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Abstract A set of 184 recombinant inbred lines (RILS)
derived from soybean vars. Kefeng No.l x Nan-
nong 1138-2 was used to construct a genetic linkage
map. The two parents exhibit contrasting characteristics
for most of the traits that were mapped. Using restricted
fragment length polymorphisms (RFLPs), simple se-
quence repeats (SSRs) and expressed sequence tags
(ESTs), we mapped 452 markers onto 21 linkage groups
and covered 3,595.9 cM of the soybean genome. All of
the linkage groups except linkage group F were consistent
with those of the consensus map of Cregan et al. (1999).
Linkage group F was divided into two linkage groups, F1
and F2. The map consisted of 189 RFLPs, 219 SSRs, 40
ESTs, three R gene loci and one phenotype marker. Ten
agronomic traits—days to flowering, days to maturity,
plant height, number of nodes on main stem, lodging,
number of pods per node, protein content, oil content,
100-seed weight, and plot yield—were studied. Using
WINQTLCART, we detected 63 quantitative trait loci
(QTLs) that had LOD>3 for nine of the agronomic traits
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(only exception being seed oil content) and mapped these
on 12 linkage groups. Most of the QTLs were clustered,
especially on groups Bl and C2. Some QTLs were
mapped to the same loci. This pleiotropism was common
for most of the QTLs, and one QTL could influence at
most five traits. Seven EST markers were found to be
linked closely with or located at the same loci as the
QTLs. EST marker GmKF059a, encoding a repressor
protein and mapped on group C2, accounted for about
20% of the total variation of days to flowering, plant
height, lodging and nodes on the main stem, respectively.

Introduction

Soybean [Glycine max (L.) Merr.] is one of the most
important crop plants in the world, accounting for 48% of
the world market in oil crops. It is also one of the more
important sources of protein for both human consumption
and as a fodder. In China, soybean is a major oilseed crop
and is grown on about eight million hectares. Plant
breeders have long sought to enhance the yield and
quality of soybean. The construction of a genetic linkage
map will provide genetic information that will be valuable
in improving the agronomic traits. Several genetic linkage
maps including molecular markers have been constructed
since the early 1990s (Keim et al. 1990; 1997;
Muehlbauer et al. 1991; Lark et al. 1993; Akkaya et
al.1995; Shoemaker and Specht. 1995; Zhang et al. 1997;
Liu et al. 2000; Wu et al. 2001). Using a population
derived from a cross of G. max x G. soja, Shoemaker and
Olson (1993) constructed a molecular genetic linkage
map of soybean that consisted of 25 linkage groups with
365 restriction fragment length polymorphisms (RFLPs),
11 random amplified polymorphic DNAs (RAPDs), three
classical markers, and four isozyme loci. In 1995,
Shoemaker and Specht (1995) succeeded in integrating
various markers into a common linkage map. Using three
populations—the USDA/Iowa State G. max x G. soja F,
population, the University of Utah Minsoy x Noir 1
recombinant inbred population, and the University of
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Nebraska Clark x Harosoy F, population—Cregan et al.
(1999) aligned 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.

Based on the construction of a soybean genetic linkage
map, quantitative trait locus (QTL) mapping has been
reported for a number of agronomic traits in soybean
(Keim et al. 1990; Lark et al. 1995; Specht et al. 2001;
Tasma et al. 2001; Hoecka et al. 2003). Mansur et al.
(1996) used a recombinant inbred line (RIL) population to
investigate the genetic basis of 15 agronomic traits. They
found that most of the QTLs were clustered, and that the
effects of a single locus could be large. For most traits,
major loci appeared to act independently and additively.
Lee et al. (1996) detected a major locus of Dt/ associated
with plant height on linkage group L. This locus was also
associated with lodging and explained 67.7% of the total
variation for plant height and 56.4% for lodging. Using
two populations, Mian et al. (1996) found that two QTLs
for seed weight on linkage groups F and K, respectively,
were located at similar genome regions in both popula-
tions. Mansur et al. (1993a) mapped a QTL on group A2
for oil content; similar results were also reported by
Brummer et al. (1997). Diers et al. (1992) and Brummer
et al. (1997) detected a strong QTL on linkage group I for
protein content. Occasionally the resistance to bacteria,
fungi, and insects in soybean showed a multilocus model,
and the QTLs for these traits were also mapped on linkage
groups (Yuan et al. 2002).

