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Abstract Simple Sequence Repeat (SSR) allele sizing
provides a useful tool for genotype identification, pedi-
gree analysis, and for estimating genetic distance
between organisms. Soybean [Glycine max (L.) Merr.]
cultivars are identified for Plant Variety Protection
(PVP) purposes by standard pigmentation and mor-
phological traits. However, many commercial soybeans
arise from a limited number of elite lines and are often
indistinguishable based on these traits. A system based
on SSR markers would provide unique DNA profiles of
cultivars. Fluorescent labeling of alleles combined with
automated sizing with internal size standards in each
gel lane was used as an alternative to standard [32P]
labeling to assess genetic variability in soybean. Allelic
frequencies at 20 SSR loci were determined in 35
soybean genotypes that account for greater than 95%
of the alleles in North American soybean cultivars
based upon pedigree analysis. An average of 10.1 alleles
per locus (range: 5—17), with a mean gene diversity of
0.80 (range: 0.50 to 0.87) were observed at the 20 SSR
loci. The 20 loci successfully distinguished modern
soybean cultivars that are identical for morphological
and pigmentation traits, as well as 7 soybean genotypes
reported to be indistinguishable using 17 RFLP
probes. Pedigrees of 7 cultivars were studied to esti-
mate stability of SSRs in soybean across generations.
Of the 7 pedigrees 6 had one locus in the progeny with
an allele(s) that was not present in either parent. These
new alleles are most likely the result of mutation. The
mutation rate of SSR alleles in soybean was similar to

that reported in humans. To avoid difficulty associated
with mutation, DNA fingerprint data should be
determined from the bulk of 30-50 plants of a
cultivar.

Key words DNA fingerprinting · Microsatellites ·
Plant variety protection · Mutation rate

Introduction

Simple Sequence Repeat (SSR) DNA markers, also
known as microsatellites or Short Tandem Repeats
(STR), have been successfully used by human geneti-
cists for parentage testing, forensic identification, and
medical diagnostics (Edwards et al. 1992; Alford et al.
1994; Hammond et al. 1994). In these studies SSRs were
found to provide accurate, reliable, and rapid testing
for these purposes. SSRs have also been used in the
construction of genetic linkage maps of human (Decker
et al. 1992; Hudson et al. 1992; Weissenbach et al. 1992;
Wilkie et al. 1992; Gyapay et al. 1994; Murray et al.
1994; Hudson et al. 1995) as well as numerous other
mammalian and other animal species such as rat
(Serikawa et al. 1992; Goldmuntz et al. 1993; Du et al.
1995), mouse (McAleer et al. 1992; Dietrich et al. 1994),
pig (Ellegren et al. 1993; Rohrer et al. 1994; Schook
et al. 1994), cattle (Moore et al. 1994) and chicken
(Cheng and Crittenden 1994; Crooijmans et al. 1994).

In plants, SSRs have been used for the construction
of linkage maps in Arabidopsis thaliana (Bell and Ecker,
1994), soybean [Glycine max (L.) Merr.] (Akkaya et al.
1995), and maize (Senior et al. 1996). These studies
showed that the genotyping of homozygous and
heterozygous genotypes using SSRs is readily
accomplished and that SSRs are inherited in a Men-
delian fashion. SSRs were also used in crop species such
as soybean (Morgante and Olivieri 1993; Cregan et al.
1994, Rongwen et al. 1995; Maughan et al. 1995), grape



(»itis vinifera) (Thomas and Scott 1993) and rapeseed
(Brassica napus L.) (Kresovich et al. 1995) to study the
allelic profiles of genotypes for purposes of genotype
identification.

SSR markers exhibit high levels of length polymor-
phism in soybean. Akkaya et al. (1992) reported as
many as 8 alleles per SSR locus among a group of 43
soybean and wild soybean (G. soja Sieb. & Zucc.) geno-
types. Morgante and Olivieri (1993) found similar levels
of allelic diversity in soybean. Rongwen et al. (1995)
defined allelic diversity at 7 SSR loci in a group of 96
soybean genotypes. All genotypes with the exception of
2 which were 84% identical by descent had unique
allelic profiles. Maughan et al. (1995) detected a total of
79 alleles at 5 SSR loci in a sample of 94 accessions of
cultivated and wild soybean. The high level of SSR
length polymorphism in soybean makes it likely that
a particular locus will be polymorphic even in popula-
tions resulting from the hybridization of adapted
genotypes. This is in contrast to the lower genetic
variation revealed by Restriction Fragment Length
Polymorphism (RFLP). Keim et al. (1989) used 17
RFLP probes to characterize a group of 58 wild and
adapted soybean genotypes. Despite the large number
of probes, 7 genotypes had identical RFLP patterns
and were therefore indistinguishable.

