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Abstract Seed coat color in soybean is controlled by the
classically defined | (Inhibitor) locus. The seeds of most
commercial soybean varieties are yellow due to the pres-
ence of a dominant allele of the | locus (I: yellow seed
coat, or il : pigmented hilum and yellow seed coat),
which inhibits seed coat pigmentation. Analysis of spon-
taneous mutations from | (yellow seed coat) to i (pig-
mented seed coat) has shown that these mutations are
correlated with the deletion of a duplicated chalcone
synthase gene-1 (CHSL) region. In the current study, we
isolated the duplicated CHSL region from a soybean
cultivar with al/l genotype (cv Miyagi shirome) and de-
termined its structure. The results showed that the dupli-
cated CHSL contained intact regulatory and coding re-
gions. We designated the duplicated CHSL as ICHSL. In
the hypocotyls of Miyagi shirome, the cDNA derived
from ICHS1 mRNA was identified by reverse transcrip-
tase-polymerase chain reaction (RT-PCR) analysis,
whereas in the immature seed coats it was suggested that
the amount of transcripts from ICHSL and/or another
type of CHS1 (CHSL.1) was very low. Interestingly, in
the Miyagi shirome genome with a I/l genotype, ICHSL
was closely linked to the truncated CHS3, and sequence
comparison showed that this cluster probably arose from
the CHS1-CHS3 cluster by a 1.8-kb deletion event.
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Introduction

Seed coat color in soybean is determined by the | (Inhib-
itor) locus. Four alleles are known at the | locus. The
dominant | allele inhibits seed coat pigmentation, lead-
ing to possession of a yellow seed coat, whereas the re-
cessive i alele confers a pigmented seed coat. Two other
aleles, i and ik, give rise to restricted pigmentation of
the hilum and the saddle-shaped region, respectively.
The dominance rel ationships between the four alleles are
[>ii >ik >i. The molecular mechanism of suppression by
the | alelein seed coat pigmentation is still unclear.

Analysis of spontaneous mutants from the | allele or
the ii alele to the i allele suggested that this mutation
was correlated with polymorphism of the genes that en-
coded chalcone synthase (CHS) (Todd and Vodkin
1996). CHS is the first committed enzyme of the multi-
branched pathway of flavonoid/isoflavonoid biosynthe-
sis. In genotypes with the | alele, steady state CHS
MRNA and CHS enzyme activity levels are reduced at
the stage of seed development compared with the levels
in the i/i homozygous recessive genotype (Wang et al.
1994). Soybean CHS genes have been analyzed from cv
Williams with the genotype ii /it (Akada and Dube 1995).
That study showed that soybean CHS genes were encod-
ed by a multigene family that consisted of at least seven
members, CHSI-CHS7. CHSL and CHS3 are paired in a
head-to-head orientation within an 8.0-kb Hindll1 region.
Furthermore, CH4 or CHS5 is aso linked to CHS3 in a
tail-to-tail orientation (Akada and Dube 1995).

Todd and Vodkin (1996) reported that the dominant |
allele possessed an extra Hindll1 fragment which hybrid-
ized with both of the CHSL promoter and coding-region
probes, indicating the existence of an extra CHSL. They
caled this extra CHSL the duplicated CHSL. In mutants
in which the dominant | alele had mutated to the reces-
sive i allele, Southern-hybridization data suggested that



the deletion occurs at the duplicated CHSL region, and at
least in the promoter region (Todd and Vodkin 1996).
The deletion at the duplicated CHS1 region restored a
higher level of detection of total CHS mRNA in the seed
coat (Todd and Vodkin 1996). These data indicated that
the region of the duplicated CHS1 gene was related to
the suppression of seed coat pigmentation by the | alele.
Although the existence of the duplicated CHSL has been
shown by Southern-hybridization analysis, its detailed
structure is still unknown. In the present study, we
cloned and analyzed the duplicated CHSL region from a
yellow seed coat cultivar with the I/1 genotype (cv Miyagi
shirome).

