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Summary. Restriction Fragment Length Polymorphisms 
(RFLP) have been identified between widely distant cul- 
tivars ( 'Minsoy' and 'Noir 1') of soybean Glycine max 
(L.) Merrill. Using as probes randomly chosen clones of  
DNA, one in five probes revealed a polymorphism. More 
than half of these polymorphisms appear to result from 
rearrangements of the genomic DNA. Twenty seven 
markers were analyzed for linkage in F2 plants. Eleven of 
these markers were contained in four linkage groups. 
Five cultivars were compared in a search for new alleles. 
When RFLP markers corresponding to low copy DNA 
were used to analyze three other cultivars - 'Sooty',  'For- 
rest' and 'Mandarin (Ottawa)' - few new alleles were 
found. Using these probes, five different markers could 
be used to differentiate the five cultivars. Complex 
probes, which correspond to repeated DNA, revealed 
different polymorphisms in different cultivars and a sin- 
gle such probe could be used to distinguish the five culti- 
vars from each other. 

Key words: Soybean - Restriction fragment length poly- 
morphism - Genetics - Allele - Variation 

Introduction 

Soybean (Glyc&e max (L.) Merrill) is a self-fertilizing, 
inbreeding plant. Because of this, it may be expected that 
cultivars which are able to grow in diverse climates and 
habitats also would have diverged genetically. It is not 
surprising that a broad range of climate and photoperiod 
adaptations (maturity groups) exist able to grow in tropi- 
cal or in northern temperate locations. Plants have been 
collected from China (where soybean has been under 
cultivation for more than 3,000 years) as well as Korea, 
Japan and a number of other countries (Hymowitz and 

Kaizuma 1981) and more than 3,000 cultivars currently 
are available in the germplasm collection of the USDA. 

Despite breeding programs using this extensive germ- 
plasm, relatively little genetic information is available for 
this important crop plant. G. max has 40 chromosomes 
(n=20) on which only 17 linkage groups have been 
located (Palmer and Kilen 1987,. R.G. Palmer, personal 
communication). Clearly, using conventional technology 
the process of constructing a genetic map has been slow. 
Although evolutionary studies of Glycine max are avail- 
able (Hymowitz 1970, 1984; Hymowitz etal. 1977; 
Hymowitz and Newell 1980, 1981) the limited amount of 
genetic information has made it difficult to compare the 
evolutionary history of individual plant introductions. 

Crosses between soybean plants are difficult to carry 
out because the flower opens after pollination. (Each 
cross involves dissection of the flowers participating in 
the cross.) Plants of different maturity groups must be 
scheduled to mature in such a way that cross pollination 
is possible. Although techniques are available for carry- 
ing out genetic studies of soybean cells in tissue culture 
(Roth et al. 1985), few genetic markers are available 
which can be used in both intact plants and in cell culture 
(Roth and Lark 1984). 

We have investigated the use of  Restriction Fragment 
Length Polymorphisms (RFLP) as markers for use in 
soybean genetics. RFLP markers represent changes in 
the length of the fragments of genomic DNA produced 
by digestion with specific restriction enzymes. Restric- 
tion fragment length polymorphisms can furnish a large 
set of genetic markers which can be arranged into a 
genetic map using a single cross (F1) and its segregating 
progeny (Fe). Thus, these molecular markers furnish an 
ideal approach to study a plant in which crosses are 
difficult to carry out. These markers are co-dominant, 
have full penetrance (since they analyze the DNA direct- 
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ly) and  are, in principle,  un l imi ted  in number .  They  have  

been used successfully to m a p  h u m a n  c h r o m o s o m e s  
(Feder  et al. 1985) and  m o r e  recent ly to cons t ruc t  genetic 
m a p s  o f  plants  such as maize,  t o m a t o  and let tuce 

(Helent jar is  et al. 1985, 1986a, b; Berna tzky  and Tanks-  
ley 1986a, b, c; Vallejos et al. 1986; L a n d r y  et al. 1987). 

In an ima l  ceils, c h r o m o s o m e  loss in tissue cul ture  (e.g., 
f r o m  h u m a n - m o u s e  cell hybrids)  has p rov ided  a rapid  

means  o f  ass igning marke r s  to specific c h r o m o s o m e s  
(Weiss and  Green  1967; K a o  e t a l .  1982; Neve  et al. 
1983). In a s imilar  manne r ,  R F L P  markers  can  be used 
in con junc t ion  wi th  p lan t  cell cul ture  t echnology  (Ro th  

and La rk  1984; R o t h  et al. 1985) to rapidly assign loci to 
specific c h r o m o s o m e s .  

In  this pape r  we describe R F L P  markers  for Glycine 
max and  show that  they will be useful in the cons t ruc t ion  
o f  a genetic  m a p  and  as markers  in breeding  programs .  

O u r  results suggest  a conse rva t ion  o f  the soybean  ge- 
n o m e  and  that  a large par t  o f  the p o l y m o r p h i s m s  which  
exist m a y  be due  to genomic  rear rangement .  

Materials and methods 

Plant material 

The soybean cultivars, 'Minsoy' (PI 27,890), 'Noir 1' (PI 
290,136), 'Sooty', 'Forrest' ,  and 'Mandarin (Ottawa)' were used 
in these studies. Seed of soybean cultivars 'Minsoy', 'Noir 1', 
and an F t sexual hybrid between 'Minsoy' and 'Noir 1' were 
obtained from Dr. Reid Palmer, Iowa State University, Ames, 
Iowa. Seed of soybean cultivars 'Sooty' and 'Forrest '  were ob- 
tained from Dr. Lila Vodkin, University of Illinois, Urbana, 
Illinois. Seed of the soybean cultivar 'Mandarin'  was obtained 
from the Prairie Regional Laboratory, Saskatoon, Saskatche- 
wan, Canada. Plants were grown in a greenhouse in a standard 
potting soil mixture at temperatures of 21~ 30 ~ during the day 
and 10~ ~ at night. Daylengths were 14 h of light, 10 h of 
darkness. F t hybrids were allowed to set seed and the resulting 
F 2 seed was germinated. F 2 plants were grown in hydroponics 
in a modified Hoagland nutrient solution (Leggett and Frere 
1971). 

