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Abstract We used thirty simple sequence repeats
(SSRs) with a variable 2—4 base ‘anchor’ at their 5@ ends
(ASSRs) independently or with arbitrary primers in
analysis of soybean germplasm and the intercross of
‘Essex’ and PI 437654. (AG)

6
, (GA)

6
or (CT)

6
and

(GT)
6
, (TG)

6
or (CA)

6
were efficient in the detection

of (G-A) and (C-A) ASSR-generated polymorphisms,
respectively. DNA sequence analysis of the ASSR-
amplified fragments confirmed the presence of SSR
sequences. (A-T) ASSRs failed to give amplification or
generated fewer number of fragments. Only one of the
four tested decamer primers altered ASSR banding
patterns in the soybean. All the six long primers
(18—20 mer) tested changed ASSR banding profiles. On
average, seven polymorphic fragments per ASSR
primer were produced in soybean germplasm and four
in the intraspecific cross of ‘Essex’ and PI 437654. The
grouping of 48 genotypes in UPGMA analysis using
four (C-A) and four (G-A) ASSR primers was consistent
with the classification obtained with RFLP markers.
Seventy-seven (91%) ASSR markers were dominant,
while the remaining 8 (9%) showed codominant segre-
gation. Fifty-eight ASSR markers were mapped onto
18 RAPD/RFLP linkage groups, which covered ap-
proximately 50% of the soybean genome. Of the (G-A)
ASSR-derived markers 49% remained unlinked com-
pared with 17% of (C-A) ASSR markers at LOD 3.0.

Map linkage information showed that the assigned
(C-A) polymorphisms had a biased distribution, where-
as (G-A) polymorphisms were randomly dispersed.

Key words Anchor · Short sequence repeat ·
Polymorphism · Linkage · Soybean

Introduction

Simple sequence repeats (SSRs) or microsatellites are
tandem arrays of short (1—6) nucleotides that are
ubiquitous in most eukaryotic genomes. They have
received considerable attention as highly informative
molecular markers in human, mammalian and plant
genetic studies (Tautz 1989; Weber and May 1989;
Weber 1990; Lagercrantz et al. 1993; Maughan et al.
1995). In soybean, identification of SSRs has been
accomplished by screening genomic libraries and
sequence data analysis. As in other plant species, (AT)

/
,

(ATT)
/

or (AAT)
/

tandem repeats are abundant in the
soybean genome and are thus the most frequently
detected (Cregan et al. 1994; Morgante et al. 1994;
Rongwen et al. 1995; Powell et al. 1996; Yu et al. 1996).
Cregan (1997) isolated more than 300 SSRs with
(ATT)

/
or (TAA)

/
repeats. GenBank search for SSR

sequences in soybean by Akkaya et al. (1992) identi-
fied only 4 (CA/GT)

/
and 5 (TC/AG)

/
repeats with

n ranging from 5 to 8, in contrast to 17 (AT/TA)
/

with
n ranging from 5 to 27. They suggested that the length
of (CA/GT)

/
and (TC/AG)

/
repeats might hinder their

usefulness as polymorphic markers in soybean.
A difficulty in microsatellite identification is the

requirement of sequence information to design locus-
specific primers. Wu et al. (1994) developed a metho-
dology using anchored SSR (ASSR) primers which
permit the detection of microsatellites without the need
for cloning or sequencing. ASSR primers also facilitate
identification of less abundant microsatellites in



Table 1 Soybean plant
introductions and cultivars used
for anchored simple sequence
repeat (ASSR) analysis

Number Genotype Origin Number Genotype Origin

1 Hutcheson USA 25 PI 91138 China
2 Haskell USA 26 PI 92720 China
3 Dillon USA 27 PI 200495 Japan
4 Cloud China 28 PI 303652 China
5 Columbia China 29 PI 339868B Korea
6 Ilsoy Korea 30 PI 437654 Russia
7 Patoka China 31 PI 437655 Russia
8 Peking China 32 PI 437679 Russia
9 Sooty USA 33 PI 437690 Russia

10 PI 54591 China 34 PI 437770 Russia
11 PI 79609 China 35 PI 438183 Russia
12 PI 79693 China 36 PI 438496B Russia
13 PI 84751 China 37 PI 438498 Russia
14 PI 398682 Korea 38 PI 438503A Russia
15 PI 404166 Russia 39 Chesapeake USA
16 PI 407944 Korea 40 Marcus USA
17 PI 417091 Japan 41 Kenwood USA
18 PI 417094 Japan 42 BSR101 USA
19 PI 437090 Russia 43 Asgrow 2506 USA
20 PI 437488 Russia 44 Dimon USA
21 PI 88788 China 45 NKs 19-90 USA
22 PI 89014 China 46 Williams 82 USA
23 PI 89772 China 47 J87-233 USA
24 PI 90763 China 48 Essex USA

genomes. The anchor of the ASSR primer is usually a
2- to 4-nucleotide sequence attached to the 5@ end. It is
used to prevent slippage and increase the specificity in
polymerase chain reaction (PCR) cycles. ASSR primers
can also be used in combination with arbitrary primers,
which may further increase their versatility and in-
formativeness (Wu et al. 1994). Since the ASSR primer
alone is labeled, the amplification products containing
SSRs are detected. In the study presented here, we
describe detection of (GT)

