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Abstract Chalcone synthase (CHS), the key enzyme in
the flavonoid biosynthesis pathway, is encoded by a
multigene family, CHS1–CHS8 and dCHS1 in soybean.
A tandem repeat of CHS1, CHS3 and CHS4, and
dCHS1 that is believed to be located in the vicinity
comprises the I locus that suppresses coloration of the
seed coat. This study was conducted to determine the
location of all CHS members by using PCR-based DNA
markers. Primers were constructed based on varietal
differences in either the nucleotide sequence of the 5¢-
upstream region or the first intron of two cultivars,
Misuzudaizu, with a yellow seed coat (II), and Moshi-
dou Gong 503, with a brown seed coat (ii). One hundred
and fifty recombinant inbred lines that originated from a
cross between these two cultivars were used for linkage

mapping together with 360 markers. Linkage mapping
confirmed that CHS1, CHS3, CHS4, dCHS1, and the I
locus are located at the same position in molecular
linkage group (MLG) A2. CHS5 was mapped at a dis-
tance of 0.3 cM from the gene cluster. CHS2 and CHS6
were located in the middle region of MLGs A1 and K,
respectively, while CHS7 and CHS8 were found at the
distal end of MLGs D1a and B1, respectively. Phylo-
genetic analysis indicated that CHS1, CHS3, CHS4, and
CHS5 are closely related, suggesting that gene duplica-
tion may have occurred repeatedly to form the I locus.
In addition, CHS7 and CHS8 located at the distal end
and CHS2, CHS6, and CHS members around the I locus
located around the middle of the MLG are also related.
Ancient tetraploidization and repeated duplication may
be responsible for the evolution of the complex genetic
loci of the CHS multigene family in soybean.

Introduction

Flavonoids are important secondary metabolites in the
plant kingdom. Individual plant species synthesize a
variety of flavonoid compounds that function in pro-
viding flower pigmentation to attract pollinators, in
defending plants against pathogens, in acting as signal
molecules in plant-microbe interactions, and in pro-
tecting plants from UV radiation (Dooner and Robbins
1991; Shirley 1996; Dixon and Steele 1999). The bio-
synthetic pathway of flavonoids is well-established, and
many of the structural and some of the regulatory genes
have been cloned in several model plants, including
maize, petunia, and snapdragon (Holton and Cornish
1995).

Chalcone synthase (CHS; EC 2.3.1.74) is the key
enzyme in the flavonoid biosynthetic pathway and cat-
alyzes the stepwise condensation of p-coumaroyl-coen-
zyme A (CoA) derived from the phenylpropanoid
pathway, with the three acetate moieties derived from
malonyl-CoA to give rise to the C15 flavonoid skeleton,
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naringenin chalcone. Isomerization and further substi-
tution of this central intermediate product leads to the
synthesis of a variety of flavones, isoflavonoids, and
anthocyanins. CHS is encoded by a single-copy gene in
some plants, such as Petroselium crispm (Herrmann
et al. 1988), and by multiple copies of the gene in others,
such as Petunia hybrida (Koes et al. 1987). In soybean
[Glycine max (L.) Merrill], CHS is encoded by a multi-
gene family, CHS1–CHS8 and dCHS1 (or ICHS1, a
duplicate of CHS1) (Akada and Dube 1995; Todd and
Vodkin 1996; Shimizu et al. 1999; Senda et al. 2002).

A multiple-allele locus, I/i-i/i-k/i, controls the distri-
bution of the seed-coat colors (reviewed by Palmer et al.
2004). I results in the complete absence of coloration
over the entire seed coat, i-i restricts color to the hilum
region, i-k limits color to the hilum and a saddle-shaped
region surrounding it, and i results in a self-colored seed
coat. The dominance relationship among the alleles of
the I locus are I > i-i > i-k > i. A tandem repeat of
CHS1, CHS3 and CHS4 (the CHS1-3-4 cluster) spans
approximately a 10-kb region. Genomic Southern
analysis revealed that the presence of the dCHS1 band is
associated with the dominant I allele (yellow hilum) and
that dCHS1 is located in the close vicinity of the CHS1-
3-4 cluster (Todd and Vodkin 1996). Sequence analysis
has revealed that dCHS1 is closely linked to a truncated
copy of CHS3 and that this cluster (dCHS1-D CHS3
cluster) arose from the CHS1-3 cluster through a 1.8-kb
deletion (Senda et al. 2002). Furthermore, deletions in
the promoter region of dCHS1 or CHS4 restore seed-
coat coloration, suggesting that the CHS1-3-4 cluster
and dCHS1 comprise the inhibitor I locus and that the
expression of CHS genes may be inhibited by a naturally
occurring, homology-dependent gene silencing process
that leads to a complete absence of coloration (Todd
and Vodkin 1996).

