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ABSTRACT 

Research findings over the past decade revealed exciting information regarding 

disease and pest resistance in plants. Scientists found that homology exists between 

genes (R genes) of different plant species that confer strain-specific resistance against a 

wide range of pathogens and pests including: viruses, bacteria, fungi, nematodes and 

insects. These genes have been found to be a strong, naturally occurring source of 

resistance in plants with great potential for environmentally safe applications in crop 

protection. 

The purpose of this study was to investigate the existence and expression of R genes 

in alfalfa (Medicago sativa L.) and to analyze the diversity in alfalfa and in the genus 

Medicago. We used a PCR approach with degenerate primers designed from the highly 

conserved motifs, P-Loop and GLPL, found within the nucleotide binding site (NBS) of 

NBS-LRR resistance genes. The degenerate PCR approach was used successfully on 

genomic DNA and cDNA from Medicago sativa and genomic DNA from thirteen other 

Medicago species. Sequence data from ninety-four clones of the NBS PCR product 

provided 51 Medicago sativa resistance gene analogs (MSRGA's) sharing from 35% to 

99% homology. The eighteen families that share less than 95% homology represent the 

51 MSRGA's. Additionally, dendrogram and bootstrap analysis showed that the 51 

MSRGA's grouped in six major clusters that suggested three different evolutionary 

origins. Transcription of three of the MSRGA families was confirmed by RT-PCR. 

Diversity in resistance gene analogs between species of the genus Medicago was 

confirmed by restriction pattern analysis of the degenerate PCR products. 

The characterization of the MSRGA family in alfalfa and the diversity of resistance gene 

analogs in the genus Medicago provided by this study represent a pool of candidate 

resistance genes which will be fundamental for the development of disease and pest 

resistant alfalfa cultivars in the future. 
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INTRODUCTION 

Alfalfa, Medicago sativa, has been cultivated by man before recorded history. The 

oldest records of alfalfa, from Turkey, date back to 1300B.C., and it is believed to have 

been cultivated long before that. Alfalfa was valued as being a highly nutritious feed for 

animals. Trade between civilizations spread the valued alfalfa from its place of origin 

near Iran to distant geographic locations throughout the world. 

In the present, alfalfa is grown for forage in most temperate countries around the 

world. In countries where it is well adapted, alfalfa is recognized as the most important 

forage crop species due to its high protein values, nitrogen fixing abilities, winter 

hardiness, high yields, protein yields per area, and as a source of nectar for honey 

production. 

In the USA, alfalfa now is the most widely grown forage crop. It is the fourth most 

grown crop in terms of area under production and total production, being surpassed only 

by soybeans, wheat, and com (NASS, 1999). For these reasons alfalfa has raised interest 

among producers, scientists, government agencies and industry, all of which have 

contributed to the improvement of the "Queen of forages." 

Efforts in the improvement of alfalfa began soon after it was first introduced in the 

United States in the 19th century. After its first introduction, plant explorers collected 

additional sources of germplasm from around the world. 

This wide genetic pool provided breeders with valuable genetic variation that laid the 

foundation for alfalfa breeding in the USA. Breeders have achieved great progress in 

yields obtained from alfalfa throughout this century. Nevertheless, the achievements 

made are much lower than those achieved for the other major crops in the USA, such as 



com and wheat. Most of the progress made in alfalfa has been in adaptation of the crop 

to different environments, tolerance to frequent harvests, and resistance to diseases and 

pests; which has increased yields by reducing losses, but not by increasing yield per se 

(Hill et al. 1988). It is difficult to transmit high yielding qualities to the new cultivars, if 

the major focus in the breeding program is to make the crop resistant to a severe pathogen 

or pest. Improvement of alfalfa in the past has been based on traditional breeding 

methods. Advances in plant breeding, molecular biology, plant transformation, and recent 

findings in molecular interactions of host and pathogens will optimize the transfer of 

disease and pest resistance to desirable varieties that do not perform well due to disease 

or pest susceptibility. 
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IMP ACT OF DISEASES AND PESTS ON ALFALFA AND OTHER MAJOR 

CROPS 

Ever since man relied on crop production as its major food source, we have had to 

cope with the adverse effects of pathogens and pests on plant growth. Illustrations of this 

antagonistic relationship are found in ancient records such as the Bible but have been 

dealt with since the first civilizations appeared that relied heavily on agriculture. 

Today, thousands of years have passed and man still relies heavily on agriculture and 

still has to face the factors that affect negatively the efficiency of plant production. The 

importance of agriculture has spanned beyond food production and now reaches other 

sectors as textiles, wood, paper, pharmaceuticals, and other derivatives. Little has 

changed however, in the relationship that we have with plants and pathogens. 

Lack of genetic diversity in our crops as well as the practice of monoculture has 

increased the vulnerability of agriculture to pests and diseases. Pressure on increasing 

world agricultural production brought great advances in genetics and breeding which 

produced superior cultivars for each crop. Nevertheless, each time those superior 

cultivars become available they are widely grown making the genetic makeup of our 

crops extremely uniform. New, improved cultivars become available on a regular basis 

but are then widely grown, again leading to genetic uniformity. This way the genetic 

foundation becomes narrower as pressure on breeding new cultivars becomes more 

intense. The genetic uniformity creates a risky situation that enables new pathogens to 

colonize plantations causing significant losses to the new cultivars. 

Alfalfa, like every other crop, constantly is challenged by pathogens and pests that 

limit the efficiency of alfalfa production (Figure I). In 1988, 37 diseases, 5 nematodes, 
3 



and more than a hundred insects (Manglitz and Ratcliffe 1988) were known that cause 

damage to alfalfa. Of the 3 7 alfalfa diseases, 28 were caused by fungi, 3 by bacteria, 5 by 

viruses, and one by mycoplasma (Leath et al. 1988). 

Figure 1: Bacteria, fungi, viruses, nematodes and insects attack our food crops, producing 
different symptoms and diseases which translate into economic losses to producers. Despite 
the large differences between plant pathogens, scientists have found that there are similarities 
in the plant's defense response against them. Reprinted with permission from Baker et al. 1997. 
Copyright 1997 American Association for the Advancement of Science. 

As mentioned earlier, a major portion of the improvement of alfalfa has come from 

the development of pest and disease resistant cultivars. Nevertheless, alfalfa production 

still faces considerable losses from diseases and pests. It has been estimated that over 

25% of the yearly production of alfalfa hay and 10% of the annual seed crop is lost to 

diseases (Leath et al. 1988). In 1972, it was estimated that insect damage represented a 

cost of no less than $260 million (Manglitz and Ratcliffe 1988). 

These estimates indicate that there is still a lot of ground for improving alfalfa 

production in the USA and other countries that rely on the cultivars developed in the 

4 



USA. The fact that alfalfa is not considered a high value crop makes the use of chemical 

control against diseases economically unfeasible. Furthermore, there is growing concern 

in the general public of the long-term effects agricultural chemicals might cause to 

human health and the environment. 

For these reasons, development of pest and disease resistant cultivars still remains 

the most economical and safest form of disease and pest prevention. The complex 

genetic characteristics in alfalfa provide many obstacles for the completion of this task. 

However, in the past ten years, scientists have discovered exciting information 

concerning the molecular genetics of plant and pathogen interactions. A good 

understanding of the recent findings of plant pathogen interactions will be fundamental 

for the improvement of alfalfa, and more specifically in the development of disease and 

pest resistant cultivars. 

5 



GENETICS OF DISEASE AND PEST RESISTANCE IN PLANTS 

The advances in genetics by Gregor Johann Mendel in the 19th century helped man 

understand the scientific basis of heredity, which helped plant breeders reach 

unforeseeable yield levels in agriculture. Since early in the 20th century plant breeders 

recognized that a plant's resistance to diseases is inherited from parents to progeny in a 

Mendelian fashion. 