Tissue culture cell lines from 'Minsoy', 'Noir 1' and the F 1 
hybrid were produced from the stems and leaves of sterile seed- 
lings. Soybean seeds were sterilized 2 h in chlorine gas in a glass 
desiccator. The seeds were germinated in sterile glass jars on 
filter papers saturated with water. Two weeks after germination, 
leaves and stems were cut into sections and placed in petri dishes 
on filter papers saturated with B5C medium (Gamborg et al. 
1968) containing 0.2% casein hydrolysate (ICN Pharmaceu- 
ticals Inc., Cleveland, Ohio), 0.4 mg/l 2,4 dichlorophenoxyacetic 
acid (2,4-D), 3.0mg/1 napthaleneacetic acid (NAA), and 
0,2 mg/l kinetin. Callus formed after two weeks. The callus was 
then put into suspension in B5C medium containing 1 mg/1 
2,4-D. Cell lines were maintained in this medium. 

Enzymes and chemicals 

Restriction enzymes were purchased from Bethesda Research 
Laboratories (Gaithersberg, Maryland) and New England Bit- 
labs (Beverly. Massachusetts). Radioisotopes and E. coli DNA 

polymerase I used in nick translations were purchased from 
New England Nuclear (Boston, Massachusetts). DNase I, pan- 
creatic RNase, agarose, 1,10 phenanthroline, EDTA, salmon 
sperm DNA, dextran sulfate, IPTG and sodium dodecyl sulfate 
were purchased from SIGMA Chemical Co. (St. Louis, Mis- 
souir). Proteinase K was purchased from Boehringer Mannheim 
(Indianapolis, Indiana). Formamide, large subunit of DNA 
polymerase I (Klenow fragment), M13 15bp sequencing primer, 
and X-gal were purchased from Bethesda Research Laborato- 
ries. 

DNA isolation 

DNA from leaves, roots, stems, and tissue culture lines was 
isolated by a modification of the procedure of Dellaporta et al. 
(1983). The material was ground with a mortar and pestle to a 
fine powder in liquid nitrogen. The frozen powder was quickly 
added to extraction buffer (50 mM Tris-HCl pH 8.0, 100 mM 
EDTA, 150 mM NaC1, 1% SDS, 5 mM 1,10 phenanthroline, 
and 50 ~tg/ml proteinase K) at 65~ Approximately 10 ml of 
extraction buffer was used per gram of tissue. The mixture was 
maintained at 65~ for 30-60 rain. One-fifth volume of 5 M 
potassium acetate was added and the mixture was placed on ice 
for 30 min. The mixture was centrifuged at 3,000 x g for 20 min. 
DNA was precipitated from the supernatant with 0.54 volumes 
of isopropanol. The DNA was purified by phenol extractions 
and equilibrium centrifugation in cesium chloride. 

Preparation of MI3 probes 

DNA from the leaves of an F 1 hybrid plant was digested to 
completion with Sau3AI and ligated into the RF form of M13 
(MP9, Bethesda Research Laboratories) which had been di- 
gested with BamHl. The ligation mixture was transformed into 
DH5~ competent cells (Hanahan 1985) and then plated onto the 
indicator strain UT580 (K12 F +  F' traD36 proAB laclqZ 
ml5/hsp r - m + k  (prolac) ara Tnl0zji) on plates containing 
IPTG and X-gal. Colorless plaques (those containing inserts) 
were picked into wells of microtiter dishes containing 200 I-tl 
L-broth (1% tryptone, 0.5% NaC1, 0.5% yeast extract). These 
were incubated overnight at 37 ~ To differentiate single copy 
clones from high copy clones, the clones were probed with radio- 
active total soybean cell DNA (see lambda clones below). Fol- 
lowing washing (see below) the membranes were placed on 
XAR-1 film (Kodak) with intensifying screens (Dupont Cronex 
Lightning-Plus) for two weeks. Clones were picked that gave 
very little or no signal. The clones were further characterized for 
insert size by running 20 ~tl of M13 phage from each microtiter 
well on an 0.8% agarose gel along with MI3 of known size. M13 
clones containing inserts of greater than 300 bp were selected. 

Preparation of M13 template DNA 

Single stranded M13 DNA was prepared by the method de- 
scribed in the Bethesda Research Laboratories M13 cloning/ 
dideoxy sequencing instruction manual (see also Sanger et al. 
1980). The M13 was grown on the bacterial strain UT580. 

Radioactive labeling of MI3 templates 

M13 templates were labeled with ~.32p dCTP using a M13 15 bp 
sequencing primer (Messing 1983). Five lal of the 50 Ixl template 
preparation was used for each labeling reaction. The un- 
incorporated radioactive triphosphate was separated from the 
reaction mixture using Sephadex G-50 spin columns (Maniatis 
et al. 1982). Yields were greater than 10 7 DPM per reaction 
(specific activity l0 s to 10 9 DPM per ~g of insert). The labeled 
templates were denatured in 50% formamide at 80 ~ for 15 min. 



Preparation of  lambda probes 

A lambda library of the soybean cultivar 'Forrest '  was provided 
by Dr. Robert  Goldberg. The average insert size of this library 
was 15-20 kb. To differentiate clones of single copy D N A  from 
clones of repeated DNA, the clones were probed with radio- 
active soybean genomic DNA. To do this, phage particles were 
transferred to nitrocellulose membranes by the technique of 
Benton and Davis (1977), these nitrocellulose membranes were 
then hybridized with nick translated total soybean DNA. Fol- 
lowing washing (see below) the membranes were placed on 
Kodak SB5 film for 2 - 3  weeks. A range of intensities of signals 
was observed, indicative of the relative copy number  of  the 
clones in the soybean DNA. Clones were picked that  gave very 
little or no signal. Lambda clones G-8, G-17, and G-21 were 
digested with EcoRI and subcloned into the EcoRI site of  pUC9 
(Frazier 1987). 

Other lambda clones 

Lambda clone DA28-30 was a gift of Dr. Robert  Goldberg, 
University of California, Los Angeles, California. This clone 
contains the coding region for glycinin genes G1 and G2 on a 
15.4 kb EcoRI fragment in lambda phage Charon 4A (Fisher 
and Goldberg 1982). Subclone pGly 3 is a 5.3 kb EcoRI frag- 
ment from this lambda clone, cloned into pUC9 (Frazier 1987). 
Plasmid clone pJCX-1, a 3.0kb XbaI fragment containing the 
coding region for the lectin gene 1 in the vector p U C I 2  was a gift 
of Dr. Lila Vodkin (Goldberg et al. 1983). The plasmid clone 
pS-5H1.3 (TGM) was also obtained from Dr. Lila Vodkin 
(Rhoades and Vodkin 1985). 

Radioactive labeling of soybean, lambda and plasmid DNA 

Soybean DNA and plasmid DNA were labeled with Qt-3ZP using 
the nick translation procedure of Rigby et al. (1977). The un- 
incorporated radioactive tr iphosphate was removed by washing 
the DNA three times with 80% ethanol. The labeled D N A  was 
denatured in 50% formamide at 80~ for 15 min. 

