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Abstract In the soybean genome, a chromosomal region
covering three tightly linked genes, k2, Mdh1-n, and y20,
was found very unstable. It was suspected that the
instability of the k2 Mdh1-n y20 chromosomal region
was caused by a non-autonomous transposable element
residing adjacent to or in this region. In this study, we
located and mapped this region with simple sequence
repeat (SSR) markers on the soybean integrated map
using five mapping populations. The k2 Mdh1-n y20
chromosomal region was located on molecular linkage
group H. The integrated map from five mapping popu-
lations consisted of 13 loci in the order Satt541, Satt469,
Sat_122, Satt279, Satt253, Satt314, Mdh1-n,y20, k2,
Satt302, Satt142, Satt181, and Satt434. The k2 Mdh1-n
y20 chromosomal region was very close to Satt314,
Satt253, and Satt279. The genetic distance between the
Mdh1-n gene and Satt314 was less than 1 cM. The re-
sults of the mapping study were consistent with the re-
sults from previous studies that the Mdh1-n mutation in
T261 (k2 Mdh1-n) and theMdh1-n y20mutation in T317
(Mdh1-n y20) were caused by deletions. In addition,
another putative deletion was found in the genome of
T261 which covered three SSR markers (Satt314,
Satt253, and Satt279).

Introduction

Three recessively inherited loci, k2, Mdh1-n, and y20,
were tightly linked in the soybean genome. The k2 locus
conditions tan-saddle seed coat, the Mdh1-n locus con-
ditions mitochondrial malate dehydrogenase 1 (MDH1)
null, and the y20 locus conditions chlorophyll-deficient
(CD) foliage. The recombination rate between k2 and
Mdh1-n was detected as 1±1.36% in the cross of T261
(k2 Mdh1-n) · wild-type cultivars (K2 Mdh1) (Chen and
Palmer 1996). The recombination rate between k2 and
Mdh1-n y20 was zero in the coupling phase [T253 (k2
Mdh1-n y20) · Clark-w1 (L69-4776) (K2 Mdh1 Y20)]
(Palmer 1984), and 3.04±0.48% in the repulsion phase
[T317 (Mdh1-n y20) · T239 (k2) or Clark-k2 (k2)] (Chen
and Palmer 1998a). But no recombination was found
between Mdh1-n and y20 in any of the three cross-
combinations. The co-segregation between the Mdh1-n
and y20 loci is possibly caused by a chromosome dele-
tion. Southern blot results using watermelon Mdh
cDNA as a probe showed that all the Mdh1-n y20 mu-
tants tested were missing a 5.5 kb EcoRI band, which
corresponded to soybean Mdh1 gene [gi:5929963] (Pittig
et al. 1994; Imsande et al. 2001).

The k2 Mdh1-n y20 chromosomal region is very
unstable (Chen and Palmer 1998b). So far, 31 mutants
have been reported from this region (Table 1) (Palmer
et al. 2004). Among these mutants, four CD lines (T323,
T324, T325, and T346) with Mdh1-n y20 alleles were
found in the descendants from germinal revertants of the
w4-mutable line, T322, which was proposed to contain
an active transposable element at the W4 locus (Palmer
et al. 1989; Chen et al. 1999). Two mutants with Mdh1-n
y20 alleles (T317 and T361) were found from tissue
culture-derived plants (Amberger et al. 1992; Palmer
et al. 2000). Twelve mutants with k2 Mdh1-n y20 alleles,
T334, T335, T336, T337, T338, T339, T340, T341, T342,
T343, T344, and T345, were identified in the F2

descendants derived from crosses of T239 (k2) or T261
(k2 Mdh1-n) with the wild-type parental strains of the
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w4-m and Y18-m mutable lines that were suspected to
contain an active transposon in their genomes (Chen
and Palmer 1998b). The hypothesis for the instability of
the k2 Mdh1-n y20 chromosomal region is that a non-
autonomous transposable element could reside adjacent
to or in this region (Chen and Palmer 1998b). The non-
autonomous transposable element could excise from its
chromosomal position and cause mutations such as
chromosome deletions, when it is activated by tissue
culture or by transposases provided in trans through
transposon tagging experiments or crossing experiments.

In the present study, the objective was to position the
k2 Mdh1-n y20 region in the soybean integrated genetic
linkage map (Song et al. 2004) and to determine the
order of the k2, Mdh1-n, and y20 genes with simple se-
quence repeat (SSR) markers.