In Japan, soybean cultivars with a yellow hilum are
preferred to those with a brown hilum for confectionery
use on the basis of their better external appearance.
Cultivars with a yellow hilum generally have a gray
pubescence (II tt), whereas cultivars with a brown hilum
have a brown pubescence (i-ii-i TT). Chilling tempera-
tures (about 15�C) at flowering induce brown pigmen-
tation around the hilum and cracking of the seed coats
in yellow-hilum cultivars; these phenomena are absent in
brown-hilum cultivars (Sunada and Ito 1982).

To clarify the genetic basis of varietal differences in
chilling tolerance, Takahashi and Asanuma (1996) and
Takahashi (1997) evaluated the roles of the T gene
(responsible for pubescence and seed-coat color)
encoding flavonoid 3¢-hydroxylase (Buttery and Buzzell
1973; Toda et al. 2002) and of the I gene using near-
isogenic lines for the two loci. Independent of the
genotypes at the I locus, the dominant T allele com-
pletely suppressed the development of pigmentation
around the hilum region and partly suppressed seed-coat
cracking. The dominant I allele also suppressed seed-
coat pigmentation and cracking in soybeans with the tt
genotype, although its inhibitory effect was not as

obvious as that of the T gene. Seed coats of soybeans
with a recessive allelic combination of the two loci (i and
t, or i-k and t) were severely cracked, irrespective of
environmental conditions (Stewart and Wentz 1930;
Nicholas et al. 1993). Chilling stress appears to sur-
mount the gene-silencing function of the I allele and,
consequently, causes both pigmentation and seed-coat
cracking (Takahashi 1997). Consequently, the gene-
silencing function of CHS is presumed to be related to
chilling tolerance, but this has not been proved.

The CHS1-3-4 cluster corresponding to the I locus is
located in the middle region of molecular linkage group
(MLG) A2 (Cregan et al. 1999), and dCHS1 is presumed
to be located close by (Todd and Vodkin 1996). In
addition, clusters of CHS3-4, CHS1-3-5, and CHS3-5
have been identified (Akada and Dube 1995), but their
locations are as yet unknown. Further, there is no
information on the genomic locations of CHS2, CHS5–
CHS8.

This present study was conducted to determine the
location of each CHS member using cleaved amplified
polymorphic sequence (CAPS) (Konieczny and Ausubel
1993), derived cleaved amplified polymorphic sequence
(dCAPS) (Neff et al. 1998) or amplicon length poly-
morphism (ALP) analyses to investigate the function
and evolution of CHS family members.

Materials and methods

Plant materials

Recombinant inbred lines (RILs) (F9) were developed
from a cross between a Japanese soybean [Glycine max
(L.) Merrill] cultivar, Misuzudaizu, which has a yellow
seed coat, gray pubescence and white flowers (II-
ttrrw1w1) with a Chinese forage cultivar, Moshidou
Gong 503, which has a brown seed coat, brown pubes-
cence and purple flowers (iiTTrrW1W1). Genomic DNA
was isolated from trifoliolate leaves of the parents and
the 150 RILs using the CTAB method (Murray and
Thompson 1980).

Construction of CAPS and dCAPS markers

Because the coding region of the CHS gene family is
reported to be quite similar (Shimizu et al. 1999), we
used varietal differences in the 5¢-upstream region or in
the first intron for investigating linkage mapping. PCR
primers were constructed to clone the 5¢-upstream re-
gions for CHS1–CHS8 based on the DNA sequences of
soybean cv. Williams deposited in the GenBank data-
base (Table 1). The PCR mixture for the CAPS and
dCAPS analysis contained 1 ll of the extracted DNA,
5 pmol of primers, 10 pmol of nucleotides, and 1 U
Ex Taq in 1· Ex Taq buffer supplied by the manufac-
turer (Takara, Japan) in a total volume of 20 ll. A 30-s
denaturation at 94�C was followed by 30 cycles of 30 s
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at 94�C (denaturation), 1 min at 53–60�C(annealing)
depending on the primers (Table 1), and 1 min at 72�C
(extension). A final 5-min extension at 72�C completed
the program. The PCR was performed in a Perkin-Elmer
9700 thermal cycler (Foster City, Calif.). The PCR
products were separated on 0.8% agarose gels and
visualized by ethidium bromide staining. Those PCR
products with the expected molecular size were cloned
into pCR2.1 vector (Invitrogen, Carlsbad, Calif.)
according to the manufacturer’s instructions. Sequences
were determined by BigDye terminator cycle method
using a genetic analyzer (ABI3100; Applied Biosystems,
Foster City, Calif.), and sequence homology was eval-
uated with the respective sequences deposited in the
database using the BLAST software (Altschul et al. 1997).
CAPS or dCAPS markers were constructed based on the
varietal differences in the nucleotide sequences. If vari-
etal differences did not exist in 5¢-upstream regions, first
introns were cloned and sequenced to find comparable
varietal differences.