In the 1940's a plant breeder named H.H. Flor, working with flax, Linum 

usitatsissimum, and its fungal pathogen, Melampsora lini, studied host and pathogen race 

differentials. Flor noted that for every gene in the plant race differential that conferred 

resistance to a specific strain of pathogen, there was a gene in the pathogen that conferred 

avirulence. This concept has been known as the gene-for-gene model ofresistance (Flor 

1956). 

The genes responsible for providing avirulence in a pathogen are now known as 

avirulence genes. The term avirulence means the lack of virulence to a plant. In other 

words, the avr genes make the pathogen avirulent in the presence of its counterpart, an R 

gene, which is in charge of conferring resistance in the plant. This genetic relationship 

which constitutes the basis for the gene-for-gene concept can be summarized with four 

different scenarios possible (Table 1 ). It is important to point out that most frequently avr 

and R genes have been demonstrated to be dominant alleles. First, if the pathogen has a 

functional avirulence gene, avr+, and attacks a plant that has a functional resistance gene 

R+, a defense response is elicited in the plant. This is known as a resistant or 

incompatible interaction between host and pathogen. Second, if the same pathogen with 

avr+ attacks a plant that lacks the resistance gene, R-, then disease develops, and we have 

6 



a susceptible or compatible interaction between both parts. Third, if the pathogen that 

lacks the avirulence gene, avr-, attacks a plant that has the resistance gene, R+, then 

disease develops giving a susceptible or compatible interaction. In this case, even though 

the plant possesses the corresponding R gene it is unable to recognize the pathogen and 

elicit a defense response, because the pathogen lacks the avr gene. Fourth, if a pathogen 

that lacks the avirulence gene, avr-, attacks a plant that lacks the resistance gene, R-, then 

disease develops, giving a susceptible or compatible interaction. This concept is 

summarized in the table below. 

Plant R+ Resistant 
Plant r- Susc tible 

This genetic relationship gets more complex when more than one R gene and avr 

gene are involved; however, the basic principle as explained previously still holds. An 

important consideration to keep in mind is that no matter how many avr-R gene pairs, one 

pair suffices to elicit the defense response in the plant resulting in a resistant phenotype. 
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MOLECULAR GENETICS OF PLANT PATHOGEN-HOST INTERACTIONS 

Flor's concept explained the existence of specific resistance and avirulence genes. 

The gene-for-gene model is now widely accepted and the first genes that fit Flor's model 

have been isolated and characterized at the molecular level. 

Flor's model, together with findings from later scientists who have deciphered much 

of the gene-for-gene model at the molecular level, have helped us to understand the 

plant's defense mechanism upon pathogen attack (Figure 2). 

2SAA 

Figure 2: The Plant's Defense Response model (Reviewed by Baker et al. 1997 and Staskawicz 
et al. (1995) The avirulence signal is recognized by the resistance gene product either intracel­
lularly or extracellularly( I). This interaction elicits a series of signal transduction events and to 
the induction of defense responses. Among these is the hypersensitive response (HR)at the 
site of infection ( 1) and the systemic acquired resistance(SAR) which is elicited throughout the 
plant (2) by a signal compound thought to be salycilic acid (SA). 

The pathogen's avirulence gene produces an avirulence signal that comes in contact 

with the plant upon pathogen attack. The plant is then able to recognize the avirulence 

signal through direct or indirect interaction with the product of the plant's R gene. The 

interaction of the pathogen's avr gene and the plant's R gene then elicits a series of 

defense responses through signal transduction cascades. A common defense response by 
8 



the plant is the induction of a hypersensitive response or HR. The HR is a form of 

programmed cell death at the site of infection by the pathogen, that prevents the pathogen 

from spreading disease throughout the plant Other defense responses are involved in 

plant defense: induction of pathogenesis related proteins (PR proteins), induction of 

systemic acquired resistance (SAR), production of reactive oxygen intermediates (ROI) 

and phytoalexins (Figure 2). 
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DISEASE RESISTANCE GENES 

The first cloned disease resistance gene or R gene was found in 1992 by Johal and 

Briggs. This gene, found in maize, called the Hm 1 gene, confers resistance against a 

fungal pathogen Cochliobolus carbonum. However, this gene does not follow the gene-

for-gene model exactly because in the absence of a functional gene producing the toxin, 

the fungus is unable to colonize the plant and consequently when the pathogen is avr- the 

plant is "resistant". 

Figure 3: Homology between R genes allows classification of new R genes according to the 
domains in their protein structures. Homologous motifs also have been found in other plant, 
insect and mammalian proteins with different functions but which are probably involved 
in signal transduction pathways. The white band in the middle represents the cell's mem­
branes. 

To date scientists have found and cloned a great number of disease resistance genes. 

The first gene that followed the gene-for-gene model as described by Flor was the tomato 

Pto gene for resistance against the bacterial pathogen Pseudomonas syringae (Martin et 

al. 1993). A surprising finding in 1995 by Staskawicz et al. showed that significant 
10 



homologies existed between several of the R genes that had been cloned up to date. They 

found that the tobacco N gene, the flax L6 and the Arabidopsis RPS2 gene shared 

structural similarities, and showed high homology between several regions and that Cf-9, 

RPS2, L6 and N genes all contained leucine-rich repeat (LRR) regions. Furthermore, 

they found that L6, RPS2 and N all shared homology at a region known as the nucleotide 

binding site (NBS). 

To date over twenty R genes have been cloned that follow Flor's model for 

resistance. These genes still are found to share homology in the regions described and 

are now classified according to their structure similarities (Figure 3 and Table 2). 
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DOMAINS OF RESISTANCE GENES ENCODING A NUCLEOTIDE-BINDING 

SITE 

The table of the cloned resistance genes so far shows the classification of resistance 

genes in groups based on the structure similarities. The most abundant classes of R genes 

found so far are the classes containing a nucleotide-binding site and a leucine-rich repeat: 

TIR-NBS-LRR, LZ-NBS-LRR and NBS-LRR. It has been estimated from Arabidopsis 

studies that over I% of a plant's genome is composed NBS-containing R genes (Meyers 

et al. I 999). The genes containing a nucleotide-binding site can also be classified 

according to the other domains present: 

TIR, or Toll -Interleukin Receptor: Located in the amino terminal of several R 

genes, the TIR is thought be a determinant of the signal transduction pathway that is 

elicited after interaction of the R gene product with the avirulence signal (Aarts et al. 

I995). This motif derives its name from the homology shared with the Toll receptor in 

Drosophila and with the Interleukin-I Receptor in mammals. The Toll and Interleukin-I 

receptors are both involved in eliciting defense responses, and the homology existing 

among insects, mammals and plants suggests that the existence of R genes dates back to 

prior to the evolutionary period when plants and animals diverged (Baker et al I 997). 

LZ or Leucine Zipper: The LZ motif is generally thought to be involved in 

homodimerization or heterodimerization of proteins. Like TIR, it is located at the amino 

terminal of the R gene products and is believed to be involved in determining which 

signal transduction pathway is elicited. This finding was found by mutant analysis of 

EDS I and NDR I genes which have been found to act in two separate defense response 

pathways (Aarts et al. I995). Surprisingly, they found that a group of the Arabidopsis R 
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genes tested, were dependent on the EDS I gene for eliciting the defense response. On 

the contrary, a second group of Arabidopsis R genes was found to be dependent on 

NDRI for eliciting the defense response. The group of genes dependent on EDS I was 

found to have the TIR motif, while the genes dependent on NDRI was found to have a 

LZmotif 

LRR or Leucine Rich Repeat: The LRR is a region found at the carboxyl terminal 

ofNBS-LRR genes and at the amino terminal of other R genes. The LRR consists of 

several repeats of regions with leucine amino acids. This domain is found in several 

groups of genes: TIR-NBS-LRR, LZ-NBS-LRR, NBS-LRR, TM-LRR, Kinase-TM­

LRR. The LRR region of the genes that have TM and are extracellular have more perfect 

repeats of leucine than the LRR of the genes that are found in the cytoplasm and which 

have an NBS or nucleotide-binding site. Leucine-rich repeat regions are involved in 

protein-protein interactions. For this reason, scientists believe that LRR's are involved in 

avr signal binding, and thus determine pathogen specificity. The Cf-4 and Cf-9 genes 

have different race specificities but differ in only a few amino acids in the LRR domain. 