DNA restriction analysis and Southern transfers 

Plant DNA was digested with restriction enzymes according to 
the manufacturer 's  specifications. Digestion was carried out 
overnight (12-16  h) using 25 units of enzyme per 5 ~tg of DNA. 
DNA fragments were resolved by gel electrophoresis through 
I o/0 gels, 5 ~tg of DNA per lane. TPE (80 m M  Trisphosphate pH 
7.8, 8 mM EDTA) was used as the running buffer. The D N A  
fragments were either transferred to nylon membranes or nitro- 
cellulose. 

The method of Reed and Mann  (1985) was used to transfer 
DNA to nylon membranes. The gels were treated with 0.25N 
HCI for 6 min and 0.4N NaOH for 5 min and then transferred 
to nylon membranes (Biotrace RP, Gelman Science, Inc.) using 
0.4N NaOH. Membranes were rinsed in 2X SSC (Maniatis et al. 
1982) and dried at room temperature. The membranes were 
prewashed for 1 h in 1 M NaCI, 0.5% SDS, 50 mM Tris pH 8.0, 
1 mM EDTA and then pre-hybridized 12-16 h at 42~ in 
10-20 ml of 50% formamide, 5X SSC, 100 ~tg/ml denatured 
salmon sperm DNA, 50 m M  phosphate buffer pH 6.5, 5X Den- 
hardt ' s  buffer, 1% SDS, 2.5% dextran sulfate. These mem- 
branes were hybridized 12-16 h at 42 ~ in 5 ml of 50 % forma- 
mide, 5X SSC, 100 denatured txg/ml salmon sperm DNA, 
2 0 m M  phosphate buffer pH 6.5, 1X Denhardt ' s  buffer, 1~ 
SDS, 5% dextran sulfate and labeled probe. After this they were 
washed 1 h in 2X SSC, 0.5% SDS at 42 ~ 1 h in 2X SSC, 0.5% 
SDS at 65 ~ 1 h 0.2X SSC, 0.2% SDS at 65 ~ 1 h in 0.2X SSC, 
0.1% SDS at 65 ~ and 1 h in 0.2X SSC, 0.1% SDS. Autoradio- 
graphs were prepared by exposing the nylon membranes to 
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Kodak SB5 X-ray film with intensifying screens (Dupont  Cro- 
nex Lightning-Plus) at - 7 0 ~  The nylon membranes were 
repeatedly stripped and reprobed. To strip the probe, the mem- 
branes were soaked in 0.4N NaOH for 30 min at 42~ and then 
neutralized for 15-20  min at room temperature in 0.2M Tris- 
HC1 pH 7.5, 0.1X SSC, 0.5% SDS. 

The method of Southern (1975) was used to transfer D N A  
to nitrocellulose. Hybridization was the same as with the nylon 
membranes. 

Mapping of lambda clones G-17 and G-21 

D N A  from the lambda clones G-I  7 and G-21 were digested with 
different restriction enzymes. Single and double digests of  the 
following restriction enzymes were used: for G-17, BamHI, 
EcoRI, HindlII, and SstI; for G-21, BamHI, BgllII, EcoRI, 
DraI, HindlII, and PstI. D N A  fragments were separated by gel 
electrophoresis and fragments were transferred to nylon mem- 
branes as described. These membranes were repeatedly probed 
with each of several subclones; six subclones for G-17 and four 
subclones for G-21. Subclones were labeled by nick translation. 
The order of the map was determined by which subclones had 
fragments in common. 

L&kage analys& o f F  2 segregation 

Linkage between RFLP markers was determined by the method 
of maximum likelihood, using segregation in F z plants and a 
computer program, Linkage-1 (Suiter et al. 1983). The program 
was the generous gift of Dr. Karl Suiter. 

Fig. 1 A - C .  Restriction fragments from digests of soybean 
genomic DNA, hybridized with segments of DNA cloned into 
phage lambda. Soybean genomic DNA was isolated from 'Min- 
soy', 'Noir  1' or F 1 hybrid plants and digested with the restric- 
tion enzymes shown. The fragments were separated by agarose 
gel electrophoresis and transferred to nitrocellulose membranes. 
These Southern transfers were hybridized with radioactive 
DNA: A XG-7; B ~G-26; C ~G-17. An analysis of the results is 
given in the text 
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Fig. 2 A-C.  Segregation of restriction fragment alleles prepared by digesting soybean 
DNA with the enzymes HindIII or EcoRI. DNA was isolated from 'Minsoy', 'Noir 1', 
F 1 (heterozygote) o r  F 2 plants. Restriction fragments were prepared and separated as 
described in "Materials and methods" (see also Fig. 1) and analyzed by hybridization 
with radioactive DNA from plasmid subclones (G-17-1 (A and B) or G-17-2 (C)) of 
lambda G-I 7 (see "Materials and methods"). Four polymorphisms are observed: In (A) 
with G-t7-1 : 9.6 or 6.6 kb alleles and 2.3 or 2.2 kb alleles produced by EcoRI; in (B) with 
G-17-1:4.0 and 3.3 kb alleles produced by HindIII; in (C) with G-17-2:2.4 or 2.2 kb 
alleles produced by EcoRI. Note that the 'Noir 1' and 'Minsoy' HindIII alleles in (B) 
co-segregate with the EcoRI 9.6 kb and 2.2 kb alleles of 'Noir 1' and 'Minsoy' in (A); 
whereas the EcoRI 2.3 and 2.2 kb alleles in (A) segregate independently of the other 
restriction fragments. In (A) and (C) note that the 'Minsoy' alleles co-segregate as do the 
'Noir 1' alleles 

Results 

Previous experiments (Delanney and Palmer 1982) had 
suggested that two plant introductions 'Minsoy'  and 
'Noi r  1' were widely separated during their evolution. In 
most of  these experiments we have compared these two 
cultivars and progeny from a cross between them. 