Materials and methods

Plant material and DNA extraction

Five F2 mapping populations named POP-1, �2, �3,
�4, and �5, were used to map the k2 Mdh1-n y20
chromosomal region. They were constructed from five
different crosses, each derived from a single F1 seed. The
details are described in Table 2. F2 seeds in POP-1 and

�2 were placed on germination paper at 32�C in a dark
growth chamber for 3 days. Two punches of samples
were taken from cotyledons of 3-day-old seedlings by a
100-ll micropipette. Samples were analyzed using starch
gel electrophoresis to determine malate dehydrogenase
isozyme banding patterns (Cardy and Beversdorf 1984).
The seedlings were placed into a 32�C growth chamber
with light, and transplanted in the field at the Bruner
Farm (Ames, IA) after 4 days. All plants were recorded
for seed-coat color at maturity and threshed individu-
ally. F2 plants in POP-3, �4, and �5 were grown at the
Bruner Farm. Leaf color was scored after 3 weeks, and
seed-coat color was scored at maturity. Plants were
threshed individually. The genotypes of F2 individuals in
POP-1, �3, and �5 were evaluated for the target gene
(or genes) by analyzing their F2:3 families.

About 3–4 g young leaves were sampled from each F2

plant and their parental lines of the five mapping pop-
ulations, and ground into powders after they were
freeze-dried. Genomic DNA was extracted from the leaf
powders using CTAB method (Keim et al. 1988), diluted
into 10 ng/ll, and stored at 4�C.

Bulked segregant analysis (BSA)

POP-1 [cultivar Minsoy (PI 27890)(wild-type) · T261
(k2 Mdh1-n)] was used in BSA (Michelmore et al. 1991)

Table 2 The F2 populations for mapping the k2 Mdh1-n y20 chromosomal region

Population Parental lines Genotype Description Population
size

Target gene
or genes

POP-1a Minsoy ($) K2K2 Mdh1Mdh1 Y20Y20 Wild-type cultivar 118 k2, Mdh1-n
T261 (#) k2k2 Mdh1-nMdh1-n Y20Y20 Tan-saddle seed coat and MDH1 null

POP-2 Williams ($) K2K2 Mdh1Mdh1 Y20Y20 Wild-type cultivar 122 k2, Mdh1-n
T261 (#) k2k2 Mdh1-nMdh1-n Y20Y20 Tan-saddle seed coat and MDH1 null

POP-3a Williams ($) K2K2 Mdh1Mdh1 Y20Y20 Wild-type cultivar 84 k2
T239 (#) k2k2 Mdh1Mdh1 Y20Y20 Tan-saddle seed coat

POP-4 Minsoy ($) K2K2 Mdh1Mdh1 Y20Y20 Wild-type cultivar 113 k2
Clark-k2(#) k2k2 Mdh1Mdh1 Y20Y20 Tan-saddle seed coat

POP-5a T317 ($) K2K2 Mdh1-nMdh1-n y20y20 Yellow seed coat, MDH1 null,
and yellow foliage

84 k2, y20

T261 (#) k2k2 Mdh1-nMdh1-n Y20Y20 Tan-saddle seed coat, MDH1 null,
and green foliage

aPopulations whose F2 individuals had genotype-evaluation in the F2:3 generation

Table 1 Summary of soybean lines mutated at the k2 Mdh1-n y20 chromosomal region

Mutant genes k2 k2 Mdh1-n Mdh1-n Mdh1-n y20 k2 Mdh1-n y20

Mutant lines T239 (L63-365) T261/S56-26 PI 567.391 T234 T253 T342/M-11-7
Clark-k2 (L67-3483) PI 567.630A T317/LA45-1-5-1 T334/X-197 T343/M-15-23

Mandell T323/CD-1 T335/X-203 T344/M-19-3
T324/CD-2 T336/X-217 T345/M-20-11
T325/CD-3 T337/X-219 T347/X-193
T346/CD-9 T338/X-241 T348/X-194
T361 T339/X-451 T349/RP-95-649

T340/M-7-2 T350
T341/M-11-4 T351
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to identify the markers linked to the k2 Mdh1-n region.
Two bulks were made. Bulk 1 (B1) contained DNA
aliquots from ten F2 individuals in POP-1 homozygous
for wild-type phenotypes (yellow seed coat and MDH1
present). Bulk 2 (B2) contained DNA aliquots from ten
F2 individuals in POP-1 homozygous for tan-saddle seed
coat and MDH1 null. SSR analysis was conducted with
B1, B2, and the two parental lines (Minsoy and T261) to
screen for candidate markers linked to the target region.

