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An Integrated Genetic Linkage Map of the Soybean Genome

P. B. Cregan,* T. Jarvik, A. L. Bush, R. C. Shoemaker, K. G. Lark, A. L. Kahler,
N. Kaya, T. T. VanToai, D. G. Lohnes, J. Chung, and J. E. Specht

ABSTRACT

A number of molecular genetic maps of the soybean [Glycine max
(L.) Merr.] have been developed over the past 10 yr. These maps are
primarily based on restriction fragment length polymorphism (RFLP)
markers. Parental surveys have shown that most RFLP loci have
only two known alleles. However, because the soybean is an ancient
polyploid, RFLP probes typically hybridize and map to more than
one position in the genome. Thus, the polymorphic potential of an
RFLP probe is primarily a function of the frequency of the two alleles
at each locus the probe detects. In contrast, simple sequence repeat
(SSR) markers are single locus markers with multiple alleles. The
polymorphic potential of an SSR marker is dependent on the number
of alleles and their frequencies. Single locus markers provide an unam-
biguous means of defining linkage group homology across mapping
populations. The objective of the work reported here was to develop
and map a large set of SSR markers. A total of 606 SSR loci were
mapped in one or more of three populations: the USDA/Iowa State
G. max X G. soja F, population, the Univ. of Utah Minsoy X Noir
1 recombinant inbred population, and the Univ. of Nebraska Clark X
Harosoy F, population. Each SSR mapped to a single locus in the
genome, with a map order that was essentially identical in all three
populations. Many SSR loci were segregating in two or all three
populations. Thus, it was relatively simple to align the 20+ linkage
groups derived from each of the three populations into a consensus
set of 20 homologous linkage groups presumed to correspond to the
20 pairs of soybean chromosomes. On the basis of in situ segregation
or linkage reports in the literature all but one of the classical linkage
groups can now be assigned to a corresponding molecular linkage
group.

GENETIC LINKAGE MAPS serve the plant geneticist in
a number of ways, from marker assisted selection
in plant improvement to map-based cloning in molecu-
lar genetic research. Thus, in a widely studied and eco-
nomically important species such as soybean, a well
developed and broadly useful linkage map would be a
valuable resource. Ideally, such a map should include
many classical markers with discernible phenotypic ef-
fects, isozyme markers, as well as a large number of
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highly informative DNA markers evenly spaced
throughout the genome.

Using a mapping population derived from an inter-
specific G. max X G. soja cross, Shoemaker and Olson
(1993) developed a molecular genetic linkage map that
consisted of 25 linkage groups with about 365 RFLP,
11 RAPD (random amplified polymorphic DNA), three
classical markers, and four isozyme loci. The current
soybean classical marker map consists of 68 loci dis-
persed among 20 small linkage groups with a few loci
each (Palmer and Shoemaker, 1998). A partial integra-
tion of the various marker types into a common linkage
map was recently achieved by Shoemaker and Specht
(1995). These authors used a soybean mapping popula-
tion derived from a mating of near-isogenic lines of the
cultivars Clark and Harosoy to create a linkage map
that included 13 classical and 7 isozyme loci along with
110 RFLP and 8 RAPD loci. A set of anchoring RFLP
loci that segregated in both the Clark X Harosoy and
the G. max X G. soja mapping populations was used
to identify linkage group homologies between the mo-
lecular and classical marker maps.

Two characteristics of RFLP markers in soybean tend
to complicate the task of consolidating linkage maps
from different mapping populations. First, only rarely
have more than two alleles been identified at RFLP loci
in soybean. Because these two alleles generally have
asymmetric frequencies, e.g., p > 0.9, ¢ < 0.1 (Keim et
al., 1989; Keim et al., 1992), the likelihood that any two
genotypes will be polymorphic at a particular RFLP
locus is relatively low. This is particularly true when both
parents of the mapping population come from adapted
soybean germplasm pools (Apuya et al., 1988; Lark et
al., 1993). For example, Muehlbauer et al. (1991) also
observed that only one-third of the available RFLP
probes tested on donor parent, near-isogenic line, or
recurrent parent triplets were actually polymorphic be-
tween the two parents. Similarly, Shoemaker and Specht
(1995) reported that only 118 of 365 RFLP markers
polymorphic in the G. max X G. soja population were
segregating in the Clark X Harosoy mapping popula-
tion. Thus, a polymorphic fragment mapped in one pop-
ulation may not be segregating in another. A second
factor that complicates the use of RFLP markers in
soybean is the detection of multiple DNA fragments
(i.e., multiple loci) with most probes. This may be the
result of the tetraploid origin of soybean (Hymowitz

Abbreviations: AFLP, amplified fragment length polymorphism;
BAC, bacterial artificial chromosome; CLG, classical linkage group;
cM, centimorgan; MLG, molecular linkage group; NIL, near isogenic
line; PCR, polymerase chain reaction; QTL, quantitative trait loci;
RAPD, random amplified polymorphic DNA; RIL, recombinant in-
bred line; RFLP, restriction fragment length polymorphism; SSR,
simple sequence repeat.
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and Singh, 1987). Because one fragment in a multiple
banding pattern may segregate in one population and
a different or an additional fragment in another, one
must define a RFLP locus not only by the probe and
restriction enzyme being used, but also by the molecular
weight of the segregating fragments(s). Up to 19 inde-
pendent loci have been mapped by specific RFLP
probes (Mansur et al., 1996). The multiplicity of RFLP
loci can make RFLP linkage maps ambiguous with re-
spect to RFLP locus identity, and often precludes the
use of such loci for the evaluation of linkage group
homology among different maps.

One possible solution to this complexity is the use
of single locus DNA markers with multiple alleles. In
soybean, the highly polymorphic nature (i.e., multi-allel-
ism) of simple sequence repeat (SSR) or microsatellite
DNA markers is quite clear as shown by initial work of
Akkaya et al. (1992) and Morgante and Olivieri (1993).
Subsequent reports (Rongwen et al., 1995; Maughan et
al., 1995; Powell et al., 1996; Diwan and Cregan, 1997)
have described highly polymorphic microsatellite loci
with as many as 26 alleles. A high level of allelic diversity
makes it likely that a particular SSR locus will be poly-
morphic in many of the two-parent populations derived
from the hybridization of adapted soybean genotypes.
Multiple allele molecular markers are much more useful
than dimorphic markers when tracking the fate of geno-
mic segments in multi-parent pedigrees and in multi-
parent mated populations. Another virtue of SSR mark-
ers is their simplicity. In the development of these mark-
ers, care is taken to select polymerase chain reaction
(PCR) primers that produce one amplification product
in an inbred soybean genotype (Cregan et al., 1994).
Primer sets producing more than one product are dis-
carded. Thus, the difficulty of the genetic interpretation
of multiple banding patterns is eliminated. In addition,
as reported in humans and other mammalian species,
microsatellite loci in soybean seem to distribute fairly
randomly throughout the genome, with minimal evi-
dence of clustering (Akkaya et al., 1995).

While extensive SSR or microsatellite DNA based
maps are now available and used by human and other
mammalian geneticists (Hudson et al., 1995; Dietrich
et al., 1994; Archibald et al., 1995), relatively smaller
numbers of SSR markers have been developed and inte-
grated into existing plant linkage maps. Bell and Ecker
(1994) reported the assignment of 30 microsatellite loci
to the linkage map of Arabidopsis. Akkaya et al. (1995)
integrated 40 SSR markers into a soybean linkage map
and Mansur et al. (1996) added another 22 loci shortly
thereafter. Senior et al. (1996) mapped 42 distinct Gen-
Bank-derived SSR loci in maize (Zea mays L.). More
recently, Sharon et al. (1997) mapped 25 SSR loci on a
genetic linkage map of avocado (persea americana
Mill.). Development and mapping of wheat (Triticum
aestivum L.) microsatellite loci on a similar scale has
been reported (Roder et al., 1995; and Bryan et al.,
1997).