Lambda and M13 clones as sources o f  R F L P  markers 

Initially we examined clones containing randomly se- 
lected segments of  soybean D N A  in phage lambda (see 
"Materials and methods")  for use as probes for specific 
restriction fragments. Three patterns of  hybridization 
were observed (Fig. 1). Despite initial screens to select 

clones which did not correspond to repeated DNA,  
several clones gave patterns of  hybridization too complex 
to analyze (Fig. 1 A). With such clones, a large number of  
restriction fragments were labeled, and the radioactivity 
from these bands obscured any possible polymorphism. 
Others, though complex, could be analyzed (as in 
Fig. 1 B) and some revealed polymorphisms. (Thus in 
Fig. 1 B, digestion with HindIII produced a 1.95 kb frag- 
ment which is present in 'Noir  1' but not in 'Minsoy' ,  
whereas a 1.65 kb fragment present in 'Minsoy'  is not 
found in 'Noir  1'. Both fragments appear in the F~ hy- 
brid.) Yet other clones yielded relatively simple patterns 
of  restriction fragments in which polymorphisms clearly 
were visible (as in Fig. 1 C). Simpler patterns could be 
obtained by subcloning segments of  these inserts into a 
plasmid vector (see Fig. 2). 
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Fig. 3. Segregation of two restriction fragment alleles 
visualized by hybridization with radioactive DNA 
from an MI 3 clone. DNA was isolated from the soy- 
bean plants indicated, digested with BclI and restric- 
tion fragments separated for analysis as in Fig. 2 and 
in "Material and methods". These fragments were 
transferred to a nylon membrane and hybridized with 
radioactive DNA from the M13 clone NP-8 

Many probes revealed polymorphisms when DNA 
was digested with each of several enzymes. Thus, in 
Fig. 1 C, the polymorphism is revealed by the enzyme 
HindlII as a 4.0 kb fragment from 'Minsoy' and a 3.3 kb 
fragment from 'Noir 1' DNA; whereas EcoRI produces 
a 9.6 kb fragment from 'Minsoy' and a 6.6 kb fragment 
from 'Noir 1'. These two sets of polymorphisms remain 
apparent when the subclone in Fig. 2 is used as the probe 
and co-segregate as would be expected if they represented 
two tightly linked loci or two aspects of  a single locus. 
This can be seen by comparing the segregation of the 9.6 
and 6.6 kb EcoRI fragments in Fig. 2A with the 4.0 and 
3.3 kb HindlII fragments in Fig. 2 B. 

Most RFLP markers were not linked and therefore 
did not co-segregate (see below). In a few cases, a single 
probe revealed two polymorphisms, with one enzyme, 
which segregated independently in F 2 plants. An example 
is shown in Fig. 2 (EcoRI digest: 9.6 and 6.6 kb frag- 
ments should be compared with 2.3 and 2.2 kb frag- 
ments). Such examples were indicative of the complexity 
of the soybean genome, in which one DNA probe can 
hybridize with fragments of DNA on separate linkage 
groups, indicating that DNA homologous to this probe 
is interspersed throughout the genome (Goldberg 1978). 

To avoid this type of complexity as well as the com- 
plex patterns of hybridization shown in Fig. 1 A (or B), 
we used smaller probes, fragments of DNA cloned into 
M13 phage. These could be made highly radioactive by 
primer extension and were simple to prepare, therefore 
reducing the time required to screen for polymorphisms 
(see "Materials and methods"). Many of these revealed 
extremely simple patterns of  restriction fragments as in 
the example shown in Fig. 3. 

Table 1 summarizes the probes currently available 
which hybridize with RFLP markers. For each probe, we 
indicate which enzyme(s) can be used to reveal polymor- 
phism in the genomic DNA. In many cases (more than 
half those tested) more than one enzyme could be used to 
reveal the polymorphism. Whereas the RFLP in Fig. 3 

reveals a very simple pattern of restriction fragments, 
more complex patterns were occasionally observed. 
These could be simplified to an extent where they could 
be analyzed by the following procedure (suggested by 
David Kirk (Harper et al. 1987)): The genomic DNA was 
digested by enzymes specific for four nucleotides and 
then electrophoresed until only large fragments 
(>  0.7 kb) remained on the gel. This resulted in a simpler 
pattern of  fragments. Among the fragments which 
hybridized with the probe were polymorphic fragments 
whose low radioactivity suggested that they were less 
abundant than other fragments (Fig. 4). Clearly these 
probes are homologous with repeated DNA, yet by ex- 
amining only larger fragments, a simpler pattern is seen 
and polymorphisms are not obscured. As we shall discuss 
below, these probes appear to be useful in distinguishing 
between different cultivars. They may be similar to the 
hypervariable probes described by Jeffries et al. (1985) 
for human RFLP markers. 

Polymorphism arising from rearrangement of genomic 
DNA 

Length of the restriction fragment produced from a par- 
ticular segment of  DNA will be altered when the distance 
changes between the sites of cleavage by a specific restric- 
tion enzyme. This may occur by the gain or loss of a 
single restriction site (e.g., by mutation) or by a rear- 
rangement of the DNA bringing the two sites closer to- 
gether or increasing their separation. Changes in a specif- 
ic cleavage site will alter only the fragments produced by 
that specific enzyme, whereas rearrangement of the D N A  
will alter the size of  fragments produced by several differ- 
ent restriction enzymes. This is because insertions, dele- 
tions, substitutions or inversions alter the spatial ar- 
rangement of large segments of DNA containing many 
different restriction sites. As noted in Table 1 more than 
half of the probes which reveal polymorphism show such 
changes with fragments produced by several different 
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T a b l e  1.  P r o b e s  d e f i n i n g  R F L P  m a r k e r s  w i t h  d i f f e r e n t  e n z y m e s .  S u b c l o n e s  ( 1 7 - 1 ,  1 7 - 2 ,  2 1 - 2 ,  2 1 - 3 ,  2 1 - 4 ,  2 6 - 2 7 )  a r e  s h o w n  b e n e a t h  

l a m b d a  c l o n e s  17 ,  21  a n d  26 .  A n  a d d i t i o n a l  p o l y m o r p h i s m  w a s  s h o w n  w i t h  2 G - 1 1  b e t w e e n  ' M i n s o y '  a n d  ' N o i r  1' o n  t h e  o n e  h a n d  

a n d  S o o t y  o n  t h e  o t h e r  f o r  HindlII, TaqI a n d  HinfI. A d d i t i o n a l  p o l y m o r p h i s m s  f o r  2 G - l  7 a n d  2 G - 2 1  a r e  s h o w n  in  F i g .  5. S u b c l o n e  

17 -1  i d e n t i f i e s  a n  a d d i t i o n a l  R F L P  m a r k e r  w i t h  EcoRI: ' M i n s o y '  2 .3  k b .  ' N o i r  1 '  2 .2  k b  ( see  F i g .  2 A )  