Most of the genetic linkage maps were constructed
with RFLP, amplified (A)FLP, RAPD and simple
sequence repeat (SSR) markers. All of these markers
are the fragments of genome DNA. Recently, expressed
sequence tags (ESTs) have been used as markers and
incorporated into linkage maps. The growing EST
database has provided a valuable resource for EST
markers. The association of EST markers with phenotypes
can increase our understanding of the biochemical
pathways and mechanisms affecting agronomically im-
portant traits (Matthews et al. 2001). Using the EST
database and QTL mapping, the genes related to
agronomic traits may be identified. Several ESTs have
been found to be linked with QTLs for flowering time,

leaflet shape, and leaf area (Yamanaka et al. 2001;
Matthews et al. 2001). However, soybean ESTs related to
QTLs for other agronomic traits remain to be identified.

Three genetic linkage maps (Zhang et al. 1997; Liu et
al. 2000; Wu et al. 2001) have been constructed in our
laboratory. The 2001 linkage map consists of 24 linkage
groups, including 792 markers of which more than half
are AFLP markers. Although AFLP markers are efficient
for constructing maps, they can easily form clusters that
result in large gaps on the map. In the investigation
reported here, a RIL population derived from two
cultivars that differ greatly for most of the agronomic
traits was used to construct a genetic linkage map and for
QTL analysis of ten agronomic traits. While most of the
markers were RFLPs and SSRs, some EST markers were
also used and their associations with QTLs were evalu-
ated.

Materials and methods
Plant materials and agronomic traits

The RIL population used was derived from the cross between
Kefeng No.l and Nannong 1138-2. The original population
consisted of 206 F,.7.1o lines; this was reduced to 184 lines using
the method of simulated population sampling criteria (SPSC; Wang
2001). The RILs and their parents were planted in a randomized
block design with 0.7x0.7-m? hill-plots, eight replications, at
Jiangpu Station, Nanjing Agricultural University, Nanjing, China.
Ten agronomic traits—days to flowering (FD), days to maturity
(MD), plant height (HT), number of nodes on main stem (SN),
lodging (LD), number of pods per node (PN), protein content (PT),
oil content (OL), 100-seed weight (SW), and plot yield (YD)—
were measured (Table 1). Protein and oil content were determined
by near-infrared reflectance on two replicates randomly selected
from the eight replicates.

Phenotype markers and resistance loci

Flower color (W) and three loci conferring resistances to different
strains of soybean mosaic virus (Rnl, Rn3, and Rsa) were used to
construct the genetic map. The resistance was determined at
Nanjing Agricultural University.

Table 1 Statistical analysis of traits of the RIL population and the parents (SD standard deviation)

Trait Unit RIL population Parents
Average Range SD Kefeng No.1 Nannong 1138-2

Days to flowering (FD) Days 50.3 37.6-60.7 6.1 47.3 60.1
Days to maturity (MD) Days 114.8 94.0-139.1 10.4 106.3 125.1
Plant height (HT) Centimeters 52.5 23.8-97.1 14.8 36.1 66.1
Nods on mail stem (SN) Nodes 14.1 7.7-21.7 2.9 10.7 16.3
Lodging (LD) Score 1.8 1.0-3.6 0.6 1.0 1.2
100-seed weight (SW) Grams 12.1 7.9-17.0 1.7 8.1 19.3
Plot yield (YD) Grams 61.8 7.4-123.4 18.1 23.7 83.7
Pods per node (PN) Seeds 3.0 1.7-4.9 0.6 3.3 2.9
Protein content (PT) Percentage 38.9 34.5-44.5 1.7 40.6 44.5
Oil content (OL) Percentage 19.6 16.7-24.8 14 16.7 18.7




RFLP analysis

The genomic DNAs of the RIL individuals and the two parents
were extracted from young leaves. The parents and RIL individuals
were surveyed for polymorphisms using restriction enzymes EcoRI,
EcoRV, Dral, BamHI, Hindlll, and Tagql, respectively. Three kinds
of RFLP probes derived from soybean genomic DNA, soybean
cDNA clones, and cloned genes were used for RFLP analysis. Most
of the RFLP markers derived from genomic DNA were provided by
Prof. Shoemaker (Iowa State University, USA); the others were
obtained from genomic clones digested by Pstl, telemore sequences
and RAPD products (Zhang et al. 1997; Liu et al. 2000; Wu et al.
2001).

