
Theor Appl Genet (1993) 86:329-332 

�9 Springer-Verlag 1993 

Development of an RFLP map in diploid alfalfa 

E. Charles Brummer 1,, Joseph H. Bouton 1, and Gary Kochert 2 
1 Department of Agronomy, University of Georgia, Athens, GA 30602, USA 

Department of Botany, University of Georgia, Athens, GA 30602, USA 

Received July 31, 1992; Accepted November 3, 1992 
Communicated by G.E. Hart 

Summary. We have developed a restriction fragment 
length polymorphism (RFLP) linkage map in diploid 
alfalfa (Medicago sativa L.) to be used as a tool in alfalfa 
improvement programs. An F 2 mapping population of 
86 individuals was produced from a cross between a plant 
of the W2xiso population (M. sativa ssp. sativa) and a 
plant from USDA PI440501 (M. sativa ssp. coerulea). 
The current map contains 108 cDNA markers covering 
467.5 centimorgans. The short length of the map is prob- 
ably due to low recombination in this cross. Marker 
order may be maintained in other populations even 
though the distance between clones may change. About 
50% of the mapped loci showed segregation distortion, 
mostly toward excess heterozygotes. This is circumstan- 
tial evidence supporting the maximum heterozygote the- 
ory which states that relative vigor is dependent on max- 
imizing the number of loci with multiple alleles. The 
application of the map to tetraploid populations is dis- 
cussed. 
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Introduction 

Despite the agricultural importance of alfalfa, no com- 
plete genetic map is available. Cultivated alfalfa is an 
autotetraploid (2n=4x=32) ,  a feature which has un- 
doubtedly slowed the development of a genetic map. 
However, tetraploid alfalfa, M. sativa ssp. sativa has a 
diploid form, ssp. coerulea. The closely related ssp. fal- 
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cata also exists at both diploid and tetraploid levels 
(Quiros and Bauchan 1988). Additionally, a population, 
cultivated alfalfa at the diploid level (CADL), has been 
developed through the isolation of haploids (n = 2x = 16) 
from cultivated germplasm (Bingham and McCoy 1979). 
The availability of these alternative germplasm sources 
makes the construction of a molecular-marker-based 
map for alfalfa much easier than working with te- 
traploids. 

The potential usefulness of a genetic map in alfalfa is 
far reaching. Some of the most intransigent problems 
may be amenable to solution using molecular linkage 
information. Complex traits, such as acid-soil tolerance 
and bloat resistance, may be more advantageously select- 
ed through indirect, map-based methods. Maximum het- 
erozygosity, or the presence of multiple alleles at a locus, 
has been postulated to be important for traits such as 
yield and vigor (Dunbier and Bingham 1975). Map- 
based methods which assess the amount of  alMic varia- 
tion present throughout the genome may enab]Le breeders 
to more effectively develop cultivars carrying multiple 
alleles at many loci. Lastly, long-term goals such as inte- 
grating genes from related, but incompatible, species of 
Medicago [such as weevil resistance (Sorenson et al. 
1988)] could be facilitated by map-based cloning. We are 
developing an RFLP-based map in a diploid population 
of alfalfa. The probes can be easily shared among many 
labs. 

Materials and methods 

Methods for DNA extraction, gel electrophoresis and hybridiza- 
tion, and information about the probe library, are presented 
elsewhere (Brummer et al. 1991). Clones are from a cDNA li- 
brary made from alfalfa seedlings and are identified by UGAc 
(University of Georgia cDNA) while the loci they identify are 
denoted as Yugac (X indicates a mapped locus). Previously, 
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Fig. 1. RFLP map of diploid alfalfa. All markers are cDNA markers. Map distances in centimorgans (cM) are given to the left of 
each linkage group; marker names are given to the right. Markers in parentheses indicate loci which map to the same location as the 
marker to the left. Dark bars indicate markers whose order could not be confirmed with a LOD of 2.0. Asterisks indicate loci with 
segregation distortion ( P <  0.05); two asterisks indicate clones for which > 90% of the Fz progeny were heterozygous 

these clones were denoted by " U "  or ' T '  (Brummer et al. 1991). 
Two plants from the previous study with highly polymorphic 
RFLP patterns were chosen as parents for the mapping popula- 
tion. One parent (W2xiso #3)  was derived from W2xiso-I 
germplasm (Bingham 1991); the other (440501 #2)  was a plant 
from USDA PI 440501 (M. saliva ssp. eoerulea). The parents 
were crossed to produce an F~ hybrid which was selfed to pro- 
duce an Fz mapping population of 86 individuals. Clones were 
screened with chloroplast D N A  and total D N A  to eliminate any 
chloroplast or highly repetitive sequences. The remaining clones 

