reco gnition of some

aspect of the pathogen.

We have identified a soybean gene, L20a, that directly

matches the RGL NBS5 sequence that maps to a multigene

family of resistance genes on linkage group F.  Mapping data

to date indicate that there is genetic distance between L20a

and Rsv1, making this cDNA an unlikely candidate to be the

Rsv1 gene.  In addition Rpv seems to be an unlikely

candidate, based on mapping data of the VP population

(Sag hai Maroof, unpublished).  Ashfield et al. (1998) have

reported that there is genetic distance between NBS5 and

Rpg1 for resistance to  Pseudomo nas syringae  pv. glycinea ,

making this resistance locus an un likely candidate.  Other

resistance genes in this F-linked region include Rps3 for

resistance to Phytophthora sojae  and QTLs for resistance to

soybean cyst nematode (SCN ( Heterodera glycines  Ichinohe))

and root knot nematodes (RKN ( Meloidogyne javanica  and

Meloidogyne arenaria  Chitwood)) (Tamulonis et al., 1997a).

Cosegregation of this clone with other disease resist ance
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genes in other pop ulatio ns, as yet has not been confirmed.

It is interesting to note that major QTL’s for resistance to

root knot nematode have been reported on linkage group E and

F (Tamulonis et al., 1997b) directly where major bands for

cDNA clone L20a-5L have been mapped.  These QTL’s account

for o ver 50% of the variation observed in lines segregating

for resistance.

The identification of a single gene on the F-linkage

group which corresponds to NBS5 suggests that RGL clones may

be potentially useful in identifying functional resistance

genes.  Be cause we selected an RGL clone that was

essentially single copy, we were able to locate a

corresponding single copy gene.  Soybean is thought to be

derived from an allotetraploid progenitor (Hymowitz and

Singh, 1987), therefore it is not surprising that we

identified a homoeologous coding sequence on linkage group

E.  Shoemaker et al. (1996) have previously r eported an

extensive region of ho moeology between the soybean E and F

linkage groups.  It is apparent from the sequence data that

this homoeologous gene on E is not a com plete resistance

gene as NBS-LRR disease resistance genes are understood.

Instead it seems to represent the genetic degr adation of a

resistance locus.  That is to say, a number of mutations are

evident in L33-5L which result in frame shifts and stop
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codons, as compared to L20a.  It is interesting to note,

however, that the N-terminal region of this E-linked gene

remains in tact.  There is uni nterrupted ORF through the

entire portion of the gene that is highly conserved in other

NBS-LRR resistance genes.  This portion of the gene is

postulated to be involved in signal transduction following

triggering of the defense response.  This conservation of

ORF sequence could indicate some potential role for this

truncated protein product.

Having identified an apparent resistance gene in

soybean, the next major goal remaining is the identification

of the pathogen interaction in which the NBS5 gene is

involved, if any.  There is the likelihood that the sequence

cloned from Williams 82 rep resents a susceptible allele, in

which case transformation experiments would be pointless.

Pedigree information does not mention the presence of any

resistance genes in Williams 82 that are known to be present

on the F-linkage group.  Further studies will have to be

conducted in order to dete rmine the nature of this apparent

disease resistance gene in soybean.
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Table 1.  Regions of conservation shared by L20a-5L and other NBS/LRR type disease resistance genes.
Amino acids in parentheses denote alternate residues and “x” indicates any amino acid.

MOTIF
L20a
location

Motif
definition

Shared with

YD(VL)(FL)LSFR(GK)xDTR 14-22 N,M,L6,RPP5

IHTFx(GD)D 42-48 N,M,L6,RPP5

LxxAIxx(SA) 61-68 N,M,L6,RPP5

(VI)(VPI)(VI)(FI)Sx(NG)
YAxSxWCLxxLVxI

72-92 N,M,L6,RPP5

(VI)(IL)P(VI)F(FY)(DM)V
(ED)PSxVRxQxGx(YF)