SSR markers

SSR primers were synthesized according to the sequences pub-
lished on the SOYBASE website. The amplifications were
performed in 15-ul aliquots of reaction mix containing of
2.5 mM Mg2+, 0.5 mM each of dNTPs, 0.1% Tween-20, 10 pmol
of each primer, 2 U Taq polymerase and 50 ng genomic DNA. The
initial step was performed at 94°C for 5 min, followed by 35 cycles
of 94°C for 1 min, 46°C for 1 min and 68°C for 1 min, with a final
extension for 10 min at 72°C. The products of amplifications were
separated on 1% agarose or 4% polyacrylamide gels, and the
fragments were visualized by ethidium bromide or silver staining,
respectively.

EST analysis

EST markers were obtained from a cDNA library constructed using
leaves of Kefeng No.I. (He et al. 2003). The cDNAs inserted in the
plasmid pBluescript were amplified using T3 and T7 promoter
primers. The PCR products were gel-purified and diluted in super
pure water for RFLP analysis.

Three additional cloned genes were also used as EST markers in
this study: GmKR4 [a candidate of R genes with a nucleotide
binding site (NBS) domain], Gmptil (a pti-liked gene of soybean),
and GmHZ (a transcription factor with a conserved homeodomain
and leucine zipper).

Construction of a genetic linkage map and QTL mapping

The program MAPMAKER/EXP VER. 3.0 (Lander et al. 1987; Lincoln
et al. 1993) was used to analyze the linkage between the markers.
The parameters included the Kosambi function, and the linkage
criteria were a LOD score greater than 3.0 and a maximum genetic
distance of 37.2 cM. The error detection probability level was set at
5%. The markers were first grouped at an LOD of 6.0 and then
ordered to construct the core linkage groups. Other markers were
added using the INSERT command as the LOD score was decreased
to 3.0. The rRIPPLE command was used to test the order with a
window size of 5 after each ORDER command. Linkage groups were
named using the designations of the consensus map of Cregan et al.
(1999).

QTL analysis was performed using WINQTLCART (Zeng 1993).
Model 6 was adopted, and the control marker number and window
size was 5 and 10 cM, respectively. The walk speed was 1 cM, and
the forward regression method was selected. LOD score peaks
greater than 3.0 indicated the existence of QTLs. The averages of
the eight agronomic traits were used in the QTL analysis. For oil
and protein content, the averages were of the two replicates.
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Results

Construction of the genetic linkage map

A total of 522 markers were identified as having
polymorphisms between the two parents, Kefeng No.l
and Nannong 1138-2, including 214 RFLPs, 53 EST
markers, 251 SSRs, one phenotype trait and three
resistance loci. Based on these markers and their segre-
gation in the RIL population, we used MAPMAKER/EXP.
VER. 3.0 (Lander et al. 1987; Lincoln et al. 1993) to
construct a genetic linkage map that covered 3,595.9 cM
and consisted of 21 linkage groups (Fig. 1). Of the 522
markers, only 452 (189 RFLPs, 219 SSRs, 40 ESTs, three
R loci and W) were mapped; most of the linkage groups
were consistent with those of Cregan et al.”s map (Cregan
et al. 1999) except for the F linkage group. In this study,
the F linkage group was divided into two linkage groups,
F1 and F2 (Fig. 1). The three R gene loci were all mapped
onto group DIb+W and the W locus was mapped on
group FI1.

The distribution of the molecular markers on the
linkage groups was also examined. The average number
of markers on each group is 21.5. The linkage group with
the most markers (45) and longest genetic distance
(368.8 cM) is group G followed by groups N and K.
The group with the least markers (seven) and the shortest
genetic distance (36.1 cM) is Group H. The average
length of the linkage groups is 1,71.23 cM, and the
average distance between markers is 7.96 cM.