The availability of a molecular genetic map saturated
with highly informative, PCR-based, single-locus, multi-
ple-allele molecular markers would be of great utility

to a wide range of soybean researchers. Therefore, the
first objective of the work reported here was to develop
aset of SSR markers that could be used under a standard
set of amplification conditions. The second objective
was to map those SSR loci in three existing mapping
populations to attempt the alignment of homologous
linkage groups and the identification of 20 consensus
linkage groups corresponding to the 20 pairs of soy-
bean chromosomes.

MATERIALS AND METHODS

Development of Simple Sequence
Repeat Markers

The selection of SSR-containing sequences from GenBank
and the basic procedures of cloning, identification, and se-
quencing of microsatellite-containing 500- to 700-bp genomic
clones of ‘Williams’ soybean DNA were described previously
(Cregan et al., 1994; Akkaya et al., 1995). One important
difference in the development of the SSR loci reported here
was the use of OLIGO (National Biolabs, St. Paul, MN) soft-
ware for PCR primer selection. Primers were selected by a
number of criteria that included (i) annealing temperature of
47 * 0.5°C, (ii) minimal 3’ end homologies, (iii) low 3’ end
stability to prevent false priming, and (iv) the presence of a
GC-clamp, if possible, near the 5" end of each primer.

Each selected primer pair was initially tested in two differ-
ent PCR amplification reactions. The first used as template
the plasmid containing the Williams soybean genomic insert
from which the sequence data for the selection of the primer
set was selected. The second reaction used genomic DNA
of Williams soybean as template. When both amplification
reactions yielded a single product of predicted size, the primer
set was further tested on a set of 10 soybean genotypes in order
to obtain an estimate of the level of SSR length polymorphism
associated with each locus. The genotypes included the culti-
vars Clark (Maturity Group [MG] IV), Harosoy (MG II),
Jackson (MG VII), Williams (MG III), Amsoy (MG II), Ar-
cher (MG I), Fiskeby V (MG 000), Minsoy (MG 0), Noir 1
(MG 0), and Tokyo (MG VII). Primer sets that produced
multiple products in any of the 10 genotypes were discarded.
The size of the alleles (i.e., base pair number in the PCR
products) produced by each genotype was determined with
DNA sequencing gels with a modified sequencing gel formula-
tion (6% [w/v] acrylamide:bis-acrylamide [19:1], 5.6 M ultra-
pure urea, and 30% [v/v] formamide in TBE buffer) as de-
scribed by Cregan and Quigley (1997). These allele size esti-
mates were used to calculate the gene diversity or informa-
tiveness of each SSR locus. This calculation was described by
Anderson et al. (1993).

Soybean Mapping Populations and Genetic Marker Data

USDA/Iowa State University Population. This is an F,-
derived mapping population from the interspecific cross of the
G. max Breeding Line A81-356022 and G. soja (wild soybean )
PI 468.916. This population currently consists of 59 F, plant
derivatives and has been described in detail (Shoemaker and
Specht, 1995; Shoemaker and Olson, 1993). The extraction of
DNA and the mapping of RFLP loci in this population was
previously described by Keim et al. (1988). DNA isolation
from the G. max X G. soja population and RFLP probe hybrid-
ization procedures were the same as previously described
(Diers et al., 1992a, c¢; Keim et al., 1990).

University of Utah Recombinant Inbred Line (RIL) Popu-
lation. Originating from a cross of Minsoy X Noir I, this
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population consists of 240 F;-derived RIL and has been de-
scribed previously (Mansur et al., 1996). The DNA isolation
and RFLP analysis were described by Lark et al. (1993) and
Mansur et al. (1996).

University of Nebraska Population. This is an F, -derived
population from the cross of near isogenic lines (NILs) of the
important cultivars Clark and Harosoy. Each of the Clark
and Harosoy NILs used as the parents carries a number of
pigmentation and/or morphological mutants thereby allowing
the mapping of these classical genetic loci along with molecular
loci. The population consists of derivatives of 57 F, plants and
previously was described by Shoemaker and Specht (1995).
The isolation of DNA and the RFLP analysis was described
earlier (Shoemaker and Specht, 1995).

The segregation of alleles at each SSR locus in each of the
above populations was determined by amplifying template
DNA from each RIL or F, derivative followed by electropho-
retic separation of the resulting products on DNA sequencing
gels. These procedures are described in Cregan and Quigley
(1997).

Genetic Mapping

MAPMAKER 3.0b (Lander et al., 1987; Lincoln and
Lander, 1993) was used to group and order genetic loci within
each of the three mapping populations. Marker loci were first
grouped at LOD 5.0 and then ordered by repetitive use of
the Ripple command of MAPMAKER with a window size of
6. The Kosambi centimorgan function was used with error
detection on. The error detection probability level was set at
5% in the case of the USDA/Iowa State G. max X G. soja
and University of Nebraska Clark X Harosoy populations and
at 1% in the analysis of the Univ. of Utah Minsoy X Noir 1
population. The absence of heterozygous genotypes in the
latter population made genotypic classification less prone to
error.

RESULTS AND DISCUSSION

A total of 606 SSR loci were mapped in one or more
of the three mapping populations. This number includes
544 new loci that were not previously reported by either
Akkaya et al. (1995) or Mansur et al. (1996). One impor-
tant criterion used during the development of these loci
was the requirement that each primer set produce only
asingle PCR product with each of 10 soybean genotypes
as described above. Thus, each of the SSR loci reported
here maps to a single locus. This avoids the ambiguity
that sometimes results with soybean RFLP probes that
hybridize to two or more positions in the soybean
genome.

The total numbers of markers (SSR, RFLP, RAPD,
AFLP, isozyme, and classical) mapped in any one of
the three populations ranged from 523 to 1004 (Table

1). The total number of unique loci in the three maps
combined totaled 1423, which included 606 SSR, 689
RFLP, 79 RAPD, 11 AFLP, 10 isozyme, and 26 classical
loci. Before the inclusion of the SSRs in the G. max X
G. soja map, the last reported MAPMAKER analysis
indicated a total of 25 linkage groups (Shoemaker and
Specht, 1995). This number was reduced to 23 by the
addition of the SSR loci. The addition of well over 300
new SSR loci more than doubled the number of markers
on the Univ. of Utah map and reduced the number of
linkage groups from 36 to 22. By aligning the linkage
groups in these two maps with the linkage groups of
the Clark X Harosoy population, on the basis of the
presence of common SSR loci, a total of 20 linkage
groups are now readily discernable (Fig. 1). For exam-
ple, the two separate G. max X G. soja linkage groups
Dla and Q are very likely one linkage group given
SSR loci they have in common with D1a+Q-UO0S8 of the
Minsoy X Noir 1 map (Fig. 1, Panel MLG D1la+Q).
Indeed if the LOD threshold is reduced to 2.7, MAP-
MAKER joins Dla and Q. On the basis of a similar
rationale, G. max X G. soja groups W and D1b (Fig.
1, Panel MLG D1b+W) were combined on the basis
of alignment with the homologous Clark X Harosoy
linkage groups. Similarly, Utah linkage groups U18 and
U02 were joined (Fig. 1, Panel MLG E), as were U13a
and U13b (Fig. 1, Panel MLG F) on the basis of align-
ments with linkage groups E-ISU and F-ISU, respec-
tively, of the G. max X G. soja map. The alignment of
linkage groups based upon the presence of common
SSR loci across the three maps resulted in the establish-
ment of 20 consensus linkage groups (Fig. 1). In the
case of both the G. max X G. soja and the Clark X
Harosoy maps, only one (Y-ISU) and two (CH54 and
CH24) small linkage groups, respectively, could not be
aligned with any of the 20 consensus groups. The fact
that these remaining small groups contain no SSR loci
(Fig. 1, Panel MLG Y + Unlinked) made their align-
ment particularly difficult.