CAPS and dCAPS analyses

The PCR mixture for the CAPS and dCAPS analysis
contained 1 ll of the extracted DNA, 5 pmol of primers,
10 pmol of nucleotides, and 1 U of Ex Taq in 1· Ex Taq
buffer in a total volume of 20 ll. A 30-s denaturation at
94�C was followed by 30 cycles of 30 s at 94�C (dena-
turation), 1 min at 53–60�C (annealing) depending on

the primers (Table 2), and 1 min at 72�C (extension). A
final 5 min extension at 72�C completed the program.
The PCR products were digested with the respective
restriction enzymes (Table 2). The products from the
parents and 150 RILs were separated on 8% acrylamide
gels using the high efficiency genome scanning (HEGS)
system (Kawasaki and Murakami 2000), and the frag-
ments were visualized by ethidium bromide staining.

Construction of ALP markers for dCHS1

Primers flanking the 1.8-kb deletion in the dCHS1-
D CHS3 cluster were constructed to discriminate be-
tween the CHS1-3 cluster and dCHS1-D CHS3 cluster.
The CHS1–CHS3 cluster is expected to produce a 2.6-
kb band, whereas the dCHS1-D CHS3 cluster is ex-
pected to produce a 0.8-kb band. The PCR products
were separated on 0.8% agarose gels and stained in the
same manner as described for the CAPS and dCAPS
analyses.

Linkage mapping

Genotypes obtained from the CAPS, dCAPS and ALP
analyses were combined with the genotypes of a total of
360 markers, including 177 restriction fragment length
polymorphism (RFLP), 150 simple sequence repeat
(SSR), 28 amplified fragment length polymorphism

Table 1 List of target CHS genes, PCR primers for analyzing their DNA sequences, annealing temperatures, amplified region and
homology with sequences deposited in the database

Accession
number

Target
gene

Forward primer
(5¢– 3¢)

Reverse primer
(5¢– 3¢)

Annealing
temperature
(�C)

Amplified region Homology (%)

Misuzu MG503

X56749 CHS1-3 gggagtgtatcgtatcaaca tgtgtaactacatacggtgg 60 5¢-Upstream region 99.0 99.2
X65636 CHS2 ctgcagcaaaaatcatgaat tagatagctagctagctaat 59 5¢-Upstream region 99.9 99.7
X52097 CHS4 acgaccagtttctttcatga gtatcgcttcttaatcatcg 58 5¢-Upstream region

�1st intron
99.5 99.5

L07647 CHS5 gaattatttttctgggcgat tgtgaatgaactaatgaagc 53 5¢-Upstream region 99.8 98.6
L03352 CHS6 agtgtgcaaaacatctatct aatcattgacttatcacctg 60 First intron 98.7 99.7
M98871 CHS7 gagaaatttcagcgcatgtg tgatcatagacttgtcacct 60 First intron 99.8 99.6
AY237728 CHS8 attgtgattgaatagcgtg aggagtgctttgaacttgtt 56 5¢-Upstream region 99.9 97.6
AB052783 dCHS1 ttctcaatattcttggagat cctaacttattagtttttgc 58 CHS3-5¢-Upstream

region of CHS1
99.7 –

Table 2 List of markers developed to map the CHS multigene family

Target gene
(type of marker)

Forward primer
(5¢–3¢)

Reverse primer
(5¢–3¢)

Annealing
temperature
(�C)

PCR product
length (bp)

Restriction
enzyme

Digested product
length (bp)