A L a m b d a  p r o b e s  

P r o b e  BgllI DraI EcoRI HindlII HinfI TaqI E n z y m e s  s h o w i n g  

p o l y m o r p h i s m s  

2 G - 8  

G - 8 - 1 5  - - + - - - 1 

2 G - 1 7  

G - 1 7 - 1  + - + + + - 4 

G - 1 7 - 2  + + + - + + 5 

2 G - 2 1  

G - 2 1 - 2  a - + + - + 3 

G - 2 1 - 3  - + n d  - n d  n d  1 

G - 2 1 - 4  + + + + + + 6 

2 G - 2 6  

G - 2 6 - 2 7  - - - + + + 3 

B S i m p l e  M 1 3  p r o b e s  

P r o b e  BclI BglII DraI EcoRI HindIII E n z y m e s  s h o w i n g  

p o l y m o r p h i s m s  

N C - 4  - - - + - 1 

N E - 1 0  + - - + - 2 

N F - 3 1  - - - -  + - 2 

N G - 2  + + n d  - - 2 

N G - 2 4  + + n d  + + 4 

N H - I  8 nd - n d  n d  + 1 
N H - 2 3  n d  - n d  n d  + 1 

N J - 1 0  + - n d  + - 2 

N J - 1 1  n d  - -  n d  + - 1 

N K - 6  - - n d  + n d  1 

N N - 8  + + - + - 3 

N N - 2 1  + + - -  - -  + 3 

N O - 9  - -  + + n d  - 2 

N O -  15  - -  - - + - 1 

N P - 8  + n d  + - - 2 

17/15 + n d  n d  + + 3 
2 0  - - - + - 1 

3 6  - - - + - 1 

3 8  + - + + - 4 

4 7  . . . .  + 1 

5 8  - - - + - 1 
63  - - + - + 2 

6 9  + + + + - 4 

7 5  + . . . .  1 

7 9  . . . .  + 1 

1 0 0  + + + + - 4 

1 0 9  + - n d  - - 1 

121  + n d  + + - 3 

1 4 6  - + + + + 4 

1 4 7  - - - + - 1 

2 5 3  - - + - - 1 

3 6 3  - - - + - 1 

3 6 9  - - + - + 2 

3 7 3  + + - + - 3 

3 7 8  - - + - + 2 

3 7 9  + - - - + 2 

4 6 4  - -  - - + - 1 

" E x p e c t e d  d i f f e r e n c e s  w e r e  t o o  s m a l l  t o  d e t e c t  

n d  : n o t  d e t e r m i n e d  
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C Complex M13 probes 

Probe A luI A val I DdeI H ae III H infI M bo I M sp I Taq I 
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NI-19 + + -- -- -- + -- -- 
N J-5 -- -- -- + + -- -- -- 
N J-9 - + -- nd nd - - nd 
N J - t4  - + + + + - - - 
N J-21 - + - + . . . .  
NK-17 -- + + + nd - + - 
NN-2 -- -- - + . . . .  
NN-7 -- -- -- + -- -- -- nd 

In addition, NE-9 is a complex probe which shows polymorphism with DraI. 
224 is a complex probe which shows polymorphism with DraI, EcoRI and HindlII. 
262 is a complex probe which shows polymorphism with EcoRI 

G - 1 7  
1 I 2 13 4 ~  5 6 

I 

),.t. / ,X,~ i ,~ ~ [ ) , I .  Z ~  ,t & ,t 
f '1 

G - 2 1  

1 

[ EcoRI 
zx Hindlll 

�9 BamHI 
I ~ Sst  I 

2 I 4 

2 k b  

Fig. 5. Restriction maps of the X probes G-17 and G-21. EcoRI 
fragments t and 2 of G-17 and 2 and 4 of G-21 wer used as probes 
to detect restriction fragment length polymorphisms between 
'Minsoy'  and 'Noir 1' DNA. The boxes contain regions of DNA 
in which differences (rearrangements) occur which cause the 
polymorphisms (see text) 

Fig. 4. Example of a restriction fragment length polymorphism 
in DNA from 'Minsoy', 'Noir  1', or F t plants hybridized with a 
probe homologous to repeated DNA. DNA was prepared and 
digested with the enzymes shown, most of which are specific for 
four nucleotides. In this procedure, a number  of small fragments 
were produced which were allowed to migrate off of the gel. The 
remaining larger fragments (greater than 0.7 kb) could be sepa- 
rated and polymorphisms were observed (indicated by the frag- 
ments whose size is shown) when these fragments were hybrid- 
ized with the radioactive probe, N J-14. This technique was sug- 
gested to us by Dr. David Kirk who had used it to analyze 
polymorphic repeated DNA from Volvox 

r e s t r i c t ion  e n z y m e s  sugges t ing  t h a t  r e a r r a n g e m e n t  o f  the  

D N A  is invo lved .  Two o f  these,  a n a l y z e d  in deta i l ,  in-  

vo lve  r e s t r i c t i on  f r a g m e n t s  h o m o l o g o u s  to  the  D N A  in  

l a m b d a  c lones  G-17  a n d  G-21 .  
D N A  f r a g m e n t s  f r o m  these  two  l a m b d a  c lones  were  

s u b c l o n e d  i n to  p l a s m i d s  a n d  a r e s t r i c t ion  m a p  o f  the  

o r ig ina l  l a m b d a  c lones  was  p r e p a r e d  (Fig.  5). I n  b o t h  

G - 1 7  a n d  G-21 two  s u b c l o n e s  were  f o u n d  e a c h  o f  w h i c h  

h y b r i d i z e d  w i th  r e s t r i c t ion  f r a g m e n t  l e n g t h  alleles. T h e  

a d j o i n i n g  D N A  s e g m e n t s  G-17-1  a n d  G-17-2  b o t h  

h y b r i d i z e d  w i t h  r e s t r i c t i o n  f r a g m e n t s  w h i c h  were  po ly-  

m o r p h i c  b e t w e e n  ' M i n s o y '  a n d  ' N o i r  1'. W h e n  these  sub-  

c lones  were  used  to e x a m i n e  Fz p l a n t  D N A ,  we f o u n d  

t h a t  the  m a r k e r s  h y b r i d i z i n g  w i t h  G-17-1  a n d  G-17-2  

s eg rega t ed  t o g e t h e r  as i f  t hey  were  c o m p l e t e l y  l i n k e d  (see 