103-122 N,M,L6,RPP5

WxxALxx(AI)(AG)x(LI)(SA
K)G

144-156 N,M,L6,RPP5

(DQ)x(IFLV)(VF)G(LIR)(E
D)xx(MLIV)xx(VIL)xxxL

188-204 N,M,L6,RPP5

(MIV)(MIVL)(GP)(ILV)xG(
MIV)(GS)G(MIVLS)GK(TS)T
(LIT)A(RKQ)A(VIL)(FY)

214-233 p-loop N,M,L6,RPP5, I2, RPM1,
Rps2, Cre3

(QH)FDxx(CAI)(FW)(VLF) 239-246 N,M,L6,RPP5, I2, RPM1,
Rps2, Cre3

QxxL(VL)(AS)E(IL)(FL)R 262-271 N,M,L6,RPP5

LxxK(RK)(VFLIY)(LI)(VIL
)(VL)LDD(VI)

291-303 Kinase-2 N,M,L6,RPP5, I2, RPM1,
Rps2, Cre3

GS(RK)(VIF)(MIL)(MIVLF)
T(ST)R

322-330 Kinase-3a (putative) N,M,L6,RPP5, I2, RPM1,
Rps2, Cre3

L(AS)xxx(AS)(LIFW)xL(LI
F)xx(HK)AF

349-366 N,M,L6,RPP5, I2, RPM1,
Rps2, Cre3

G(IL)PLA(ILA)xx(LIV)(GA
)(SG)x(LM)

385-397 N,M,L6,RPP5, I2, RPM1,
Rps2, Cre3

L(KR)(IVF)S(FY)DxL 424-431 N,M,L6,RPP5, Rps2

(KRQ)x(CIMVL)FL(DYCF)(I
C)(AS)(ICL)(FY)(FPL)

439-446 N,M,L6,RPP5, I2, RPM1,
Rps2, Cre3

L(IAV)(EDQ)(KR)(SC)(LM)
(IV)x(IV)

473-481 N,M,L6,RPP5

Gx(VIL)xMHDL(IL)(QRE)x(
ML)G(RK)(EY)I(VD)

485-501 N,M,L6,RPP5

PGKRSR(IL)(WT)xxE(DE)(I
VG)xx(VL)Lxxx(TK)G(TS)

509-531 N,M,L6,RPP5

(FV)(LKV)x(ML)xxLRx(FL) 555-564 N,M,L6,RPP5
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CHAPTER IV

HOMOLOGY-BASED MAPPING OF THE LOCUS Rsv1 USING A MODIFIED

AFLP APPROACH
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Abstract

In order to develop new genetic markers that might map very

close to Rsv1 , an important gene for resistance to soybean

mosaic virus, we employed a marker-based system that

utilizes the speed and high throughput of AFLP, but modifies

it to incorporate sequence information from highly conserved

regions of cloned disease resistance genes.  By using

labeled degenerate primers corresponding to the P-loop

region of resistance genes such as N, L6, and Rps2, we were

able to quickly amplify numerous pol ymorphic bands in a

population segregating for resistance to Rsv1.  Bulk

segregant analysis revealed three markers that were closely

linked to Rsv1.  These markers were cloned and used as

probes for RFLP analysis.  The three clones mapped to within

a 6 cM region surrounding Rsv1, the closest being 0.6 cM

from Rsv1.  Sequence analy sis showed that all three clones

contained the P-loop sequence corresponding to the

dege nerate primer.  Further analysis indicated that one of

the three clones contained open reading frame sequence which

when translated was very closely related to the nucleotide

binding site region of other cloned disease resistance

genes.
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Introduction

In attempting to develop high resolution maps

surr ound ing genes of interest, it is important to generate

markers that specifically target that chromosomal region of

interest.  A recent focus of the mapping work in our lab has

been the fine mapping of the region on linkage group F

surrounding Rsv1.  Rsv1 is an important gene conferring

resistance to soybean mosaic virus (SMV).

SMV is the most important virus infecting soybean

worldw ide (Thottapilly and Rossel, 1987).  It has been

reported wherever soybean is cultivated, and has been

implicated in devastating outbreaks in several Asian

countries (Irwin and Goodman, 1981).  In recent years

sign ificant losses have been reported in the lower

Mississippi delta, which is an important soybean growing

area.  Yield trials in Mississippi reported losses of up to

43% on cultivars that did not carry genetic resistance to

SMV (Tolin, personal communication).  A similar published

study from Kentucky repo rted yield losses approaching 25%.