Variation in LRR's is directly correlated in some cases with new recognition specificities. 

A truncated form of the Xa2 l gene that lacked the kinase domain but still had the 

functional LRR domain maintained its original specificity (Reviewed by Martin et al, 

1999). 

Domain swap experiments on alleles of the L gene showed that the specificity of the 

recombinant gene was correlated with the specificity of the gene from which the LRR 

domain was obtained. Furthermore, the M gene in flax contains two single repeats in the 

C-terminal of the LRR region, but mutants, possessing one single repeat lost M resistance 
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but gained no detectable specificity (Anderson, et al 1997). There still remains more 

evidence to be found that confirms that the LRR's are responsible for conferring pathogen 

specificity. 

NBS or Nucleotide-Binding Site: A major portion of the genes shown in Table 2 

belong to the TIR-NBS-LRR, LZ-NBS-LRR, and the NBS-LRR groups. The genes that 

fall into these three groups share significant homology at the nucleotide-binding site or 

NBS. The NBS regions have been found in other signaling proteins including the RAS 

group, Adenosine Triphosphatases A TPases, elongation factors, and heterotrimeric G­

proteins (Bourne et al. 1991 ). These proteins are critical for numerous fundamental 

eucaryotic cellular events such as cell growth, differentiation, cytoskeletal organization, 

vesicle transport and defense (Baker, 1997, and Bourne, 1991). All the genes that contain 

a cytoplasmic LRR have an NBS domain, which indicates that binding ofGTP or ATP is 

likely to be essential for their function. 

Since Staskawicz et al. 's findings concerning the homology of R genes, scientists 

have directed much of their research efforts towards looking for candidate resistance 

genes taking advantage of the existing homology between R genes. The Nucleotide 

Binding Site has been found to be the region that shares the highest homology between 

the well-characterized resistance genes (Figure 4). 
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Additionally, the NBS region contains several highly conserved motifs within the 

already highly homologous sequence. Of those motifs, the P-Loop and the Kinase-2 

domains have been well characterized for ATP- and GTP- binding proteins (Bourne et al. 

1991, Traut, et al,1994, Walker et al. 1982). These motifs are very highly conserved 

since they have been found to play crucial roles in the functioning of the nucleotide­

binding sites. The P-Loop interacts directly with the phosphate of the bound nucleotide 

(NTP), (Meyers et al. 1999, Saraste et al. 1990) and mutations on key residues in the P­

loop of the tobacco N gene have led to partial loss of function (Baker et al. 1997). The 

kinase-2 domain is involved in coordinating the ion (Mg2+) required for phospho­

transfer reactions (Traut et al. 1994). Additional motifs like the Kinase-3a and the GLPL 

or putative membrane-spanning domain have also been found in the nucleotide-binding 

site regions of plant resistance genes. 

A comprehensive study looked at most if not all, of the NBS-containing sequences in 

plants which were available in the public databases at the time (Meyers et al. 1999). 

Their study included the NBS regions from 14 well-characterized R-genes, and 481 

additional NBS sequences derived from BAC, Genomic, PCR or EST sequences from 26 

plant genera. Their findings showed that the plant regions grouped in two major trees, 

one containing TIR-NBS genes and another containing nonTIR-NBS. In addition, they 

found motifs that are characteristic for all plant NBS regions and others that are 

conserved exclusively in TIR-NBS and others in NonTIR-NBS (Table 3). 
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T bl 3 Ch t . ti a e arac ens c mo tifi fth N I f d B" di s·t . Pl t so e uceo1 e m ng 1 em an s. 

Motif Other names Consensus Location a 

P-Loop Kinase-1 a, G-1 GVGKIT 1 

RNBS-A-nonTIR FDLxA WVCVSQxF 20 

RNBSA-TIR FLENIRExSKKHGLEHLQKKLLSKLL 23 

Kinase-2 G-3 LLVLDDVW 74 

Kinase-3a RNBS-B GSRIIIITRD 102 

RNBS-C YEVxxLSEDEA WELFCKxAF 122 

GLPL CGGLPLA 162 

RNBS-D-NonTIR CFL YCALFPED 223 

RNBS-D-TIR FLHIACFF 219 

a Approximate locations based on average of 14 characteriz.ed R genes from Meyers et al. 1999. 
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CANDIDATE DISEASE RESISTANCE GENES 

The characteristics of the NBS regions, such as the correlation with disease 

resistance, the high abundance in plant genomes, the homology between sequences and 

the highly conserved motifs, allow scientists to use the NBS regions as a tool for the 

identification of candidate disease resistance genes. 

Several methods have provided NBS sequence data to the public databases. 

However, the most practical and one which has proven highly reliable is the polymerase 

chain reaction (PCR) with a degenerate primers approach. This method takes advantage 

of the highly conserved motifs within the NBS regions. By creating degenerate primers 

for the NBS motifs, several groups have been able to amplify a representative sample of 

the NBS superfamily. This approach has been used successfully in soybean (Kanazin et 

al. 1996; Yu et al. 1996), potato (Leister et al. 1996), and lettuce (Shen et al. 1998). The 

P-Loop, the Kinase-3a and the GLPL motifs have been the most commonly used motifs 

in the degenerate PCR approach. In soybean, PCR using a forward primer designed for 

the P-Loop with a reverse primer for the GLPL motif (Kanazin et al. 1996); and with a 

reverse primer for the Kinase-3a motif (Yu et al. 1996) detected at least eleven different 

classes of NBS which are located in at least 11 of the 26 linkage groups in the soybean 

genetic map. Of the eleven classes at least five are mapped near resistance gene loci. 

(Kanazin et al. 1996, Yu et al. 1996). Similar results were obtained in maize where 

eleven classes of NBS were found of which six mapped in close proximity to disease 

resistance loci (Collins et al. 1998). 

Based on the results obtained from the different research groups using the degenerate 

PCR approach we pursued a similar approach to study the existence and the variability in 
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the Nucleotide Binding Site family of resistance gene analogs in Medicago sativa. The 

characterization of the nucleotide-binding site super-family of disease resistance genes 

provided by this study will be fundamental in developing strategies for the development 

of disease and pest resistant alfalfa in the future. 
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MATERIALS AND METHODS 

ISOLATION OF MEDICAGOSATWA RESISTANCE GENE ANALOGS 

Nucleic Acids. Genomic DNA was extracted from an alfalfa plant of cultivar 

UC123 using the method described by Dellaporta et al. 1983. DNA from UC123 was 

used for isolation of the Medicago sativa resistance gene analogs. 

Degenerate Polymerase Chain Reaction. PCR was run on UC123 genomic DNA 

using primers designed from the P-Loop and the GLPLA motifs of the NBS region ofR 

genes as described by Kanazin et al. (1996). The primers used were: 

LM638: 5'-GGIGGIGTIGGIAAIACIAC-3' 

REV7: 5'-ARIGCTARIGGIARICC-3' 

Each PCR cycle consisted of 94° for 1 min, 45° for 30s and 68° for 30s. 

Amplification products were visualized in a 1 % agarose gel with ethidium bromide. 

Amplification products were digested with Tsp5091 ( J.AATT) (New England Biolabs, 

Beverly, MA) and separated using polyaciylamide gel electrophoresis (PAGE). 

Cloning of the NBS regions was done using the Topo TA cloning kit (lnvitrogen, 

Carlsbad, CA) with lOOng of pooled NBS PCR amplifications. White colonies were 

selected and DNA was extracted using the boiling miniprep method. Clones were 

confirmed by EcoRI (Promega, Madison, WI) restriction digests following instructions 

from the manufacturer, and visualized on a 1 % agarose gel. 

Individual clones were digested with Tsp5091 ( ..l-AATT) enzyme and digests were 

separated using PAGE gels. Ninety-four individual clones were PCR amplified using 

M13 primers. Amplification products from each clone were purified using Centricon 
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YM-100 spin columns (Millipore, Bedford, MA) prior to sequencing in order to remove 

unincorporated primers and nucleotides. 