Most of the markers mapped in the 184 RILs showed
Mendelian segregation (1:1). However, there were 77
markers (17.0%) that showed a significant deviation from
the expected ratio.

EST mapping and homology search

We sequenced about 30,000 soybean ESTs, of which150
were selected and examined, and only 28 showed
polymorphisms between the two parents. Using the
BLASTX algorithms, we compared the corresponding
amino acid sequences with those in GeneBank (Altschul
et al. 1997) (Table 2).

The 28 ESTs together with three previously cloned
genes, GmKR4, GmHZ and GmPtil, produced 53 pairs of
polymorphic bands between the two parents. These
polymorphic bands were then used as EST markers for
segregation analysis in the population. Following linkage
analysis, 41 markers were mapped onto 14 linkage groups
(Fig. 1). Group B1 had more EST markers (nine) than any
of the other groups, and these markers were mapped onto
the bottom of B1 successively. Linkage groups Al, B2,
C2 Dla+Q, F2, L, and N have only one to five EST
markers on each group.

Seventeen ESTs were found to generate only one
polymorphic locus for each, whereas the other 11 ESTs
were found to have two or three pairs of polymorphic
bands between the two parents. Some of the EST markers
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Fig. 1 Soybean linkage map based on a RIL populations derived
from Kefeng No.lxNannong 1138-2. Markers designated with
GmKF are EST markers. The linkage groups were named using the
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designations of Cregan’s consensus map (Cregan et al. 1999). QTL
loci are italicized and underlined

derived from the same cDNA were mapped onto two
linked loci; for example, GmKF148a and GmKF148b on
linkage group Al; GmKF008a and GmKFO008b on linkage
group D1a+Q; GmKF167a and GmKF167b on linkage
group F2; GmKF125a and GmKFI1258b on linkage
group L. Others were mapped onto different linkage
groups: for example, GmKF059a was mapped onto
group C2, whereas GmKF059b was mapped on
group Al (Fig. 1).

GmKR4, a candidate of R genes with a NBS domain
(B.J. Wang and S.Y. Chen, unpublished results), was
mapped on linkage group E. The transcription factor gene,
GmHZ, originally identified by cDNA-AFLP analysis and
possibly related to defense response, was mapped on
linkage group C1. The GmPtil gene was identified from
soybean (G. max L.) by its similarity to the tomato Ptil
(A.G. Tian AG and S.Y. Chen, unpublished results).
GmPtil was found to have five pairs of polymorphic
bands between the parents. However, only two of them
were mapped, with Gmpti_C at the top of linkage group I
and Gmpti_D at the bottom of group B1.

Fig. 1 (continued)

Statistical analysis of ten agronomic traits

Ten agronomic traits (see Materials and methods) were
evaluated. The results of our statistical analysis of the ten
traits of the RIL population and the parents are shown in
Table 1. For all traits except oil content, the differences
between the two parents were significant. The ranges in
the values for traits like days to flowering, days to
maturity, plant height, nodes on main stem, pods per
node, 100-seed weight, and plot yield, exceeded those of
the parents. The transgressive phenomena were prominent
for plant height, nodes on main stem, plot yield, and pods
per node.

QTL mapping of agronomic traits

The QTL mapping for the ten traits was performed using
WINQTLCART (Basten et al. 1994, Wang et al. 2001).
Sixty-four QTLs were detected and mapped on 12 linkage
groups (Table 3, Fig. 1). QTLs with LOD scores greater
than 3 were detected for all of the ten agronomic traits
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Fig. 1 (continued)

Table 2 List of ESTs showing polymorphism between the parents
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except seed oil content. At least four QTLs were found for
each of eight traits. When the LOD score criterion was
reduced to 2.5, one QTL was found on linkage
group D1b+W for oil content. Other traits had various
numbers of QTLs—from four to ten.

Days to flowering had eight QTLs distributed over
linkage groups B1, C2, and E. Three QTLs that mapped
on group C2 (fd5, fd6 and fd7) had larger effects than
others. Each of them accounted for more than 20% of the
total variation, respectively. Days to maturity had 11
QTLs distributed over linkage groups A2, B1, C1, I, and
M. About one-half of these were located on group Bl of
which md3 and md4 were the most important, explaining
27.5% and 24.1% of the total variation, respectively.