As the development of the G. max X G. soja and the
Minsoy X Noir 1 maps progressed over the past few
years, consolidations and occasional subdivisions of
linkage groups have occurred. In addition, the names
of linkage groups have been changed. As a result, it
may be difficult to relate linkage groups reported in
older literature with one of the 20 consensus linkage
groups shown in Fig. 1. Table 2 provides a historical
summary of how linkage groups in the G. max X G. so-
ja and the Minsoy X Noir 1 maps have been combined
and/or renamed to yield the 20 consensus groups pre-
sented in Fig. 1. We have assigned new linkage group

Table 1. Numbers of SSR, RFLP, RAPD, isozyme, and classical genetic markers mapped in the USDA/Iowa State Univ., the Univ. of

Utah, and the Univ. of Nebraska mapping populations.

Marker type

Marker
Mapping population total SSR RFLP RAPD AFLP Isozyme Classical
no.
USDA/Iowa State Univ. (A81-356022 X
G. soja PI 468.916) 1004 486 501 10 0 4 3
Univ. of Utah (Minsoy X Noir 1) 633 412 209 0 0 2 10
Univ. of Nebraska (Clark X Harosoy) 523 339 95 57 11 7 14
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USDA/lowa St. Univ.

Univ. of Utah

MLG A1

| _A1-SU | cM]| [ A1-U07 | cM]|
A487_1 51 Satt276 (72) 97
Satt276 (72) 0.6/ Satt165 (66) 49
Satt572 (18) 8.9 / Satt364 (56) 0.8
Satt165 (66) 2.4 Satt382 (74) 0.0
Satt382 (74) 1.0 Satt248 (18) 0.0
Satt593 (62) 1.1 Satt042 (74) 05
Satt454 (56) 0.0 Sattd71 (62) 1.9
Satt526 (32) 0.0 A329 2 1.4
Satt364 (56) 0.0 Satt591 (66) 0.0
Satt471 (62) 0.0 K258_1 0.9
Satt042 (74) 1.5 Satt300 (70) 0.0
K478_2 1.5 Satt155 (70) 1.0
Mng241_1 0.8 Satt073 (32) 0.3
Bng074_2 42 A110 2 0.2
Satt300 (70) 0.0 L194_1 0.2
Satt591 (66) 1.4 G214 _1 0.2
Satt155 (70) 36 A053 2 6.5
A407 2 0.0 A0B4_3 0.0
Bng116_1 2.9 R183_1 2.1
Bng132_1 7.8 Satt050 (34) 92
A510_1 16 T153_3 16
R183_1 38 A262_1 11.3
Satt050 (34) 16 Satt385 (70) 3.8
B030_2 22 BLT053_2 16
A096_1 16 Satt545 (80) 33
K400_1 8.2 A975_1 5.4
B172_1 8.1 K636_2 0.4
Satt385 (70) 32 Satt174 (61) 35
A975_1 36 Satt200 (77) 0.5
A256_2 6.5 T155_1 0.0
Satt599 (48) 32 Satt236 (75) 05
Satt211 (50) 0.9 Satt511 (75) 0.8
Satt511 (75) 0.0 Satt258 (66) 0.0
Satt236 (75) 0.0 B170_1 0.0
Satt225 (62) 2.0———— Satt225 (62) —
A170_1 0.8 81.5
A104_1 0.0
Bng077_1 53
A082_1 1.0
Bng017_1 e

96.8

Univ. of Nebraska

| A1-CH20 | cM|

 Satt276 (72) 0.0
A083_2 0.6
A0B5_2 0.8
Satt572 (18) 8.5
K647 2 0.0
Satt593 (62) 1.8
Satt165 (66) 0.0
Satt382 (74) 1.7
Satt042 (74) 0.0
Sattd71 (62) 1.0
$att300 (70) 18.0 ***
B030_2 20.3
SYNOD26A(58) 0.2
Satt385 (70) 9.1
Satt545 (80) 4.9
A256 2 16.0
Satt200 (77) 0.3
Satt511 (75) 0.0
Satt258 (66) 0.0
Satt236 (75) 0.9
Satt225 (62) 0.0
Satt211 (50) —

84.1

Classical
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MLG A2

USDA/lowa St. Univ. Univ. of Utah Univ. of Nebraska Classical
[TA2iSU T cM]
Bng181_1 0.0
K636_1 0.8
A256_1 33 [ A2-U03 | cM]
Bng077_2 45 A170_2 13
Satt390 (54) 10.7 ———— Satt380 (54) 46
Satt207 (58) 0.7 Sct_067 (42) 12.9
Sattd80 (32) 33 T Sati207 (58) 7.0
Satt493 (48) 0.0 —————Satt493 (48) 0.6
Satt589 (54) 1.9 Satt589 (54) 1.0 | A2-CHO5a | cM|
A085_1 3.0 Satt177 (82) 1.1 A0B5_1 0.0
A110_1 50 A110_1 8.1 Satt177 (82) 0.3
Satt315 (48) 8.1 Satt315 (48) 45 Satt589 (54) 26.0 * CLGO7
1 26.. L199_1 OPAM15b 6.2 Rhgd 04
T153 1 45 T153 1 I [ Y R — [
A486_1 16 ™. A262 2 Satt187 (83) 3.9 o 18.0
Satt187 (83) 5.4 “of GMENOD2B(79) - Y13 31.0
GMENOD2B(79) 7.4 B172_2 430
SAC7_2 0.1 BLT024_1
SAC3_1 2.3 Satt187 (83)
A111_1 2.7 A510_4
A136_1 3.9 GMENOD28B(79)
P003_1 1.7 A975_2
Satt341 (34) 48 Sattd424 (72)
Sat_129 (68) 0.0 A111_1
Sat_115 (60) 3.3 Sat_115 (60)
AB38_1 5.8 Satt089 (48)
Bng121_1 0.0 Satt119 (18) )
VSP27 2.5 Satt377 (42) 9.4 AZ-CHOBD | cM|
Satt377 (42) 38— Satt233 (ND) 3.2 Sat_129 (68) 30.5 **
Satt525 (18) 25 / G214_2 3.8 Satt437 (58) 6.8
Satt233 (ND) 12.5 Sattd37 (58) 14— A117 1 7.8
Satt508 (42) 0.0 Satt327 (54) 1.2 AB90_1 1.7
Satt329 (70) 0.0 74&&329 (70) 1.7 OP_M12a 1.1 =
Satt327 (54) 5.0 AB9I0_1 17 T saft329 (70) 8.2
A096_2 0.0 Satt158 (70) 13 Satt158 (70) 8.0 [CLG?7]
A117_1 15 Sattd70 (18) 0.0 LA [y L— .
R028 1 0.3 Sattd21 (42) 25 Sat_097 (ND) 3.9
B132_1 0.0 Sat_040 (68) 0.1 / OPAV06a 236
Ka17_1 0.9 Sat_097 (ND) 0.4 A505_1 9.4
AG90_1 3.2 K443_2 0.9 Satt409 (78) -
Satt470 (18) 3.1 Satt333 (60) 1.7 107.7
mO103_1 1.9 A505_1 0.4
p28_8 0.0 Sattd55 (46) 0.0
p28_9 0.0 BLT053_1 07
p28_10 7.8 A065_1 12.4
Satt133 (18) 2.7 BLT036_1 1.1
Satt209 (ND) 3.1 Satt409 (78) 97 CIG00] %1
Satt455 (46) 25 Satt228 (46) 0.1 Pgd2 210
A505_1 0.0 L1144 1 75 Lap1 21.0
mQ039_1 11.6 Satt538 (34) 0.0 Ti 11.0
T036_1 24 Satt429 (56) 33 Ap 12.0
Sattd09 (78) 0.9 Satt378 (48) — e e
Bng225_1 40 1584 e P
Bng029 1 00 JJY e
Bng205_1 00 / /) e
A572_1 22 /) e
Satt228 (46) 32/ Jf o
Ap 8.5+
Satt538 (34) 17
Satt378 (48) 8.8
Satt429 (56) —_