were hybridized to Southern blots containing D N A  of the two 
parents and the F 1 hybrid digested with EcoRI, EcoRV, and 
HindlII. Loci which showed clear polymorphism between the 
parents and were heterozygous in the F I were scored in the F z 
population. The expected segregation of alleles at most loci was 
thus 1 : 2:1. Five loci (Xugac056, I40, 189, 246, and 584) were 
also mapped which segregated in an expected 3:1 ratio. Only 
loci whose dominant alleles were in coupling were used in the 
analyses because those in repulsion provide little information in 
F 2 populations (Reiter et al. 1992). 
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Table 1. Segregation data for 51 loci which exhibited segrega- 
tion distortion (P < 0.05) from the expected ratio of 1 : 2 : 1 

Locus A a H B Z 2 

XugacO03 3 67 11 36.26 
XugacO09 23 53 8 11.12 
Xugac025 22 54 8 11.52 
Xugac034 2 70 12 39.71 
Xugac044 12 43 29 6.93 
Xugac053 11 47 27 6.98 
Xugac055 17 54 14 6.44 
Xugac056 b - 74 10 7.68 
Xugae058 14 56 16 7.95 
Xugac065 7 47 26 11.48 
Xugae076 2 77 6 56.39 
Xugac080 10 58 17 12.46 
Xugac082 11 52 22 7.09 
Xugac084 1 78 6 62.10 
Xugac094 6 60 18 18.86 
Xugacl09 11 57 16 11.31 
Xugacll8 24 53 6 14.18 
Xugacll9 14 55 16 7.45 
Xugac122 11 59 16 12.49 
Xugael31 4 68 13 32.51 
Xugacl41 9 48 24 8.33 
Xugac149 12 55 18 8.20 
Xugacl51 22 45 9 7.03 
Xugae157 3 60 22 22.91 
Xugae182 13 54 16 7.75 
Xugac202 20 58 5 18.54 
Xugac212 4 55 24 18.42 
Xugae225 1 78 6 59.89 
Xugae281 15 53 14 7.05 
Xugac286 4 63 14 27.47 
Xugac291 9 53 18 10.48 
Xugac297 12 54 18 7.71 
Xugac305 9 50 25 9.14 
Xugac310 23 53 7 12.54 
Xugac315 1 74 6 56.04 
Xugac372 0 75 6 59.67 
Xugac393 27 47 6 13.48 
Xugac409 11 58 16 11.89 
Xugac466 4 69 11 35.88 
J(ugae469 22 52 7 12.09 
Xugac471 6 53 26 14.60 
Xugac473 20 57 6 16.30 
Xugac477 26 53 6 14.60 
Xugac482 16 60 5 21.77 
Xugac492 11 59 15 13.19 
Xugae540 3 68 9 40.10 
Xugac543 2 77 4 60.83 
Xugac566 3 69 11 37.99 
Xugac576 2 78 6 57.35 
Xugac599 4 57 22 19.39 
Xugac602 22 52 6 13.60 

F 2 progeny genotype: A, homozygous for the W2xiso # 3 
parental allele; H, heterozygous; B, homozygous for the 
PI440501 #2  parental allele 
b Expected segregation ratio 3:1 

Linkage was determined using MAPMAKER (Lander et al. 
1987) on an Apple Macintosh computer. Markers were initially 
assigned to groups using the 'group' command. Next, a 'first 
order' approximation was made of the likely order, and selected 
loci were mapped with the 'three-point' command. Other loci 

were added to this framework using the 'try' command. All 
linkage orders were verified using either 'three-point' or 'com- 
pare'. A minimum LOD of 3.0 and a maximum recombination 
frequency of 0,25 was used. Linkage of markers separated by 
more than 20 cM were confirmed using the 'linked' command. 
A dark line is placed to the right of markers which could not be 
ordered conclusively using a LOD of 2.0 (see Fig. 1). Map dis- 
tances were determined using the Kosambi mapping function. 

Results and discussion 

The current  map (Fig. 1) consists of  108 markers  and 
covers 467.5 cent imorgans (cM). The map  has ten link- 
age groups, but  alfalfa has a basic chromosome number  
of  eight. Wi th  the addi t ion of  more markers,  the number  
of  l inkage groups should converge on eight. 

An  interesting feature of  the map  is its short  length. 
Mos t  likely, recombinat ion  was repressed in this cross. 
Alfalfa chromosomes  are small (Lesins and Gillies 1972) 
which may  make the frequency of  chiasmata  low. 
Whether  this is a common feature of  alfalfa crosses is not  
currently known. The only major  p roblem of  decreased 
recombinat ion is uncertainty of  locus ordering. Because 
of  the proximi ty  of  some of  the markers,  their relative 
posi t ions may  change in another  popula t ion .  Neverthe-  
less, the approximate  posi t ion on the chromosome 
should be unchanged so that  the map  should 1be useful 
despite this problem. 