Eight to ten QTLs for each of plant height, lodging and
nodes on the main stem were found, Most of the QTLs for
these three traits were located at the same region on
groups Bl and C2. The QTLs with the larger effect
(accounting for more than 18% variation) for the three
traits were all mapped on group C2.

cDNA Homologous gene Source
clone
GmKF003 Poly (A)-binding protein Nicotiana tabacum
GmKFO008 Casein kinase II beta chain Arabidopsis thaliana
GmKF012 Wound-induced protein Mesembryanthemum
crystallinum
GmKF022 Eukaryotic initiation factor Brassica oleracea
GmKF046 Vacuolar H*-ATPase cata- Vigna radiata
Iytic subunit
GmKF050 Translation initiation factor Arabidopsis thaliana
GmKFO058 Translation elongation Glycine max
factor
GmKF059 Repressor protein Glycine max
GmKF080 Glutathione peroxidase Arabidopsis thaliana
GmKF082 Water channel protein Glycine max
GmKF086 Ca**-binding binding Phaseolus vulgaris
protein
GmKF090 Abscisic stress-ripening Prunus armeniaca
protein
GmKF102 Initiation factor NelF-5A2  Arabidopsis thaliana
GmKF104 Vacuolar H*-ATPase E Phaseolus acutifolius
subunit
GmKF120 Lipid-transfer protein Fragaria ananassa
GmKF124 BTF3-like transcription Arabidopsis thaliana
factor
GmKF125 RNA binding protein Arabidopsis thaliana
GmKF129 Elongation factor 1-alpha  Zea mays
GmKF138 Integral membrane protein Arabidopsis thaliana
GmKF143 bZIP transcription factor 2 Phaseolus vulgaris
GmKF148 Transcriptional co-activator Arabidopsis thaliana
GmKF149 Protein serine/threonine Sorghum bicolor
kinase
GmKF157 Protein phosphatase Rubus idaeus
GmKF164 Transcription factor ARF6  Arabidopsis thaliana
GmKF167 Isoflavone synthase 2 Trifolium repens
GmKF168 Heat-shock protein 80 Euphorbia esula
GmKF169 Calmodulin-like protein Glycine max
kinase
GmKF177 Cytosolic chaperonin, Glycine max
delta-subunit
GmKR4  Resistance gene candidate  Nicotiana tabacum
GmHZ Transcription factor Arabidopsis thaliana
GmPtil Pti-like kinase Lycopersicon esculentum

Pods per node and seed weight are yield component
traits. Six QTLs were detected for pods per nodes. Of
these, three were positioned on group C2 and the others
on groups Al, C1, and I. The variation accounted for by
each of these six QTLs ranged from 7.1% to 10.2%. Four
QTLs for seed weight were mapped on groups A2, Bl,
and D2. The most significant one on group D2 accounted
for 11.4% variation. Three linkage groups, B1, C2 and M,
were associated with yield and seven QTLs were mapped
on them. Most of these QTLs accounted for about 10% of
the total variation.

Only one QTL was identified on linkage group B2 for
seed protein content. The LOD score was 3.5, and the
QTL accounted for 12.4% variation. One QTL with a
LOD of 2.5 was detected for oil content on
group D1b+W; 7.4% variation was accounted for by this
QTL.

Twelve of the linkage groups were found to have
QTLs for the ten traits investigated (Al, A2, B1, B2, Cl1,
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Table 3 QTLs of agronomic traits in soybean