(Ren et al., 1997).

The most common SMV resistance gene, Rsv1, has been

reported from numerous genetic sources (Chen et al., 1991).

The most important of these Rsv1 alleles derived from

PI96983, confers resistance to all but the most virulent
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strain, G7, of SMV.  Rsv1 has been mapped on the soybean

genome to a 5 cM-cluster of resistance genes on the F

linkage group (Yu et al., 1994), which includes Rps3, Rpg1,

and Rpv, all of which are flanked by the RFLP markers K644

and B212 (Ashfield et al., 1998; Diers et al., 1992; Saghai

Maroof, unpublished).  In a population of 243 F 2 individuals

of the cross PI96983 ( Rsv1) by Lee68 ( rsv 1), Rsv1 maps 0.2

cM from the RFLP marker R45 (Saghai Maroof, unpublished).

Numerous RFLP, SSR, and AFLP markers have been mapped to

this region.

The initial focus of fine mapping this region involved

the placement of previously reported markers on a soybean

map generated u sing t his F 2 population segregating at the

Rsv1 locus.  Subsequent efforts have involved identifying

new markers that map close to this gene.  The cloning of

several disease resistance genes and the subsequent

identification of regions of homology has led to the

development of PCR strategies that specifically detect

sequences in several crops including soybean which contain

these regions of conservation (Yu et al., 1996; Kanazin et

al., 1996).  These resistance gene-like (RGL) sequences have

been mapped to numerous chromosomal regions in soybean where

disease resistance genes are known to exist, including the

region surrounding Rsv1.
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Yu et al. (1996) developed a technique that consisted

of designing degenerate primers from conserved sequences

corresponding to two coding regions from the disease

resistance genes, N (Whitham et al., 1994) and Rps2 (Bent et

al., 1994).  Specifically, these primers were designed based

on the conserved P-loop and putative kinase-3a regions of

the cloned genes.  Using low-stringency polymerase chain

reac tion (PCR) they were able to amplify corresponding

sequen ces of approximately 340 bp from soybean genomic DNA

that contain similar RGL conserved sequences.  Hybridization

and sequence analysis showed that there are at least eleven

classes of RGL sequences in soybean.  The RGL clones were

used as probes in a mapping population to determine their

proxi mity to the location of known soybean disease

resi stance genes.  Five of the eleven classes have been

mapped to regions of the soybean genome where resistance

genes have been identified.  Two of these clones, class b

(NBS5) and class j (NBS61) map to within 1 cM of Rsv1 on the

F linkage group.  Similar studies in a number of crops

indicate that these RGL sequences are abundant in numerous

plant genomes (Leister et al., 1996; Ohmori et al., 1998;

Aarts et al., 1998; Speulman et al., 1998; Gentzbittel et

al., 1998; Leister et al. 1998, Collins et al., 1998; Shen

et al., 1998).
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The specific identification of RGL sequences near Rsv1

involved PCR amplification with degenerate primers, followed

by cloning of the 340 bp PCR product and characterization of

individual RGL.  This characterization was accomplis hed by

hybridization to diagnostic blots containing DNA of near

isogenic lines possessing resist ance genes known to map to

this important multigene locus on li nkage group F.  The

success in generating these RGL clones that map close to

resistance genes of interest led us to believe we could

develop a strategy that might more quickly identify clones

closely linked to Rsv1.  

We propose to modify the Amplified Fragment Length

Polymorphism (AFLP) procedure (Vos et al., 1995).  AFLP is a

PCR-based marker system where-by restriction-site and size

polymo rphi sms are detected between lines.  DNA is digested

with specific restriction enzymes and then oligonucleotide

adaptors are ligated to the restriction ends.  These

adaptors serve as the recognition site for primers during

the subsequent PCR reaction.  Three selective nucleotides at

the 3' end of the primer ensure amplification of only a

small subset of the digested and ligated genomic fragments.

These fragments are labeled and separated on a

polyacrylamide gel in order to detect polymorphic bands. 
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The objectives of this study are to develop and test a

PCR-based strategy that combines the speed, efficiency, and

high throughput of AFLP with the resistance-gene-directed

approach of NBS to generate markers tightly linked to Rsv1.