Materials and methods

Japanese soybean cultivar Miyagi shirome (I/1) and its pigmented
seed coat mutant line (i/i) were provided by Tohoku National Ag-
ricultural Experiment Station, Japan. Plants were grown in the
field or in a green-house. Soybean genomic DNA was isolated
from young leaves according the published protocol by Ausubel et
al. (1987). A genomic DNA library of the Miyagi shirome was
constructed in the phage vector lambda FIX |1 (Stratagene, USA)
according to the manufacturer's method. Procedures for restriction
enzyme digestion, agarose-gel electrophoresis and Southern hy-
bridization have been described previously (Akada and Dube
1995). PCR amplification with LA Taq DNA polymerase was con-
ducted according to the manufacture's recommendations (Takara
Shuzo Co., Japan). RT-PCR analysis was performed according to
Shimizu et a. (1999). The sequences of the primers used for the
genomic PCR or RT-PCR experiments were: primer 1, 5-CATCG-
ACTTATCACCTGATCG-3; primer 2, 5-GCCGAATTCCATT-
ATGCATTGCAATAAGATGGGGTCAGG-3; primer 3, 5-TCC-
AAACACTGATGCTTCCC-3; primer 4, 5-GGCAAGCTTAGC-
ATGTGAGGGAAGCAGGG-3; primer 5, 5-GCCGAATTCACA-
ATACGTTTTTTCAAACCGG-3 and primer 6, 5-CCAACATCC-
ACCCCCATC-3. The Actin-specific primers were used for the
Actin-specific RT-PCR (Shimizu et al. 1999). Three-day old et-
iolated seedlings were exposed to white light for 6 h and subse-
quently the hypocoty! tissues of the seedlings were harvested. The
hypocotyl RNA was extracted according to Shimizu et al. (1999).
Seed coats were harvested from immature seeds (25-50 mg of
fresh weight) and RNA was extracted according to Wang and
Vodkin (1994).

Results
Southern-hybridization analysis

The restriction enzyme Hindlll does not cut within the
coding regions of CHS genes, and its pattern represents
the individual CHS genes or CHS gene clusters (Akada
et a. 1990; Akada and Dube 1995). A CHSL coding-
region probe (probe 1, see Fig. 1A) was used to hybrid-
ize a Southern blot of Hindlll-digested genomic DNASs
from Miyagi shirome with the I/ genotype, and its pig-
mented seed coat mutant with the i/i genotype. This
probe hybridized with al CHS genes and polymorphic
fragments were identified between them (Fig. 1B). The
Miyagi shirome displayed a Hindlll fragment of 13-kb,
not present in the mutant, which instead showed hybrid-
ization to a Hindlll fragment of 15-kb. An Additional
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polymorphism was noted with a CHSL promoter probe
(probe 2, see Fig. 1A) to the same blot. As shown in
Fig. 1B, besides the 8.0-kb Hindlll fragment in which
CHSL and CHS3 are clustered (Fig. 1A), the CHSL pro-
moter probe also hybridized to the polymorphic 13-kb
Hindlll fragment in Miyagi shirome. On the other hand,
the mutant possessed the 8.0-kb Hindlll fragment in
common with Miyagi shirome and Williams, but the
polymorphic 15-kb HindlIl fragment was not hybridized
(Fig. I1B). These results suggested that Miyagi shirome
with the 1/l genotype contained the duplicated CHSL in
the 13-kb Hindlll region, whereas in the genome of the
mutant with the i/i genotype the duplicated CHSL was
deleted, at least in the promoter region. This finding was
similar to that reported by Todd and Vodkin (1996).