Southern Blots. EcoRI digests from selected white colonies were separated in a 

0.8% agarose gel using Lamba DNA digested with Bgll as a size marker. DNA was 

blotted on a MAGNA nylon transfer membrane (Micron separations, Westboro, MA). 

Five PCR products amplified with M13 primers that showed different restriction patterns 

with Tsp509I were used as probes for the NBS regions. Lambda phage DNA was used as 

a control probe for the L-Bgll marker. Probes were labeled with dCTP32 using the Prime­

It Random Primer Labeling kit (Stratagene, LaJolla, CA). Probes were cleaned using 

Nuc Trap Purification columns (Stratagene, LaJolla, CA) in order to remove 

unincorporated radioactive nucleotides and random primers. Blots were allowed to 

hybridize at 42°C overnight. 

Sequencing reactions were prepared using the Perkin Elmer Big Dye DNA 

sequencing kit (Perkin Elmer, Foster City, CA). Sequencing reactions were cleaned 

using the Centri-sep spin columns (Princeton Separations, Adelphia, NJ). Sequencing 

was done at the DNA Sequencing and Synthesis Facility at Iowa State University, Ames, 

Iowa. 

Sequence analyses and alignments were done using MacVector 6.5 (Oxford 

Molecular, Madison, WI) and Assemblylign (Oxford Molecular, Madison, WI) software. 

Sequence comparisons with NBS from other species were done using the BLAST 

algorithm on the GenBank database. 
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Bootstrap analysis was performed using the neighbor-joining method and the 

unweighted pair-group method using arithmetic averages method using PAUP software 

(Sinauer Associates, Sunderland, MA). 

GenBank submissions. Sequences for unique sequences obtained were submitted to 

the GenBank database using the Sequin software. Accession numbers for each unique 

alfalfa NBS sequence are the following: 

Table 4: GenBank Accession numbers ofresistance gene analogs (RGA) from Medicago 
sativa. 

RGA Accession number RGA Accession number 
MSRGAI AF230813 MSRGA39 AF230840 

MSRGAIO AF230814 MSRGA4 AF230841 
MSRGAll AF230815 MSRGA40 AF230842 
MSRGA12 AF230816 MSRGA41 AF230843 
MSRGA13 AF230817 MSRGA42 AF230844 
MSRGA14 AF230818 MSRGA43 AF230845 
MSRGA15 AF230819 MSRGA44 AF230846 
MSRGA16 AF230820 MSRGA46 AF230848 
MSRGA17 AF230821 MSRGA47 AF230849 
MSRGA18 AF230822 MSRGA48 AF230850 
MSRGA19 AF230823 MSRGA49 AF230851 
MSRGA2 AF230824 MSRGA5 AF230852 

MSRGA20 AF230825 MSRGA50 AF230853 
MSRGA21 AF230826 MSRGA51 AF230854 
MSRGA22 AF230827 MSRGA52 AF230855 
MSRGA23 AF230828 MSRGA53 AF230856 
MSRGA24 AF230829 MSRGA54 AF230857 
MSRGA25 AF230830 MSRGA55 AF230858 
MSRGA27 AF230832 MSRGA56 AF230859 
MSRGA28 AF230833 MSRGA6 AF230860 
MSRGA29 AF230834 MSRGA7 AF230861 
MSRGA3 AF230835 MSRGA8 AF230862 

MSRGA35 AF230836 MSRGA9 AF230863 
MSRGA36 AF230837 MSRGA57 AF230864 
MSRGA37 AF230838 MSRGA58 AF230865 
MSRGA38 AF230839 
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ISOLATION OF EXPRESSED MED/CA GO SATWA RESISTANCE GENE 

ANALOGS 

Nucleic Acids. Total RNA was extracted from a single alfalfa plant, ISC 35, using 

the TRiazol Reagent (GibcoBRL, Gaithesburg, MD) and following the manufacturer's 

recommended procedure. First strand cDNA was obtained by using the RETROscript 

RT-PCR kit (Ambion, Austin, TX). 

Degenerate Polymerase Chain Reaction. PCR was run on ISC35 cDNA using the 

degenerate primers LM638 and REV7 mentioned earlier, and the following non­

degenerate primers: 

FOR-NBS: 5'-GGGGGGGTGGGGAAGACGAC-3' 

REV-NBS7: 5'-AGGGCTAGGGGGAGGCC-3' 

Each PCR cycle consisted of 94° for 1min,45° for 30s and 68° for 30s. 

Amplification products were visualized in a 1 % agarose gel with modified TAE 

buffer and stained with ethidium bromide. The 500 hp amplification product was 

removed from the gel using IDtrafree-DA columns (Millipore, Bedford, MA). 

Cloning. Recovered DNA from the agarose was cloned using the pGEM-T Easy 

vector system (Promega, Madison, WI) and transformed into TOP 10 cells (Invitrogen, 

Carlsbad, CA). Forty-eight clones were PCR amplified using M13 primers. Individual 

clones were digested with Tsp509I enzyme and digests were separated using PAGE gels. 

Inserts from clones amplified with M13 primers were selected for sequencing to confirm 

whether the cDNA clones were NBS regions. Amplification products from each clone 

were purified using Centricon YM-100 spin columns (Millipore, Bedford, MA) prior to 

sequencing in order to remove unincorporated primers and nucleotides. 
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Sequencing reactions were prepared using the Perkin Elmer Big Dye DNA 

sequencing kit (Perkin Elmer, Foster City, CA), and were cleaned using the Centri-sep 

spin columns (Princeton Separations, Adelphia, NJ). Sequencing of the cDNA clones 

was done at the USDA Genomics DNA Sequencing Lab at Kansas State University, 

Manhattan, KS. 

Sequence analyses were done using Mac Vector 6.5 (Oxford Molecular, Madison, 

WI) and Assemblylign (Oxford Molecular, Madison, WI) software. 
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RESISTANCE GENE ANALOG DIVERSITY WITHIN THE GENUS MED/CA GO 

Nucleic Acids. DNA from Riley 117 A, M constrict a, M blancheana, M radiata, 

M praecox, M platycarpa, M medicaginoides, M ruthenica, M murex, M rugosa, M 

rigidula, M orbicularis, M polymorpha, and M lupulina was extracted using the method 

by Dellaporta et al. 1983. DNA from these plants was used to analyze the diversity in 

resistance gene analogs based on restriction patterns. 

Degenerate Polymerase Chain Reaction. PCR was run on UC123, Rileyl 17A, M 

constricta, M blancheana, M radiata, M praecox, M platycarpa, M medicaginoides, 

M ruthenica, M murex, M rugosa, M rigidula, M orbicularis, M polymorpha, and M 

lupulina genomic DNA using primers designed from the P-Loop and the GLPLA motifs 

of the NBS region ofR genes as described by Kanazin et al. 1996. 

LM638: 5 '-GGIGGIGTIGGIAAIACIAC-3' 

REV7: 5'- ARIGCTARIGGIARICC-3' 

Each PCR cycle consisted of 94° for 1 min, 45° for 30s and 68° for 30s. 

Amplification product was visualized in a 1 % agarose gel with ethidium bromide. 

Resistance gene analog variation was assessed with restriction digests Tsp5091 (New 

England Biolabs, Beverly, MA) of the 500 bp degenerate PCR amplification product. 

Digests were separated using polyacrylamide gel electrophoresis (PAGE). 
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RESULTS AND DISCUSSION 

PCR with the degenerate primers designed for the NBS region ofR genes showed 

what seemed to be a single 500 bp product on a 1 % agarose gel (Figure 5). The molecular 

size marker used for comparison was lambda phage DNA digested with Bgl I restriction 

enzyme. 

Figure S: Degenerate PCR using primers designed for the P-Loop and the GLPL motifs amplified a 500 bp 
product. The molecular siz.e standard is Lambda phage digested with Bgll (L-Bgl). 