The Plant Variety Protection (PVP) Act of 1970 was
established to help plant breeders ‘‘protect’’ their crop
cultivars from commercial exploitation by others.
While not having the same exclusivity as a patent,
Plant Variety Protection, nonetheless, offers the owner
of a plant cultivar legal protection for the exclusive sale
of a protected cultivar. The Plant Variety Protection
Office (PVPO) of the Agricultural Marketing Service,
US Department of Agriculture, is charged with grant-
ing PVP certificates for new crop cultivars. A new
cultivar may be protected under the PVP Act if it is
demonstrated to be distinct from ‘‘all other varieties
within that species’’. For purposes of PVP, soybean
cultivars are currently distinguished by standard traits
such as: flower and pubescence color, leaf shape,
growth habit, maturity, and other conventional mor-
phological and disease resistance traits. However, most
commercial soybean cultivars arise from hybridization
between members of an elite group of genotypes, and
the amount of genetic variability among these cultivars
is small. As a result, new cultivars are often indistin-
guishable based on these standard pigmentation and
morphological traits. Additionally, as more cultivars
have received protection and thereby increased the size
of the PVPO database, it has become more difficult to
distinguish new cultivars from those in the database.
Thus, a system which is based on DNA markers and
which would provide unique DNA profiles or ‘finger-
prints’ for cultivars is needed to facilitate the protection
of varieties under the PVP Act. SSR markers have
a high probability of functioning successfully as a tool
for cultivar identification. Combining the informative-

ness of SSR markers with the precision of automated
allele sizing would offer a rapid and standardized sys-
tem for genotype identification which could be used
as an alternative to conventional microsatellite allele
sizing using [32P]-labeling.

The automated sizing of fluorescently labeled SSR
alleles is a system in which one of the polymerase chain
reaction (PCR) primers to an SSR locus is labeled with
one of three colored fluorescent tags. The resulting
PCR product(s) carrying different colored fluorescent
labels are separated on acrylamide gels. A series of size
standards labeled with a fourth fluorescent tag are
employed in each gel lane to allow exact sizing of the
labeled SSR alleles. The report by Kresovich et al.
(1995) analyzing SSR allele sizes in rapeseed is the only
published study in plants in which an automated sys-
tem for the detection of fluorescent-labeled PCR
products has been used. Reputed advantages of the
automated system as compared to the sizing of PCR
products on standard sequencing gels are: (1) the ability
to visualize and analyze several products in the same
lane within the same size range, but with different
fluorescent labels; (2) single base resolution over a wide
size range from 75—350 bases; (3) automated sizing;
(4) automated data output; and (5) elimination of radio-
activity. These advantages increase the efficiency and
rapidity of the analysis. The system has been used in
a number of studies for human identification and found
to increase both the efficiency and accuracy of SSR
allele size determination (Ziegle et al. 1992; Fregeau and
Forney 1993; Holgersson et al. 1994; Scharf et al. 1995).

The objectives of the study described here were: (1) to
establish a system to quantify genetic variability in
soybean using allelic frequencies at 20 SSR loci in 35
soybean genotypes thought to account for greater than
95% of the alleles in North American soybean cul-
tivars; (2) to determine if this system can be used to
distinguish modern cultivars with identical mor-
phological, pigmentation, and other traits commonly
used for purposes of cultivar identification; and (3) to
study pedigree relationships using SSRs in order to
provide a preliminary estimate of the stability of SSR
markers in soybean over generations.

Materials and methods

Soybean plant material and DNA isolation

Ancestors of North American soybean cultivars

Based upon pedigree analysis, Gizlice et al. (1994) identified a group
of 35 genotypes to represent greater than 95% of the allelic variation
present in North American cultivated soybean germplasm. Seeds of
each of the 35 ancestors as well as of the cultivar ‘Williams’ were
obtained from the USDA Soybean Germplasm Collection courtesy
of Dr. R. Nelson (USDA-ARS, University of Illinois, Urbana). DNA
was harvested from a bulk of the leaf tissue of 5—7 plants of each
genotype.
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Table 1 Morphological and pigmentation traits of commercial soybean cultivars within Maturity Groups I, II, IV, and VI

Trait Maturity Group I Maturity Group II Maturity Group IV Maturity Group VI

Seedcoat color Yellow Yellow Yellow Yellow
Hilum color Yellow Yellow Black Buff
Cotyledon color Yellow Yellow Yellow Yellow
Leaflet shape Ovate Ovate Ovate Ovate
Flower color Purple Purple White White
Pod color Brown Brown Tan Tan
Pubescence color Gray Gray Brown Gray
Plant habit Indeterminate Indeterminate Indeterminate Determinate

Seven genotypes with identical RF¸P profiles

Based upon analysis with 17 RFLP probes, Keim et al. (1989)
described 7 soybean genotypes with identical profiles. Seeds of these
genotypes were obtained courtesy of Dr. R.C. Shoemaker (USDA-
ARS, Iowa State University, Ames). DNA was harvested from
a composite of 5-7 plants of each genotype.