Isolation of the duplicated CHSL region

One CHSI1-containing clone was isolated by screening
the Miyagi shirome genomic library using a CHSL pro-
moter probe (probe 2, see Fig. 1A). Sequence analysis
revealed that this clone (designated A\GmMCHS1) con-
tained the intact CHSL region. The 5'-flanking sequence
of this clone was identical to that reported for soybean
CHSL in the 8.0-kb HindlIl fragment from cv Williams
clone A\GmW83 (Akada et al. 1991; Akada and Dube
1995). It is worth noting that the A\GmMCHSL1 sequence
diverged from the CHS1 sequence 673-bp upstream of
the presumed initiation codon (Fig. 1C). To determine
whether the AGmMCHSL clone contains CHSL or the
duplicated CHSL, we performed PCR analysis with
primer 1, which was specific for the divergent sequence
in A\GmMCHSL (Fig. 1A and C), and primer 2, which is
located in the 5 -flanking region of CHSL (Fig. 1A). As
described above, in the mutant, Southern-hybridization
analysis suggested that at least the promoter region was
deleted in the duplicated CHSL region. If the CHSL re-
gion in the A\GmMCHSL clone is the duplicated CHSL, it
is expected that PCR with primers| and 2 would amplify
a 0.3-kb fragment specifically in Miyagi shirome, while
a 0.3-kb fragment would not be amplified in the mutant
due to the deletion of the promoter region in the dupli-
cated CHSL. As seen in Fig. 1D, a 2.1-kb fragment was
shared by Miyagi shirome and the mutant, and Miyagi
shirome also contained a unique 0.3-kb fragment whose
size is identical to the fragment amplified in pSCL1.4,
which is a subclone of the A\GmMCHSL clone (Fig. 1A).
Asacontrol, in PCR analysis with the primers located in
the 5 -flanking region of CHSL (primers 3 and 2, see
Fig. 1A), a 0.9-kb fragment was amplified in both of
them (Fig. 1D). From these results, we concluded that
CHSL in the AGmMMCHSL clone was the duplicated
CHSL and we designated this gene as ICHSL to distin-
guish it from CHSL.
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Fig. 1 A Schematic representation of the CHS3—-CHSL (CHSL.2)
cluster in an 8.0-kb Hindll1 region from the cv Williams A\GmW83
clone, a ICHSIL region from the cv Miyagi shirome AGmMCHS1
clone, and the PCR products of the truncated CHS3 and CHSL
(CHSL.1) regions from cv Miyagi shirome. The homologous re-
gion between two clones is shaded. The points of divergence be-
tween two clones are denoted by arrowheads. The restriction map-
ping data of the CHS3—CHS1 (CHSL.2) cluster were taken from
Akada et al. (1990, 1991). Restriction sites are: A Avall, C Sacl, H
Hindlll, SSall, T Syl. The open boxes, hatched box and black box
represent the coding regions, the sequence homologous to the
copia-like retrotransposon and the 126-bp AGmM CHS1-specific
sequence, respectively. The relative positions of part of the
AGMMCHSL clone and its plasmid subclone pSC1.4 are shown.
The relative orientations of CHS genes are indicated by horizontal
arrows. The locations of probes used for Southern-blot analysesin
Fig. 1B are shown. Positions of primers 1, 2, 3, 4 and 5 used for
the PCR analyses in Fig. 1D and the predicted sizes of amplified
fragments are indicated. B Southern-blot analysis of Hindlll-di-

Truncated CHS3 located upstream from ICHSL

In contrast to the 5 -flanking region of CHSL, the
AGMMCHSL clone contained only a 126-bp ICHSL-spe-
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gested genomic DNAs with the promoter or coding region of
CHSIL as aprobe (probe 1 or 2, see Fig. 1A). Genomic DNAs from
Miyagi shirome, the mutant and Williams are denoted by WT, M
and W, respectively. The polymorphic Hindlll fragments between
Miyagi shirome and the mutant are shown by horizontal arrows.
The probe-hybridized Hindlll fragments which have not been yet
analyzed are indicated by asterisks. C Nucleotide-sequence com-
parison of the pSC1.4 and AGmW83 clones. Asterisks indicate
identical nucleotides. The point of divergence between two clones
is denoted by a arrowhead. A 126-bp specific sequence of the
pSC1.4 clone is boxed. Numbering of the nucleotides is from the
presumed initiation codon. The location of primer 1 is also pre-
sented. D PCR analyses with several primers. The forward and re-
verse primers used are abbreviated as FP and RP, and the number-
ing of the primers is as indicated in Fig. 1A. DNA of the Miyagi
shirome genomic clone pSC1.4, genomic DNAs from Miyagi shi-
rome, the mutant and Williams, and DNAs of the Williams ge-
nomic clones A\GmW88 and AGmW83 used as the templates, are
denoted by C, WT, M, W, 88 and 83, respectively.