However, when the original 500 bp product was digested with Tsp5091, a restriction 

enzyme with a four base recognition sequence, the resulting band sizes added up to more 

than 500 bp (Figure 6). This indicated that the original 500 bp product contained more 

than one single amplification product, and probably contained several different sequences 

that shared the same size of 500bp. 
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Figure 6: PCR product shown in figure 5 was digested with Tsp5091. The digest produced bands that 
together added up to more than the expected 500 bp for a single product. This confirmed the existence of 
sequence variation within the original degenerate PCR product of 500bp. 

Cloning of the original 500 hp product allowed separation of the 500 hp product into 

individual sequences. PCR amplification of the individual clones using M 13 primers 

gave amplification products that were in the expected - 718 hp range which takes into 

account plasmid sequence, -218 hp, plus -500 hp of NBS sequence. Although the 

majority of the PCR products were uniformly in the 718 hp range, a few amplification 

products showed smaller sized products - 300 hp and several had larger products, up to 

1600 hp (Figure 7). 94 of the original 125 clones showed good amplification with the 

M13 primers. 
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Figure 7: Cloning of the degenerate PCR product allowed the separation of the degenerate PCR product 
into individual sequences. Individual clones amplified with M13 primers show the expected 740 bp siz.e. 
However, clones which deviated from the 740 bp siz.e also were found. Bands that deviated from the 
expected 740 bp siz.e later were found to be concatemers or shorter non-NBS sequences. 

A southern blot was prepared which contained all 94 amplification products. Five 

individual clones were used as probes and labeled with P32 using the Prime-It labeling kit 

by Stratagene. Southern hybridization showed that all 94 clones hybridized with the 

selected probes indicating that there was significant homology (Data not shown). The 

Southern blots were non-informative in regards to separating clones that did not cross-
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hybridize. For this reason, it was decided to compare the individual clones based on 

restriction patterns from digests with Tsp5091 restriction enzyme. 

Figure 8: Individual clones digested with Tsp5091 showed sequence variation between them. 

A digest of the individual clones was able to show that there was indeed sequence 

variation within the 500 hp PCR product and between the individual clones (Figure 8). 

Most of the clones showed different restriction patterns and so we decided to sequence all 

94 clones. 
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MED/CA GO SATWA RESISTANCE GENE ANALOG NUCLEOTIDE 

SEQUENCES 

Sequencing then allowed us to examine the NBS variation in detail (Figure 9). The 

94 clones comprised 51 sequences (Table 5) which showed close homology with NBS 

regions from other species found in the GenBank database. The highest levels of 

significance obtained were found with the soybean NBS regions. 

The 51 unique sequences obtained were aligned using the Clustal W algorithm 

through Mac Vector 6.5 software. The ClustalW alignments provided a dendrogram 

showing the genetic distance among the 51 cloned sequences (Figure 10). Bootstrap 

analysis using PAUP (Sinauer Associates, Sunderland, MA) provided statistical data to 

test the strength of the cluster assignments. The two algorithms used, unweighted pair­

group method using arithmetic averages (UPGMA) and neighbor-joining (NBJ) yielded 

similar results, but the bootstrap analysis showed stronger support at the neighbor-joining 

tree (Figure 10). 

The genetic distance dendrogram showed six major branches that were considered as 

separate clusters ofMSRGA clones (FigurelO). Five of the six clusters (A, B, D, E, and 

F) contained from 8 to13 unique MSRGA's. Although cluster C contained only one 

sequence, MSRGA22, it was considered as a separate cluster due to the genetic distance 

to the other five clusters (Figure 10). Cluster C (MSRGA22) only shares 73% homology 

with the closest clusters E and F (Table 6). 

The six major clusters, labeled in figure 10 as A, B, C, D, E and F show between 

38% to 78% identity at the nucleotide level (Table 6). However, the structure of the 

dendrogram shows the occurrence of sub groupings within several of the clusters. This 
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was observed in clusters B and E, which contain sequences that differ up to 25% and 

29% (75% and 71 % homology), respectively. For example, in cluster B, MSRGA48 and 

MSRGA36 have 75% nucleotide identity (Table 6). Likewise, in cluster E, MSRGA3 

and MSRGA4 only share 71 % identity. On the contrary, clusters A, D, and F show very 

little divergence among the several sequences found within each cluster. The sequences, 

within each of the clusters A, D andF share more than 95% homology. Although some 

of the 51 sequences showed very high homology, the few nucleotide differences might be 

shown to have functional importance. For example, an NBS region in potato associated 

with virus resistance had only 12 nucleotide differences with homologous regions found 

in all of the susceptible lines (Sorri et al. 1999). 

For analysis purposes, families of sequences that shared more than 95% homology 

are represented by only one sequence of the family in order to take into account multiple 

alleles or PCR errors. This threshold would take into consideration possible misin­

corporation of nucleotides during PCR. The 5% threshold would permit 25 out of 500 

misincorporated bases, which is a conservative estimate. This arbitrary parameter was 

used as an indicator to separate possible families of sequences. As a consequence Figure 

10 shows the values for genetic distances of only those sequences which were more than 

5% distant. 

For example, the sequences in cluster Fare represented by MSRGA 7, and the 

sequences in cluster Dare represented by MSRGAl, in Table 6 and other figures. The 

sequences within cluster A are represented by MSRGA23 and MSRGA28 since bootstrap 

analysis showed support, 75%, for two separate groups (Figure 10). In all the other 

clusters, sequences that differed by more than 5% were considered as different families. 
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This way we see that approximately 18 families ofMSRGA's exist in alfalfa: MSRGA23, 

MSRGA28, MSRGA35, MSRGA5, MSRGA36, MSRGA40, MSRGA41, MSRGA42, 

MSRGA52, MSRGA48, MSRGA22, MSRGAl, MSRGA3, MSRGA55, MSRGA6, 

MSRGA4, MSRGA50, and MSRGA 7. 

The data provided from this study was based in a major part on sequence data and 

dendrogram analyses. In consequence, the conclusions reached regarding cluster and 

family assignments are highly based on homology and not on genomic map position. 

Map-based cloning of the Medicago saliva resistance gene analogs would require a fine 

structure recombination map and closely linked DNA markers, and genomic libraries, 

none of which is available for alfalfa The autotetraploid nature of alfalfa, inbreeding 

depression and large genome size have hindered the development of a complete map. 

However, efforts on mapping the MSRGA regions characterized in this study are being 

carried out in collaboration with Iowa State University using an RFLP map in diploid 

alfalfa (Brummer et al. 1993). Additionally, research interest has increased on the alfalfa 

relative Medicago truncatula as the model research plant for legume species. This will 

contribute additional tools useful in alfalfa research, including an already developed BAC 

library of Medicago truncatula (Nam et al. 1999) which might facilitate the cloning ofR 

genes useful in alfalfa transformation for disease and pest resistance. 

The data obtained from this study will be useful in the isolation of complete 

resistance genes from alfalfa as well as other closely related species. Also, the use of 

other molecular techniques for the identification of markers for disease or pest resistance 

associated with the nucleotide binding site will likely increase the efficiency of marker 

assisted selection. 
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Table 5: Classification of the ninety-four clones sequenced. 
Family Siu Clones Family Mutation 