SSR analysis

SSRs were amplified by polymerase chain reaction
(PCR) in 30 ll mixture containing: 50 ng genomic
DNA, 1· PCR buffer, 1.75 mM MgCl2, 150 lM dNTP,
0.15 lM of each primer (Song et al. 2004), and 3 U Taq
DNA polymerase (Promega, Madison, WI, USA). The
PCR was performed in a MJR PTC-100 thermal cycler
(MJ Research, Inc., Waltham, MA, USA) for 32 cycles
of 45 s at 94�C, 45 s at 47�C, and 45 s at 68�C. Ampli-
fied products were resolved and evaluated by electro-
phoresis on 2% Agarose 3:1 (AMRESCO, Solon, OH,
USA) gels in 1· TBE (Tris/borate/EDTA) buffer, or on
8% (w/v) denaturing gels [29:1 acrylamide-bisacryla-
mide, 5.6 M urea, and 30% (v/v) formamide) in 1· TAE
(Tris/acetate/EDTA) buffer.

Linkage analysis

The molecular linkage maps for five mapping popula-
tions first were calculated individually with Mapmaker
2.0 (Lander et al. 1987). The thresholds for linking two
markers together were LOD 4.0 and recombination va-
lue 0.4. The genetic distances were converted from
recombination rates using the Kosambi map function
(Kosambi 1944). Then, the five maps were integrated
with Joinmap 3.0 (Van Olijen and Voorrips 2001).

Results

Molecular mapping of the k2 Mdh1-n chromosomal
region with mapping population POP-1

The mapping population POP-1 contained 118 F2 indi-
viduals derived from a single F1 seed from the cross of
Minsoy · T261 (k2 Mdh1-n) (Table 2). The F2:3 segre-
gation for both the k2 andMdh1-n genes fit a 1 wild-type
homozygote:2 heterozygotes:1 recessive homozygote
ratio with v2=0.02, P=0.99 and v2=0.02, P=0.99,
respectively (Table 3).

BSA analysis was used to identify the SSR markers
linked with the k2 Mdh1-n chromosomal region. A total
of 182 SSR markers from the 20 soybean molecular
linkage groups (MLGs) (Song et al. 2004), were selected
initially to screen the two bulks (B1 and B2) constructed
from POP-1 and the two parental lines (Minsoy and
T261). The average genetic distances between any two
adjacent markers were about 25 cM. The results showed
that Satt253 in MLG H was polymorphic between the
two parental lines and the two bulks. Its primers could
amplify a �138 bp band from Minsoy and B1, but none
from T261 and B2, which indicated that the SSR marker
Satt253 could be tightly linked with the k2 Mdh1-n
chromosomal region. To confirm this, Satt253 was used
to screen the entire POP-1 population. Since Satt253
could only be detected from Minsoy, it was a dominant
marker in the POP-1 mapping population. The geno-
types of homozygotes of Minsoy allele and heterozyg-
otes could not be distinguished in F2 generation. In both
cases, a �138 bp band could be amplified by the primers
of Satt253. If ‘‘A’’ was used for homozygotes of Minsoy
allele of one locus, ‘‘H’’ for heterozygotes of this locus,
and ‘‘B’’ for homozygotes of T261 allele of this locus,
‘‘D’’ was used to represent either A or H when they
could not be distinguished. The F2 D:B segregation ratio
of Satt253 in POP-1 fit a 3:1 ratio (v2=0.01, P=0.92)
(Table 3). The result from Mapmaker 2.0 showed that

Table 3 Segregation of k2, Mdh1-n, and linked SSR markers in POP-1 derived from Minsoy · T261(k2 Mdh1-n)