cific region (Fig. 1A and C). We searched for sequences
homologous to the specific 126-bp region in the
DDBJEMBL/GenBank databases. Surprisingly, this 126-
bp sequence showed high homology with the complemen-
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Fig. 2 A Schematic representation of the CHS3—-CHSL (CHSL.2)
cluster in the Hindl11 8.0-kb region from cv Williams and the trun-
cated CHS3—ICHSIL cluster in the 13-kb Hindlll region from cv
Miyagi shirome. The open boxes and shaded box represent the
coding regions and the 1.8-kb region which does not exist in the
truncated CHS3-ICHSL cluster, respectively. The relative orienta-
tions of CHS genes are indicated by horizontal arrows. The loca-
tions of probes used for Southern-blot analyses are shown. The
predicted sizes of the probe 2-hybridized restriction fragments are
indicated. Restriction sites are: A Avall, C Sacl, H Hindlll, S Sall,
T Syl. The sequence data of the truncated CHS3— CHSL cluster of
Miyagi shirome has been submitted to the DDBJEMBL/GenBank
databases under accession number AB052783. B Southern-blot
analysis of Avall- or Styl-digested genomic DNAs from Miyagi
shirome (WT) and the mutant (M) with a CHSL promoter probe
(probe 2, see Fig. 2A). C Alignment of the sequences surrounding
the 1.8-kb region (shaded box, see Fig. 2A) between the
CHS3—-CHSL (CHSL.2) and truncated CHS3—-ICHSL clusters. As-
terisks indicate identical nucleotides. The 8-bp duplicated se-
quences are boxed. D Schematic representation of the ICHSL and
CHSL.1 regions. The shaded boxes represent exons. Primers 5 and
6 used for RT-PCR analysis are shown by horizontal arrows. Stul
sites are denoted by S. Sizes are indicated in bp. The location of
probe 1 used for Southern-hybridization analysisin Fig. 2E isin-
dicated. E Genomic PCR and RT-PCR analyses of ICHSL and
CHSL.1 in the hypocotyls and immature seed coats from Miyagi
shirome (WT) and the mutant (M). The Actin-specific RT-PCR
with Actin-specific primers was also carried out as a control. Gel
electrophoresis is in 2% agarose (upper panel) and autoradiogra-
phy of the gel with the probe 1 (lower panel). F Gel electrophore-
sis of Sul-digested genomic PCR products and Stul-digested RT-
PCR products from hypocotyl RNAs in a 5% acrylamide gel
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tary sequence of the intron and the 3 -exon of soybean
CHS genes, indicating that the sequence of primer 1 was a
part of the coding sequence of the soybean CHS genes. It
has been shown that CHS3 is located upstream from
CHSL (Fig. 1A, Akada and Dube 1995). As described
above, in PCR with primers 1 and 2, a 2.1-kb fragment
was shared by Miyagi shirome and the mutant (Fig. 1D).
It is reasonable to assume that the 2.1-kb fragment was the
PCR product from the CHS3-CHSL cluster region
(Fig. 1A). We designed primer 4 located in the 3 -flanking
region of CHS3 (Fig. 1A) and carried out PCR with prim-
ers 4 and 2. As expected, a 3.3-kb fragment was amplified
from the CHS3—-CHSL cluster in both the Miyagi shirome
and mutant genomes (Fig. 1A and D). Interestingly, a 1.4-
kb fragment was also amplified specifically in the Miyagi
shirome genome (Fig. 1D). This 1.4-kb fragment was di-
rectly sequenced. The sequence data revealed that in the
region upstream from |CHSL, truncated CHS3 was located
in the opposite orientation as in the CHS3—-CHSL cluster
(Fig. 2A). To confirm this result, the CHSL promoter
probe (probe 2, see Fig. 2A) was used to hybridize South-
ern blots of Avall- or Styl-digested genomic DNA from
Miyagi shirome (I/1) and the mutant (i/i). A fragment of
the size predicted for the polymorphic fragment was spe-
cifically detected in Miyagi shirome (Fig. 2A and B). Se-
guence comparison between the truncated CHS3-ICHSL
and the CHSI-CHS3 clusters suggested that the truncated
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CHS3-ICHSL cluster had arisen from the CHSI-CHS3
cluster by a 1.8-kb deletion event (Fig. 2A and C). As
shown in Fig. 2C, the sequence data also indicated that an
8-bp sequence was duplicated in the DNA that underwent
the 1.8-kb deletion event. It has been reported that CHSA
or CHSS is linked to CHS3 in a tail-to-tail orientation
(Akada and Dube 1995). To further investigate the region
upstream of the truncated CHS3-1CHSL cluster, Southern-
hybridization analyses were done with probes covering
the spacer region between CHS4/CHS5 and CHS3 (probe
3 and 4, see Fig. 2A). Neither of these probes hybridized
with the 13-kb Hindlll fragment harboring the truncated
CHS3-HCHSL cluster (data not shown). This result indi-
cated that the sequence diverged in the region immediate-
ly upstream of the truncated CHS3—-ICHSL cluster as com-
pared to the upstream region of the CHS3—CHSL cluster.