184.6

Fig. 1. continued
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MLG B1

USDA/lowa St. Univ. Univ. of Utah Univ. of Nebraska
| B1ISU | cM|
A333_t1 0.0
T028_1 0.0
B219_1 11.4
A588_1 0.0
Bng061_1 9.3
A702_1 1.8
Satt426 (48) 2.2
A109_1 2.0
Satt509 (78) 0.0
Mng415_1 5.6
A129_1 0.0
A632_1 0.9 [ B1-U04 | cM| [TB1-CH10 | cM|
Bng182_1 0.0 T028_1 175 D2 23.
A847_1 0.9 K011_2 21.0 A588_1 3.7
B031_1 0.0 A109_1 39 A381_2 13.5
Bng158_1 0.1 Satt509 (78) 13. OoP_Q17 8.5
A381_2 0.4 Satt197 (74) 7.3\ Satt509 (78) 0.0
pcr2_168 0.3 A262_3 3.2 Aco4 5.4
Satt251 (48) 41 T092_3 13.5 AB47_1 8.7
Satt197 (74) 6.0 K1 0.9 Satt197 (74) 11.7
Sat_128 (70) 1.8 BLT043_1 0.0 Sat_128 (70) 27.2
H3_28 5.0 Satt298 (60) 92 Satt519 (48) 12.1
A089 2 2.3 Sct_026 (64) 0.2 \ Satt298 (60) 13.9
A118_1 0.0 G214 3 1.8 Satt597 (54) 4.9
A520_1 25 L204 1 0.8 Sct_026 (64) 9.7
Satt519 (48) 2.7 Satt430 (66) 0.0 /Satt583 (74) 0.4
A006_1 5.3 Satts83 (74) 0.0 Satt415 (74) 15.4
mO011_1 35 Satt415 (74) 0.1 Sat_123 (66)
Satt597 (54) 35 Sat_095 (ND) 19.1 156.6
Sct_026 (64) 1.7 Satt359 (50) 1.9
Satt332 (18) 0.0 Sat_123 (66) 24.5
Satt415 (74) 0.8 L050_1 8.1
Satt583 (74) 0.7 Satt4s3 (58) -
Satt430 (66) 1.6 147.3
Sattd44 (18) 15.5
Sat_123 (66) 0.2
Satt359 (50) 19.
R244_1 1.7
H3_c6_1 0.5
A598_1 0.3
A567_1 3.5
Satt453 (58) 0.0
Sattd84 (46) = -——--

117.6
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[B2ISU | cM]

Satt577 (68)
A523_1
BLT013_2
A043_1
A135_1
A685_1
A343_1
A242_1
A352_1
Satt126 (46)
Bng069_2
Satt467 (18)
Satt168 (77)
Satt416 (76)
A018_1
BLT049_2
A329 1
Satt304 (42)
Satt083 (ND)
A509_1
Satt601 (32)
Satt318 (42)
Sct_094 (68)
Mng003_1
B153_1
Satt556 (82)
Satt020 (59)
Satt066 (70)
Mng474_1
B124_1
Sct_064 (18)
Satt534 (66)
A741_1
B194_1
Satt063 (64)
mR048_1
A516_1
A593_1
A519_1
Mng247_1
T005_1
B221_1
A230_1
H3_60
A427 1
A404_2
A183_1

Fig. 1. continued

6.6
0.7
0.0
1.8
0.7
13.5
0.0
51
1.5
9.8
0.1
16.0
2.2
4.4
1.5
22
3.2
0.9
33
26
22
1.9
0.0
0.0
5.9
25
8.7
7.6
0.0
6.0
0.0
0.0
1.1
11
3.7
0.0
0.0
46
0.5
9.7
0.0
0.0
0.0
7.4
0.0
0.0

139.6

S\

MLG B2
Univ. of Utah Univ. of Nebraska
| B2-CH15a | cM|
Satt577 (68) 232
BLTO013_2 227
B2-U26 | cMm| AB85_1 —
Satt577 (68) 9.4 459
L191_1 2.1
T270 2 9.2 | B2-CH15b | cM|
Satt126 (46) 27.7 B142_1 6.4
Sct_034 (42) 47 OP_T02 6.4
Satt168 (77) 15 A352_1 0.0
Satt416 (76) 7.7\Satt126 (46) 237*
Sat_083 (62) 3.0\Satt1 68 (77) 1.9
Satt556 (82) 0.0 Sattd16 (76) 154 *
Sattd74 (50) 0.0 A584 2 8.4
Satt070 (66) 0.1 OP_E02a 12*
Sct_094 (68) 0.1 Sat_009 (84) 2.2
Satt272 (58) 0.1 CAAGTGA50 0.0
Satt122 (50) 0.1 Satt070 (66) 0.4
Satt020 (59) 0.1 DOP_F04 0.5
G214_4 0.2 Sattd74 (50) 0.9
BLT057_2 0.9 Satt556 (82) 0.0
£201_1 0.2 Sct_094 (68) 0.0
G214 5 36 OP_DO1c 0.0
Satt066 (70) 8.9 OP_C09 0.0
Satt534 (66) 12.6 OPAF15a 2.5
A516_1 3.1 Satt272 (58) 0.0
A234 1 10.8 Satt020 (59) 10.9
Satt560 (64) 10.8 Satt534 (66) 5.1
G214 6 — Satt063 (64) 6.7
116.9 A516_1 0.0
A593_1 0.0
CAAGTG240 6.3
A519 1 —

.........
-------

98.9

--------
--------

Classical

CLG17

ldh2 26

- Fan 22

Rps5(?)  —
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MLG C1

USDA/lowa St. Univ. Univ. of Utah Univ. of Nebraska Classical
[CTI80 | oMm|
Satt565 (78) 21.0
SOYGPATR(62) 1.7
Sct_186 (56) 6.7
Satt396 (32) 0.8
Satt194 (54) 2.9
A463_1 0.0
A078_1 1.8 C1-U22 | cM| | C1-CH34a | cM|
A059_1 1.3 \Satt565 (78) 0.0——— Satt565 (78) 0.0
K300_1 20.0 Sct_186 (56) 0.0—————Sct_186 (56) 2.7
A946_1 11.5 SOYGPATR(62)  7.7————SOYGPATR(62) -
Bng019_1 0.0 A351_2 5.7 2.7
K472_1 6.3 A463_1 12.2
Satt578 (46) 16.4 K001_1 26.7
A519_3 00 T~ SAMETB (6)......... 159z sassnes 5
Bng140_1 1.0 11921 0.8 | C1-CH34b | cM| ™.
Bng161_1 ~" Satt190 (66) 15 Sat_085 (82) 84 ™. Fle 10
Dia Satt294 (58) 0.0—————— Satt294 (58) 2.5 “Dia2(?) = ——
Satt399 (62) Sat_077 (78) 0.0 Sattd76 (58) 2.7
Sat_085 (82) Sattd76 (58) 2.5/ Satt195 (48) 0.0
Satt361 (50) Sat_042 (88) 6.6~ Sat_042 (88) 6.9
Satt139 (82) A0B3_1 406 Bng064_1 —_—
Satt190 (66) N 24 206
Satt161 (72) Satts24 (58) 00 e N N
Satt294 (58) Satt338 (74) 4.o\| C1-CH34c | cM|
Satt195 (48) L014_1 0.0 Satt338 (74)
Satt476 (58) Satt180 (76) 42— Satt180 (76) 2.2
Sat_042 (88) Satt164 (48) 1.6 ——— Satt164 (48) 2.9
Bng143_1 9.9 AO74_1 15 —
A0B3_1 25 L175_1 — 5.1
Bng064_1 13.7 133.9
Bng012_1 0.0
Bng044_2 286
Satt524 (58) 2.0
Satt338 (74) 438
Satt180 (76) 3.1
Satt164 (48) —