Locus Distancea (cM) Segregationb v2 (1:2:1) v2 (3:1) P

A H D B Total

Sat_122 7.1 31 57 30 118 0.15 0.93
Satt314 1.7 89 29 118 0.01 0.92
Satt279 1.7 89 29 118 0.01 0.92
Satt253 1.7 89 29 118 0.01 0.92
Mdh1-n 0.9 29 59 30 118 0.02 0.99
k2 0 30 59 29 118 0.02 0.99
Satt302 18.9 36 52 30 118 2.27 0.32
Satt142 24.1 38 52 28 118 3.36 0.19
Satt181 28.4 37 54 27 118 2.54 0.28
Satt434 45.6 37 58 23 118 3.36 0.19

aDistance from the k2 locus
bA: homozygous for the allele from Minsoy at this locus; B:
homozygous for the allele from T261 at this locus; H: heterozygous

for the allele at this locus; D: A or H. The genotypes of the Mdh1-n
and k2 loci were determined in the F2:3 generation. The genotypes
of SSR markers were determined in the F2 generation
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Satt253 was linked to the k2 locus with a LOD of 23.83
and the Mdh1-n locus with a LOD of 26.02.

An additional 14 markers, Satt353, Satt568, Satt192,
Satt442, Satt541, Satt469, Sat_122, Satt052, Satt314,
Satt279, Satt302, Satt142, Satt181, and Satt434, from
MLG H were used to screen the two parental lines of
POP-1. These 14 SSR markers and Satt253 also were
used to screen the parental lines of the other four pop-
ulations described in the following sections.

As a result, seven markers, Sat_122, Satt279, Satt314,
Satt302, Satt142, Satt181, and Satt434, showed poly-
morphism between the two parental lines, Minsoy and
T261 (k2 Mdh1-n). Satt279 and Satt314 were dominant
markers. Like Satt253, they can only be amplified from
Minsoy, but not from T261. The others were co-domi-
nant markers. The dominant markers segregated in
POP-1 as a 3D:1B ratio, and the co-dominant markers
segregated in POP-1 as a 1A:2H:1B ratio (Table 3).
Data were subjected to analysis with Mapmaker 2.0. The
most plausible position of the k2 Mdh1-n chromosomal
region was located between Satt302 and three co-segre-
gating SSR markers, Satt253, Satt279, and Satt314, with
genetic distances of 18.9 cM (distance between k2 and
Satt302) and 0.8 cM (distance between Mdh1-n and
Satt253, Satt279, and Satt314), respectively (Table 3).
The k2 gene was closer to Satt302, and the Mdh1-n gene
was closer to the three co-segregating SSR markers. The
recombination rate between k2 and Mdh1-n was de-
tected as 0.9%.

Molecular mapping of the k2 Mdh1-n chromosomal
region with mapping population POP-2

The mapping population POP-2 consisted of 122 F2

plants derived from a single F1 seed of cultivar Wil-
liams · T261 (k2 Mdh1-n) (Table 2). The F2 segregation
for both the k2 and Mdh1-n genes fit a 3 wild-type:1
homozygous recessive ratio with v2=0.01, P=0.92 and
v2=0.10, P=0.75, respectively (Table 4).

Eight markers that could detect polymorphism be-
tween the two parental lines were used to generate the
map. Dominant markers Satt314, Satt279, and Satt253
segregated in the mapping population as a 3:1 ratio
(Table 4). Co-dominant markers segregated for homo-
zygous for the Williams allele:heterozygous:homozygous
for the T261 (k2 Mdh1-n) allele in the mapping popu-
lation as a 1:2:1 ratio (Table 4). The results showed that
the Mdh1-n gene co-segregated with Satt314, Satt279,
and Satt253. The k2 gene was located between the
Mdh1-n gene and the Satt302 marker with 0.8 cM ge-
netic distance to the Mdh1-n gene, and 23.9 cM genetic
distance to the Satt302 marker (Table 4).

Molecular mapping of the k2 gene with mapping
population POP-3 and �4

The mapping population POP-3 was formed by crossing
Williams with T239 (k2) (Table 2). The population
contained 84 F2 individuals, descendants from a single
F1 seed. The genotype of each F2 individual was deter-
mined by F2:3 family analyses. The F2:3 segregation ratio
for the k2 gene fit a 1 wild-type homozygote:2 hetero-
zygotes:1 recessive homozygote ratio (v2=0.19,
P=0.91) (Table 5).

The mapping population POP-4 consisted of 113 F2

plants derived from a single F1 seed of Minsoy · Clark-
k2 (k2) (Table 2). The F2 segregation for the k2 gene fit a
3 wild-type:1 homozygous recessive ratio (v2=0.24,
P=0.62) (Table 6).