Sequence comparison between ICHS1 and CHS1.1
in the Miyagi shirome genome

Sequence diversity occurred between ICHSL and CHSL
in the 3 -flanking region as well as the 5 -flanking re-
gion (Fig. 1A). Interestingly, using a CHSl-specific
primer (primer 3) and an |CHSL-specific primer (primer
5), a 2.7-kb fragment was amplified in Miyagi shirome,
the mutant and Williams (Fig. 1D). This result indicates
that another type of CHSL that includes the CHSL-specif-
ic upstream and the |CHSL-specific downstream regions
exists in these soybean genomes. In fact, this possibility
was proven to be true by direct sequencing of the 2.7-kb
amplified fragment of Miyagi shirome. Akada and Dube
(1995) reported that two types of CHSL clones were iso-
lated from the Williams genome, AGmMW83 and
AGmMW88, which differed from each other in the 3-flank-
ing regions. As shown in Fig. 1A, they determined the
nucleotide sequence of the CHS3—CHSL cluster from the
AGMW83 clone (Akada and Dube 1995), and in the
3-flanking region of CHSL a sequence homologous to
the copia-like retrotransposon was found (White et al.
1994). PCR with primers 3 and 5 amplified the 2.7-kb
fragment from the AGmW88 clone DNA, but not the
AGmMW83 clone DNA (Fig. 1D). Thus we named another
type of CHSL in Miyagi shirome and the Williams
AGmMW88 clone, and the previously reported CHSL in
the Williams AGmMW83 clone as “CHSL1" and
“CHSL.2”, respectively (Fig. 1A). Sequence comparison
between the ICHSL and CHS1.1 coding regions in the
Miyagi shirome genome revealed four nucleotide differ-
ences and, notably, one Sul-site specific to the ICHSL
coding region was gained (Fig. 2D).

RT-PCR of ICHSL and CHSL.1 transcripts
from Miyagi shirome and the mutant

Since the DNA sequence including the coding and flank-
ing regions of ICHSL is amost identical to the corre-
sponding CHSL.1 sequence, it is difficult to identify the