/
, (TG)

/
, (CA)

/
, (AG)

/
,

(GA)
/
, and (CT)

/
repeats in soybean using ASSR

primers. The experiments reported here were designed
to: (1) assess the polymorphisms generated in soybeans
by ASSR primers solely or in combination with arbit-
rary primers; (2) confirm the presence of SSRs by se-
quencing the amplified fragments; (3) investigate the
usefulness of ASSR markers for genotype identification;
and (4) determine the mode of inheritance of ASSR-
generated polymorphisms and linkage assignment in
the soybean genome.

Materials and methods

Plant materials

Seven soybean genotypes, a breeding germplasm, J87-233; cvs
‘Hutcheson’, ‘Essex’ and ‘Peking’; and plant introductions (PIs) PI
437654, PI 90763 and PI 88788, were used for initial tests to examine
ASSR-generated polymorphisms. Forty-eight soybean PIs and cul-
tivars listed in Table 1 were used to assess the suitability of ASSR
markers in determining genetic relatedness in the soybean. These
genotypes were selected based on their differential response to the
soybean cyst nematode (SCN), Heterodera glycines I., maturity

group (MG) and seed coat color. Seeds of the PIs and cultivars were
obtained from the USDA Soybean Germplasm Collection (USDA-
ARS, Urbana-Champaign, Ill.). The inheritance study and linkage
assignment of the polymorphic markers were conducted on a popu-
lation of 65 F

2
progeny of the ‘Essex’ and PI 437654 cross.

Oligonucleotide primers and end-labeling

Based on the nucleotide content, three types of ASSRs were used:
(A-T) ASSRs were represented by (AT)

6
, (ATT)

5
, and (TAA)

4
repeats; (G-A) ASSRs by (GA)

6
, (AG)

6
, and (CT)

6
repeats; and (C-A)

ASSRs by (GT)
6
, (TG)

6
and (CA)

6
repeats (Table 2). Twenty-eight

ASSR primers were designed by adding different anchors (2—4 nu-
cleotides) at the 5@ end of the repeats. Two ASSR primers, K2 and K3
(Table 2), were anchored at the 3@ end. ASSR primers were syn-
thesized by Integrated DNA Technologies (Coralville, Iowa). End-
labeling was performed using 250 ng of ASSR primer at 37°C for
30 min in a 50-ll volume containing 5 ll 10]T

4
Kinase buffer,

2.5 ll (92.5]104 Bq) ATP [c-33P`] and 5 units T
4

polynucleotide
Kinase. This mixture was used for 50 PCR reactions.

ASSR primers K5, K8, K15, K17, K18 or K22 were used in
combination with eleven arbitrary primers of different length
and sequence. The arbitrary primers were the decamers B15
(GGAGGGTGTT), C08 (GATGACCGCC), H05 (AGTCGTCCCC),
S07 (TCCGATGCTG) (Operon Technologies, Alameda, Calif.);
a 14-mer primer CDP2 (GCNAANGGIAATCC) (Grant et al. 1995);
five 18- to 20-mer primers (Udvardi et al. 1993; Grant et al. 1995);
and an amplified fragment length polymorphism (AFLP) primer
MACC (Vos et al. 1995). The sequences of the 18- to 20-mer primers
are given in Table 2.

DNA extraction, PCR and gel analysis

DNA was extracted from the leaves of 15-day-old plants using
a modified CTAB (Hexadecyltrimethylammoniumbromide) method
(Keim et al. 1988). PCR was performed in a 10-ll volume containing
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Table 2 Sequences and number of amplification products generated by ASSR primers