Modern cultivars with similar morphological, pigmentation
and other traits

In collaboration with Dr. J. Strachan, Plant Variety Protection
Office (PVPO), USDA, a search was made of the PVPO soybean
database to identify groups of cultivars with similar morphological,
pigmentation and growth habit characteristics (Table 1). Ten Matur-
ity Group I, 7 Maturity Group II, 10 Maturity Group IV, and
9 Maturity Group VI cultivars were identified, and seeds were
obtained from the public or private developer of each (Table 2).
DNA was harvested from a composite of a minimum of 30 plants of
each cultivar. In all cases DNA was isolated using a standard CTAB
(hexadecylatrimethylammonium bromide) procedure (Keim et al.
1988).

Pedigree analysis

In order to study the feasibility of following pedigree relationships
with SSRs, plants from seven crosses, including the parents and
the resulting cultivar, were examined. The crosses were: (1) ‘For-
rest’"‘Dyer’]‘Bragg’; (2) ‘Bragg’"‘Jackson’]‘D49-2491’; (3) ‘D49-2491’
"‘S-100’]‘CNS’; (4) ‘Lee’"‘S-100]CNS’; (5) ‘Adams’
"‘Illini’]‘Dunfield’; (6) ‘Clark’"‘Lincoln’](‘Lincoln’]‘Rich-
land’); and (7) ‘Amsoy’"‘Adams’]‘Harosoy’. DNA was harvested
from a composite of 5—7 plants of each cultivar.

Simple sequence repeat loci

Twenty SSR loci with either di-or tri-nucleotide repeats were se-
lected for this study (Table 3). The SSR loci were chosen based on
their high level of length polymorphism as determined on a set of 10
soybean genotypes and because previous examination indicated the
production of no spurious PCR products in addition to the pre-
dicted products. All SSR primer sequences, except those listed
below, were previously published (Akkaya et al. 1995). Except for
S45035, which was selected from a GenBank sequence, the complete
locus name includes the BARC prefix, which is the acronym for
Beltsville Agriculture Research Center. In the text, these loci are
referred to by the suffix alone.

S45035 Forward: 5@ tttgtgaacgatagaaatttat 3@
Reverse: 5@ aggggaaaatttttaaaga 3@

BARC-Satt038 Forward: 5@ aatctttttttctttctattaagtt 3@
Reverse: 5@ cattgaaatggttttagtca 3@

BARC-Sat—069 Forward: 5@ cgaccagctgaagaaa 3@
Reverse: 5@ ctgaatacccatcattacttaa 3@

BARC-Satt100 Forward: 5@ acctcattttggcataaa 3@
Reverse: 5@ ttggaaaacaagtaataataaca 3@

BARC-Satt114 Forward: 5@ gggttatcctccccaata 3@
Reverse: 5@ atatgggatgataaggtgaaa 3@

The development of the SSR markers, including the selection of
SSR-containing sequences from GenBank and SSR-containing
clones from a genomic soybean DNA library, and the selection and
preparation of PCR primers to the SSR loci have been described
elsewhere (Cregan et al. 1994).

Simple sequence repeat allele sizing

Forward primers of the 20 SSR loci were labeled with either blue
(FAM), green (TET), or yellow (HEX) fluorescent tags (AB-PEC,
Foster City, Calif.) (Ziegle et al. 1992) (Table 3). PCR reaction mixes
contained 30 ng of soybean genomic DNA, 1.5 mM Mg

2`
, 0.15 lM

of 3@ and 5@ end primers, 200 lM of each nucleotide, 1] PCR buffer
containing 50 mM KCl, 10 mM TRIS-HCl pH 9.0, 0.1% Triton
X-100, 1 unit ¹aq DNA polymerase in a total volume of 10 ll.
Cycling consisted of 25 s of denaturation at 94°C, 25 s of annealing at
46°C, and 25 s of extension at 68°C for 32 cycles on a MJ Research
model PTC-100 thermocycler (MJ Research, Watertown, Mass.).

Amplification products from different SSR loci carrying the same
fluorescent label can be simultaneously analyzed in the same gel lane
if allele size ranges do not overlap. Therefore, after cycling, 1.5 ll of
each FAM-labeled, 2.0 ll of each TET-labeled, and 4.0 ll of each
HEX-labeled PCR product was combined and brought to a total
volume of 20 ll. A total of 0.5 ll of fluorescent TAMRA (red)-labeled
internal size standard and 0.5 ll of a loading buffer (AB-PEC, Foster
City, Calif.) were added to a 4.0-ll aliquot of the combined PCR
products. The sample of the combined PCR products was loaded
and separated on a ABI Prism 373A DNA sequencer (AB-PEC,
Foster City, Calif.). GeneScan 672TM software (AB-PEC, Foster City,
Calif.) was used for gel analysis. The Local Southern option in
GeneScan 672TM was used for computation of allele size, and
GenotyperTM software (AB-PEC, Foster City, Calif.) was applied for
accurate visualization of the alleles and for automated data output.
All allele sizing was verified using standard [32P]-labeled PCR
products separated on sequencing gels as described elsewhere
(Cregan et al. 1994).