Materials and Methods

Two mapping populations were used in the present study.

The F 2 population PI96983 ( Rsv1) X Lee68 ( rsv 1) (PL

population) was used for bulk segregant analysis and fine

mapping of the Rsv1 locus.  This population contains 243 F 2:3

individuals and has been saturated with molecular markers

surrounding the locus, Rsv1.  The F 2 population V71-370 X

PI407162 (VP population) which contains over 300 mapped loci

covering all 20 linkage groups (Saghai Maroof, unpublished)

was used for determining the location of markers not linked

to Rsv1.

Young trifoliate leaf tissue from greenhouse-grown

plants of 12 to 15 F 2:3  individuals from both populations

were coll ected.  DNA was isolated by freeze-drying followed

by CTAB extraction as described (Saghai Maroof et al.,

1984).  DNA from twelve homozygous resistant and susceptible

lines of the PL population were pooled to form bulk

resistant and bulk susceptible samples.  These DNA samples

along with parental DNA samples PI96983 and Lee68 were
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digested with restriction enzymes EcoRI and MseI, and

adaptor sequences were ligated to the restriction ends as

described by Vos et al. (1995).  An initial round of PCR was

conducted using MseI and EcoRI +1 selective primers, to

amplify a subset of the digested and ligated fragm ents.

Thirty cycles of a 25 uL PCR reaction using 1X buffer, 0.9

mM MgCl2, 0.6 uM of each primer, 0.25 mM dNTP, 0.5 U of Taq

polymerase and 150 ng of template was conducted with

denaturation at 94 (C for 60 sec., primer annealing at 60 (C

for 30 sec., and primer extension at 72 (C for 30 sec.  An

aliquot of this reaction equivalent to 25ng was then used in

a second round of amplification.  The EcoRI +1 primer used

in the first reaction and a 32P-end labeled degenerate

primer (corresponding to the P-loop region of resistance

genes, N, Rps2, and L6) were used in the second round PCR

reaction.  The degenerate primer sequence (5' GGA ATG GGN

GGN GTN GGN AAR AC 3') is the same as that used by Yu et al.

(1996).  PCR components were essentially the same as the

previous reaction with the exception that 0.15 uM of labeled

and 0.6 uM of unlabeled primer were used in combination with

0.75 uM of adapter specific +1 primer.  This second round of

PCR was cond ucted using touchdown conditions beginning at

65(C annealing and reducing by 1 (C per cycle to 56 (C, 
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followed by 26 cycles at 56 (C.  All other cycling conditions

were as the previous reaction.  

Second round PCR products were separated on a 7 M urea

6.5% polyacrylamide gel for 2.5 h at 60 W.  The gel was then

transferred to 3MM paper, covered with plastic wrap, and

exposed to K odak (New Haven, CT) Xomat film for 12 to 18

hours.  

PCR products which appeared to be linked based on bulk

segregant analysis were excised from the gel by elution in

100 µL of water incubated in a boiling bath as described by

Upender et al. (1995).  Eluate was PCR amplified using the

same primers that generated the polymorphic product under

the same or less stringent conditions.  The PCR product was

then cloned into the pCNTR shuttle vector using the General

Contr actor Cloning Kit (5 prime, 3 prime, Boulder, CO).

Cloned inserts were amplified with the original +1 primer

and labeled degenerate primer again under the same second

round PCR conditions.  These labeled fragments were then run

on a 7M urea, 6.5% polyacrylamide gel, along-side labeled

parental samples generated under the same conditions to

determine those clones that contained the proper size insert

based on BSA.  Tentatively confirmed pos itive inserts were

amplified for use as RFLP markers.
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The Southern hybridization procedure was as described

(Yu et al., 1994).  Briefly, 8 µg of parental DNA was

digested with enzymes Dra I, EcoRI, EcoRV, Hin dIII, XbaI, and

TaqI, according to manufacturers protocols (Gibco-BRL,

Rockville, MD).  Digested DNA was then separated on a 1%

agarose gel at 70 to 90 mAmps for 14 to 16 hours.  The DNA

was transferred to Hybond nylon membrane (Amersham,

Piscataway, NJ) by Southern blotting with 0.4 N NaOH buffer.