SSR markers that were polymorphic between the
parental lines of each population were co-dominant, and
segregated in the mapping populations as the ratio of 1A
[homozygous for alleles from wild-types (Williams or
Minsoy)]:2H (heterozygous):1B [homozygous for alleles
from mutants (T239 or Clark-k2)] (Tables 5, 6). The k2
gene was mapped between Satt279 and Satt302 with
3.0 cM (POP-3) or 2.6 cM (POP-4) genetic distance to

Table 4 Segregation of k2, Mdh1-n, and linked SSR markers in POP-2 derived from Williams · T261(k2 Mdh1-n)

Locus Distancea (cM) Segregationb v2 (1:2:1) v2 (3:1) P

A H D B Total

Satt541 7.0 33 58 30 121 0.36 0.84
Sat_122 4.9 33 55 32 120 0.85 0.65
Satt314 0.8 90 32 122 0.10 0.75
Satt279 0.8 90 31 121 0.02 0.87
Satt253 0.8 90 32 122 0.10 0.75
Mdh1-n 0.8 90 32 122 0.10 0.75
k2 0.0 91 31 122 0.01 0.92
Satt302 23.9 30 58 34 122 0.56 0.76
Satt142 32.6 33 59 29 121 0.34 0.84
Satt181 37.3 39 54 28 121 3.40 0.18

aDistance from the k2 locus
bA: homozygous for the allele from Williams at this locus; B:
homozygous for the allele from T261 at this locus; H: heterozygous

for the allele at this locus; D: A orH. The genotype of each locus was
determined in the F2 generation
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Satt279, and 24.5 cM (POP-3) or 24.0 cM (POP-4) ge-
netic distance to Satt302 (Tables 5, 6)

Molecular mapping of the k2 and y20 genes
with mapping population POP-5

The mapping population POP-5 was constructed from
the cross of T317 (Mdh1-n y20) · T261 (k2 Mdh1-n)

(Table 2). The population consisted of 84 F2 individuals
derived from a single F1 seed. The genotype of each F2

individual was determined by F2:3 family analyses. The
F2:3 segregation ratio for both the k2 and y20 genes fit a
1 wild-type homozygote:2 heterozygotes:1 recessive
homozygote ratio with v2=0.86, P=0.65 and v2=1.21,
P=0.55, respectively (Table 7).

Seven out of 15 SSR markers detected polymor-
phisms between T317 and T261. Satt314, Satt253, and

Table 5 Segregation of k2 and linked SSR markers in POP-3 derived from Willams · T239 (k2)

Locus Distancea (cM) Segregationb v2 (1:2:1) P

A H B Total

Satt541 14.0 19 43 22 84 0.26 0.88
Sat_122 11.0 19 42 23 84 0.38 0.83
Satt314 4.2 22 44 18 84 0.57 0.75
Satt253 3.6 22 42 20 84 0.10 0.95
Satt279 3.0 23 41 20 84 0.26 0.88
k2 0.0 20 44 20 84 0.19 0.91
Satt302 24.5 17 44 23 84 1.05 0.59
Satt142 36.1 18 42 24 84 0.86 0.65

aDistance from the k2 locus
bA: homozygous for the allele from Williams at this locus; B:
homozygous for the allele from T239 at this locus; H: heterozygous

for the allele at this locus. The genotype of the k2 locus was
determined in the F2:3 generation. The genotypes of SSR markers
were determined in the F2 generation

Table 6 Segregation of k2 and linked SSR markers in POP-4 derived from Minsoy · Clark-k2

Locus Distancea (cM) Segregationb v2 (1:2:1) v2 (3:1) P

A H D B Total

Satt541 9.4 26 59 28 113 0.29 0.86
Satt469 9.4 26 59 28 113 0.29 0.86
Sat_122 6.7 25 61 27 113 0.79 0.67
Satt253 3.5 27 60 26 113 0.45 0.80
Satt279 2.6 28 60 25 113 0.59 0.74
k2 0.0 87 26 113 0.24 0.62
Satt142 24.0 27 55 31 113 0.36 0.83
Satt181 30.4 24 59 30 113 0.86 0.65
Satt434 52.3 24 51 38 113 4.54 0.10

aDistance from the k2 locus
bA: homozygous for the allele from Minsoy at this locus; B:
homozygous for the allele from Clark-k2 at this locus; H: hetero-

zygous for the allele at this locus; D: A or H. The genotype of each
locus was determined in the F2 generation