Statistical analysis

Gene diversity (Weir 1990) was calculated as: 1!+P2
ij

where P
ij

is
the frequency of the jth allele for ith locus summed across all alleles
in the locus. Soybean is a self-fertilized species and, therefore, in most
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cases only 1 allele was detected per locus in each genotype. However,
in a few instances 2 alleles per locus were detected. This would be the
anticipated result if a genotype were derived from a single plant that
was heterozygous for a locus in question. To accommodate these
instances each of the genotypes was recorded as having 2 alleles at
a locus: identical for genotypes with 1 allele, and different for
genotypes that had 2 alleles. A program was written using SAS IML

(SAS 1994) to compare each of the 2 alleles at any given locus of all
genotypes. Thus, a pair of genotypes could be identical at a locus
(possess 1 or 2 alleles of equal size, score"1); be 50% similar
(possess 1 identical and 1 dissimilar allele, score"0.5); or be dissim-
ilar (possess no allele of similar size, score"0.0). A simple genetic
dissimilarity coefficient 1!(score/20), was calculated between each
pair of 36 genotypes. The 36 genotypes included the 35 ancestral
genotypes and cv ‘Williams’. This matrix of genetic dissimilarity
coefficients was used to determine clusters of genotypes using PROC

CLUSTER in SAS (SAS 1994) and unweighted pair-group method
using arithmetic average (UPGMA; Method"Average). A dendro-
gram was drawn by ‘Dendro macro’-version 2 (Paul Nicholson,
University of Leeds, 1994). Genetic dissimilarity coefficients were
also calculated among the 7 soybean genotypes that had identical
RFLP profiles (Keim et al. 1989) as well as among each group of
cultivars within Maturity Groups I, II, IV, and VI described above.

Distinguishing improperly recorded pedigrees, outcrossing
and seed mixtures from mutation

As a result of an incorrectly recorded pedigree, seed mixture during
harvesting or storage, outcrossing, or mutation, alleles may appear
in a soybean genotype that are not present in either recorded parent.
To distinguish the first three circumstances from mutation, we chose
five sets of 3 cultivars at random from within each of the Maturity
Group I, II, IV, and VI cultivars described above. Two members of
each set were randomly selected as ‘‘parents’’ and the third as the
‘‘progeny’’ of the first two in order to mimic a situation in which an
incorrectly recorded pedigree, outcrossing, or a seed mixture had
occurred. The alleles present at the 20 SSR loci in each of the five sets
were used to estimate the average proportion of alleles which would
be present in a ‘‘progeny’’ that were not present in either ‘‘parent’’.
Because of the high genetic similarity of genotypes within a Maturity
Group, especially genotypes which are phenotypically indistinguish-
able, this analysis should provide a conservative estimate of the rate
of non-parental alleles that might be anticipated in a genotype
whose parents were incorrectly recorded or which had been con-
taminated by outcrossing or a seed mixture.

Results and discussion

Automated sizing of simple sequence repeat alleles

A gel image from the AB-PEC Prism 373A sequencer is
shown in Fig. 1. Fluorescent labeled PCR products
from 5 SSR loci were analyzed in each lane. Two of the
loci, Sat—038 and Satt038, with (AT)

/
and (ATT)

/
re-

peats, respectively, were labeled with FAM (blue),
2 others, Satt114 and Satt030, both with (ATT)

/
re-

peats, were labeled with HEX (yellow); and the last
locus, Satt009, also with an (ATT)

/
SSR, was labeled

with TET (green). Satt009 had the widest allele size
range of the 5 loci (163—244 bp) and could not be easily
combined with any other TET-labeled locus. Some of
the alleles, such as the green-labeled alleles of Satt009 in
lanes 1—4, appear double banded. These two bands
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Table 3 Allele number, size range, and gene diversity of 20 fluor-
escent labeled SSR loci in 35 ancestral soybean genotypes that
represent 95% of the alleles in North America soybean germ-

plasm, and allele number and gene diversity of the same SSR loci in
36 commercial soybean lines from Maturity Groups I, II, IV, and VI

Locus Fluorescent
label

Linkage
group"

Ancestral genotypes Commercial genotypes

Number of
alleles

Allele size
range (bp)

Gene
diversity

Number of
alleles

Gene
diversity

BARC-Sat—022 FAM D2 16 201—249 0.90 12 0.86
BARC-Sat—038 FAM O 5 113—133 0.68 4 0.56
GMABAB" FAM N1 10 145—169 0.87 9 0.80
BARC-Satt001 FAM K 8 83—122 0.77 6 0.69
BARC-Satt005 FAM D1 11 141—183 0.87 7 0.73
BARC-Satt038 FAM G 7 151—187 0.78 4 0.67
BARC-Satt045 FAM E 9 125—153 0.72 3 0.28
BARC-Satt046 FAM K 8 177—240 0.77 4 0.69
BARC-Satt070 FAM B2 8 128—176 0.77 3 0.64
S45035" TET D1 14 158—214 0.86 6 0.63
BARC-Satt002 TET D2 7 127—145 0.77 3 0.50
BARC-Satt009 TET N1 13 163—244 0.82 6 0.76
BARC-Satt012 TET G 11 112—171 0.81 6 0.73
BARC-Satt042 TET A1 6 159—177 0.64 5 0.71
BARC-Sat—036 HEX D1 16 132—185 0.91 9 0.84
BARC-Sat—043 HEX K 14 135—171 0.87 13 0.87
BARC-Sat—069 HEX D1 10 152—184 0.83 7 0.78
BARC-Satt030 HEX F 8 141—171 0.71 5 0.73
BARC-Satt100 HEX C2 12 114—165 0.89 5 0.65
BARC-Satt114 HEX F 8 82—121 0.79 5 0.75