181.0

Fig. 1. continued
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MLG C2

USDA/lowa St. Univ. Univ. of Utah Univ. of Nebraska
| c2-1su | cMm|

A127 1 141

Bng035 1 0.8

A122_1 7.0

Bng132_2 35 [ C2-U09 | cM|

Satt227 (32) 3.8 A121 1 12.8

Sat_062 (ND) 48 Sat_130 (62) 10.3

mQ086_1 0.0 A059_2 16

mO008_1 11.9 L199 2 0.6

Satt520 (70) 2.3 A262 4 9.3

Satt291 (34) 41 Sat_062 (ND) 59

A655_1 3.2 Satta32 (18) 2.7

A338_1 224 Satt281 (86) 31 LC2-CH06 | cm
Satt170 (18) 3.3 Satt520 (70) 0.0 Pai 43
GMACTL (ND) 34 Sattd22 (74) 0.1 Sat_130 (62) 25.8
Satt322 (48) 42 Satt291 (34) 31.8 A109_3 16.5
Bng228_1 0.0 Satt170 (18) 3.4 Sat_062 (ND) 46
K262_1 26 A426 1 12 OP_E08 7.9
K255_1 0.0 GMACTL (ND) 9.5 Sattd22 (74) 26
Bng014_1 1.9 L059 1 85 AB55_1 27
A426_1 19. Satt363 (70) 0.0 Satt457 (32) 25.8
Satt450 (0) 8.8 Satt376 (48) 0.0 Satt305 (64) 8.8
B160_1 0.8 1148_1 0.8 A426 1 31.9
AB35 1 0.0 R092 3 0.4 R092_3 3.3
L148_1 5.2 Sat_076 (73) 1.2 A063_2 2.2
Satt363 (70) 0.9 / Satt286 (70) 22 AB35_1 0.4
Sat_076 (73) 0.0 / BLT032_1 32 L148_1 1.0
Satt286 (70) 9.0 Satt277 (70) 45 Sat_076 (73) 27
Sle28_1 1.3 / Satt557 (64) o.o\ Satt286 (70) 5.0
Satt277 (70) 0.9 Satt365 (54) 0.6 Satt277 (70) 25
Satt365 (54) 1.2 Satt489 (68) 0.0 K011_3 24
Satt557 (64) 0.8 Satt319 (34) 0.0 T 22.8
Satt289 (48) 0.0 Satt134 (62) 0.0 P029 1 0.0
Satt134 (62) 1.0 Satt289 (48) 0.0 A538_1 1.3
Bng164 1 0.9 A109_2 0.2 Satt307 (76) 0.0
Satt100 (58) 0.0 L050_2 0.0 Sct_028 (70) 2.2
per2_150 2.2 Satt100 (58) 15 Sattd33 (58) 0.0
Satt319 (34) 43 Satt460 (48) 0.0 A748 1 1.2
B131_1 1.3 A397 1 0.4 Satt316 (76) 3.3
A397 1 7.7 Satt079 (58) 0.9 Satt202 (66) 16.2
BLT029 1 0.0 BLT029 1 0.4 Satt371 (74) 10.7
A538_1 0.0 K365_1 0.6 R183_2 —_—
P029_1 0.0 Satt307 (76) 0.0 167.2
K474_1 0.9 Sct_028 (70) 33

K365_1 0.0 Satt316 (76) 12

K474_2 0.0 Satt202 (66) 36

A748 1 5.8 C056_1 205

Satt460 (48) 2.5 Satt371 (74) 43

Satt307 (76) 0.0 AB76_1 2.9

Sct_028 (70) 36 Satt357 (54) —

Satt316 (76) 2.0 153.5

Satt202 (66) 3.3

C056_1 9.0

AB76_1 25

Satt371 (74) 48

Satt357 (54) —_

193.8
Weak Link
Satt205 (54) —

Fig. 1. continued
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B e o el

R

Me

LO31 1
A398 1
Mna307 1
Satt184 (68)
Bna097 1
Bna090 1
K019 1
per2 163
R013 2
K478 1
A947 1
R249 1
A691 1
B214 1
Satt368 (76)
Satt032 (18)
Satt482 (46)
Satt532 (72)
Satt605 (42)
Satt342 (34)
Satt320 (32)
Satt221 (34)
Satt502 (42)
Satt548 (78)
Satt321 (64)
Mng474 2
kT 1

B186 1
pcr2 124
Sle3 4
K395 1
Sle 002
Sle3 14
Satt402 (66)
Satt603 (58)
Satt179 (70)
Satt254 (56)
Satt383 (62)
Satt267 (70)
Satt515 (32)
Satt295 (34)
Satt203 (64)
Satt580 (66)
Satt370 (18)
Satt283 (ND)
Satt507 (32)
Sat 106 (70)
Satt198 (50)
Satt077 (42)
Satt436 (78)
Sat 036 (76)
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MLG D1a+Q

Univ. of Utah

2

| 113+
att184
M373 1
Satt531 (46)
013 2
K227 2
Satt368 (76)
Satt482 (46)
Satt032 (18)
Satt605 (42)
Satt532 (72)
Satt502 (42)
Satt548 (78)
Satt603 (53)
A235 2
Satt383 (62)
Satt179 (70)
NP008 1
Satt402 (66)
Satt203 (64)
Satt370 (18)
Satt507 (32)
Sat 110 (34)
Sat 106 (70)
Satt198 (50)
Satt439 (48)
Satt436 (78)
Satt468 (48)
Sat 036 (76)
A295 1

Satt071 (54)
Satt408 (54)
Satt147 (68)
LO58 1
C063 1

/74

SR

RN
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MLG D1b+W
USDA/lowa St. Univ. Univ. of Utah Univ. of Nebraska Classical
D1b+W-ISU
W

Satt216 (ND)

Bng097_2

A725_1

A481_1
|  D1b cM| |D1b+W-U19 | cM|

Satt157 (80) 11.8 Sat_096 (ND) 6.5

Satt558 (34) 6.5 A725_1 6.1 [D1b+W-CH26 | cM|

Satt296.(46) 5.3 1216_1 10.4 Satt216 (ND) 15.8 *

Satt266 (32) 55 Satt095 (74) 12.2 Satt095 (74) 14.6
AB05_1 1.7 Satt157 (80) 4.1 \A586_3 YT — Rpsd4 (?)  —
A747_1 3.7 Satt558 (34) 8.0 Satt157 (80) 30.2