MSRGAl 475 3Al 1,385,3C2*,3C3* ,3D3,3D5,3DIO*, I 
3D 11 * ,3F7* ,3F8,3G5* ,3HI ,3H6,3H8 

MSRGA2** 453 3E6 22bp DELETION & 22.236.237 
244.245.247.254.264.267 

MSRGAlS 475 3F5 I 153.262.420 
MSRGA16 475 3G7 1 431 
MSRGA17 475 3Fl0 I 166 
MSRGA18 475 387* 1 162.397 
MSRGAS7 475 3Fl I 181.219 
MSRGAS8 475 3G9 I 124.341 
MSRGA3 472 3C9*,3H4 3 
MSRGA19 472 3AIO* 3 3.142.217.445. 
MSRGA20 472 3C4 3 74.217.224.312.445 
MSRGA21 472 3H9* 3 14.217.301.303.445 
MSRGA49 472 3D7* 3 108.217.444 
MSRGA4 475 382,3810 4 
MSRGAS** 469 3A4,386,388,389,3D6,3E2*,3EI I 5 
MSRGA6 472 383 6 
MSRGA7 472 3G8 7 
MSRGA8 472 3F3 7 273.281.307 
MSRGA9 472 3G3 7 428.32 
MSRGAIO 472 3CI 1 7 36.91.169 
MSRGAll 472 3Fl 1 * 7 72 
MSRGA12 472 3E8 7 36.46 
MSRGA13 472 3010 7 91.267.281 
MSRGA14 472 3812,301 I* 7 91.267.281.307 
MSRGASl 472 3811 7 270.284.310.451 
MSRGAS3 472 3F4 7 8.267.281.384 
MSRGAS4 472 3E9 7 72.135.221.307.421 
MSRGAS6 472 3F2* 7 10.267.281.307.420 
MSRGA22 472 3E5* 22 
MSRGA23 469 3Cl2,3D8,3Dl2,3H7,3E7* 23 
MSRGA24 469 3G4 23 12 
MSRGA2S 469 3E3 23 12.23 
MSRGA27 469 3Al* 23 73.289 
MSRGA28 469 3Cl,3C6 23 12.103 .134.140.206.250.252 

259.293 .308 
MSRGA29 469 3012* 23 12.250.252.259.293.308 
MSRGA43 469 3C8 23 25.103.200.268 
MSRGA44** 468 3A7 23 103 .134.140.176.206.366 
MSRGA3S** 465 3A12 35 
MSRGA36 469 3G6 36 
MSRGA37 469 3A8* 36 52 
MSRGA38 469 381 36 7 .8.11.13.356.397.410.470 
MSRGA39 469 3F9* 36 1.130.144.356.368.373.397.410 

469 415.430.439 .444.455 .468.469 
MSRGA41 469 3G2 41 
MSRGA46 469 3A6 36 122.144.254.354.356.410 
MSRGA40 469 3Gl 40 
MSRGA42** 465 3A2 42 
MSRGA47** 465 3C5* 42 3.95 
MSRGAS2** 465 3H5 52 
MSRGA48 469 384* 48 
MSRGASO 472 3A5 50 
MSRGASS** 474 3E12* 55 
MSAGC32 159 3H2* ,3D9* ,3A9* Short sequences 
MSSRDS9 109 3D4* Short repetitive DNA homology 
Other*** 3A3,3Dl ,3D2,3C7,3Fl2,3Cl0, 

3E4 3EI 3El0 3F6 3H3 3HIO 
• Indicates chains of primer dimers at either end of the NBS sequences affecting banding patterns with Tsp5091. 
•• Indicates clones with stop codons in the sequence. 
••• Indicates clones with irrelevant data: No amplification, not good sequence data, or short sequences. 
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MEDICAGO SATWA RESISTANCE GENE ANALOG ENCODED 

SEQUENCES 

The 51 sequences obtained were translated in order to look for the motifs which are 

characteristic of plant NBS regions (Meyers et al. 1999). Figure 11 shows the amino acid 

alignment of the most representative families for the MSRGA's as well as the closest 

NBS regions from the well-studied R genes. The encoded amino acid sequences showed 

the characteristic motifs of the nucleotide-binding site regions: kinase-2 and kinase-3a. 

The P-Loop and the GLPL motifs were part of the degenerate primer sequence. 

Sequence data showed that the inosine bases in the primers, which provided the 

degeneracy, were replaced by guanine bases in all of the clones (data not shown). 

However, the exact sequence is still unknown since the primers contained degeneracy 

and the specificity of any primer depends on the annealing conditions of the PCR. For 

this reason the primer sequences, corresponding to the P-Loop and the GLPL motifs were 

excluded from the sequence data analysis. 

The encoded sequences were visually analyzed for the additional motifs found by 

Meyers et al. 1999 which are characteristic of NBS regions, and which separate plant 

NBS regions into the two major branches TIR-NBS and nonTIR-NBS {Table 3). A region 

which is identifiable by the similarity with the consensus sequence for the RNBS-C motif 

(Table 3) (Meyers et al. 1999) is found in all of the sequences obtained which confirms 

that they belong to the NBS-LRR super gene family (Figure 1 lc). Another motif, RNBS­

A-nonTIR (Table3) found in the NBS region of resistance genes which do not contain the 

Toll-Interleukin Receptor domain (Meyers et al. 1999) was found in MSRGA23, 

MSRGA24, MSRGA25, MSRGA27, MSRGA28, MSRGA29, MSRGA43 and 
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MSRGA44 suggesting that these sequences correspond to NBS regions of nonTIR-NBS­

LRR genes (Figure 1 la). Meyers et al. 1999 also suggested that the last residue of the 

Kinase-2 domain could be used to predict with 95% accuracy whether an NBS region 

would fall in the TIR-NBS or the nonTIR-NBS phylogenetic trees. A tryptophan residue 

(W) was found at the end of the kinase-2 motif of the eight nonTIR-MSRGA's cloned 

which goes in accordance with the study done by Meyers et al. 1999 (Figure 11 b ). 

Analogously, motifs similar to the RNBS-A-TIR (Table 3) were found in the rest of 

the sequences (Figure 1 la) which suggests that they are NBS domains ofresistance genes 

without TIR domains. None of the TIR-MSRGA's had the tryptophan residue in the 

kinase-2 motif, and instead they had either an aspartic acid (D) or an asparagine residue 

(N) (Figure 11 b ). 

Of the 51 nucleotide-binding sites, all were found to contain the characteristic 

domains of plant resistance NBS. However, 8 of the 51 sequences were found to contain 

stop codons which distorted the amino acid sequences and consequently some of the 

motifs are not encoded (Figures 1 lc,d). The 8 clones that contain stop codons are: 

MSRGA2, MSRGA5, MSRGA44, MSRGA35, MSRGA42, MSRGA47, MSRGA52, 

MSRGA55 (See Table 5 and Figures l lc,d). MSRGA55 is likely to be a pseudo-gene 

since it contains multiple stop codons and consequently was unable to align with the 

other MSRGA's at the amino acid level. MSRGA2 contains a 22 hp deletion 5' of the 

kinase-3a motif which causes multiple stop codons 3' to the deletion. MSRGA5 

sequences were found in 7 of the original 94 clones, and was found to encode a stop 

codon between the kinase-3a and the GLPL motifs. Likewise, MSRGA44, MSRGA35, 

MSRGA42, MSRGA47 and MSRGA52 encode a stop codon between the kinase-3a and 
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the GLPL motifs. Seven of the eight clones (All except MSRGA55) encode a methionine 

residue after the first stop codon, which suggests the start of translation of a different 

product. It is possible that these sequences which encode stop codons are pseudo-genes. 

However, the fact that the stop codons were found between the kinase-3a and the GLPL 

motifs (Figures 1 lc,d), the high frequency ofMSRGA5 (Table 5), and the expression of 

MSRGA5 (discussed later) suggests that it is possible that they are truncated forms of the 

NBS-LRR regions. In such a case the three first motifs-P-Loop, Kinase-2, and Kinase-

3a- would be sufficient to complete the function of the nucleotide binding site, and the 

LRR region would not be required for the function of the encoded gene. 
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MED/CA GO SATWA RESISTANCE GENE ANALOGS AND THE 

NUCLEOTIDE-BINDING SITE OF CHARACTERIZED DISEASE RESISTANCE 

GENES 

The encoded sequences from the Medicago sativa clones confirmed that they are 

indeed resistance gene analogs. The cloned sequences were divided in six major clusters 

A, B, C, D, E and F. Additionally the 51 unique sequences are represented by eighteen 

families of MSRGA's that have at least 5% sequence divergence between them. The 18 

families are a representative subsample of the variation in resistance gene analogs within 

alfalfa and were used to compare the variation within alfalfa MSRGA's with the NBS 

from characterized R genes. 