ASSR Sequences (5@P3@)! Number of Polymorphic Core
fragments fragments

Type Name

(A-T) K4 SG(AT)
6

0 0 (AT)
6

K11 CCAG(AT)
6

0 0 (AT)
6

K12 SG(ATT)
5

19 0 (ATT)
5

K14 SG(TAA)
4

6 0 (TAA)
4

K34" GAGC(TAA)
4

6 0 (TAA)
4

(C-A) K1 HVH(CA)
6

31 10 (CA)
6

K10 CCG(CA)
6

23 7 (CA)
6

K17 BDB(CA)
6

19 6 (CA)
6

K5" CCAG(GT)
6

21 7 (GT)
6

K6" CCC(GT)
6

26 9 (GT)
6

K16 VHV(GT)
6

26 8 (GT)
6

K20 CAA(GT)
6

26 6 (GT)
6

K15 HVH(TG)
6

28 10 (TG)
6

(G-A) K7" CAA(CT)
6

22 4 (CT)
6

K18 VHV(CT)
6

23 8 (CT)
6

K21 CGG(CT)
6

24 8 (CT)
6

K23 CCG(CT)
6

22 7 (CT)
6

K24 CCAG(CT)
6

24 7 (CT)
6

K25 CCA(CT)
6

23 5 (CT)
6

K26 RY(CT)
6

17 5 (CT)
6

K29" GAAT(CT)
6

22 7 (CT)
6

K46 TCGC(CT)
6

20 5 (CT)
6

K8" CCT(GA)
6

28 8 (GA)
6

K9" CCC(GA)
6

29 7 (GA)
6

K22 CCAG(GA)
6

30 5 (GA)
6

K28" GCTTG(GA)
6

30 6 (GA)
6

K30" GCCA(GA)
6

20 5 (GA)
6

K19 CCC(AG)
6

31 6 (AG)
6

ASSR/arbitrary primer K5/MACC K5/GATGAGTCCTGAGTAAACC 28 8
K8/IDHF K8/TCGCCAACCCCATCGTCG 29 9
K8/P34R K8/TGGAGCTCTGTACCATAATG 29 8
K15/P34F K15/GGCGAGGGAACATACGGCG 30 7
K15/IDHF K15/TCGCCAACCCCATCGTCG 25 6
K17/PLP2 K17/ATGGGNGGNGTNGGIAAGAC 28 11
K17/IDHF K17/TCGCCAACCCCATCGTCG 31 10
K17/IDHR K17/GGCGGGTAACTGTGCCGT 23 5
K18/PLP2 K18/ATGGGNGGNGTNGGIAAGAC 30 12
K18/P34F K18/GGCGAGGGAACATACGGCG 26 8
K22/PLP2 K22/ATGGGNGGNGTNGGIAAGAC 26 6

3@ Anchored primers K2 (CA)
6
RG 15 2 (CA)

6
K3 (CA)

6
RY 17 2 (CA)

6

!B"C, G, T; D"A, G, T; H"A, C, T; S"C, G; R"A, G; V"A, C, G; Y"C, T; N"A, C, G, T; I"Inosine
"The ASSR primers were synthesized according to Wu et al. (1994)

50 ng template DNA, 5 ng labeled ASSR primer (1 ll from the
50 ll of labeled mixture), 45 ng non-labeled ASSR primer (1 : 9
ratio of labeled and non-labeled ASSR primer), 50 ng arbitrary
primer, 0.2 mM of each dNTP, 0.25 units of Ampli-¹aq DNA Poly-
merase (Perkin Elmer Cetus), 10 mM TRIS-HCl, 50 mM KCl and
2.0 mM MgCl

2
. The PCR thermal profile was according to Wu et al.

(1994).
Two and a half microliters of each PCR reaction was mixed with

2.5 ll of loading buffer [98% formamide, 10 mM EDTA, 0.1% (w/v)
bromophenol blue and 0.1% (w/v) xylene cyanol], denatured at
90°C for 3 min, cooled on ice briefly and immediately loaded on
a 5% or 6% denaturing polyacrylamide (PA) gel. Electrophoresis
was performed at 60 W in 1]TBE buffer for 2.5 h. The gel was
vacuum-dried at 60°C for 1 h and exposed to X-ray film (Bio MAX

MR, Eastman Kodak, Rochester, N.Y.) at !80°C from 5 h to
2 days. The ATP[c-33P`] end-labeled 100-bp DNA ladder (Promega,
Madison, Wis.) was used to estimate the size of the amplified
fragments.

Cloning and sequencing of amplified fragments

ASSR-generated fragments were cut from dried gels using a scalpel
blade, transferred into Eppendorf tubes each containing 40 ll of
distilled water, placed at 90°C for 10 min, and used directly in
reamplification reaction in a final volume of 50 ll under the same
PCR conditions.
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Five microliters of the PCR reaction was loaded on a 1% agarose
gel to verify the sizes of the reamplified fragments. The remaining
mix was purified using Wizard PCR Preps DNA purification kit
(Promega, Madison, Wis.) and cloned into pGEM-T Vector
(Promega, Madison, Wis.) according to the manufacturer’s instruc-
tions. DNA sequencing in both forward and reverse directions was
done using the ABI PRISM dye terminator cycle sequencing kit
(Perkin Elmer Cetus) with T7 and SP6 primers and analyzed in an
ABI 373 Automated DNA Sequencer (Perkin Elmer Cetus) at the
sequencing facility at Clemson University. Sequencing data were
analyzed by MACDNASIS V2 (Hitachi software Engineering Co.)
and compared with the sequences of GenBank and EMBL
databases.