Table 7 Segregation of k2, y20, and linked SSR markers in POP-5 derived from T317 (Mdh1-n y20) · T261 (k2 Mdh1-n)

Locus Distancea (cM) Segregationb v2 (1:2:1) v2 (3:1) P

A H D B Total

Sat_122 13.6 21 47 16 84 1.79 0.41
Satt253 1.3 67 17 84 1.02 0.31
Satt279 1.3 67 17 84 1.02 0.31
Satt314 1.3 67 17 84 1.02 0.31
y20 0.6 19 47 18 84 1.21 0.55
k2 0.0 20 46 18 84 0.86 0.65
Satt302 21.6 25 35 24 84 2.36 0.31
Satt142 28.4 25 40 19 84 1.05 0.59
Satt181 32.0 21 42 21 84 0.00 1.00

aDistance from the k2 locus
bA: homozygous for the allele from T317 at this locus; B: homo-
zygous for the allele from T261 at this locus; H: heterozygous for

the allele at this locus; D: A or H. The genotypes of the k2and y20
loci were determined in the F2:3 generation. The genotypes of SSR
markers were determined in the F2 generation
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Satt279 were dominant markers since they could be
amplified only from T317. These three markers segre-
gated in the mapping population as a 3:1 ratio (Table 7).
The remaining four markers, Sat_122, Satt302, Satt142,
and Satt181, were co-dominant. The segregation pattern
was 1 homozygous for the T317 (Mdh1-n y20) allele:2
heterozygous:1 homozygous for the T261 (k2 Mdh1-n)
allele in the mapping population (Table 7). The recom-
bination rate between the k2 gene and the y20 gene was
0.6%. The k2 and y20 genes were mapped between
Satt302 and three co-segregating markers, Satt314,
Satt253, and Satt279. The y20 gene was closer to the
three co-segregating markers with 2.8 cM genetic dis-
tance between each other, and the k2 gene was closer to
Satt302 with 21.6 cM genetic distance to Satt302 be-
tween each other.

Construction of an integrated map for the five
mapping populations

The data from the five mapping population, were loaded
into Joinmap 3.0 (Van Olijen and Voorrips 2001) to
make an integrated map for the k2 Mdh1-n y20 chro-
mosomal region. The program first created a map for
each mapping population. The gene order of each map

was the same as the corresponding map created by
Mapmaker 2.0 (data not shown). Then the maps were
combined by calculating the mean recombination fre-
quencies and combined LOD scores of each pair of loci
from all five mapping populations as described by Stam
(1993). The integrated map contained 13 loci in the or-
der; Satt541, Satt469, Sat_122, Satt279, Satt253,
Satt314, Mdh1-n,y20, k2, Satt302, Satt142, Satt181, and
Satt434 (Fig. 1A).

Discussion

Position of the k2 Mdh1-n y20 chromosomal region
on the soybean genetic map

SSRs are PCR-based markers. They can be very easily
detected through standard PCR reactions. In soybean,
SSR markers are usually multiple alleles, single locus,
and inherited as co-dominant alleles (Akkaya et al.
1992). The integrated genetic linkage map (Cregan et al.
1999) includes 606 SSRs loci, 689 restriction fragment
length polymorphisms (RFLP), 79 random amplified
polymorphic DNAs (RAPD), and 11 amplified fragment
length polymorphisms (AFLP) distributed on 20 MLGs
which are assumed to represent the 20 chromosomes of
the soybean genome, and covers about 2,400 cM. Re-
cently, a new integrated genetic linkage map of the
soybean was released (Song et al. 2004). It included a
total of 1,849 markers, in which 1,015 markers were
SSRs, and covered about 2,500 cM of the chromosome
genome. Thus, SSR markers are a good choice for
positioning new genes on the soybean linkage map. By
using SSR markers, we have mapped several genes, such
as female partial-sterile genes Fsp1 (Kato and Palmer
2003a), Fsp2,Fsp3, Fsp4, and Fsp5 (Kato and Palmer
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Fig. 1 Comparison of five linkage maps. Distances are shown in
centiMorgans (cM). The alleles between two maps were connected
with straight lines, and the putative alleles between two maps were
connected with dotted lines. A The integrated molecular map for
the k2 Mdh1-n y20 unstable chromosomal region constructed in
this study. B MLG H from the USDA/Iowa State University map
(Cregan et al. 1999). C MLG D2 from the University of Nebraska
map (Cregan et al. 1999). D Molecular map of BP (bacterial
pustule) resistant gene Rxp (Narvel et al. 2001). E Classical linkage
group 20 (Palmer et al. 1992)
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2004a), male-sterile and female-sterile gene st8 (Kato
and Palmer 2003b), lethal yellow gene y18 (Kato and
Palmer 2004b), and the mutable gene w4-m (Xu and
Palmer 2005).