Fig.  2, A a n d  C). Th i s  r e a r r a n g e m e n t  is b e i n g  a n a l y z e d  

fu r the r .  H o w e v e r ,  p r e l i m i n a r y  d a t a  c o m p a r i n g  the  geno -  

mic  f r a g m e n t s  to  the  ' F o r r e s t '  c lones  i nd i ca t e  t h a t  the  

r e a r r a n g e m e n t  o c c u r r e d  in the  r e g i o n  i n d i c a t e d  by  the  

b o x  in Fig.  5 a n d  cons i s t s  o f  e i t he r  a d e l e t i o n - i n s e r t i o n  or  

a s u b s t i t u t i o n .  Ana lys i s  o f  the  r e a r r a n g e m e n t  i n v o l v i n g  

the  s equence  in  c lone  G-21 is m o r e  c o m p l i c a t e d .  W h e n  

the  two,  n o n - a d j a c e n t  c lones ,  G-21-2  a n d  G - 2 1 - 4  are  

used  as p robes ,  b o t h  de t ec t ed  p o l y m o r p h i s m s  a n d  these  

seg rega ted  t o g e t h e r  in F 2 p l a n t s  ( the  p o l y m o r p h i s m s  

were  c o m p l e t e l y  l inked) .  H o w e v e r ,  G-21-3 ,  c o n t a i n s  a 

r e g i o n  c o m m o n  to  a h igh ly  r e p e a t e d  s u b s e q u e n c e  a n d  

t h e r e f o r e  c o u l d  n o t  be  u sed  to  an a l y ze  the  p o l y m o r -  
ph i sm.  T h e  d a t a  f r o m  S o u t h e r n  b lo t s  u s i n g  G - 2 1 - 2  a n d  
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T a b l e  2.  L i n k a g e  b e t w e e n  R F L P  m a r k e r s .  L i n k a g e  b e t w e e n  
m a r k e r  1 a n d  2 w i t h  a r e c o m b i n a t i o n  f r e q u e n c y  (r + SE)  is g iven ,  
t o g e t h e r  w i t h  t h e  c h i - s q u a r e  a s s o c i a t e d  P v a l u e  fo r  d e v i a t i o n  
f r o m  e x p e c t e d  v a l u e s  f o r  o b t a i n i n g  the  r e s u l t  b y  c h a n c e  

M a r k e r  1 M a r k e r  2 r P 

38 G 8 - 1 5  0.19___0.05 6.0 x l 0  s 

G 8 - 1 5  N E - 9 B  0 . 3 2 + 0 . 0 8  5.3 x 10 - a  
N N - 2 1  N E - 9 B  0 .19+_0 .07  8.7 x 10 - 4  

69  N G - 2 4  0 . 1 2 + 0 . 0 4  3.3 X 1 0  . 7  

69  1130 0 .28  + 0 . 0 7  3.3 x 1 0 -  2 

N E - 1 0 A  109  0.22___0.07 1.8 x 10 - 2  

2 6 2  N E - 1 0 B  0 . 3 5 + 0 . 0 9  2.2 x 10 - a  

G - 2 1 - 4  i n d i c a t e  t h a t  t h e  r e a r r a n g e m e n t  i n v o l v e s  a r e g i o n  

i n c l u d e d  i n  t h e  b o x  i n  F i g .  5.  P r e l i m i n a r y  d a t a  i n d i c a t e  

t h a t  t h e  r e a r r a n g e m e n t  m u s t  b e  e i t h e r  a n  i n v e r s i o n  o f  t h i s  

r e g i o n  o r  a s u b s t i t u t i o n  b y  a n o t h e r  s e q u e n c e .  F i n a l  a n a l -  

y s i s  o f  b o t h  o f  t h e s e  r e a r r a n g e m e n t s  ( G - 1 7  a n d  G - 2 1 )  

m u s t  a w a i t  c l o n i n g  o f  e a c h  a l l e l e  f r o m  ' M i n s o y '  a n d  

' N o i r  1 '  D N A .  

L i n k a g e  a n a l y s i s  

T o  d a t e ,  s o m e  2 7  R F L P  m a r k e r s  h a v e  b e e n  a n a l y z e d  i n  F 2  

p r o g e n y  p l a n t s  f o r  l i n k a g e  ( s e e  F i g s .  2 a n d  3) .  U p  t o  5 0  

T a b l e  3 A .  R e s t r i c t i o n  f r a g m e n t s  d i s p l a y e d  b y  d i f f e r en t  s i m p l e  p r o b e s  w i t h  D N A  f r o m  d i f fe ren t  c u l t i v a r s  

P r o b e  E n z y m e  P o l y m o r p h i c  ' M i n s o y '  ' N o i r  I '  ' F o r r e s t '  ' M a n d a r i n '  ' S o o t y '  

b a n d s  (kb)  

2 G - 8 - 1 5  E c o R I  8.4 + - + + - 
4 .2  - + - - + 

2 G - 1 1 - 1  H i n d l I I  6.6 . . . .  + 
5.9 + + + + - 

2 G - 1 7 - 1  A E c o R I  9.6  - -  + + + - 
6 .6  + - - - + 

B E c o R I  2.3 + - - - + 

2.2 - + + + - 

2 G - 2 1 - 2  H i n d I I I  2.4 - + + + - 
2 .2  + - - - + 

2 G - 2 1 - 4  H i n d l I I  3.5 + - - - + 

3.2 - -  + + + - 

2 G - 2 6 - 2 7  H i n l I I  1.9 - + - - - 

1.6 + - + + + 

N E - I O A  Bcl I  5.7 + - + - -  + 
5.0 + - - - + 

N F - 3 1  E c o R I  5.0 + - + + - 

N G - 2 A  Bcl I  1.5 + - + + + 

0.7 - + - - - -  

N N - 8  * Bgl I l  25.0  . . . .  + 
9 .0  + + + + - -  
7.4 + - - - + 
5.5 - + + + - -  

N N - 2 1  Bcl I  3.5 - + + + + 
2.6 + . . . .  

N P - 8  Bcl I  6.4 + - -  + - - -  
2.1 - + - + + 

p G l y 3  ( G l y c i n i n )  H i n d l I I  4.4  + - + - + 
3.9 + + - -  + + 

p J C X  * ( L e c t i n )  H i n d l I I  5.2 . . . .  + 
4 .4  + + + + - -  

t . 6  + - -  + + + 
1.0 - -  + + + + 

17/15 Bcl I  3.2 + - -  - -  + + 

69  E c o R I  9.2  + - - - + 
7.6 - + + + - 
4.3 + + + + - 



T a b l e  3 A .  

P r o b e  E n z y m e  P o l y m o r p h i c  ' M i n s o y '  ' N o i r  1 '  ' F o r r e s t '  ' M a n d a r i n '  ' S o o t y '  

b a n d s  ( k b )  

1 0 9  * BclI 5.5 + - + + - 
5 . 0  - + - - - 

2 .3  . . . .  + 

0 . 9  - -  + - -  - -  - 

121  BclI 6 . 7  - + + - -  - -  

4 . 7  + - -  - -  + + 

1 4 2  EcoRI  3 . 0  + + + - -  - -  

2 . 4  - - - + + 

1 4 6  * Hind l I I  7 . 7  + . . . .  