Data analyses

For an estimate of the genetic relationships among the 48 soybean
PIs and cultivars, monomorphic fragments were included, as these
shared bands are an indication of genomic similarity. Polymorphic
fragments were scored as present or absent. A pairwise similarity
matrix was calculated using a simple matching (SM) coefficient.
A SM coefficient is defined as the number of identical present and
absent alleles shared by two genotypes divided by the total number
of comparisons (Sneath and Sokal 1973). Cluster analysis based on
the SM coefficient values was done using the unweighted paired
group method analysis (UPGMA) in the numerical taxonomy and
multivariate analysis system, NTSYS-PC, version 1.80 (Rohlf 1994).
Chi-square tests were conducted for segregating ASSR markers.
Linkage analysis was performed using MAPMAKER/exp, Version
3.0, (Lander et al. 1987). Genetic distance estimation was based on
Kosambi function (Kosambi 1944). A minimum LOD score of 3.0
and maximum distance of 50 centiMorgans (cM) were used in map
construction.

Results

Identification of informative ASSR primers

Thirty ASSR primers, containing either different SSRs
and an identical anchor sequence or the same SSR with
different anchor sequences, were used in amplification
reactions. The primers with (AT)

/
, K4 or K11, failed to

give any amplification product (Table 2). Primers with
(ATT)

/
or (TAA)

/
produced weakly amplified frag-

ments and monomorphic banding patterns (Table 2).
Therefore, we suggest that (A-T) repeats are not suit-
able for the ASSR methodology in soybean. We used
six dinucleotide repeats: (C-A) ASSRs were (CA)

6
,

(GT)
6
, (TG)

6
, and (G-A) ASSRs were (AG)

6
, (GA)

6
,

and (CT)
6

(Table 2). Amplified DNA fragments ranged
in size from about 100 to 900 bp. The total number of
DNA fragments and polymorphic fragments generated
from the ASSR primers are shown in Table 2. Exclud-
ing 5 (A-T) ASSR primers that gave no polymorphisms
and 2 primers that were 3@ anchored, 23 ASSR primers
produced, on average, seven polymorphisms per primer
(from K1 to K19, in Table 2).

Differences were observed in the size of the amplified
fragments and levels of polymorphisms produced by
(G-A) and (C-A) ASSR primers. Generally, (G-A) ASSR
primers amplified fragments up to 900 bp, and a 5%

PA gel was sufficient for separation of these products.
For (C-A) ASSR primers, the amplified fragments
ranged from 100 to 700 bp in size and were better
resolved on 6% gels. On average, 8 polymorphisms
were generated from (C-A) ASSR primers and 6 from
(G-A) ASSR primers. Differences between (G-A) and
(C-A) ASSR primers were also observed in map assign-
ment (discussed in ‘Inheritance and linkage assign-
ment’). A comparison of the polymorphisms produced
by (G-A) and (C-A) primers is presented in Table 4.

Importance of the anchor sequences

We have tested several ASSR primers with the same
dinucleotide repeat but with one-, two- or three-base
change in the 5@ anchor sequence (Table 2). A single-
base change in the anchor sequence did not signifi-
cantly modify the banding pattern produced by the
primers (i.e. K21, K23, K24 and K25; K8 and K9). The
introduction of a two- or three-base change in the
anchor sequence (i.e. K5 and K6; K7 and K21) resulted
in a significant alteration of the banding patterns.
ASSR primers with four-base 5@ anchors (i.e. K5, K30,
K46) produced fewer amplified fragments, though the
level of polymorphism was similar to those primers
with three-base 5@ anchors. The introduction of degene-
rate anchor sequences, HVH and VHV, increased both
the total number of amplified and polymorphic frag-
ments (Fig. 1A, Table 2).

ASSR primer in combination with arbitrary primers

When 6 ASSR primers were used in combination with
4 decamer primers or a 14-mer primer, the banding
patterns were nearly identical with those obtained with
the ASSR primer alone. Only in the case of primer
combination K5 and decamer H05, were 2 novel poly-
morphisms revealed (data not shown). However, when
the ASSRs were used in combination with longer
(18—20 mer) primers, the banding patterns changed and
new polymorphisms were identified. ASSR K18 primer
produced 8 polymorphic fragments and 12 when used
in combination with PLP2 primer (Fig. 1B). In some
primer combinations (K17/PLP2, K17/IDHF), the
number of polymorphic fragments nearly doubled
(Table 2).