ICHSL-specific transcript by Northern-blot analysis.
However, the Stul-site specific to ICHSL enabled us to
distinguish between cDNAs derived from the ICHSL and
CHSL.1 mRNAs. Total RNA was extracted from hypo-
cotyls and seed coats of Miyagi shirome and the mutant.
RT-PCR was carried out with primers common to ICHS1
and CHSL.1 (primers 6 and 5, see Fig. 2D), and genomic
DNA controls were aso carried out simultaneously to
eliminate the possibility of contaminating DNA in
MRNA samples. Both ICHSL and CHS1.1 contain one
intron (122 bp), and the amplified cDNA fragment de-
rived from transcripts of these genes (1.3 kb) is smaller
than the amplified genomic PCR fragment (1.4 kb). In
hypocotyls, as shown in Fig. 2E, a single 1.3-kb frag-
ment was amplified from the RNAs of both Miyagi shi-
rome and the mutant. Each RT-PCR product was digest-
ed with Stul and electrophoresed on a 5% acrylamide
gel. As aresult, a 305-bp fragment derived from CHSL.1
was detected in Miyagi shirome and the mutant, whereas
138- and 167-bp fragments specific to ICHSL were spe-
cifically visible in samples from Miyagi shirome
(Fig. 2F). Thus ICHSL is apparently transcribed in the
hypocotyls of Miyagi shirome. By contrast, in samples
from the mutant, ICHSL specific-sized fragments were
not detected in the Stul- digested genomic and RT-PCR
product (Fig. 2F), probably due to the deletion of the
ICHSL promoter region containing the primer-6 site. In
contrast to the high level of detection in hypocotyls,
Southern-hybridization analysis of RT-PCR blot suggest-
ed that the amount of transcripts from ICHS1 and/or
CHSL.1 was very low in the immature seed coats
(Fig. 2E).

Discussion

The soybean CHS genes are encoded by a multigene
family that is composed of at least seven members
(Akada and Dube 1995). Even in one member, such as
CHSL, three types of CHS1, CHS1.1, CHS1.2 and
ICHSL, were characterized. In the yellow soybean culti-
vars with a I/l genotype, the mutation of the seed coat
pigmentation from | to i correlated with deletion of the
ICHSL region, and it has been suggested that the ICHSL
region was related to suppression of the seed coat pig-
mentation by the | alele. In the present study, we have
isolated and analyzed the ICHSL region from cv Miyagi
shirome with a I/l genotype. The remarkable features of
the ICHSL region are as follows: (1) ICHSL contains in-
tact regulatory and coding regions, and is apparently
transcribed in the hypocotyl, while the amount of the
transcripts from ICHSL and/or CHSL.1 appeared to be
very low in the immature seed coat. (2) Truncated CHS3
is closely linked to ICHSL in a head-to-head orientation,
and it is possible that this cluster region was generated
via a 1.8-kb deletion from the CHS3—CHSL cluster. In
the 3 -flanking region of CHSL.2, a sequence homolo-
gous to the copia-like retrotransposon was found, indi-
cating an ancient insertion in CHSL (White et a. 1994).



These findings suggest the possibility that, firstly, the
CHSL.1 region was duplicated and, secondly, the 1.8-kb
deletion at the 5 -upstream region, or the copia-like
retrotransposon insertion at the 3 -downstream region,
produced the ICHSL or CHSL.2 regions, respectively. (3)
In the pigmented seed coat mutant of Miyagi shirome
with ai/i genotype, although we have not identified the
deleted region, Southern-hybridization analysis indicated
that the truncated CHS3—CHSL cluster was deleted at
least in the ICHSL promoter region.

Todd and Vodkin (1996) suggested that the suppres-
sion mechanism of the seed coat pigmentation by the
dominant | allele was due to homology dependent CHS
gene-silencing. Homology dependent gene-silencing
mechanisms are generally classified into two types, tran-
scriptional gene-silencing (TGS) and post-transcriptional
gene-silencing (PTGS) (Vaucheret et al. 1998). Recently,
in both types of gene-silencing, evidence of the impor-
tance of closely spaced inverted repeat (IR) sequences
has accumulated (Bender and Fink 1995; Stam et al.
1998; Jacobsen 1999; Smith et a. 2000). The truncated
CHS3 was highly homologous (98%) and close to ICHSL
in a head-to-head orientation, so that they may constitute
aclosely spaced IR. Further investigations are needed to
elucidate the relationship between the truncated
CHS3-CHSL cluster and the suppression of the seed
coat pigmentation by the dominant | allele.
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