Mean 10.1 0.80 6.1 0.69

"GMABAB and S45035 were selected from Genbank sequences
!Linkage groups reported by Shoemaker and Specht (1995)

resulted from slippage or stuttering commonly ob-
served in SSR-containing amplification products and
differ from one another by 3 bp. Likewise, in the dinuc-
leotide locus Sat—038, three bands differing by only
2 bp were occasionally apparent, e.g., Lanes 9 and 17.
A few of the genotypes contained 2 alleles at some loci;
for example, ‘Fiskeby V’ in lane 22, with alleles of 98
and 109 bp at the Satt114 locus. The automated sizing
of alleles using fluorescent-labeled SSR primers and the
AB-PEC Prism 373A Sequencer was found to be an
efficient way to rapidly assay allelic diversity in a large
number of genotypes. The ability to analyze a number
of alleles from different loci in one lane, up to 5 in our
study (Fig. 1), significantly reduces the number of gels
per study. With careful selection of loci this number can
be greatly increased. Additionally, the GENOTYPERTM
analysis software was useful in allele visualization and
sizing; however, small gel-to-gel variation required ad-
ditional analysis as described below.

Variation in allele size, as calculated against the
in-lane TAMRA-labeled size standard, was found
among and within gels. This variation in allele size
was similar in magnitude to variation found in other
studies, $0.2 and $0.5 bases, within and between
gels, respectively, (Smith 1995; Fregeau and Forney
1993). In order to accurately size alleles, cv ‘Williams’
was run as a standard for every locus and gel combina-
tion, and variation among gels was calculated based on
the variation in ‘Williams’ allele sizes from the different

gels. Additionally, allele sizes were converted from the
actual fragment length in bases into a relative system.
The median allele was given the value of zero; the
remaining alleles were given relative values of $2,
$4, $6, etc. for di-nucleotide, and $3, $6, $9,
etc. for trinucleotide repeats. Relative allele sizes were
verified by comparison to radio-labeled allele data
(Cregan et al. 1994). This type of relative allele sizing
helped in significantly increasing the repeatability and
accuracy of allele sizing. Accurate, repeatable allele
sizing was more difficult with almost all of the di-
nucleotide repeat loci, which produced more stutter
bands than the tri-nucleotide loci (Cregan et al. 1994).
This stuttering made it difficult to determine the main
peak (or band, as compared with [32P]-labeled prod-
ucts) of the allele upon which the size was established.
On the basis of our analysis, all the tri-nucleotide loci,
with the exception of Satt012, produced clean unam-
biguous and easily determined allele sizing data.

Simple sequence repeat allelic variation
in North America ancestral soybean

Germplasm

The 20 SSR loci showed high levels of length polymor-
phism among the 35 ancestral genotypes (Table 3). An
average of 10.1 alleles per locus was present in the 35
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Fig. 1 Gel image of 24 soybean genotypes with 5 fluorescent-labeled
SSR loci taken from the ABI Prism 373A DNA sequencer using
GeneScan analysis. ¸ane 24 is ‘Williams’ soybean

ancestral genotypes. Loci Sat—022 and Sat—036, both
containing (AT)

/
repeats, had the highest number of

alleles with a total number of 16, while locus Sat—038,
also with an (AT)

/
core motif, had the least, with only

5 alleles among the 35 genotypes. Gene diversity asso-
ciated with each of the 20 SSR loci ranged from 0.64 to
0.91, with a mean value of 0.80. This is in contrast to the
low level of polymorphism detected by single-locus
RFLP probes in soybean. For example, the most in-
formative of 17 RFLP probes used in a group of 58
adapted and wild soybean genotypes had a gene diver-
sity of 0.55 (Keim et al, 1989), while the 16 remaining
probes had values of less than 0.50. Only 2 alleles were
observed in 15 of the 17 RFLP loci. At the remaining
2 loci, 3 alleles were detected. In subsequent work
(Keim et al. 1992), 38 ancestral and adapted cultivars
were analyzed with 132 RFLP probes. Only 69% of the
probes were polymorphic, and more than 2 alleles were
detected at only 3 loci. Because of the limited number of

RFLP alleles per locus in soybean, the amount of
information generated by individual soybean RFLP
probes is limited. Without the use of a large number of
RFLP probes (50-100) it is quite likely that many
modern soybean cultivars would be indistinguishable.
These results are in sharp contrast to SSR markers in
soybean, which are significantly more informative than
RFLPs, and indicate the advantage of SSR markers in
soybean genotype identification.