DNA sequencing of the amplified fragments

Two amplified ASSR fragments, obtained from the
combination of ASSR primer K18 and arbitrary primer
PLP2, were selected for sequencing (Fig. 1B). One was
a strong monomorphic fragment, and the other was
a polymorphic fragment of medium intensity (Fig. 1B).
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Fig. 1 A Banding profiles of
soybean DNA obtained with
ASSR primers K5, K15 or K16
and resolved on 6% denaturing
polyacrylamide gel. B Banding
profiles of soybean DNA
obtained with ASSR primer K18
independently or in combination
with primer PLP2 and resolved
on 5% denaturing
polyacrylamide gel. Arrows
indicate the two sequenced
fragments. Numbers on left
indicate molecular size of the
100-bp DNA ladder (Promega,
Madison, Wis.). The soybean
genotypes are identified by the
numbers in Table 1. The primer
sequences are reported in Table 2

Fig. 2A, B Nucleotide sequences of amplification products obtained
with ASSR primer K18 and primer PLP2 in soybean. A Sequence
of the polymorphic fragment, 541 nt; B sequence of the monomor-
phic fragment, 321 nt. ASSR primer K18 and arbitrary primer
PLP2 sequences are underlined

The polymorphic fragment was present in all four black
seed coat genotypes (i.e. ‘Peking’, PI 437654, PI 88788
and PI 90763), but absent from the three yellow-seeded
genotypes (J87-233, ‘Hutcheson’ and ‘Essex’). The poly-
morphic fragment was 541 bp, and the monomorphic
fragment had 321 bp. Both fragments contained the
K18 and PLP2 primer sequences (Fig. 2). No common
internal sequences between the two fragments were
present. The sequence of the polymorphic fragment
lacked homology to any DNA sequences in the
GenBank database. The sequence of the monomor-
phic fragment contained a single open reading frame
encoding 106 amino acids. The deduced amino acid
sequence showed 50% homology to the receptor-like
protein kinase precursor in Arabidopsis (Walker 1993),
based on the BLAST search and DNAsis maximum
matching analysis (Hitachi Software Engineering
Co. Japan).

ASSR-generated polymorphism for soybean
genotypes’ relatedness

Analysis of the 48 soybean genotypes with 4 (C-A)
and 4 (G-A) ASSR primers (K1, K15, K16, K17, and
K9, K18, K23, K28, respectively) identified 82 poly-
morphic fragments. An example of molecular polymor-
phisms in soybean germplasm revealed with one of the

primers is shown on Fig. 3. Two of the ASSR primers,
K17 and K18, were used in combination with a 20-mer
PLP2, because of the high number of polymorphic
fragments produced. Genomic similarity coefficients
(based on SM values) among the 48 soybean PIs and
cultivars were between 0.75 and 0.98 as estimated
by numerical analysis of both the monomorphic
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Fig. 3 Banding profiles of soybean DNA generated by ASSR primer
K16 resolved on 6% denaturing polyacrylamide gel. The soybean
genotypes are identified by the numbers in Table 1. Numbers on the
left indicate molecular size of the 100-bp DNA ladder (Promega,
Madison, Wis.)

and polymorphic fragments. Even within this high
level of similarity, all genotypes could be differen-
tiated by ASSRs. In the UPGMA, two major clusters
were found: one from ‘Hutcheson’ to PI 91138 con-
taining 19 genotypes and the second from ‘Cloud’
to J87-233 containing 29 genotypes (Fig. 4). Geno-
types in the top cluster of the dendrogram were mostly
susceptible (S) or moderately susceptible (MS) to
several soybean cyst nematode races, H. glycine I.,
and were predominantly yellow seeded. Genotypes in
the second large cluster were mostly resistant (R) or
moderately resistant (MR) and predominantly black
seeded. Association between clusters and maturity
group was observed only in the group from ‘Ilsoy’
to PI 438503A, in which 5 of the 6 genotypes were
MG III.

Inheritance and map assignment of ASSR markers

Twelve ASSR primers and 10 ASSR/arbitrary primer
combinations were tested on the F

2
progeny of the

‘Essex’ and PI 437654 cross. A total of 85 polymor-
phic ASSR markers were used in inheritance and
linkage tests. Seventy-seven markers (91%) were
dominant and 8 (9%) were codominant. PI 437654
and ‘Essex’ contributed nearly equal number of domi-
nant markers; 39 dominant markers were from ‘Essex’
and 38 markers were from PI 437654. The segregation
pattern of 83 markers showed a good fit to a 3 : 1 ratio
for dominant inheritance or 1 : 2 : 1 ratio for
codominant inheritance based on the chi-square test.
One marker, K8/PLP2

360
, segregated in a 1 : 1 ratio.