Misuzu MG503

CHS1-3 (dCAPS) gggagtgtatcgtatcaaca gatggctgaattattcgtaaatgtct 60 331 XbaI 21, 313 331
CHS2 (CAPS) ctgcagcaaaaatcatgaat tagatagctagctagctaat 59 731 HpyCH4III 98, 194, 439 292, 439
CHS4 (dCAPS) ttatttccaacatatacctttgaatt gtatcgcttcttaatcatcg 58 94 EcoRI 72, 94 94
CHS5 (CAPS) gaattatttttctgggcgat tgtgaatgaactaatgaagc 53 560 MunI 235, 329 560
CHS6 (CAPS) agtgtgcaaaacatctatct aatcattgacttatcacctg 60 606 DraI 178, 187, 241 187, 428
CHS7 (dCAPS) tgttaatttggcacatctgaatt tgatcatagacttgtcacct 60 398 EcoRI 398 23, 379
CHS8 (CAPS) atttgtgattgaatagcgtg aggagtgctttgaacttgtt 56 803 EcoT22I 257, 546 803
dCHS1 (ALP) ttctcaatattcttggagat cctaacttattagtttttgc 58 778 – 778, 2,533 2,533
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(AFLP) and five morphological markers to estimate
genetic linkage using the Kosambi mapping function of
MAPMAKER/EXP VER.3.0B (Lander et al. 1987). Primer se-
quences and band polymorphisms in the AFLP analysis
are presented in Table 3. The markers were assigned to
linkage groups with the criteria of LOD=3.0 and a
maximum distance of £ 37.2 cM.

Phylogenetic analysis

DNA sequences of CHS1–CHS8 (cv. Williams) were
retrieved from the GenBank database (CHS1: x54644,
CHS3: x53958, accession numbers of the other members
are listed in Table 1). Phylogenetic analyses were per-
formed based on the open reading frame sequences of
CHS1–CHS8 using the maximum parsimony (MP),
maximum likelihood (ML), and neighbor-joining (NJ)

methods as implemented in PAUP* VER. 4 (Swofford 2002).
The MODELTEST VER. 3 (Posada and Crandall 1998) was
used to choose the best model of DNA sequence evo-
lution among the ML and NJ trees.

Results and discussion

Construction of primers

Because CHS1 and CHS3 are closely located in head-to-
head orientation (Todd and Vodkin 1996), we con-
structed a pair of primers for both CHS1 and CHS3. 5¢-
Upstream regions for CHS1-3, CHS2, and CHS4–CHS8
were cloned from Misuzudaizu and Moshidou
Gong 503 by PCR based on the nucleotide sequences
deposited in the database. Clones having inserts of the
appropriate size were sequenced, and homology was
ascertained. Sequence homology with those deposited in
the database was more than 97%, suggesting that the
expected regions were actually cloned (Table 1).

CAPS markers for CHS2, CHS5, and CHS8 were
constructed based on the varietal differences in the 5¢-
upstream region of the nucleotide sequences (Table 2,
Fig. 1). Because no varietal differences exist in the 5¢-
upstream region of CHS6 and CHS7, the first intron of
the gene was cloned and sequenced, and CAPS markers
for CHS6 and dCAPS markers for CHS7 were con-
structed based on the varietal differences (Fig. 2). The
dCAPS markers for CHS4 were constructed based on
varietal differences in the 5¢-upstream region and the
first intron. Electrophoretic patterns of the respective

Table 3 Marker name, specific sequences of selective primers, and
approximate size of amplified bands in Moshidou Gong 503
(MG503) and Misuzudaizu (Misuzu) by AFLP analysis

Marker name EcoRI
primer

MseI
primer

Size of amplified
bands (bp)

MG503 Misuzu

AFLP001 AGG AAC 250 –
AFLP002 AGG AAC – 2,000
AFLP003 AGG ATG – 1,500
AFLP004 AGT ACT – 150
AFLP005 AGG ATG 790 720
AFLP006 ACC ACA – 900
AFLP007 AGC AAG – 200

Fig. 1 CAPS and dCAPS markers mapping the CHS multigene
family. The target gene name is shown in bold. The numbers in
parenthesis refer to the location of the markers in the DNA
sequence where the ‘‘A’’ of the start codon is numbered as 1. The
identity of the restriction enzyme used is in <brackets>, and the
target sequences of the restriction enzymes are underlined. The

dCAPS marker primers for the polymorphic regions between
Moshidou Gong 503 (MG503) and Misuzudaizu (Misuzu) are
denoted below the gene sequences. Mismatched nucleotides
incorporated for dCAPS analyses are indicated by double under-
lining
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PCR products are shown in Fig. 3. The primers for
CHS4 produced a 94-bp band that consisted of a mix-
ture of CHS4 and CHS5 band fragments because the
DNA sequences of the amplified regions from CHS4 and

CHS5 were quite similar. The ‘mixed’ CHS4 band of
Misuzudaizu was digested with EcoRI, producing 94 bp
of an undigested CHS5 band and a 72-bp CHS4 frag-
ment (Fig. 3). The EcoRI site was absent from the CHS4