Bng047_1 0.0 Satt296 (46) 0.0 /Satt542 (64) 8.1

Mng137_1 1.8 Satt542 (64) 20.6 Satt266 (32) 6.6

Satt428 (66) 0.0 Sattd12 (66) 4.4 AB05_1 56

Satt579 (72) 0.0 Satt290 (54) 1.1 Sat_135 (84) 5.2

Satt282 (68) 0.0 Satt189 (71) 0.3 Satt428 (66) 0.0

Satt290 (54) 0.8 Sat_135 (84) 0.1 Satt290 (54) 0.0

Satt537 (76) 0.0 Satt600 (72) 0.1 Satt282 (68) 0.0

Satt005 (84) 0.0 L050_3 0.0 Satt579 (72) 0.0

Satt600 (72) 0.8 Satt579 (72) 0.0 Satt537 (76) 0.0

Satt604 (34) 0.0 Satt604 (34) 0.0 Satt412 (66) 0.9

Satt189 (71) 0.0 Satt537 (76) 0.0 Satt005 (84) 0.0

Satt506 (46) 0.0 Satt350 (76) 0.0\Sattsoo (72) 0.0

Satt141 (82) 0.3 Satt506 (46) 0.1 Satt350 (76) 0.4 **

Satt350 (76) 0.8 Satt141 (82) 0.1 ————Satt141 (82) 216

Sat_135 (84) 5.0 Sat_089 (77) 0.2 CGGGAC300 6.0

Satt041 (59) 3.6\ K011_4 7.1 CAGGGC400 9.8
B194_2 0.5 Satt041 (59) 2.9 CGGGAC230 12.9 Rj1 27
Satt546 (32) 7.9————— Satt546 (32) 18.1 Idh1 (1) Te— " Y 25
A519_2 8.2 Sat_0689 (83) 18.1 Sat_069 (83) 21+ F
Satt172 (74) 3.4 G214.7 15 Satt172 (74) 8.3

Satt274 (46) 36 A343 2 34 Sattd59 (42) 2.0

L161_1 1.7 Sattd59 (42) 12.3/ OPAM15¢ 225

A343_2 04 A135_2 0.4 A135_2 1.4

K411_1 38 - BLTO13_1 15 Satt271 (64) _—

T270_1 6.3 Satt271 (64) e 187.7

B139_1 2.1 139.6

BLTO13_1 6.4

Satt271 (64) -

91.9

Fig. 1. continued
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MLG D2

USDA/lowa St. Univ. Univ. of Utah Univ. of Nebraska Classical
| D2iSU | cMm]

Sctt008 (32) 2.9

A095_1 12.2

A257_1 17.4

A124_1 0.0

B146_1 2.2 | D2-CH13 | cM]|

Satt135 (66) 0.0 A095_1 0.0

Satt458 (78) 29 Sctt008 (32) 13.5 **

Satt014 (18) 3.1 | D2-u12 | cM| A401_2 225

Satt498 (00) 0.9 BLT032_2 2.1 Satt458 (78) 9.1

Sattd86 (32) 47 A0B4_2 74 Satt014 (18) 0.8

Satt372 (76) 13.0 L072_1 2.2 Satt486 (32) 6.3
Satt002 (66) 6.0 Sctt008 (32) 9.2 Satt372 (76) 15 Rxp 16
Satt154 (64) 16 Satt328 (18) 0.0 Mdh 0 R T— Mdh(?)  —
Satt582 (18) 5.8 A401_2 1.3 Satt002 (66) 7.5

Satt443 (00) 4.1 G214_8 3.4 Sat_092 (79) 0.1

Satt397 (50) 1.9 A124_1 1.9 Satt154 (64) 20.2

A083_1 2.1 Satt458 (78) 0.8 Satt208 (48) 1.1

Satt208 (48) 32 Satt135 (66) 17.2 oP_M15 2.3

Sattd47 (00) 2.6 Satt002 (66) 9.0 CAAGTG360 7.4

per2_182 27 Sat_092 (79) 0.4 K258_2 0.0

K258_2 45 Satt154 (64) 9.8 / $att389 (76) 5.3

Satt3s9 (76) 5.8 Satt389 (76) 49 OPAD11c 20

Satt461 (42) 42 Satt311 (76) Satt082 (64) 2.0
K286_1 20 Fr2 Satt488 (58) 0.0 eFrz e
i6_2 0.8 Satt543 (76) Satt226 (70) 1.2

Satt311 (76) 1.2 Sat_001 (84) Satt543 (76) 0.0

Sat_114 (72) 0.0 G214_9 Sat_114 (72) 0.0

Satt514 (72) 0.0 Satt301 (80) Satt528 (64) 0.0

Satt226 (70) 17 L026_1 Satt514 (72) 0.9

Satt528 (64) 0.9 K011_5 Satt311 (76) 0.0

Satt464 (48) 1.7 L204_2 Satt461 (42) 35

Satt543 (76) 0.0 A141_1 Sat_001 (84) 0.0

Satt082 (64) 0.0 Sat_086 (80) Satt301 (80) 21.9 =

Satt488 (58) 1.7 Satt256 (58) OP_F14 3.3

Satt574 (46) 5.2 Satt386 (58) Satt186 (74) 43

BLT049_3 1.2 Sct_137 (18) - Sat_022 (64) 0.7

Sat_001 (34) 16 109.8 Satt413 (64) 27

Satt301 (80) 1.7 Satt031 (62) 6.8

Sat_022 (64) 56 Satt256 (58) 0.0

Satt186 (74) 39 Satt386 (58)

Satt310 (64) 5.3 154.3

Satt031 (62) 0.0

Satt413 (64) 0.0

A141_1 6.5

Sct_137 (18) 0.0

Satt256 (58) 0.0

Satt386 (58) -

Fig. 1. continued
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MLG E
USDA/lowa St. Univ. Univ. of Utah Univ. of Nebraska
[EisU_T cM|

Satt212 (42) 12.3 E-CHO3 | cM|
Satt213 (00) 40 | u1s | cMm| T092_2 8.1
Satt384 (42) 2.0 A135_3 0.0 Sat_112 (72) 0.1
Sat_112 (72) 2.1 T183_1 2.7 Satt411 (46) 28.7
SAC7_1 2.1 ~" Satt575 (18) 6.2 / Y9 15.9
A242 2 00 \ \Ssat_112(72) 96 A661_2 33
Sattd11 (46) 04 G214_10 2.1 A0B9_2 29.4
Pb 28" A053_1 0.4 A702_4 111
AD53_1 8.0 1194 2 0.0 A646_1 0.0
A517_1 0.0 Satt384 (42) — A454 1 16
A636_1 27 21.0 OP_M12b 1.1
Bng193_1 0.0 Satt573 (48) 0.0
K229 1 27 Satt598 (48) 30
A454_1 0.0 AB56_1 2.0
B174_1 2.8 Sat_136 (ND) 7.6
A203_1 36 | uo2 | cm| K274_1 0.0
A374_1 8.6 Satt573 (48) 0.0 RO13_1 1.8
A963_1 0.0 Satt598 (48) 1.9 Satt04s (72) 1.0
Bng027_1 44 Sat_136 (ND) 48 A598_2 0.0
per2_188 54 A510_5 0.0 Satt602 (64) 0.1
T153_2 05 G214_11 0.1 per2_1101 0.2
Sat_124 (72) 4.0 Sat_107 (84) 0.2 OPANO7 0.2
A086_1 54 K274_1 0.0 OPAG19 0.3
A458_1 0.0 Satt491 (46) 0.0 DOP_G06 0.2
A455_1 0.0 Satt602 (64) 16 Sattd03 (70) 0.0
RO51_1 0.0 R028_2 0.0 Satt151 (48) 0.0
AB46_1 12.7 Satt045 (72) 0.0 Satt185 (80) 0.0
A656_1 04 Satt185 (80) 0.0 Satt268 (66) 0.0
A386_1 46 Satt355 (66) 0.0 Satt355 (66) 0.0
Bng107_1 0.0 Satt483 (50) 0.0 Satt483 (50) 0.0
RO13_1 0.9 Sattd52 (72) 0.0 Satt452 (72) 0.3
A427 3 0.9 Satt117 (ND) 0.0 Satt263 (72) 0.6
AS597_1 0.0 BLT049_5 06 Satt491 (46) 0.4
K477_1 0.0 B124_3 12 Sat_107 (84) 0.0
BLT049_5 6.6 A427_3 05 Satt204 (58) 55
Satt185 (80) 0.7 G214_12 16 OP_N14 12
Satt268 (66) 0.0 L163_1 42 OP_MO02b 0.7
Satt204 (58) 0.0 Satt369 (64) 9.4 OPAGO03 0.0
Satt263 (72) 0.0 Satt553 (70) 0.0 OP_K16 4.1
Sat_107 (84) 16 C009_1 0.0 A597_1 6.4
Satt355 (66) 13 Satt231 (70) 33 OP_DO1 276
Satt045 (72) 13.0 A711_1 — A136_2 5.1
Satt369 (64) 18.4 294 Satt369 (64) 146
Satt231 (70) 2.9 Satt231 (70) 1.3
Satt230 (58) — Satt553 (70) 0.0
137.8 Satt230 (58) —_—