Screening blots were hybridized with �32PdCTP, random primer

labeled probe.  Hybridizing bands were visualized by

autoradiography on Kodak (New Haven, CT) Xomat film.

Polymorphic bands were mapped in the VP and PL population.

Multiple linkage analysis was determined using MAP-MAKER

software at LOD 3.0 (Lander et al., 1987).

In addition, inserts were sequenced using an ABI377 DNA

sequencer.  Plasmid template was prepared using standard

alkaline-lysis followed by purification using QiaexII

(Qiagen, Valencia, CA).  Dye-terminator cycle sequencing was

done based on manufactur er’s protocols.  Sequence assembly

and analysis was conducted using Lasergene software from

DNAstar (Madison, WI).
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Results

An initial test of the homology-based AFLP method on

several parental lines indicated that Eco+1 primers combined

with the degenerate P-loop primer resulted in a better

spread of bands on the gel than did the Mse+1/P-loop

combination.  Twelve Eco+1/P-loop primer combinations were

tested with bulk and parental DNA samples of the PL

population.  A total of 23 polymorphisms were observed among

the total 720 bands visualized.  Three dominant markers, R12

(171 bp), R13 ( 261  bp), and R14 (330 bp), were identified

which appeared to be linked to Rsv1 (Fig. 1).  Amplified

product from the parental and bulk samples were excised from

the gel and cloned for further analysis.   In addition to

these putatively linked bands, s everal other bands were

selected for excision and cloning.  These clones were

designated A, C, X, and Z.

Plasmid from several colonies of each positive c lone

was extracted and an AFLP reaction was run using the same

primer combination that generated the original polymorphic

fragment.  These samples were then run along side parental

samples on an acrylamide gel to identify those clones which

were of the proper size.  Insert from these putatively

positive clones was then hybridized to diagnostic blots to

identify mappable polymorphisms.  Banding patterns of proper
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1   2   3  4  5   6 1   2  3  4  5   6

Figure 1.  Homology-based AFLP of PI96983, Lee68 and bulk
resistant and susceptible F2s generated from the Eco+C/Mse+T pool
with selective primers Eco+C and the labeled degenerate P-loop
primer (A) and Eco+T/Mse+T pool with selective primers Eco+T
and the labeled degenerate P-loop primer (B).  Lane 1 is Lee68, lane
2 is PI96983, lanes 3 and 5 are susceptible bulks, and lanes 4 and 6
are resistant bulks.  The arrows show the Rsv1 linked
polymorphisms, R12 (A) and R14 (B).  For R12 the band is present
in PI96983 and resistant bulks.  For R14 the band is present in
Lee68 and susceptible bulks.

sized inserts indi cated that each group of positive clones

from a putatively linked AFLP contained colonies of two

distinct soybean sequences.  That is to say, R12 clones of
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proper insert size showed either one or the other of two

distinct banding patterns.  The same was true of R13 and

R14.

One representative of each clone-type was chosen,

designated R12.4, R12.10, R13.48, R13.61, R14.111, and

R14.113.  These clones were mapped in the VP population

containing over 300 m apped loci.  In each case one type of

clone represented a soybean sequence clo sely l inked to Rsv1

and the other clone type represented an unrelated sequ ence

not closely linked to Rsv1.  These unlinked sequences likely

represented “contaminant” amplified sequences that migrated

to a similar location on the acrylamide gel.  In addition,

the unlinked clones which were excised were mapped to

determine their genetic location.

The three putatively linked clones, R12.4, R13.48, and

R14.113, were mapped with respect to Rsv1 in the PL

population which cont ains 243 F 2 individuals segregating for

Rsv1.  Two of the markers, R13.48 and R14.113, map close to

previously identified NBS markers at distances of 0.6 and

1.6 cM from Rsv1.  R14.113 co segregates with the previously

identified NBS5 clone in the PL population.  The third

marker, R12.4, maps to the other side of Rsv1, 3.9 cM from

the gene (Fig. 2).
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Figure 2.  Map of linkage group F surrounding the SMV resistance locus, Rsv1, showing the
location of three homology-based AFLPs (in bold) at this genomic location.  Map data are
calculated based on a 243 individual F2 population of the cross PI96983 X Lee68. 