Segregation patterns were also confirmed in the F
2

progenies from the cross J87-233]‘Hutcheson’ (data
not shown). Chi-square test results for the 58 markers,
for which linkage assignments have been established,
are in Table 3.

Linkage groups (LGs) constructed for the ‘Essex’ and
PI 437654 F

2
population contain restriction fragment

length polymorphism (RFLP), random amplified poly-
morphic DNA (RAPD) and ASSR marker loci (Fig. 5).
Due to an insufficient level of RFLP polymorphism
of the 170 genomic clones tested, only 5 linkage
groups (LGs A, C, E, G and K) were associated with
the soybean molecular linkage map (Shoemaker and
Specht 1995). The total genetic distance of the
ASSR/RAPD/RFLP map was 1377 cM, which covers
approximately 50% of the soybean genome. Fifty-eight
ASSR markers (68% of the total 85 analyzed) were
mapped to 18 linkage groups (Fig. 5). Seven ASSR
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Fig. 4 UPGMA dendrogram of
the 48 soybean PIs and cultivars
analyzed with eight ASSR
primers. Included are: the
resistance responses to the five
soybean cyst nematode races
(MS moderately susceptible, MR
moderately resistant, R resistant,
S susceptible), MG Maturity
group, SC seed coat color (Bl
black, Br brown, Gn greenish,
½ yellow)

markers were mapped to LG A of the soybean mole-
cular linkage map that harbors the i locus for seed coat
color (Shoemaker and Specht 1995). Five ASSR
markers were mapped to linkage group C of the public
molecular soybean map, which harbors the t locus
for pubescence color (Fig. 5). Four ASSR loci were
assigned to LG G.

Seventeen ASSR markers (29% of the 58 linked
markers) were mapped within distances of less than
5 cM. Fifteen of them (88%) originated from (C-A)
ASSRs, (GT)

6
, (TG)

6
and (CA)

6
, and only 2 markers

(12%) were from (G-A) ASSRs, (GA)
6
, (AG)

6
, and

(CT)
6

(Table 4). Biased distribution of markers pro-
duced by (C-A) ASSR primers was found on linkage
group C and groups 4 and 7 (Fig. 5). All the ASSR
markers in the three major clusters on these linkage
groups were in coupling phase. Markers generated
from (G-A) ASSR primers were distributed among 14
different linkage groups with no obvious clustering
(Fig. 5). Twenty-seven markers (32% of the total 85)
remained unlinked at LOD 3.0, of which 19 markers
were produced by (G-A) ASSR primers and 8 by (C-A)
ASSR primers (Table 4).

Discussion

The usefulness of molecular markers relies on their
simplicity, cost-effectiveness and the genomic informa-
tion they provide. Our results demonstrate that (C-A)
and (G-A) ASSR primers can be successfully used in the
detection of short repetitive sequences in the soybean
genome. However, (A-T) ASSR primers failed to give
any amplification products. Wu et al. (1994) and Gupta
et al. (1994), using ASSR primers, were also unsuccess-
ful in the detection of (AT)

/
in several plant species.

This can be attributed to self-complimentarity of (A-T)
repeats (and probably (G-C) repeats as well), which
may self-anneal during amplification.

Short sequence repeats are themselves a useful
resource for designing ASSR primers. As shown in
these experiments, new banding patterns could also be
obtained by designing a 5@ ASSR primer with more
than two-base change in anchor sequence. A single-
base change or extension of an anchor by one nt
at the 5@ end was insufficient to alter banding patterns.
The introduction of degenerate anchor sequences

1092



Table 3 Segregation of mapped ASSR markers in the F
2

population of the ‘Essex’]PI 437654 soybean cross

Marker! Pattern" s2 3 : 1 or 1 : 2 : 1 Probability Marker! Pattern" s2 3 : 1 or 1 : 2 : 1 Probability