The 20 SSR loci had unique allelic profiles for all
but 2 of the 35 ancestral soybean genotypes and cv
‘Williams’. The 2 indistinguishable genotypes were
‘Illini’ and ‘AK(Harrow)’ (Fig. 2). This is not unex-
pected since ‘Illini’ is a selection from ‘AK(Harrow)’.
Two other genotypes ‘Arksoy’ and ‘Ralsoy’, were found
to be 90% genetically similar. ‘Ralsoy’ is a selection
from ‘Arksoy’, therefore, this similarity was also anticip-
ated. Except for these very obvious genetic relationships
of a line that was selected from another, or a direct
pedigree relationship such as cv ‘Williams’ and cv
‘Lincoln’ (‘Lincoln’ is twice a grandparent of ‘Williams’),
the analysis was not successful in revealing other gen-
etic relationships among the ancestral genotypes such
as relatedness of genotypes within Maturity Group or
geographical origin (Fig. 2). This could be attributed to
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Table 4 Means and ranges of number of alleles, gene diversity, and genetic dissimilarity coefficients of 20 fluorescent-labeled SSR loci in
commercial soybean lines from Maturity Groups I, II, IV, and VI

Maturity
Group

Number of
lines

Mean number
of alleles

Range of allele
number

Mean gene
diversity

Range of gene
diversity

Mean genetic
dissimilarity
coefficient

Range of genetic
dissimilarity
coefficients

I 10 3.6 2—6 0.57 0.32—0.78 0.64 0.35—0.80
II 7 3.1 2—5 0.53 0.24—0.73 0.62 0.40—0.83
IV 10 3.4 1—7 0.54 0.00—0.81 0.60 0.33—0.90
VI 9 3.3 2—5 0.53 0.10—0.74 0.58 0.29—0.79

Fig. 2 Genetic distance among 36 soybean genotypes based on
allelic profiles of 20 SSR loci. Thirty-five of the genotypes are
ancestral soybean genotypes that represent 95% of the alleles in
North America soybean germplasm. The 36th genotype is cv
‘Williams’, the source of the clones from which the library-derived
SSR markers were developed

the relatively small number of loci that were used in the
study. In a study by Keim et al. (1992) using 132 RFLP
probes, 5 cultivars adapted to the Southern US formed
a separate cluster. However, these 5 genotypes also had
direct pedigree relationships. Similar to our results, the
remaining genotypes in the Keim et al. (1992) study
also did not group according to any criteria other than
pedigree relationships.

Simple sequence repeat markers to distinguish
similar soybean genotypes

Seven genotypes reported to be indistinguishable using
17 RFLP probes (Keim et al. 1989) had unique SSR
allelic profiles. The number of alleles observed within
each of the 20 SSR loci in these 7 genotypes ranged
from 2 to 4, with a mean of 2.95, and the gene diversity
values ranged from 0.24 to 0.72, with a mean value of
0.54. Genetic dissimilarity coefficients for the 7 geno-
types ranged from 0.4 to 0.8, with a mean of 0.62. Thus,
these 7 genotypes, which were identical using 17 RFLP
probes, were readily distinguishable based on SSR alle-
lic profile.

Simple sequence repeat markers to distinguish soybean
cultivars from maturity groups I, II, I», and »I
which are identical for standard morphological
and pigmentation traits

Cultivars within Maturity Groups I, II, IV, and VI
(Table 2) were easily distinguished using allelic profiles
of the 20 SSR loci. Only in the case of 1 locus, Satt100
in Maturity Group IV, was there no allelic variation
among the genotypes within a Maturity Group (Table
4). All other loci had at least 2 and up to 7 alleles
(Sat—043 in Group IV) within each Maturity Group.
Mean number of alleles ranged from 3.1 to 3.6; gene
diversity ranged form 0.00 to 0.81, with mean gene
diversity ranging from 0.53 to 0.57 (Table 4). Genetic
dissimilarity coefficients were also relatively high, with
the mean genetic dissimilarity coefficient ranging from
0.58 to 0.64 (Table 4). The high gene diversity values
demonstrate the ability of SSR markers to distinguish
even among phenotypically similar elite soybean cul-
tivars. High gene diversity scores suggest that a system
based on SSR markers using the tri-nucleotide loci
identified earlier in this report as well as 10 or 15 more
under development should function for quite some time
to distinguish closely related soybean genotypes for
purposes of Plant Variety Protection. Indeed, the Plant
Variety Protection Office of the USDA Agriculture
Marketing Service now accepts SSR allelic profiles
as supporting evidence for the uniqueness of a new
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Table 5 Pedigree analysis of
seven soybean cultivars using 20
SSR loci: the number of alleles
in the progeny cultivar that can
be explained by the alleles
present in each or neither of the
parents