In addition the three markers that are not linked to

Rsv1, R12.10, R13.72, and R14.111, as w ell as the clones

A10, C3, X20, and Y37 were mapped.  All seven of these

markers were mapped in the VP population.  Several of these

markers map to more than one lo cus.  Map locations of these

markers are as listed in Table 1.
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Table 1.  Additional homology-based markers converted and mapped as RFLPs in the population V71-
370 X PI407162 showing the marker name and the soybean linkage group where each maps.  Names
followed by a letter indicate multiple loci mapped with a single probe.

MARKER LINKAGE GROUP

R12.10a A1

R12.10b L

R12.10c F

R13.61a H

R13.61b D2

R13.61c D1a

R14.111 J

A10 H

C3a C1

C3b C2

X20 G

Y37a L

Y37b C1

Y37c K

Sequence analysis of all ten of the homology-based AFLP

clones identified, showed that each contains the highly

conserved P-loop region that corresponds to the l abeled
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Wilbur-Lipman DNA Alignment
Ktuple: 3; Gap Penalty: 3; Window: 20 
Seq1(1>318) Seq2(1>321) Similarity Gap Gap Consensus
R14.113 class j (nbs61) Index Number Length Length

(45>312) (45>320)  75.2  2  8  276
(45>312) (45>320)  75.2  2  8  276

CAATGACCC TAGGATAGAGGGTAAATTTGATAT TAAAGCTTGGGTTTGTG TTTCGGATGATTTTGATGT T
CAATGACC      AGGATA   AGG   TAAATTTGAT   T   AAAG   TTGGGT  TGTG TTTC   GATGATTT   GATG   T
CAATGACCAAAGGATACAGGA TAAA TTTGATGTCAAAGATTGGGTCTGTG TTTCAGATGATTTGGATGCT

TTGACA GTAACAAGAGCAATTCTTGAGGCGGTCATTGACTCAACTGATAATAGTAGAGGCCTAGAAATGG
TT   A      GTAA   AAGA   CAATT  TTGAGGC      TCA   T   A  TCAACTGAT   ATAG   AGA      CC  A   A   ATGG
TTCAAG GTAATAAGAACAATTTTTGAGGCAATCACTAAATCAACTGATGATAGCAGAAACCAACAGATGG

TTCATCGACGGTTG AAAGAAAATTTGATC GGCAAGAGATTTCTTCTCGTTTTGGATGACGTTTGGAATGA
TTCA        A         TTG   AA      A   ATTTGA      GG   AAGA   ATTTCTTCTCGTTTTGGATGA  GTTTGGAATGA
TTCAAGAAAAATTGGAATT AT ATTTGAAAGGGAAGAAATTTCTTCTCGT TTTGGATGATGTTTGGAATGA

AAAACGAGAAGAGTGGGAAGCTGTGCAAACTCCTC TTAC - - - TTACGGGGCCAGGGG - - - - - AAGT
AA      CG     A      A   TGGGAAGCTGTGC   AACTCC   CT   A           TTA  GGGGC         GGG             AAGT
AAGTCGGAAGAAATGGGAAGCTGTGCT AACTCCGCTAAATAGTTATGGGGCTCAGGGGAGCAAAGT

Figure 3.  Wilbur-Lipman pairwise nucleotide alignment of the homology-based AFLP clone, R14.113
(top row), with the class j clone, NBS 61(bottom row).  The middle row indicates nucleotides that are
identical between the two clones.  Dashes represent gaps introduced to better reflect the alignment of the
two clones. 

degene rate p rimer used to amplify the fragments.  Alignment

of these  sequences with previously identified NBS sequences

showed that only one of the ten clones has motifs consistent

with disease resistance related sequences.  This clone,

R14.113, is 312 n ucleot ides in length excluding the adaptor

sequence which had been ligated to the fragment.  This clone

maps to within 0.6 cM of Rsv1, and cosegregates with another

NBS clone, NBS5.  Alignment of R14.113 with other soybean
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NBS sequences showed that it most closely resembles NBS61,

sharing 75% similarity based on Wilbur-Lipman pairwise

alignment (Wilbur and Lipman, 1983) (Fig. 3).