Kl
590

P 0.553 0.3—0.5 K16
540

E 2.083 0.1—0.2
Kl

280
E 0.001 0.95—0.98 K16

360
P 0.252 0.5—0.7

K5
400

E 0.287 0.7—0.8 K16
240

P 0.101 0.7—0.8
K5

260
P 1.127 0.5—0.7 K16

170
E 0.333 0.5—0.7

K5/MACC
680

E 0.828 0.3—0.5 K17
580

P 1.000 0.3—0.5
K5/MACC

270
E 1.104 0.2—0.3 K17

350
P 0.240 0.5—0.7

K5/MACC
200

E 1.262 0.2—0.3 K17
260

E 0.666 0.3—0.5
K6

540
E 2.083 0.1—0.2 K17/PLP2

638@640
C 0.089 0.95—0.98

K6
480

E 1.313 0.5—0.7 K17/PLP2
400

E 0.355 0.5—0.7
K6

350
P 0.095 0.8—0.9 K17/PLP2

210@220
C 0.399 0.8—0.9

K6
200

P 0.095 0.8—0.9 K17/IDHF
800

P 0.411 0.5—0.7
K7

646@650
C 0.001 0.95—0.98 K17/IDHF

390
P 0.226 0.5—0.7

K8/PLP2
480

E 0.111 0.7—0.8 K17/IDHR
550

P 0.167 0.5—0.7
K8/PLP2

360
P 15.33 (0.001 K18

520
E 0.381 0.5—0.7

K8/PLP2
280

E 0.444 0.5—0.7 K18
400

P 0.694 0.3—0.5
K15

360
P 0.252 0.5—0.7 K18

390
P 0.694 0.3—0.5

K15
260@270

C 1.064 0.5—0.7 K18
200

E 0.045 0.8—0.9
K15

240
P 0.083 0.7—0.8 K18/PLP2

540@550
C 0.491 0.7—0.8

K15
160

E 0.139 0.7—0.8 K18/PLP2
520@530

C 0.964 0.5—0.7
K15/PLP2

640
P 5.523 0.02—0.05 K18/PLP2

400
P 0.000 1.00

K15/PLP2
270

E 1.899 0.1—0.2 K18/PLP2
300

E 0.051 0.8—0.9
K15/PLP2

250
P 0.667 0.3—0.5 K18/PLP2

240
P 0.633 0.1—0.2

K15/P34F
400

P 3.227 0.05—0.1 K19
390

P 0.207 0.5—0.7
K15/P34F

350
P 0.28 0.8—0.9 K21

470
E 0.001 0.95—0.98

K15/P34F
250

P 0.470 0.3—0.5 K21
430

E 2.270 0.1—0.2
K15/IDHF

570
E 0.517 0.3—0.5 K21

320
P 0.000 1.00

K15/IDHF
410

P 0.240 0.5—0.7 K21
220

E 0.157 0.5—0.7
K15/IDHF

280
P 0.185 0.5—0.7 K22/PLP2

700
P 0.144 0.7—0.8

K15/IDHF
200

P 0.028 0.8—0.9 K22/PLP2
330

E 0.394 0.5—0.7

!Markers are identified by an ASSR primer/arbitrary primer. The molecular size (bp) of the fragments are in subscript
"P, Dominance of the PI 437654 pattern; E, dominance of the ‘Essex’ pattern; C, codominant segregation

enhanced the number of amplified fragments and gave
new polymorphisms. Also, the addition of an anchor to
the 3@ end of the SSR generated different banding pat-
terns. This observation was in agreement with the re-
sults of Zietkiewicz et al. (1994), though the 3@ ASSR
primers revealed fewer amplification products and
polymorphisms than the 5@ ASSR primers.

In Arabidopsis, combinations of ASSR primer and
decamers produced different polymorphisms compared
with banding patterns produced solely by ASSR primer
(Wu et al. 1994). In soybean, under the same PCR
conditions as for Arabidopsis, the decamers (even
14 mer) generally failed to alter the banding patterns.
This observation can be associated with differences in
genome complexity of these two species, and the fewer
decamers tested in soybean than in Arabidopsis. Under
the amplification conditions used in our experiments
(annealing temperature of 50°C), decamer primers were
probably non-functional, despite the possibility of
more potential binding sites for decamers than for
longer primers. The successful amplification of a prod-
uct with 2 primers depends on their length, melting
temperatures (Tms) and the annealing temperature of
the PCR. In some studies, a low annealing temperature
(35°C or 36°C) was used for ASSR primer and decamer

combinations (Becker and Heun 1995; Sánchez de la
Hoz et al. 1996). However, a low annealing temper-
ature may increase non-specific amplification, which
means that amplified fragments may not contain
ASSR. No sequence information was given by Becker
and Heun (1995) or Sanchez de la Hoz et al. (1996).
Also, at low annealing temperature, a change in anchor
sequences did not alter banding patterns in barley
(Sánchez de la Hoz et al. 1996).