Progeny and $ and # parents Alleles present in the progeny derived from

$ Parent! # Parent! Neither

Forrest"Dyer]Bragg 20 20 0
Bragg"Jackson]D49-2491 20 18 2"
D49-2491"S-100]CNS 24 14 2#
Lee"S-100]CNS 20 18 2$
Adams"Illini]Dunfield 20 18 2%
Clark"Lincoln](Lincoln]Richland) 27 11 2&
Amsoy"Adams]Harosoy 16 22 2'

! Because 2 alleles are occasionally present at a locus, a particular parent was considered to have
contributed either 0, 1 or 2 alleles to its progeny at each locus (see Materials and methods,
statistical analysis)
"A mixture of 2 ‘new’ alleles which are present in neither parent at the Sat—043 locus
#,$,%,&,'Homozygous for a ‘new’ allele which is not present in either parent at the Sat—043,
Satt042, Satt009, Satt045 and GMABAB locus, respectively

cultivar (Personal communication, J. Strachan, USDA,
AMS, PVPO).

Following pedigree relationships using SSRs

In only one of the seven pedigrees used in this study,
‘Forrest’"‘Dyer’]‘Bragg’, could all the alleles in the
progeny be explained by alleles that are present in the
parents. In the remaining six crosses, 1 of the 20 loci
had an allele in the progeny that was not present in
either parent (Table 5). Of these loci, 2 consisted of
(AT)

/
repeats, with Sat—043 having unexplained alleles

in two of the pedigrees, the remaining 3 loci contained
(ATT)

/
repeats. There are a number of explanations for

the presence of alleles in a progeny which are not
present in either recorded parent. One of these is an
incorrectly recorded pedigree. A second is the possibili-
ty of mixtures having occurred via errors in harvesting
or through outcrossing. If a genotype were purified by
selection of one or a few plants subsequent to a mixture
having occurred, ‘‘new’’ or non-parental alleles would
appear in the cultivar. In the case of SSR loci, we
believe that none of these possibilities is the likely
explanation of the non-parental alleles that occur in six
of the seven pedigrees studied. This conclusion was
drawn from the study of the four groups of cultivars
from Maturity Groups I, II, IV, and VI. Within each
group, five pairs of cultivars were randomly selected as
‘‘parents’’ and a third line as a ‘‘progeny’’, and the
number of alleles which was present in the ‘‘progeny’’
but not in the ‘‘parents’’ was calculated. This calcu-
lation indicated that on the average 8.6, 8.6, 9.2, and 6.6
non-parental alleles would appear in the ‘‘progeny’’
lines of the Maturity Group I, II, IV, and VI cultivars,
respectively. These values provide estimates of the
number of non-parental alleles that would be anticip-
ated in a progeny as a result of an incorrectly recorded
pedigree, outcrossing, or a seed mixture, This is much
greater than the number observed in the seven actual

pedigrees analyzed in the current study where a mean
of 1.00 non-parental alleles was observed per pedigree.
Thus, a more likely explanation for the results obtained
in the seven pedigrees is that of mutation.

Mutation rates of microsatellite alleles in humans
have been reported to be 5.6]10~4 (Weber and Wong
1993), 2.36]10~5 to 1.86]10~4 (Hammond et al.
1994), and 2.3]10~5 to 1.59]10~4 (Edwards et al.
1992), respectively. Higher mutation rates appeared to
be associated with greater numbers of repeats in the
core motif (Edwards et al. 1992). Based on the assump-
tion that these mutation rates are similar to those in
soybean, an estimate can be made of the number of
non-parental alleles anticipated in the progeny of two
parents. New cultivars of soybean and many other
self-fertilizing crops are generally developed by cross-
ing single plants from two lines followed by selfing and
selection (Fig. 3). Typically, a line is derived from
a single F

4
or F

5
plant. This line is advanced over a 5-

to 7-year period during which time local preliminary,
local advanced, and regional field trials are conducted.
If a line survives the testing process it will be named
and released as a new cultivar 5 or 7 years after its
original derivation from a single plant. Cultivar devel-
opment may include purification, but this step will
generally include the bulking of many similar single
F
8
—F

11
plant progeny. Thus, the allelic profile of the

original F
4

or F
5

plant from which the cultivar was
derived should remain intact if one analyzes a bulk
DNA sample of plants from the new cultivar. In con-
trast, if the allelic profile of any single plant of the new
cultivar is analyzed, mutations would be anticipated at
some predictable rate. Thus, the specifics of the proced-
ure for new cultivar development and the rate of
mutation of SSR loci must both be considered in order
to obtain an estimate of the rate at which new alleles
would be anticipated to arise in a new cultivar derived
from a single cross of two existing cultivars.