183.5

Fig. 1. continued
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Fig. 1. continued
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MLG O
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Satt094 (64) 0.8 G214_20 0.4 Satt173 (82) 0.0
Satt466 (18) 0.0 Satt585 (48) 0.0 Satt262 (62) 0.0
Satt550 (ND) 0.9 Satt466 (18) 0.0 Satta73 (58) 0.0
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A878_1 15.9 A955_2 11.4 CTCGAGBB0 -
Satt592 (58) 45 Scaa001(18) - 180.6
Satt581 (48) 29 169.1

Satt331 (18) 1.7
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MLG Y + Unlinked

USDA/lowa St. Univ. Univ. of Utah
[ YISU [cm] None
KO11_8 0

A469_1 8.2

Bng037_1 -

8.3

Univ. of Nebraska Classical
[_cHsa T cm|
A48T 2 1.1 Df2 12
L050_9 13.0 1% & J—
BLT027_2 6.0
A329_3 1.1
A3742 s

31.2
| CH24 | cM|
A676_2 25
A036_3 -

25

Fig. 1. Genetic maps of 20 consensus soybean linkage groups defined using three mapping populations: The USDA/Iowa State Univ., G. max X
G. soja F, population consisting of 59 F, plants; the Univ. of Utah, Minsoy X Noir 1 RIL population of 240 lines; and the Univ. of Nebraska,
Clark X Harosoy F, population consisting of 57 plants; and corresponding classical linkage groups. The first 20 panels correspond to the
linkage 20 consensus linkage groups in Table 2. The last panel (Panel Y-ISU+ Unlinked) are those linkage groups for which there is as yet
no corresponding consensus group. Loci referred to as “Weak Link” do not coalesce with their homologous group at LOD 5.0 but do coalesce
at a lower LOD. On the University of Nebraska map, one asterisk indicates the distance is supported by a LOD score of less than 5.0 but
greater than 4.0, two asterisks indicates the distance is supported by a LOD score of less than 4.0 but greater than 3.0, three asterisks indicates
the distance is supported by a LOD score of less than 3.0 but greater than 2.0, four asterisks indicates the distance is supported by a LOD
score of less than 2.0 but greater than 1.5.Centimorgan (cM) distances between adjacent loci are indicated. The number in parentheses
following each SSR locus is the gene diversity X 100. An ND in parenthesis following an SSR locus indicates that the gene diversity was not
determined. RFLP loci are denoted using the Arial Normal font, SSR loci are in Arial Bold font, RAPD loci are in Arial Italic font, AFLP
loci are in Arial Normal font and underlined, and classical loci are in Arial Bold Italic font.

names to the 20 consensus groups that correspond as
closely as possible to the USDA/Iowa St. Univ. names
used in the past. In the near future, we anticipate the
availability of all 20 primary trisomics of soybean (Xu
etal., 1997). Given the availability of a large set of highly
polymorphic SSR markers with unambiguous linkage
group assignments, it should be a relatively simple task
to associate each linkage group with its corresponding

chromosome. When these associations are made, link-
age groups can be assigned numbers equivalent to those
assigned to the 20 soybean chromosomes.

Positioning of SSR Markers
within Linkage Groups

In previous work, Akkaya et al. (1995) indicated that
the first 40 SSR loci mapped in soybean appeared to

Table 2. The 20 consensus soybean linkage groups based upon alignments of the USDA/Iowa State Univ. G. max X G. soja, the Univ.
of Utah Minsoy X Noir 1, and the Univ. of Nebraska Clark X Harosoy molecular genetic maps and a summary of the corresponding
linkage group name(s) that has been used to refer to each in the scientific literature and corresponding classical linkage groups.

USDA/Iowa State Univ. G. max X G. soja map

Univ. of Utah Minsoy X Noir 1 map  Classical linkage

Consensus Shoemaker and  Shoemaker and groups
linkage Current Specht, 1995 and Olson, 1993 and Current linkage

groups linkage groups Shoemaker et al., Shoemaker, Diers et al., Keim et groups Palmer and
(Fig. 1) (Fig. 1) 1996 1994 1992b al., 1990 (Fig. 1) Mansur et al., 1996  Shoemaker, 1998
Al Al-ISU Al A B, O A, Z A1-U07 uo7

A2 A2-ISU A2 A B, W, 74 A, S A2-U03 Uo3 CL07, CL09
B1 B1-ISU BL S B, S H Y 1 B1-U04 U4

B2 B2-ISU B2, P B, P LM - B2-U26 Ule TOP, U26, U24  CL17

C1 C1-ISU C1 C E,V T C1-U22 U22, U10b, U28 CL21(?)

C2 C2-1SU C2 C, U E, 73 M,V,Y C2-U09 009, U20 CL01
Dl1a+Q D1a+Q-ISU D1, Q D, Q I, 71 H Dla+Q-U08 (9[11} CL03
D1b+W D1b+W-ISU D1 D, W 72,76 - D1b+W-U19 U19, U25 CL11

D2 D2-ISU D2, R D,R U, X N, X D2-U12 U12, U16 CL20(?)

E E-ISU E E A B E-U18+U02 U18, U2a CL14

F F-ISU F F, X C E, W F-U13a+U13b U13, Ul5 CL08, CL13
G G-ISU G G D C G-U05 U5 CL18

H H-ISU H H F F, P H-U10 Ul0a, U23 CL20(?)

1 I-ISU 1 1 K J 1-U17 U2c, U17, U29 CL04

J J-ISU J J Q, R L, 0 J-U01 Ula CL19

K K-ISU K K G D K-U24 UlcBOTTOM, U24  CL12, CL2
L L-ISU L L P, S R L-U14 U2b, U14 CL05

M M-ISU M M L G M-U11 Ul11

N N-ISU N N T, Z5 K N-U06 U6 CL10

(o] 0-ISU (0] o,V N - 0-U21 Ulb, U21 CL15

Y-ISU
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Table 3. Intervals of greater than 20 c¢cM in the Univ. of Utah
(Minsoy X Noir 1) genetic linkage map that do not contain
simple sequence repeat (SSR) markers, the SSR loci or linkage
group end flanking each interval, and the estimated distance
between the flanking SSR loci.