The primary goals of this study were to locate the k2
Mdh1-n y20 chromosomal region in the soybean inte-
grated genetic linkage map (Song et al. 2004) and to
determine the order of the k2,Mdh1-n, and y20 loci by
SSR markers. Since the k2, Mdh1-n, and y20 loci are
very closely linked and no recombination between the
Mdh1-n and y20 loci was ever detected in previous
genetics studies (Palmer 1984; Chen and Palmer 1996;
Chen and Palmer 1998), their order on the chromosome
could not be determined using only one mapping pop-
ulation. Thus five mapping populations POP-1, �2, �3,
�4, and �5 were constructed to map the k2 and Mdh1-n
loci, the k2 locus, and the k2 and y20 loci, respectively.
Then data from these five populations were combined to
generate one integrated map for the three loci.

The individual maps of the five mapping populations
were created by Mapmaker 2.0 (Lander et al. 1987). The
results were very consistent. All the overlapping loci in
the five mapping populations were in the same order on
all the maps. The k2 Mdh1-n y20 chromosomal region
was located on MLG H, and tightly linked with three
SSR markers Satt279, Satt253, and Satt314. The Mdh1-
n and y20 loci were positioned between the k2 locus and
the SSR markers (Tables 3, 4, 5, 6, and 7). The maps
were integrated by Joinmap 3.0 (Van Olijen and Voo-
rrips 2001). The result was basically consistent with the
maps from Mapmaker 2.0. Although there was no
recombination ever found between the Mdh1-n locus
and y20 locus in experiments, the genetic distance be-
tween these two loci was estimated as 0.83 cM by
Joinmap 3.0 according to the results from five mapping
populations. The order of the three loci on the chro-
mosome was determined as Mdh1-n,y20, and k2
(Fig. 1A).

Double chromosomal deletions in T261 (k2 Mdh1-n)

Previous genetics analyses (Palmer 1984; Chen and
Palmer 1998a) and Southern analysis (Pittig et al. 1994;
Imsande et al. 2001) indicated that in soybean, most of
the Mdh1-n or Mdh1-n y20 mutations, including T261
(k2 Mdh1-n) and T317 (Mdh1-n y20), were caused by a
chromosome deletion(s). The results from the mapping
studies are in agreement with these results. The mapping
experiments showed that the Mdh1-n and y20 loci were
located between the k2 locus and Satt279, Satt253, and
Satt314 (Tables 3, 4, 5, 6, and 7; Fig. 1A). With the
Mdh1-n (T261) or Mdh1-n y20 (T317) mutations (Ta-
bles 3, 4, and 7), the genetic distance between the k2
locus and Satt279 was shorter. It was 1.7 cM, 0.8 cM, or
1.9 cM in mapping populations POP-1, �2, or �5, while
3.0 cM or 2.6 cM in POP-3 or �4 (Tables 3, 4, 5, 6, and
7). As the genetic distance is usually positively related to
the physical distance, the shortness of genetic distance

between the k2 locus and Satt279 in POP-1, �2, and �5
was assumed to be the result of the physical deletions at
the Mdh1-n (T261) or Mdh1-n y20 (T317) loci.