Trait* QTL Linkage group Marker or interval Position (cM) LOD R*(%) Additive effect
FD fdi Bl GmKF104b-GmKF177 145.2 5.7 11.2 2.1
fd2 B1 GmKF177-GmKF082c 151.3 8.4 16.2 2.5
fds Bl GmKF082¢c-GmKF168b 155.8 7.3 12.9 2.3
fd4 Bl GmKF168b-Gmpti_D 166.0 6.9 12.3 22
fd5 C2 A3971-B131 V 206.8 10.1 22.6 3.0
fdo C2 Satt431-GmKF059a 2224 134 21.6 3.1
fd7 C2 GmKF143-Satt319 2415 9.6 20.0 29
fds E Satt496-A374H 113.6 43 14.6 -2.4
MD mdl A2 LE44D 49.2 4.1 6.1 -2.6
md?2 A2 Sat_131 56.6 3.4 5.1 2.4
md3 Bl Satt597-A118T 49.7 13.1 27.5 5.8
md4 Bl A520T-Sat_128 66.4 8.6 24.1 53
md>5 Bl GmKF177-GmKF082c 153.3 53 8.4 32
md6 Bl GmKF082¢c-GmKF168b 155.8 6.0 10.8 3.7
md7 B1 GmKF168b-Gmpti_D 163.0 44 8.4 32
mds8 Cl Satt399 92.7 3.1 42 22
md9 I A703_2B-LI39T 189.3 3.7 53 -2.5
mdl0 M A60V-Satt150 25.5 3.1 7.3 2.8
mdll M L22V-B122T 455 33 4.8 2.3
HT htl Bl GmKF104b-GmKF177 144.2 33 5.8 3.8
ht2 B1 GmKF177-GmKF082c 150.3 33 5.8 4.1
ht3 Bl GmKF082c-GmKF168b 156.8 7.3 133 5.7
ht4 Bl GmKF168b-Gmpti_D 167.0 52 7.8 4.6
ht5 C2 A3971-B131 V 204.8 11.0 21.4 7.0
ht6 C2 Satt431-GmKF059a 2224 16.4 243 7.7
ht7 C2 GmKF143-Satt319 241.5 12.6 23.6 7.6
ht8 M Satt150 323 3.4 5.0 3.4
LD i1 Bl GmKF177-GmKF082¢ 151.3 4.1 8.5 0.2
ld2 B1 GmKF082c-GmKF168b 157.8 4.8 9.4 0.2
1d3 Bl GmKF168b-Gmpti_D 164.0 49 9.3 0.2
ld4 Bl Gmpti_D-GmKF046 170.1 4.5 8.5 0.2
Id5 C2 A3971-B131 V 204.8 8.3 18.2 0.3
ldo C2 GmKF05%a 222.6 114 18.9 0.3
id7 C2 GmKF143-Satt319 241.5 7.2 14.8 0.3
1ds F2 Satt114 102.8 32 4.8 0.1
SN snl A2 Sat_131 56.6 32 4.6 -0.7
sn2 Bl GmKF104b-GmKF177 143.2 53 10.8 1.0
sn3 B1 GmKF177-GmKF082c 151.3 5.7 9.9 1.0
sn4 Bl GmKF082c-GmKF168b 155.8 53 8.8 0.9
snS Bl GmKF168b-Gmpti_D 166.0 5.1 8.2 0.9
sn6 C2 A3971-B131 V 205.8 9.2 20.1 1.4
sn7 C2 GmKF05%a 222.6 12.9 19.1 1.4
sn8 C2 GmKF143-Satt319 241.5 10.4 18.9 1.4
sn9 Fl1 Satt252-Satt269 27.6 53 10.2 1.0
snl0 I A703_2B-LI39T 186.3 3.7 6.1 -0.7
PN pnl Al K418_2V-B30T 54.0 3.6 7.9 -0.2
pn2 Cl Satt194 8.1 39 9.3 0.2
pn3 C2 A3971-B131V 207.8 33 8.1 -0.2
pn4 c2 B131V-Satt431 215.1 32 7.1 -0.2
pnS C2 Satt431-GmKF059a 2184 3.1 7.3 -0.2
pné I A703_2B-LI39T 176.3 34 10.2 -0.2
SW swl A2 Satt525 105.1 34 6.7 0.4
sw2 Bl Satt509 107.5 3.8 10.2 0.5
sw3 D2 A611D-B146H 31.0 4.5 9.2 0.5
swé D2 B146H-Satt458 354 4.8 114 0.6
YD vdl Bl GmKF082c-GmKF168b 156.8 44 9.2 5.6
yd2 Bl GmKF168b-Gmpti_D 167.0 5.4 10.2 59
vd3 Cc2 Satt319-K11_3T 244.4 6.0 12.3 6.4
vd4 C2 K11_3T-Satt277 249.5 59 11.5 6.1
yd5 C2 Satt557 256.8 6.9 12.6 6.5
yd6 M A60V-Satt150 28.5 3.8 9.8 55
yd7 M Satt590 36.0 3.5 6.6 4.5
PT B2 A953_1H-Satt560 124.4 35 12.4 -0.6
OL D1b+W A481V-AT725_3V 10.0 2.5 7.4 -0.3