6 .2  + - + + + 

4 . 7  - + - - - 

4 . 4  . . . .  + 

3 7 3  BclI 3 . 0  + - - - + 

2 . 5  - + + + - 

4 6 4  E c o R I  3 ,2  + + + + - -  

2 . 4  - -  + + - -  - -  

0 . 9  - -  + + - -  + 

8 9 7  

* P r o b e s  h y b r i d i z i n g  w i t h  a n  e x t r a  r e s t r i c t i o n  f r a g m e n t  i n  d i g e s t  o f  D N A  f r o m  t h e  c u l t i v a r  ' S o o t y '  

T a b l e  3 B .  R e s t r i c t i o n  f r a g m e n t s  d i s p l a y e d  b y  d i f f e r e n t  c o m p l e x  p r o b e s  w i t h  d i f f e r e n t  c u l t i v a r s  

P r o b e  E n z y m e  P o l y m o r p h i c  ' M i n s o y '  ' N o i r  1 '  ' F o r r e s t '  ' M a n d a r i n '  ' S o o t y '  

b a n d s  ( k b )  

N E - 9  Dral 2 . 0  . . . . .  

1 .9  - + + - + 

1 .2  , a  + _ _ + 

1.1 . . . .  + 

1 .0  . a + _ + + 

N I - 1 9  M b o I  2 . 4  - + - - + 

2.1 + - -  + + - 

1 .5  + + - -  - -  + 

N J - 1 4  HaeII I  3 . 4  . . . .  + 

2 . 7  + . . . .  

2 . 3 5  + . . . .  

1 .4  - -  + - -  + - -  

0 . 9 5  - + + - - 

p S - 5 H 1 . 3  { T g m )  Taql 2 . 0  . . . .  + 

1 .9  - - + + - 

1 ,5  - -  + + + + 

1 .0  - - + - - 

0 . 7 8  + - - + + 

2 2 4  Dral 4 . 4  - + - + + 

2 . 7  - - - + + 

2 .5  - + + + + 

2 .3  + - - - + 

2 6 2  EcoRI  1 5 . 5  - -  + - - + 

1 2 . 5  + - + - + 

8 . 8  - + - + + 

a A m b i g u o u s ,  i .e . ,  p o s s i b l e  f a i n t  r a d i o a c t i v e  b a n d s  o n  S o u t h e r n  t r a n s f e r s  
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Fig. 6 A, B. Comparison of RFLP alleles between different cul- 
tivars of soybean. DNA was extracted from 'Mandarin', 'For- 
rest', 'Sooty', 'Noir 1', and 'Minsoy'. The DNA was digested with 
(A) EcoRI or (B) HaelII. After separating the restriction frag- 
ments (as in Figs. 2 or 4), the fragments, on Southern transfers, 
were hybridized with radioactive probe DNA: A G-17-1, a plas- 
mid subclone derived from the lambda clone G-17 (see Figs. 1 
and 2); B NJ-14, an M13 clone (see Fig. 4). Note the weakly 
radioactive fragments in (B) which characterize and distinguish 
each of the five cultivars from each other: 'Minsoy' has frag- 
ments of length 2.3 and 2.7 kb; 'Noir 1' has a 0.95 kb and a 1.4 kb 
fragment; 'Forrest' has a 0.95 kb fragment; 'Mandarin' has a 
1.4 kb fragment; and 'Sooty' has a 3.4 kb fragment 

plants  were compared  (see "Mater ia ls  and methods") .  
Each of  the alleles segregated in a Mendel ian fashion. In 
those cases where a fragment was absent from one parent  
(e.g., see 17/15, Table 3 A below), the alleles were treated 
as if a dominan t  allele were segregating. The linkage da ta  
are given in Table 2. Eleven R F L P s  comprised four link- 
age groups. Other  R F L P  markers  were either unlinked or 
too loosely l inked to determine linkage with this number  
of  plants.  

Use of  RFLP markers in tissue culture 

We have examined the R F L P  pat terns  of  D N A  from 
suspension cell cultures prepared from stem or leaf tissue 
taken from 'Minsoy ' ,  'No i r  1', and heterozygote plants. 
Of  nine probes tested against  'Noi r  1' tissue culture 
D N A ,  all showed the same fragments as in intact plants. 
Of  29 tested against  'Minsoy '  D N A  all but  one showed 
the same pat tern  of  fragments as the intact plant.  The one 
deviant  had  a fragment  not  previously seen in the intact 
plant.  Of  19 tested against  the heterozygote cell line, all 
but  two had the same pat tern as the intact plant.  One of  
the two deviant  pat terns  had a new fragment in addi t ion 
to those expected; the other  had lost a fragment corre- 
sponding to the 'Minsoy '  allele. 

RFLP patterns of  other cultivars 

We expected that  other cultivars would show R F L P  pat-  
terns that  were not  observed with either 'Minsoy '  or 
'Noi r  1'. Twenty-seven different probes were used to ex- 
amine D N A  from the five cultivars 'Minsoy ' ,  'No i r  1', 
'Mandar in ' ,  'Sooty '  and 'Forres t ' .  

Examples of  comparisons between the five cultivars 
using different probes are shown in Fig. 6. Figure 6 A  
compares  the cultivars using a simple probe. As can be 
seen only two alleles are observed. In contrast,  the com- 
plex probe in Fig. 6 B identifies several polymorphisms,  
different combinat ions of  which are found in different 
cultivars. In all, 22 probes were used which identified 
simple pat terns of  restriction fragments (Table 3 A). In 
the majori ty  of  these (18 of  the 22 in Table 3 A), the five 
cultivars showed an R F L P  pat tern indicating that  only 
alleles found either in 'Minsoy" or in 'Noi r  1' were found 
in the other cultivars. However,  for different loci (identi- 
fied by different probes), the allele types were distr ibuted 
differently between different cultivars and thus the over- 
all pat tern of  alleles could be used to distinguish different 
cultivars. In four cases (* in Table 3 A) new alleles were 
found. All of  these new allele types were found in the 
cultivar 'Sooty '  known to contain a t ransposable element 
responsible for the change seen with the lectin probe 
(pJCX-1, Table 3 A). In five cases, complex probes,  such 
as N J-14, 224 or pS-5H1.3, revealed several polymor-  
phisms which discriminated between all five cultivars 
(Table 3 B). These data  suggest that single probes which 
give complex R F L P  patterns can be used to distinguish 
between a variety of  cultivars, whereas a number  of  
probes which give simple R F L P  marker  pat terns (two 
alleles) can be used to distinguish different cultivars. 