Although MSRGA55 is considered as an MSRGA family it was excluded from this 

part of the study because the multiple stop codons interfere with the ability of ClustalW 

to align the sequences. For this reason, only 17 families were used to compare with the 

nucleotide-binding sites ofR genes. Sequences which contain stop codons are indicated 

in the alignment in figure 11 a, b, c, d with an asterisk. These sequence were discussed 

earlier and should be excluded in the comparisons made here since the stop codons affect 

the encoded sequences, the protein alignments, and consequently the genetic distance 

trees generated by ClustalW and PAUP. 

Figure 11 a, b, c, d shows the alignment generated by Clustal W ofR gene NBS and 

MSRGA's. As discussed earlier, the encoded sequences showed the characteristic motifs 

of the NBS region. The alignment shows that the MSRGA's share homology with 

nucleotide-binding site regions of well-characterized R genes. The MSRGA's from 

alfalfa showed expected homology with R genes from other plants, which include 
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monocots and dicots: RPMl, RPS2 and RPP5 from Arabidopsis, L6 from flax, RPI from 

maize, N from tobacco, PIB from rice, and PRF, MI, and 12 from tomato. ST ADG2 from 

potato is a tightly linked marker for virus resistance, and C0-2 is a candidate resistance 

gene for anthracnose resistance. C0-2 was included for comparison, since it represents 

molecular data from likely the first verified R gene from a legume species. 

As expected, the highest homology between MSRGA's and R gene NBS's was at the 

highly conserved motifs: kinase-2 and kinase-3a. The kinase-2 motif was very highly 

conserved between all the R genes and MSRGA's compared. The kinase-3a motif; 

however, showed more variation than the kinase-2 motif. The kinase-3a motif in the 

nonTIR-MSRGA's differs from the expected consensus sequence: 5'-GSRIIITTRD-3' 

(Table 3) and instead shows: 5'-CIKILFTSRD-3'. The non-TIR MSRGA's ( 44,28,23) 

show a kinase-3a motif which differs from the other R genes and the other MSRGA's. 

However, by visual inspection the kinase-3a in these MSRGA's show more similarities 

with the kinase-3a motif found in the Arabidopsis RPS2 gene: 5'-KCKVMFTTRS-3' 

(Figurel lc). The other NBS motifs {Table 3) discussed earlier were identifiable in the 

MSRGA's as well as the R gene NBS's. Those regions are highlighted in figures 1 la, 1 lb 

and llc. 

In order to visualize the relative distance between MSRGA's and R genes, ClustalW 

generated a dendrogram based on the protein sequence alignment seen in figure 11 

(Figure 12). The dendrogram showed that the MSRGA's and R genes cloned divided into 

two distinct branches: nonTIR-NBS and TIR-NBS. Two families MSRGA23 and 

MSRGA28 were placed in the nonTIR-NBS branch where other nonTIR-NBS-LRR 

genes are found (Figure 12). 
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The other fifteen families were located within the TIR-NBS branch where the other 

TIR-NBS-LRR genes are found including N from tobacco, L6 from flax, and RPP5 from 

Arabidopsis. Additionally, the TIR-NBS-MSRGA's are divided in two major groups. 

One group, which includes MSRGA36, MSRGA41, MSRGA40 andMSRGA48 as well 

as other families which contain stop codons (MSRGA52, MSRGA42, MSRGA35 and 

MSRGA5) all belong to cluster B (Figure 10). Cluster B represented in Table 7 by 

MSRGA48 placed closer to the virus resistance gene N from tobacco (Figure 12) 

showing 37% amino acid identity. 

The other group, which includes MSRGA6, MSRGA3, MSRGA50, MSRGA 7, 

MSRGA4, MSRGA22, and MSRGAl, contains sequences from clusters C, D, E and F 

(Figure IO). For analysis purposes, one MSRGA family from each previously assigned 

cluster was used to compare the identity with known R genes (Table 7). MSRGA22 from 

cluster C and MSRGA 7 from cluster F showed the highest identity (20% and 33%, 

respectively) with the tobacco N gene (Table 7). MSRGAl from cluster D shared the 

highest amino acid identity (29%) with both the N gene and the L6 fungus resistance 

gene (Table 7). MSRGA 4 from cluster E showed the highest identity (29%) with the 

Arabidopsis fungus resistance gene RPP5. 

Finally, MSRGA 23 which represents cluster A found within the nonTIR-NBS 

branch of the tree showed the closest identity (22%) with the candidate anthracnose 

resistance gene from common bean, C0-2. Although the homology values seem low 

between non-TIR-NBS MSRGA's and nonTIR-NBS genes, the R genes within this group 

also show low identity values. Identity between the studied nonTIR-NBS R genes only 

ranged between 13% to 49%. 
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In general the relation between the MSRGA's and the known R gene NBS regions 

does not show a clear pattern or an extremely high homology that might provide insight 

to the possible pathogen specificity of the cloned MSRGA's. However, the dendrogram 

(Figure 12), sequence data (Figures 1 la-d), and the amino acid identities showed that two 

separate branches exist in alfalfa which are characterized by the presence or absence of a 

TIR domain at the amino terminal of the probable protein they encode. The TIR domain 

also has been found to have highly homologous motifs between TIR-NBS-LRR genes. 

This might allow the use of a PCR approach to amplify part of the gene found towards 

the N-terminus of the NBS region. 

In addition, the TIR-NBS branch of the tree is divided in two major branches. Each 

branch contains approximately eight families ofMSRGA's. One branch contains the 

MSRGA's that contain stop codons in frame (52,42,35,5) and other families that do not 

encode stop codons (36,41,40,48). The other branch contains seven families, none of 

which encode stop codons. 

In summary, the dendrograms indicate that the MSRGA's found in alfalfa have three 

different evolutionary origins. One branch originates from non-TIR-NBS regions. The 

TIR-NBS part of the tree is also found to be divided. It is not clear whether this 

divergence is correlated with different mechanisms in which those genes are involved. 

The fact that stop codons were found mostly in one of the branches suggests that those 

genes have evolved a mechanism in which stop codons could have some function. 

Recent evidence from R genes has shown that stop codons play a role in alternative 

splicing (Dinesh-Kumar and Baker 2000). Additionally, P-Loop and UGA codon 
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containing genes are known to incorporate seleno-cysteine, which is considered the 21st 

amino acid. 
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ISOLATION OF EXPRESSED RESISTANCE GENE ANALOGS IN MEDI CA GO 

SAT/VA 

The degenerate PCR primer approach showed positive results using genomic DNA. 

In order to determine whether these genes were expressed, total RNA was isolated from a 

single alfalfa plant, ISC35. The RNA was reverse transcribed to obtain the first strand 

cDNA, which was used as template for PCR. The primers used were the degenerate 

primers LM638 with REV7, and the non-degenerate primers FOR-NBS with REV-NBS. 

The sequences for the two sets of primers were the same except that the inosine bases that 

provided degeneracy were substituted with guanine bases. 

Figure 13: PCR on alfalfa first strand cDNA (ISC35) amplified a 500 bp product The first three lanes on 
the left are the same as the following three lanes to the right. NBS degenerate primers, LM638 and Rev7, 
were used in lanes 1and4. NBS non-degenerate primers, FOR-NBS and REV-NBS were used in lanes 3 
and 6. In both cases, the non-degenerate PCR primers showed the best amplification and the amplification 
product in lane 3 was recovered for cloning. 
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PCR with the NBS primers (degenerate and non-degenerate) showed amplification 

of a 500 bp product (Figure 13). The band in lane 3 showed the best amplification and 

was cut out of the gel and cloned in the pGEM vector. Many white colonies were 

obtained out of which 48 clones were selected; the DNA extracted and cryo-preserved. 

t""- .i. .i. .i. .i. 
I > ------------------------~ > = ------------- - ----------~ = 
=- -- -(1Q N N -

790bp- ., ... - - - .. - •• - - - A CD .• - - - - - - " 
-'99bp- . - · -728bp 

~.i. .i..i. .i. 
I ~ ------------------------~ ~ ~ ------------------------~ ~ =- -- -(1Q N N -- -790b _;_-

p .... - - .- Slrl - - • • - - - - - CB - · •• - ..., - • - -
-'99bp -;t -

-728bp 

Figure 14: Forty-eight clones were confirmed by PCR with Ml3 primers. 