Linkage group Flanking SSR loci or linkage Distance between

(Univ. of Utah) group end flanking SSR loci
cM
A1-U07 Satt050-Satt385 221
A1-U03 Satt424-Sat_115 21.8
B1-U04 Top of linkage group-Satt509 4.2
Satt197-Satt298 253
Sat_123-Satt453 32.6
B2-U26 Satt577-Satt126 20.7
Satt126-Sct_034 27.7%
Satt534-Satt560 26.5
C1-U22 SOYGPATR-Satt578 523
Sat_042-Satt524 49.6
C2-U09 Sat_130-Sat_062 21.8
Satt291-Satt170 3181
Satt202-Satt371 24.1
D1a+Q-U08 Satt531-Satt368 20.3
Sat_036-Satt071 24.1
D1b+W-U19 Sat_096-Satt095 23.0
Satt542-Satt412 20.67
Sat_069-Satt459 23.0
D2-U12 Satt301-Sat_086 232
E-U18+U02 Satt384-Satt598 50F
F-U13ab Satt522-Sat_074 50F
G-U05 Satt288-Satt472 214
H-U10 Satt353-Satt192 39.1
I-U17 Top of linkage group-Satt571 20.1
J-uo1 Sct_046-Satt456 25.31
Satt215-Satt244 22.81
K-U24 Sat_043-Satt475 28.57
Satt260-Sat_020 27.5%
L-U14 Satt462-Satt481 21.9
M-Ul1 Satt150-Satt567 20.67
N-U06 Top of linkage group-Satt159 24.7
Satt387-Satt521 22.6
0-U21 Satt445-Satt259 239
Satt347-Satt262 20.5
Satt123-Satt243 478
Sat_109-Scaa001 211

+ No RFLP locus is present in the interval defined by the two flanking
SSR loci.

distribute randomly throughout the genome. However,
these authors also observed one cluster of five SSR
loci that would have a low probability of occurring by
random chance if SSR loci were truly distributed ran-
domly in the soybean genome. With the mapping of as
many as 500 SSR loci in a single mapping population,
it is still not clear if there is substantial clustering of
SSRs. Portions of many linkage groups contain groups
of SSR loci and similar groups of RFLP loci. Linkage
group Dla (Fig. 1, Panel MLG D1la+Q) demonstrates
this clustering especially in the case of the G. max X
G. soja map. At the top of the linkage group is a group
of 16 markers, 13 of which are RFLPs. Adjacent to these
are groups of uninterrupted stretches of 11 and 18 SSR
markers separated by a group of eight loci, seven of
which are RFLPs. Linkage group E (Fig. 1, Panel MLG
E) in the G. max X G. soja map has a very long stretch
of mostly RFLP loci in which there is only one SSR
(Sat_124). Flanking this region are two clusters of mark-
ers that are mostly SSRs. A similar cluster of RFLP loci
occurs in linkage group G (Fig. 1, Panel MLG G) of
the G. max X G. soja map between SSR loci Satt501
and Satt505. While this type of clustering does not occur
in every linkage group, it is a fairly frequent occurrence.

As indicated above, it is not clear from observing the
maps presented in Fig. 1 that clustering of markers is
the result of the clustering of RFLP loci or of SSR loci
or both. In the development of libraries from which
SSR-containing genomic clones were selected, many dif-
ferent restriction enzymes and combinations of restric-
tion enzymes were used to create genomic fragments in
the 500 to 700 bp range (Cregan et al., 1994; Cregan et
al., 1999). This was done to avoid duplicate clones and
to sample different portions of the soybean genome. In
contrast, one of the techniques in the development of
the RFLP probes used here was the development and
isolation of probes from PstI libraries (Keim and Shoe-
maker, 1988). The rationale for this approach is that
methylation-sensitive enzymes such as Psfl preferen-
tially cut non-methylated regions which are presumed
to contain less repetitive DNA. However, this approach
may have produced sets of restriction fragments that
were not randomly distributed throughout the genome.
Thus, it is possible that clustering of markers we have
noted here is more closely associated with RFLP than
with SSR loci.

Regardless of the reason for the possible clustering
of loci, the application of the set of SSR loci described
here will be detrimentally affected by large intervals or
gaps in which no markers are present. For example, it
is obvious that quantitative trait loci (QTL) in genomic
regions lacking markers will be undetectable. A total
of 36 intervals of greater than 20 cM that do not contain
an SSR locus are present in the Minsoy X Noir 1 map
(Table 3). Each of the 20 consensus linkage groups con-
tains at least one such gap suggesting that such intervals
are not confined to a specific subset of chromosomes.
In many instances such as those in linkage group E-
U18+02 and G-UO05, clusters of RFLP loci are present
in the intervals lacking SSRs. In an effort to place SSR
loci in regions with only RFLP markers, we are at-
tempting to use bacterial artificial chromosome (BAC)
clones for targeted SSR marker development as de-
scribed by Cregan et al. (1999). These BAC clones are
being selected via hybridization with the RFLP probes
that map to regions devoid of SSR loci. However, in 10
of the 36 intervals of greater than 20 cM listed in Table
3, no RFLP loci are present in the gaps flanked by the
SSR loci. It may be difficult to develop markers that
map to these intervals.

Informativeness of SSR Loci

Each SSR locus shown in Fig. 1 is followed by a two-
digit value (in parentheses) which is the gene diversity
of the locus multiplied by 100. Gene diversity was deter-
mined on a group of 10 G. max genotypes representing a
range of diversity within the cultivated species. Adapted
cultivars such as Williams, Clark, Amsoy, Harosoy,
Jackson, and Archer are included along with the more
exotic genotypes Fiskeby V, Minsoy, Noir 1, and Tokyo.
The gene diversity scores are provided to allow the
soybean breeder or geneticist to choose markers with
the greatest probability of detecting polymorphism. For
example, for QTL discovery research, one can use Fig.
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1 to select a set of maximally informative loci distributed
throughout the 20 soybean linkage groups in order to
obtain a maximum coverage of the genome. In general,
loci with AT core motifs (designated Sat_xxx) are most
informative, followed by those with ATT cores (desig-
nated Sattxxx). A small number of SSRs with CT or
CTT cores are also included. These generally have low
gene diversity values.

The Integration of Classical Genetic Loci
into the Soybean Map

Palmer and Shoemaker (1998) defined 20 classical
linkage groups (CLG) that contain a total of 68 of the
more than 250 classical pigmentation, morphological,
isozyme, disease resistance, etc. genes that have been
named. The inclusion of the Univ. of Nebraska popula-
tion derived from the cross of NILs of Clark X Harosoy
in this study is important because it segregated for 14
classical loci (Shoemaker and Specht, 1995). These clas-
sical loci and other classical loci linked to them are now
integrated with molecular markers to form a compre-
hensive genetic map. Some of the linkage data were
reported earlier (Shoemaker and Specht, 1995), but it
is reproduced here for completeness. As shown in Fig.
1 and listed in Table 2, all but one CLG (CLGO06, Fig.
1, Panel MLG Y + Unlinked) can now be associated with
a molecular linkage group.

The integration of the classical, RFLP, and SSR mark-
ers into one comprehensive linkage map is a powerful
tool for the advancement of soybean genetics. For those
studies that have been based upon RFLP marker tech-
nology it provides an opportunity to convert to a PCR-
based marker system. Because SSR markers are so com-
monly used by human geneticists, technologies for their
use are readily available. For example, automated allele
sizing is being applied to plant genetic studies (Kresov-
ich et al., 1995; Diwan and Cregan, 1997). In the future,
high throughput systems will provide the opportunity
for genetic analysis that is appropriate to the needs of
large scale plant improvement programs that routinely
analyze thousands or hundreds of thousands of segregat-

ing progeny.
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