Discussion 

We have examined about  300 clones of  soybean D N A  for 
usefulness as probes to detect restriction fragment length 
polymorphisms (RFLP).  Of these, almost 60 or about  
2 0 0 ,  detected R F L P  markers.  We have found that  M13 
clones can be prepared rapidly and that  pr imer extension 
using these clones yields highly radioactive probes. Two 
types of  M13 probes were obtained: those yielding a 
simple pat tern of  restriction fragments which probably  
correspond to low copy D N A  and those which hybridize 
to a large number  of  restriction fragments and probably  
correspond to repetitive (multi-copy) D N A  (Jefferies 
et al. 1985; Harper  et al. 1987). When different cultivars 
were examined, only two R F L P  alleles were found for 
most  of  the simple probes. However,  the cultivars dif- 
fered with respect to which one of  the two alleles were 
found. Fo r  example, in Table 3 A the five probes, G-8-15, 
NP-8, NN-21, 17/15, and N G - 2 A  can be used to differen- 
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tiate the cultivars 'Forrest', 'Mandarin', 'Minsoy', 'Noir 
1' and 'Sooty' from each other. 

Probes corresponding to repeated DNA reveal more 
polymorphisms, perhaps because they analyze a large 
number of variable DNA fragments. A single such probe 
(e.g., NJ-14, Table 3 B) can differentiate all five cuttivars. 
Thus, both simple and complex probes should be ex- 
tremely useful in tracing contributions of different culti- 
vats to germplasm prepared in breeding programs. This 
is similar to studies of mammals and birds in which a 
single complex probe has been used to differentiate a 
number of related individuals (Jefferies et al. 1985; Burke 
and Bruford 1987; Nakamura et al. 1987; Vassart et al. 
1987). 

Of 27 RFLP markers analyzed for linkage, 11 were 
contained in four possible linkage groups. Assuming that 
these markers were chosen at random, we estimate (from 
a fit to a Poisson distribution) that some 60-70 groups 
of markers exist linked by a recombination frequency of 
less than 25%. This would imply that 150 evenly spaced 
markers should yield a map in which each marker is 
separated from the next by 10 recombination units. Such 
a map would allow a detailed genetic analysis of the 
existing soybean germplasm. To accumulate this many 
markers, it is necessary to have a large amount of DNA 
preferably from one set of F 2 plants. Our results with 
stem and leaf tissue culture suggest that we can use tissue 
culture from F 2 plants to provide an unlimited source of 
the DNA required for analyzing crosses. This resource 
parallels the use of human cell cultures in providing ma- 
terial for analysis and construction of a genetic map 
(White et al. 1985). Previous work in our laboratory de- 
veloped a method for removing chromosomes from F 1 
hybrid cells in tissue culture by treatment with the herbi- 
cide CIPC (Roth and Lark 1984). As yet we do not know 
if treatment with CIPC leads to somaclonal change 
(Scowcroft 1985). If  not, we should be able to use this 
methodology to map RFLP markers to individual chro- 
mosomes. Clearly, with an appropriate effort, it should 
be possible to have a comprehensive map of soybean 
within three to four years. 

Our results show that a high frequency of polymor- 
phism is caused by genome rearrangement. We have 
made a preliminary analysis of two such changed: one of 
these is consistent with either an inversion or a fragment 
substitution (G-21); the other may be a fragment substi- 
tution or a deletion-insertion (G-17). Previous work by 
Vodkin et al. (1983) and by Rhoades and Vodkin (1985) 
has shown that the presence or absence of lectin was due 
to the deletion-insertion of an element (resembling a 
transposon) into the lectin gene. It would appear that 
soybean, like other plants, may have a large number of 
such changes. Further analysis of other rearrangements 
should indicate whether such changes occur by common 
mechanisms or involve common elements. 

At most loci, we have found only two alleles for those 
RFLP markers corresponding to simple probes. This was 
true for the five different cultivars examined ('Forrest', 
'Mandarin', 'Minsoy', 'Noir 1' and 'Sooty'). This is in 
contrast to maize in which different cultivated varieties 
exhibit a large number of alleles and RFLP markers are 
much more abundant (Burr et al. 1983; Helentjaris et al. 
1986a). One explanation for the difference is that culti- 
vated soybean arose from a gene pool restricted to a few 
plants. If  so, we might expect that the ancestral wild 
species G. soja (Hymowitz and Newell 1980, 1981) and 
G. gracilis (Hadley and Hymowitz 1973) would carry dif- 
ferent alleles. However, preliminary experiments indicate 
that this is not the case (P. Keim and R. Shoemaker, 
unpublished data). The data in Table 3 demonstrate that 
different cultivars may carry either a 'Minsoy' or 'Noir 1' 
allele at any locus and that the three cultivars, 'Forrest', 
'Mandarin' and 'Sooty' have different mixtures of these 
two allelic types. This indicates an unexpectedly high 
degree of mixing of the gene pools in this inbred plant. 
We have found (see * in Table 3A) that the cultivar 
'Sooty' is characterized by several distinct alleles, which 
set it apart from 'Forrest', 'Mandarin', 'Minsoy' and 
'Noir 1'. This cultivar is one of only a very few of the 
cultivated varieties (G. max) which lack lectin (Pull et al. 
1978; Vodkin and Raikhel 1986). This is in contrast to the 
wild soybean, G. soja, in which almost half of the taxono- 
mic varieties are lectin negative (Stahlhut and Hymowitz 
1980; Stahlhut et al. 1981). Thus the cultivar 'Sooty' ap- 
pears to belong to a minor group of cultivars which may 
have shared a common ancestry separate from that of 
lectin positive taxonomic varieties. Despite this, 'Sooty' 
shares many RFLP alleles with 'Forrest', 'Mandarin', 
'Minsoy', and 'Noir 1'. Either cultivated soybean variet- 
ies have been crossed repeatedly during the 3,000 years in 
which the plant has been associated with man, or the 
variation which we have seen can arise repeatedly within 
isolated cultivars. 

I f  the rearrangements described here arise repeatedly 
within isolated cultivars, they may be due to some form 
of site specific recombination. Evidence in support of this 
idea (to be published elsewhere) has been obtained in 
experiments with tissue culture. The occurrence of site 
specific recombination with high frequency would imply 
that soybean, a plant restricted to self pollination, has 
evolved a system for generating specific forms of genetic 
variation. 
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Note added in proof 

With the help of T. Malcalma, we have expanded the number of 
linked markers to include 42 markers in 12 linkage groups (see 
Linkage analysis). 