Following the scheme outlined in Fig. 3, there would
be perhaps 7 meiotic cycles in both Parent 1 and Parent
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Fig. 3 A diagram of a typical
breeding scheme used to produce
soybean cultivars

2 between single-plant derivation and the use of
a single-plant for crossing. Likewise, in the production
of the F

1
and during the selfing generations until the

derivation of the new cultivar, an additional 4 or 5
meiotic cycles would occur. Thus, from the single-plant
derivation of each of the parents to the single-plant
derivation of their progeny, a total of approximately 20
meiotic cycles would ensue during which mutation
would occur. However, during the development of
a new cultivar selfing will eliminate almost 50% of the
mutant alleles that arise. Therefore, the effective num-
ber of meioses that would contribute to the occurrence
of mutant alleles is only 10. Using the range of SSR
mutation rate of 2.3]10~5 to 5.6]10~4 as reported in
humans by Edwards et al. (1992) and Weber and Wong
(1993), one would expect to find 10]2.3]10~5 to
10]5.6]10~4, or a mutation rate of 2.3]10~4 to
5.6]10~3 at any given locus. In 20 loci the rate would
be 20]2.3]10~4 to 20]5.6]10~3 or 4.6]10~3 to
0.112. Thus, in the current study one would anticipate
a 0.46—11.2% rate of new allele formation or 0.092—2.24
new alleles per pedigree (i.e., per 20 loci). In the seven
pedigrees studied here, 7 new alleles or 1.00 per pedi-
gree were observed. While this figure for the number of
mutant alleles per pedigree is based upon very limited
data, it nonetheless falls well within the range of the
anticipated number of new alleles. In our mapping of
SSR alleles in soybean our limited observations in-
dicated new allele formation at a rate of 1 per 5,000 or
2]10~4. This rate would produce 0.8 new alleles per
pedigree (per 20 loci) using the assumptions of cultivar
derivation indicated above. Thus, the observation of
mutation rate in mapping populations and that sugges-
ted in the analysis of the seven soybean pedigrees
appear to be similar.

Mutation should not be an obstacle in the use of SSR
markers for genotype identification, mapping or breed-
ing applications. The identification of soybean cultivars
for PVP purposes should be determined using bulked
DNA of many plants and not that of a single plant.
Therefore, mutations in single plants will not alter the
SSR allelic constitution of the cultivar. To insure accu-
rate identification of soybean varieties, plant breeders
should analyze bulked DNA of 30—50 plants of a cul-
tivar as the standard protocol.

Human geneticists have recently constructed a step-
wise mutation model to study genetic distance among
related species (Schlotterer and Tauze, 1992; Valdes et
al. 1993). The stepwise mutation model argues that
alleles at some microsatellite loci evolve by a stepwise
mutation process, in which an allele mutates up or
down by a small number of repeats. However, infre-
quent large jumps in repeat number also occur (Di
Rienzo et al. 1994). In our soybean pedigree analysis
both small and large jumps in repeat number were
observed. In the two instances where ‘new’ alleles were
found in the Sat—043 locus (Table 5), both were only
2 or 4 bases different than the parental alleles. In two
other instances involving tri-nucleotide repeats, the
new allele in ‘Clark’ at the Satt042 locus was 6 bases
different than the allele in either ‘Lincoln’ or ‘Richland’,
and the same difference of 6 bases was also found in
‘Lee’ at the Satt042 locus as compared to its parent
‘S-100’. In the remaining two cases, larger jumps in
repeat number were found, with ‘Amsoy’ having a new
allele which differed from the alleles in ‘Adams’ and
‘Harosoy’ by 16 and 18 bases, respectively; and ‘Adams’
having a new allele at the Satt009 locus that differed by
57 bases from both the ‘Illini’ and ‘Dunfield’ alleles. The
stepwise mutation theory suggests that alleles that
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evolve by stepwise mutations carry information about
the amount of time elapsed since two individuals
shared a common ancestral allele (Goldstein et al. 1995;
Slatkin 1995). Using the stepwise mutation model, in-
vesigators have successfully used SSRs in the
reconstruction of human phylogeny (Bowocock et al.
1994) and for studying human population structure (Jin
and Chakraborty, 1995; Di Rienzo et al. 1994), indicat-
ing that mutations at SSR loci may not be a hindrance
but rather a tool for evolutionary and systematic stud-
ies. It is possible that a similar analysis of SSR allelic
variation can be used to define relationships among
soybean genotypes with different Asian origins.

This study demonstrates an automated system for
unambiguous soybean genotype identification and es-
tablishes the ranges of allelic diversity at 20 SSR loci
that one would anticipate in North American soybean
germplasm. This system provides an alternative to
standard [32P] microsatellite allele sizing. Currently,
work is underway to establish a standard set of SSR
loci for use in soybean plant variety identification.
These loci will be selected based upon (1) high level of
informativeness (gene diversity), (2) position in separate
linkage groups, (3) the production of discrete products
with minimal ‘‘stutter’’ bands, and, (4) ability to permit
multiplex PCR amplification. The Plant Variety Pro-
tection Office of the Agricultural Marketing Service,
USDA, will use fingerprinting data derived from this
set of loci to guarantee the intellectual property rights
of soybean breeders. It is also clear that a range of
breeding applications, including QTL analysis,
marker-assisted selection, and facilitated backcrossing,
are obvious applications of the automated SSR analy-
sis demonstrated here.
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