Fig. 3 Electrophoretic pattern
of the CHS multigene family.
A CAPS and dCAPS analysis
using 8% polyacrylamide gel
electrophoresis for Misuzudaizu
(Misuzu) and Moshidou
Gong 503 (MG503). B ALP
analysis to detect
polymorphism in dCHS1 by
0.8% agarose gel
electrophoresis. The primers for
CHS4 produced a 94-bp band
that consisted of a mixture of
CHS4 and CHS5 fragments.
This ‘mixed’ CHS4 band in
Misuzudaizu produced a 94-bp
and a 72-bp band following
digestion with EcoRI

Fig. 4 Linkage map of the CHS
multigene family in soybean.
Only linkage groups containing
CHS genes are exhibited. The
name of each linkage group is
indicated at the top. Distances
between markers are shown on
the left of each linkage group.
CHS genes and the I locus are
shown in bold. The prefixes
Satt, Sat, or AG indicate SSR
markers, the AFLP prefix
indicates AFLP markers, other
prefixes indicate RFLP markers

Fig. 2 Construction of the ALP
marker to discriminate the
dCHS1-truncated CHS3 cluster
and the CHS1-3 cluster.
Primers were designed to flank
the 1.8-kb deletion in the
dCHS1-truncated CHS3 cluster
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gene of Moshidou Gong 503. The dCHS1 primers pro-
duced an approximately 780-bp band present in Mis-
uzudaizu with a yellow seed coat (I). As expected, this
band was absent in Moshidou Gong503 with a brown
seed coat (i).

Linkage mapping

One hundred and fifty RILs were used for linkage
mapping with a total of 360 markers. The molecular
linkage map spanned 2,664 cM, covering approximately
90% of the entire genome of soybean. Linkage map-
ping elucidated that CHS1, CHS3, CHS4, dCHS1, and
the I locus were mapped at the same location on MLG
A2 (Fig. 4). This observation is consistent with results
reported by Todd and Vodkin (1996) that CHS1, CHS3
and CHS4 spans about a 10-kb region corresponding to
the I locus and that genomic Southern bands corre-
sponding to dCHS1 co-segregate with seed coat color .
Among the 150 RILs tested, only one RIL exhibited
recombination between the CHS gene cluster (CHS1-3,
CHS4, dCHS1 and the I locus) and CHS5, suggesting
that CHS5 is closely linked (0.3 cM distance) with the
gene cluster, although the exact physical distance be-
tween the CHS1-3-4 cluster and CHS5 remains to be
determined. Akada and Dube (1995) have also reported
the presence of CHS3-5 and CHS1-3-5 clusters. Any
possible association of the CHS5 mapped in this report
with these gene clusters has yet to be determined.
Linkage analysis revealed that CHS2 and CHS6 are
located in the middle region of MLGs A1 and K,
respectively, and that CHS7 and CHS8 are located at
the distal end of MLGs D1a and B1, respectively
(Fig. 4).

Phylogenetic analysis

The MP statistical method revealed a single most
parsimonious tree (Fig. 5). Its bootstrap values and
decay indices indicated that each clade of this MP tree
had a high confidence level. The other methods (ML
and NJ) gave similar tree shapes, including the same
clades CHS7 + CHS8. However, their bootstrap con-
fidence levels were much lower than those of the MP
tree. The phylogenetic tree revealed that CHS members
mapped around the I locus, CHS1, CHS3, CHS4, and
CHS5 were closely related, thereby suggesting that
gene duplication may have occurred repeatedly to form
the suppressor I locus. Furthermore, CHS7 and CHS8,
which were located to the distal end, and CHS2,
CHS6, and the CHS members around the I locus that
were located around the middle of the MLG are also
related. Evolutionary studies suggest that soybean is an
ancient tetraploid that later became diploidized (Had-
ley and Hymowitz 1973). Ancient tetraploidization
may partly account for the fact that closely related
CHS genes locate at similar chromosomal positions.
Shoemaker et al. (1996), using RFLP markers, found
that large portions of the soybean genome have
undergone duplication, with more than one round of
duplication having occurred, and genes conferring
quantitative differences in seed composition showed
concordance with the homologous regions. These
investigators reported a large area of duplication
between MLGs A1 and A2 that is consistent with the
duplication between the CHS2 and CHS members
around the I locus. Tetraploidization and repeated
duplication may be responsible for the evolution of the
complex genetic loci of the CHS multigene family in
soybean.

Fig. 5 The most parsimonious
tree of the CHS multigene
family in soybean. A branch-
and-bound search for the best
tree was conducted. Numbers
above the branches are
bootstrap probabilities (10,000
replicates), and those below the
branches are decay indices for
assessing the confidence levels
of the tree. Calculations were
performed using PAUP* 4.0

(Swofford 2002)
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