Besides the putative Mdh1-n deletion, MLG H in
T261 may have another deleted region that covers three
SSR markers (Satt253, Satt279, and Satt314). Firstly, in
T261, there were no SSR alleles for these three SSR
markers. That is, the SSR alleles could not be amplified
from T261. Secondly, these three SSR markers co-seg-
regated in the mapping populations using T261 as a
parent (POP-1, �2, and �5 in Tables 3, 4, and 7), but
not in the other mapping populations (POP-3 and �4 in
Tables 5 and 6). These two phenomena indicated that
the chromosomal region which covered Satt253,
Satt279, and Satt314 may have been deleted. And, this
deleted region was separate from the Mdh1-n deletion. If
they were on the same deleted chromosomal segment,
there would be no recombination between the SSR
markers and the Mdh1-n locus because genes on the
same deleted segment would co-segregate. However, the
mapping results showed that there were meiotic cross-
overs between the SSR markers and the Mdh1-n or
Mdh1-n y20 deletions (Tables 1, 7). So, in T261, there
were two closely linked chromosome deletions on MLG
H. The size of the deleted region covering three SSRs
was estimated as approximately 1 Mb according to the
positions of the three SSRs on the physical map by
Southern Illinois University, Carbondale (http://bioin-
formatics.siu.edu/cgi-bin/gbrowse/SoyV4R4). The size
of the Mdh1-n deletion in T261 or the Mdh1-n y20
deletion in T317 could not be determined in this study.

Comparisons of the integrated molecular map
of the k2 Mdh1-n y20 chromosomal region and
the existing maps of linkage groups with Mdh genes

In this study, the final map of the k2 Mdh1-n y20
chromosomal region was made with Joinmap 3.0, which
integrated all the segregation data from the five mapping
populations. The integrated map was similar to the
MLG H maps of Cregan et al. (1999) and Song et al.
(2004). Interestingly, at the chromosomal location where
we placed the k2, Mdh1-n, and y20 loci (MLG H), there
was a Mdh gene already placed on the USDA/Iowa
State University map (Cregan et al. 1999) (Fig. 1B). Is
the Mdh gene on the USDA/Iowa State University map
the same as the Mdh1-n gene, or is it a different Mdh
gene that is linked to the Mdh1-n gene? To answer these
questions, we checked the MDH isozyme migration
patterns on a 12% starch gel of the two parental lines
used in the mapping population for constructing the
original USDA/Iowa State University map, PI 468.916
(Glycine soja) and A81-356022 (Glycine max) (Shoe-
maker and Olsen 1993) (Fig. 2, lanes 5 and 6).

Both parents were MDH1 positive, having the first
and second bands. However, PI 468.916 (G. soja) was
MDH-A pattern, having the sixth band counting from
the cathode, while A81-356022 (G. max), was the MDH-
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B pattern, missing the sixth band. MDH-A/MDH-B
phenotypes were controlled by a single locus, with the
MDH-A variant dominant to the MDH-B variant
(Palmer et al. 1992). Here we useMdh-A to represent the
allele that conditions the MDH-A pattern, and Mdh-B
to represent the allele that conditions the MDH-B pat-
tern. Given these phenotypes, the Mdh gene on the
USDA/Iowa State University map could not be the
Mdh1/Mdh1-n gene but must be the Mdh-A/B gene, and
according to the location it was placed on the USDA/
Iowa State University map, it should be closely linked to
the Mdh1-n gene on MLG H.

However, the same MDH-A/B polymorphism was
detected between Harosoy and Clark, two parental lines
of the mapping population used by the University of
Nebraska (Fig. 2, lanes 3 and 4), but in that population
the Mdh-A/B gene was mapped on MLG D2 (Cregan
et al. 1999) (Fig. 1C). Many experiments supported this
result. For example, a bacterial pustule resistant gene,
Rxp, which was identified on the same classical linkage
group with the Mdh-A/B gene (Palmer et al. 1992), was
mapped onto MLG D2 (Narvel et al. 2001) with the
position close to the Mdh-A/B gene mapped by the
University of Nebraska (Fig. 1C, D).

The reason could be that the Mdh-A genes located on
different MLGs had different origins. The Mdh-A allele
positioned on MLG H was from G. soja, whereas, the

Mdh-A allele placed on MLG D2 was from G. max. It is
inferred that the Mdh-A genes in G. soja and G. max are
located on different chromosomes. However, they could
be orthologous or paralogous loci, since they condition
the same phenotype. But the results of comparative
mapping showed that there was no synteny or duplicate
loci between MLG D2 and MLG H (Shoemaker et al.
1996; Soybase: http://129.186.26.94/). We think this is
possibly due to the absence of RFLP markers around
Mdh-A genes on MLG D2 and H (Cregan et al. 1999;
Song et al. 2004). So, to verify if these two Mdh-A genes
are orthologous or paralogous loci, either new RFLP
markers need to be developed, or more molecular work
on gene cloning and sequencing should be done.
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