A n  alternative explanat ion for the short  map, distance 
is poor  chromosomal  affinities between the parents.  One 
parent  was derived from a diploid popula t ion  developed 
from tetraploid M. sativa ssp. sativa and the other parent  
originated from ssp. coerulea. These two subspecies are 
only differentiated by p lo idy  and are otherwise identical 
(Quiros and Bauchan 1988). Because of  their similarities, 
it seems unlikely that  poor  chromosomal  pair ing would 
occur. 

We have also found that  48% (52 of  108) of  the 
mapped  loci showed segregation dis tor t ion calculated by 
chi-square analysis as a deviat ion f rom the expected 
progeny ratios of  1 :2 :1  or 3:1 (P<0 .05 ,  Table 1; aster- 
isks in Fig. 1). The major i ty  of  the distorted loci have 
excess heterozygotes al though some revealed excess num- 
bers of  progeny homozygous  for one or the other 
parental  allele. Loci that  display segregation dis tor t ion 
tend to be grouped together  on the chromosomes  
(Fig. 1). Ninety percent  or more of  the progeny were 
heterozygous at seven loci in group 4 (two asterisks, 
Fig. 1). The surrounding markers  also showed consider- 
able skew away from both  parenta l  genotypes, part icu-  
larly that  of  the W2xiso parent.  Conversely, all markers  
on group 9 were dis tor ted toward  excess heterozygotes,  
and all had few progeny homozygous  for PI440501 
parenta l  alleles. 

The distorted linkage groups most  likely represent 
real associations among the loci. A chromosomal  seg- 
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Table 2. The number and percent of cDNA clones producing 
the given number of restriction fragments per plant (averaged 
over three enzymes) as determined after hybridization of the 
clones to DNA from the mapping population parents digested 
with EcoRI, HindlII, and EcoRV 

No. of restriction Number (percent) of total 
fragments per plant cDNA clones tested 

1-2 129 (41%) 
3-4 86 (27%) 
5-8 74 (24%) 
>8 24 (8%) 

Total clones tested 313 (100%) 

ment which shows distorted segregation will cause 
skewed ratios in neighboring segments as well. The large 
linkage groups (e.g., 4 and 9) may in fact be combina- 
tions of several true linkage blocks which map to differ- 
ent areas in the genome. This will become more evident 
when the map is applied to another population, but 
should not pose a significant problem because entire 
groups of clones will be moved. 

The maintenance of heterozygosity provides circum- 
stantial evidence for the validity of the maximum het- 
erozygosis hypothesis [Demarly (cited in Busbice et al. 
1972); Dunbier and Bingham 1975]. This theory holds 
that multiple alleles at a locus are a prerequisite for high 
yield, vigor, and other traits relating to persistence. We 
have seen examples of four alleles per locus among the 
parents, the maximum possible to observe in diploids. 
The correlation between survival and the proportion and 
location of maximally heterozygous RFLP loci is un- 
known. Three large clusters of loci with excess het- 
erozygotes have been identified (groups 4, 7, and 9). 
These might be interesting to further evaluate for their 
effect on traits thought to be associated with maximum 
heterozygosity. We did not perform any selection on the 
F 2 mapping population other than that resulting from 
choosing plants which were able to produce enough tis- 
sue for DNA extraction. Natural selection against ho- 
mozygotes may have occurred at any developmental 
stage from the zygote to the mature plant. 

Based on the number of bands seen on autoradio- 
grams, many of the cDNA clones we tested probably 
represent repeated sequences (Table 2). We assumed that 
three or four bands per plant seen in three different re- 
striction digestions represented two (or more) loci. Al- 
though it is possible that some of these are actually not 
repeated sequences, the assumption should be correct in 
the majority of  cases. Because alfalfa is extremely het- 
erozygous, many different alleles exist at a single locus, 
and attempting to correlate alleles with loci in different 
populations will be problematic. 

The functionality of the map at the tetraploid level is 
the major question confronting breeders as they attempt 
to use it in their programs. Studying segregation in te- 
traploid progeny is much more complex than in diploids. 
I f  a maximally heterozygous individual is selfed, the max- 
imum number of possible genotypes at a single locus is 
three diploids and 19 in tetraploids without double re- 
duction or 35 with double reduction. Additionally, dis- 
tinguishing among genotypes which only differ in allele 
frequency is difficult. A possible method to estimate link- 
age in polyploids has been proposed by Wu et al. (1992) 
and may need to be adopted by alfalfa geneticists for 
mapping at the tetraploid level. Further research needs to 
be conducted to better understand the potential for map- 
ping directly in the tetraploid populations. 
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