The use of 18- to 20-nucleotide primers in combina-
tion with ASSR primers changed the amplification
patterns. DNA sequencing of two fragments, which
were produced by the ASSR K18 and PLP2 primers,
revealed the presence of the primers’ sequences. This
confirmed that using an end-labeled ASSR primer and
a 50°C annealing temperature for the first 5 cycles of
PCR enhances the binding specificity of ASSR primer
and promotes amplification of soybean genomic re-
gions adjacent to the ASSR primer. Using ASSR
primer in combination with specific primers for pro-
tein motifs may be useful for identifying chromosomal
regions which might contain homologous sequences.
This has been proven in our case, when ASSR primer
K18 was used with primer PLP2 designed for the
kinase domain present in several disease resistance
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Fig. 5 Linkage assignment of ASSR markers (in bold). Designations
are as follows: the ASSR primer name for markers obtained solely
with ASSR primers; the ASSR primer/arbitrary primer for markers
produced by the ASSR and arbitrary primers. Molecular size of the
markers are in subscript. The RFLP anchor loci of the public
soybean molecular map (Shoemaker and Specht 1995) are in italics
and underlined. The i and t are two morphological loci for soybean
seed-coat color and pubescence color, respectively. The remaining
markers are RAPD loci. Genetic distances at LOD 3.0 are in
centiMorgans (cM)

genes (Grant et al. 1995). The amino acid sequence
from an amplified soybean fragment showed 50%
homology to the receptor-like protein kinase precursor
from Arabidopsis (Walker 1993).

ASSR analysis was useful in characterizing the
molecular diversity of soybeans. On average, 7 poly-
morphisms per ASSR primer were produced. This level
of polymorphism is lower than for microsatellites (5—21
alleles per microsatellite, Maughan et al. 1995) and
higher than for RFLPs (Keim et al. 1990; Skorupska
et al. 1993) and RAPDs (Skorupska et al. 1994;
Mahalingam and Skorupska 1995). For linkage analysis
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Table 4 Summary of the (G-A) and (C-A) ASSR markers in F2 population of the ‘Essex’ and PI 437654 cross

ASSR! Number of Length
primers polymorphisms per of the

primer amplified

Polymorphic markers

fragments
Germ- Inter- (bp)

Total markers Mapped markers Unlinked markers Markers linked at

plasm cross

Number/Percentage Number/Percentage Number/Percentage less than 5 cM
Number/Percentage

(G-A) 6.0 3.9 300—900 39 45.9 20 51.3 19 48.7 2 12
(C-A) 8.0 3.8 100—700 46 54.1 38 82.0 8 17.4 15 88

Total 7.0 3.9 100—900 85 100 58 68.2 27 31.7 17 29.3

! (G-A): (GA)
6
, (AG)

6
, (CT)

6
" (C-A): (GT)

6
, (TG)

6
, (CA)

6

in the ‘Essex’ and PI 437654 F
2

population, we ob-
tained 4 segregating markers per ASSR primer. The
number of ASSR polymorphisms is higher than for
genomic clones (0.3 polymorphism per RFLP clone)
and RAPDs (1.5 polymorphisms per primer) in the
same population but lower than the reported 9 poly-
morphisms per AFLP primer in an intraspecific cross
(Keim et al. 1997). The consistency of ASSRs’ classifica-
tion of genotypes with that of RFLP markers (Diers
et al. 1997) illustrates that ASSR-juxtaposed data are
useful for describing valuable genome diversity in
soybeans. Furthermore, it demonstrates the effec-
tiveness and speed of this analysis compared with geno-
type classification by RFLPs. All 48 soybean genotypes
tested could be distinguished with 8 ASSR primers.
Sanchez de la Hoz et al. (1996) suggest that ASSRs,
because of their repeated nature, are more reliable than
RAPD markers for genetic relationship studies.

Morgante et al. (1994) mapped 7 SSRs to 7 soybean
linkage groups; Akkaya et al. (1995) mapped 34 SSR
polymorphisms, predominantly (AT)

/
and (ATT)

/
, to

18 soybean linkage groups. With an exception of one
cluster, those microsatellite loci appeared to be disper-
sed randomly in the soybean genome. We assigned 58
ASSR markers to 18 linkage groups. The map informa-
tion suggests that (GT)

/
, (TG)

/
and (CA)

/
have biased

distribution, whereas (CT)
/
, (GA)

/
and (AG)

/
are dis-

persed in the soybean genome. Random distribution of
(G-A) may be supported by twice the frequency of
unlinked (G-A) ASSR markers compared with (C-A)
ASSR markers.

In rice, a total of 56 SSR loci, including (AT)
/
, (GA)

/
and (CA)

/
, were found to be distributed randomly

(Akagi et al. 1996). The linkage map of barley implied
a clustering of (GA)

/
and (CA)

/
(Liu et al. 1996). The

clustering of (AG)
/
was also observed amongst mapped

microsatellite markers in Arabidopsis (Bell and Ecker
1994). It is clear that SSRs and their genomic distribu-
tion differ across plant species. In sugar beet, in situ
hybridization with (GA)

/
revealed dispersed signals on

all chromosomes, while (CA)
/

were only present at cen-
tromeric regions (Schmidt and Heslop-Harrison 1996).
Whether, in soybean, the (C-A) repeats are located at
centromeric regions and/or indicate other regions of
reduced recombination remains to be investigated.
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