The 48 clones were PCR amplified using M13 primers. The cDNA clones showed a 

uniform and expected 740 bp product that corresponds to the 505-512 bp NBS product 

plus approximately 245 bp from the cloning vector (Figure 14). Eleven clones of the 48 

were selected in order to look for variation among the clones. The 11 clones were 

digested with Tsp509I. The digest showed that there was indeed variation within the 

cDNA clones obtained (Figure 15). 
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Figure IS: Individual cDNA clones showed some variation between. For this reason eight cDNA clones 
were selected for sequencing. 

Eight cDNA clones were then selected for sequencing: 4A9, 4Al 1, 4A12, 4B5, 4C4, 

4C7 4D 1 and 4D4. Reliable sequence data were obtained from five of the clones. All 

five clones showed high homology to previously sequenced MSRGA's from genomic 

DNA. Clones 4A9, 4Al l, and 4B5 showed highest homology to MSRGAl {>99%). 

Clone 4Dl showed the highest homology to MSRGA5 {>99%) and clone 4A12 showed 

the highest homology to MSRGA41 (>99%). This confirms that at least those three 

families ofMSRGA's are being transcribed in Medicago sativa; however, it is possible 

that most or all of the other families are being transcribed as well. 

MSRGA5, which was determined earlier to have a stop codon in the region between 

the kinase-3a and the GLPL domains, was also found within the cDNA clones. As 

mentioned, clone 4Dl showed 99% homology with MSRGA5. The region where the 
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stop codon is found in MSRGA5 is 100% homologous to the same region in clone 4D 1: 

5'-GGG TGA ATG GCT-3' which encodes NH2- G opal MA -COOH. This confirms 

that the transcription product indeed has a stop codon at that position, but it is not known 

whether that product is actually translated. However, opal codons have been found in 

selenocysteine proteins where a UGA codon is translated and is in charge of 

incorporating a selenocysteine residue (Guimaraes et al. 1996). Additionally, some of 

these proteins contain a Walker-A or P-Loop like motif. This similarity might provide 

further information about the possible functioning of some R genes. 

Another alternative for the possible role of stop codons in R genes is that truncated 

forms and alternative splicing of the R gene encoded products play a role in resistance. 

This recently has been confirmed in studies using the N gene in tobacco, where scientists 

found that the ratio of two altenatively spliced messages obtained from cDNA, the NI and 

the Ns, played a role in N gene-mediated resistance. The NI message is a truncated form 

of the N gene product caused by a UGA codon in the reading frame (Dinesh-Kumar and 

Baker 2000). 
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RESISTANCE GENE ANALOG DIVERSITY WITHIN THE GENUS 

MEDI CA GO 

The nucleotide binding site family of resistance gene analogs was found to be very 

diverse in Medicago sativa, and the PCR approach we used to study that diversity gave 

very satisfactory results. This allowed us to use a similar approach to assess the variation 

in resistance gene analogs within the genus Medicago. The LM638 and REV7 

degenerate primers were used on 13 different species from the genus Medicago: M 

lupulina, M polymorpha, M orbicularis, M rigidu/a, M rugosa, M murex, M 

ruthenica, M medicaginoides, M p/atycarpa, M praecox, M radiata, M blancheana, 

M constricta and M saliva (VC123 and Riley 117 A). Degenerate PCR gave good 

amplification of a clear 500 hp which is the expected size for NBS regions. 

Figure 16: PCR using LM638 and REV7 primers gave a clear amplification of the expected 500 bp 
product in several species of the genus Medicago. 
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The degenerate PCR products were digested with Tsp5091 in order to study the 

resistance gene analog diversity between the species mentioned. 

Figure 17: Restriction digests with Tsp5091 of the clear 500 bp product from the degenerate PCR showed 
variation in the banding patterns from the different Medicago species. 

Restriction digests showed that there is significant variation among resistance gene 

analogs in the genus Medicago (Figure 17). The variation in RGA's within the genus 

represents a pool of candidate R genes that might be useful in the future for introducing 

disease resistance from distantly related wild species. 

Wild relatives in the genus Medicago have been suggested previously as a potential 

gene pool for disease and pest resistance genes. Several species of the genus have been 

screened for disease and pest resistance. Very high levels of resistance against races 1 

and 2 of anthracnose have been reported in M /ittoralis, M murex, M rigidula, M 

tenoreana, M truncatula and high levels in M arborea. Resistance to spring blackstem 

(Phoma medicaginis) in M. dzhwakhetica and M. suffruticosa; to bacterial wilt 
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( Corynebacterium insidiosum) in M arborea, and to Stemphylium leaf spot in M 

cancellata have also been reported (Reviewed by Quiros and Bauchan 1988). 

Attempts to cross plants from the Medicago sativa complex with wild Medicago 

species have failed due to several barriers that make the species cross incompatible. 

Among these are ploidy level, chromosome rearrangement, pollen morphology and poor 

seed development (Reviewed by Quiros and Bauchan 1988). 

The use of molecular techniques for the isolation of disease and pest resistance genes 

as well as other techniques such as plant transformation might enable breeders to over­

come the barriers between the wild species of the genus Medicago and the cultivated 

Medicago sativa. This would enable alfalfa breeders to make use of the R gene pool that 

we have found to exist within the genus Medicago in order to incoporate it in breeding 

programs. 
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CONCLUSIONS 

The present study provided a characterization of the nucleotide-binding site family of 

resistance gene analogs in Medicago sativa. We found that the MSRGA family is highly 

diverse in alfalfa and within the genus Medicago. In alfalfa we found 51 unique 

sequences that encoded the characteristic motifs of the nucleotide-binding sites of disease 

and pest resistance genes. The 51 unique sequences were found divided in 6 major 

clusters according to dendrogram and bootstrap analysis. Some clusters showed little 

variation between the sequences ( <5% nucleotide sequence divergence) in the cluster. 

Sequences that showed less than 5% sequence divergence might represent alleles of 

homologous resistance genes. Sequences that diverged by more than 5% were 

considered as members of different families. The 51 sequences were classified into 

eighteen families of Medicago sativa resistance gene analogs. Three of the 18 families 

were confirmed to be transcribed. Additionally, families in Medicago sativa suggest 

three different evolutioruuy origins by the occurrence of three groups in dendrogram 

analysis: two groups with TIR-NBS characteristics, and one with nonTIR-NBS 

characteristics. 

Our present study showed that there is significant variation in resistance gene 

analogs in the genus Medicago that represents a diverse pool of resistance genes. The 

sequences provided will be a useful starting point for the isolation of complete functional 

resistance genes from Medicago sativa and related species. 

The characterization of the MSRGA family will also contribute in finding molecular 

markers for use in marker-assisted selection. The use of techniques such as CAPS, used 

successfully in potato, will enable us to look for polymorphisms within domains of 
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candidate resistance genes that consequently would provide tightly linked disease 

resistance markers. The identification of markers within functional gene domains 

associated with resistance will likely increase the efficiency of marker assisted selection 

in autotetraploid species like alfalfa. 

As research increases involving genetic analyses in Medicago sativa and Medicago 

truncatula the R gene diversity that we describe here in alfalfa and in the genus 

Medicago will gain importance in the development of disease and pest resistant alfalfa 

cultivars in the future. 

In summary, the MSRGA family in Medicago sativa and in the genus Medicago 

provides a rich source of naturally occurring genetic diversity with the potential to confer 

strong resistance against a wide range of pathogens and pests. Any strategy successful in 

inc01porating resistance from this diverse gene pool into elite cultivars will reduce the 

application of agricultural chemicals, and will increase the efficiency of food production. 

The research efforts provided by this study look towards the improvement of 

agriculture through the pursuit of scientific knowledge with beneficial implications to the 

preservation of the environment, and the well being of agriculturally dependent societies. 
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