2See Table 1 for abbreviations of traits



C2, DIB+W, D2, E, F2, I, and M). Most of the QTLs
were clustered, especially on groups Bl and C2 (Fig. 1).
There were 24 QTLs on linkage group BI1, and these
could be related to days to flowering, days to maturity,
plant height, nodes on main stem, lodging, seed weight,
and yield. On group C2, 15 QTLs were detected and
subsequently associated with days to flowering, plant
height, pods per node, lodging, and yield. In the intervals
between GmKF082c¢ and GmKF168b of group Bl and
between GmKF168b and Gmpti_D of group C2, there
were six QTLs associated with different traits in each of
the respective intervals. Other linkage groups had one to
four QTLs.

It was possible to relate one QTL to more than one
trait. Several QTLs of different traits were mapped on the
same loci (Table 3, Fig. 1). On linkage group A2, md2
and snl were located on the same locus, 56.6 cM from the
top. On linkage group B1, 12 QTLs were mapped on five
loci—fd2, sn3, ldI on a locus at 151.3 cM; fd3, md6, sn4
on a locus at 155.8 cM; ht3, ydI on a locus at 156.8 cM;
fd4, sn5 on a locus at 166.0 cM; ht4, yd2 on a locus at
167.0 cM. For linkage group C2, eight QTLs for three
traits were located at three loci: the locus at 204.8 cM
from the top has two QTLs,ht5 and [d5; the locus at
2224 cM from the top has fd6 and ht6; the locus at
241.5 cM from the top has three QTLs, fd7, ht7, ld7.

Association of ESTs with QTLs of agronomic traits

Several ESTs were found to be closely linked with the
QTLs of agronomic traits. These were all mapped on
linkage groups B1 and C2. Five EST markers
(GmKF104b, GmKF177, GmKF082c, GmKF168b, Gmp-
ti_D) that mapped on group B1 were associated with
several traits—days to flowering, nodes on main stem,
days to maturity, plant height, lodging, and yield. Two
EST markers (GmKF059a, GmKF143) mapped on C2.
GmKF059a, a repressor protein gene, was mapped on the
same locus as QTLs Id6 and sn7 and had large effects,
accounting for 18.9% and 19.1% of the total variation of
lodging and nodes on main stem, respectively. It was also
closely linked with QTLs fd6 and ht6 (0.2 cM) and
accounted for more than 20% of the total variation,
respectively. GmKF143, a putative bZIP transcription
factor gene, was also related to the four traits above.
However, the variations explained were less than 10% for
all of them together

Discussion

We report here the construction of a genetic linkage map
using RFLP, SSR and EST markers. The map covers
about 3,600 cM and consists of 21 linkage groups.
Although the markers are substantially evenly distributed
among the linkage groups, gaps still remain on the linkage
groups, especially between L37-11 and A703-2B on
linkage group L.
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ESTs are derived from cDNA clones sequenced
partially or completely and provide more information on
gene function than other molecular markers. They can
also be converted to PCR-based markers such as
sequence-tagged sites (STS) and single nucleotide poly-
morphisms (SNPs). When ESTS are used to construct a
genetic map, more information will be provided than
when other markers are applied (Matthews et al. 2001). In
total, 150 cDNA clones were surveyed in this study, but
only 28 (18.6%) showed polymorphisms between the
parents. Coding sequences, especially those of house-
keeping genes, are conserved among many plant species.
Therefore, ESTs can be used in different plant species for
map construction and QTL mapping (Yamanaka et al.
2001).