One of the mapped clones, A10, was shown to be a simple

sequence repeat marker by sequence analysis.  This clone

maps to the s oybean linkage group H 12.4 cM from the marker

pK14.

Discussion

When fine mapping a gene of agronomic importance such

as disease resistance loci, it is a useful strategy to

enhance the detection of markers which specifically target

the gene of interest.  In addition to bulk segregant

analysis and t raditi onal AFLP, we have employed a novel

homology-based AFLP approach which has quickly identified

three tightly linked markers to Rsv1, an important soybean

resistance gene. 

The presence of numerous P-loop type sequences

facilitated the generation of these molecular markers.  In

this study we used a modified AFLP approach where-by only

those sequences that contained a P-loop like region near an

EcoRI restriction site were amplified and visualized.  In

the initial digestion and ligation steps, approximately

87.5% of the soybean genome is eliminated because Mse/ Mse
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fragments are not detected in the proceeding steps.  In this

study we evaluated 12 of the 16 possible primer combinations

using only the Eco+1 primer.  On average we obtained 60

bands per reaction which represents no less than 60 P-loop

sequences per gel.  This does not include am plific ation

products that migrate to the same point on the gel.  Based

on these obs ervations we estimate there are no less than

15000 of these type of P-loop sequences in the soybean

genome.  This is based on the percentage of the genome

sampled, the mean number of products observed per sampling,

the total number of sampling combinations, and the fact that

only one of the two DNA strands is detected by labeled

primer annealing per fragment.

Of the 10 clones evaluated in this study, all contained

the conserved p-loop sequence which is present in a large

class of disease resistance genes.  Of the three markers

linked to Rsv1, one, R14.113, contains several motifs

identical to other cloned NBS sequences.  This clone

cosegregates with another RGL, NBS5.  Interestingly, overall

sequence similarity to NBS5 is relatively low at 27.7%.

Conversely, R14.113 is very similar structurally to a second

RGL clone, NBS61, which represents a multigene family

mapping to the Rsv1 region.  These two clones have a

similarity of 75.2%.  Two NBS61 loci are located 0.2 and 0.4



106

cM from this c lone suggesting that all of these loci may be

related sequences of a multi-gene family near Rsv1.  Like

NBS61, R14.113 shows multiple bands on an RFLP blot.  There

are, however, no apparent commonalities between the banding

patterns of these two clones.

The PCR- based marker system developed in this study,

specifically amplifies sequences that contain motifs known

to occur in a number of hypersensitive-response type

resist ance genes.  These NBS-LRR genes all contain P-loop,

kinase-2, and putative kinase-3a motifs.  Using a single

restriction enzyme combination and only a few primer

combi nations we were able to quickly identify three markers

containing P-loop sequences that tightly flank our

resistance gene of interest, Rsv1.  Identification of

additional markers closely linked to other resistance genes,

particularly in those regions known to contain RGL clo nes,

or other NBS-LRR type res ista nce genes is certainly

plausible using this technique.  In addition, it is

certainly possible to mo dify this technique by using other

degenerate primers which correspond to other conserved

motifs from NBS-LRR and other classes of resistance genes.

While this technique may have wide ap plic ability with

regard to mapping important crop resistance genes, it is not

applicable in all situations.  We are currently mapping a
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second SMV resistance gene in soybean.  This gene, Rsv4, has

a different mode of action than the hypersensitive re sponse

type of resistance which is characteristic of all the NBS-

LRR type cloned resistance genes in addition to Rsv1 (Ma et

al., 1995).  Attempts to identify any RGL or P-loop related

sequences, including homology-based AFLP,  that map close to

this resistance gene have been unsuccessful.  Rsv4 maps to a

region of the chromosome where no hypersens itive response

resistance genes have been identified.  Thus, the likelihood

of identifying these homology-based sequences in this region

is somewhat lower than other regions where RGL sequences and

hypersensitive response genes have been identified.
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