The two parents differed greatly for most of the traits
studied in the present work. Ten traits were studied for
their QTLs, and almost all of these had QTLs with large
effects; most were located on linkage groups B1 and C2.
In previous studies E/ was found to inhibit flowering
under natural day length and the locus of E/ was located
proximal to a QTL for flowering time on linkage
group C2 (Bernard 1971; Tasma et al. 2001). Four QTLs
for flowering time—FTI, FT12, FT3, FT4— have also
been found and mapped on linkage groups C2, O, L, and
B1, respectively (Yamanaka et al. 2001). We detected
seven loci for flowering time in the present study, with
QTLs fdl, fd2, fd3, and fd4 mapping on group B1, while
QTLs fd5, fd6, and fd7 were located at the same region as
FTI, on group C2. There were no QTLs detected on
linkage groups O and L. From this comparison, we
propose that the major gene(s) controlling flowering time
may be located on linkage groups C2 and/or B1.

Five linkage groups were found to relate to days to
maturity—A2, Bl, Cl, I, M. The QTLs on linkage
group A2 and M were consistent with those reported by
Mansur et al. (1996) and Orf et al. (1999). Early reports
indicated that maturity locus E3 mapped on linkage
group L (Cregan et al. 1999), however we did not find any
QTLs for maturity on group L in the present investigation.

Plant height, lodging and nodes on the main stem are
important agronomic traits. Although low plant height can
prevent lodging, which may subsequently decrease the
yield, it is often concomitant with reduced nodes on the
main stem. Thus, these three traits were closely related.
The QTLs of these three traits coexist on linkage
groups Bl (for htl to ht4, ld1 to ld4, sn2 to sn5) and
C2 (ht5 to ht7, Id5 to Id7, sn6 to sn8). Mian et al. (1998)
found a QTL of plant height near the locus detected by
probe A397 on group C2. In the present investigation we
also detected one of the QTLs (h5) for plant height in the
same region.

Pods per node is the only trait for which Nan-
nong 1138-2 has a lower value than Kefeng No.I. Six
QTLs for this trait were detected on four linkage groups
of Nannong 1138-2: the alleles of five QTLs reduced the
number of pods per node, whereas, the allele of pn2
(linkage group C1) could increase it. Tanksley and Nelson
(1996) obtained similar results. This phenomenon implies
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that the target alleles could be found in the germplasm
with a reverse phenotype.

Seed weight is a yield component trait. Four QTLs on
three linkage groups (A2, B1, D2) were related to seed
weight. Similar QTLs have also been detected in other
investigations (Mansur et al. 1996; Mian 1996). Yield is
the most important trait for most crops. Early reports
showed that the QTLs for yield mapped to linkage
group C2, M, and L (Mansur et al. 1996; Spechet et al
2001). We also detected several QTLs for yield on
linkage groups C2 and M, but none on L. The QTLs on
linkage group M have been proven to be related to yield
by different groups. Spechet et al. (2001) found that the
QTL on linkage group M was the strongest, accounting
for 33-38% of the total variation. We also found two
QTLs, yd6 and yd7, on linkage group M. However, these
QTLs accounted for only 9.8% and 6.6% of the total
variation, respectively. Further saturation of linkage
group M may result in the detection of more major QTLs
on it.

The differences between the parents were not signif-
icant with respect to protein and oil content. Therefore,
only one QTL of strong effects was detected for protein
content. A QTL for oil content was also revealed when
the LOD was set to be larger than 2.5.

The association between ESTs and quantitative traits
may increase our knowledge of the genes influencing the
agronomic traits. Seven ESTs were found to be associated
with quantitative traits like days to flowering, plant
height, lodging, and nodes on the main stem. The LOD
scores on the loci of the EST markers were at least 3.2.
GmKF059 encodes a repressor protein and had two copies
in the genome. GmKF059a was mapped on linkage
group C2, at the same locus as QTLs /d6 and sn7, which
account for 18.9% and 19.1% of the total variation of
lodging and nodes on the main stem, respectively. It was
also closely linked to the QTLs of fd6 and ht6 (0.2 cM).
The GmKFO059a allele of Nannong 1138-2 delayed days
to flowering by 3 days, increased plant height by 7.6 cm,
and resulted in 1.4 nodes on the main stem, but it does not
have any influence on yield. In rice, a homologous protein
OsDrl has been isolated and found to encode a nuclear
repressor protein. This protein can interact with another
protein, OsDrApl, and with a TATA binding protein/
DNA complex (Song et al. 2002). Further study of
GmKFO059 should reveal its possible functions in soybean.
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