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Abstract
Proanthocyanidins and anthocyanins derived from the phenylpropanoid pathway most likely play a
protective role from pathogens and UV light exposure within the plant, but are now attracting attention
because of the medicinal and nutritional values due to their antioxidant properties and flavors. Three
independent loci (I, R, and T) distinct from flower color-controlling loci control pigmentation of the seed
coats in soybean (Glycine max) and several loci including W1, W3, and Wp control flower colors. The
objectives of this study were to develop PCR-based molecular markers cosegregating with the genetic loci
controlling the anthocyanin biosynthesis using public soybean EST and genomic sequence data. We have
developed molecular markers from all major soybean anthocyanin biosynthetic genes and have shown their
associations with the above mentioned genetic loci.
Key Words
Anthocyanin, flower color, proanthocyanidin, seed coat color, soybean
Introduction
Colors are one of the earliest genetically studied characters ever since Mendel. All genetic studies made on
soybean (Glycine max (L.) Merr.) early 1900s after rediscovery of Mendel’s law had been concerned with
the color characters (Woodworth, 1921). Flower, seed coat and pubescence colors of soybean have provided
little practical implications except the use as markers to ascertain a success in crossing. Several recent
studies have revolved on partial seed coat pigmentation as results of chilling stress or viral diseases, because
the pigmentation degrade the external appearance of soybean seeds and reduce their commercial value (e.g.
Gore et al., 2002; Senda et al., 2004). But natural products that cause colors including flavonoid and
anthocyanins are now attracting attention because of their medicinal and nutritional values due to their
antioxidant properties and flavors (reviewed in Dixon and Sumner, 2003). Most soybean cultivars grown
and consumed throughout the world today has yellow (also called colorless) seed coat while most known
accessions of the wild progenitor, G. soja, have black or, rarely, brown seed coat. Thus, although
domestication history of soybean have not been well documented, the appearance of seed coat color
apparently suggests that ancient farmers preferred yellow soybean seed coats over the course of soybean
domestication, as recently documented to the very strong, positive selection by ancient farmers for a single
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white mutant allele for the change in pericarp color from red to white over the course of rice domestication
(Sweeney et al., 2007). Thus, studies of color in practical aspects should direct to both ways that remove or
add color. Pigmentation of flower and seed coat is caused by the deposition of various flavonoids in the
respective tissues in soybean. So far, alleles of at least 5 genetic loci (I, T, W1, R, and O) are known to act
epistatically to control seed coat pigmentation and 5 genetic loci (W1, W3, W4, Wm, and Wp) flower
pigmentation (reviewed by Palmer et al., 2004). The objective of this study was to develop high throughput
molecular markers cosegregating with genes or loci affecting biosyntheses of anthocyanins in soybean. The
different flower and seed coat colors may reflect mutations affecting enzymes at different steps of the
anthocyanin biosynthetic pathway. Therefore, we have developed markers using sequence information from
genes involved in the anthocyanin metabolic pathway. The markers will facilitate for the marker-assisted
selection of the seed coat color traits in a breeding program.
Materials and methods
A population of 112 F12 recombinant inbred lines generated by an interspecific cross between a Glycine max
line 'Hwangkeum' and a G. soja Siebold & Zucc. line ‘IT182932' (HI population) was used to construct a
framework map consisting of 20 soybean linkage groups and subsequently to determine a genetic map
location of anthocyanin biosynthetic genes. Sequence-based markers were developed from various sources of
gene sequence information.
Results and discussion
Three independent loci (I, R, and T) control biosynthesis of the pigments determining the seed coat colors in
soybean and are distinct from those controlling flower color. The I locus locates at a region containing a
cluster of chalcone synthase (CHS) genes on soybean linkage group A2 (Todd and Vodkin, 1995) and
controls distribution of anthocyanin and proanthocyanidin pigments. The dominant I allele completely
exhibits colorless seed coat phenotype due to dominance inhibition. The soybean BAC clone 104J7
(BAC104J7) spanning the I locus was completely sequenced and annotated (Clough et al., 2004). The BAC
clone (BAC104J7) sequence that harbors an inverted perfect repeat cluster of CHS genes comprising the I
locus was used to generate three microsatellite markers. Linkage mapping confirmed that these markers are
located at the same position as the I locus in molecular linkage group A2.
The R and T loci control specific seed coat color such as black (i, R, T), imperfect black (i, R, t), brown (i, r,
T), or buff (i, r, t) by determining types of the anthocyanin and proanthocyanidin pigments. The R locus
locates on soybean linkage group K (Lark et al., 1993). However, molecular nature of the R locus has not
been determined to date. The T locus locates on soybean linkage group C2.

Cloning and mapping of the

soybean flavonoid 3'-hydroxylase (F3’H) gene revealed that the F3’H gene is cosegregating with the T locus
(Toda et al., 2002; Zabala and Vodkin, 2003). We used the genomic sequences of the F3’H genome
sequence for the development of markers. Linkage mapping confirmed that the markers are located at the
same position as the T locus in molecular linkage group C2.
Most cultivars have either purple (W1W1) or white (w1w1) flowers. Biochemical genetics pointed to
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flavonoid 3’5’-hydroxylase (F3’5’H) as a likely candidate of W1-encoding gene. In this study, we used the
F3’5’H cDNA sequence with GenBank accession no. AY117551 deposited by Liao et al. in 2003, which is
the same sequence used by Zabala and Vodkin (2007). The genomic DNA sequences corresponded to parts
of first and second exons and first intron of the F3’5’H genomic DNA sequence reported by Zabala and
Vodkin (2007) and revealed three polymorphic loci.
Magenta and pink flower colors results from the W1_wmwm and from the W1_wpwp genotypes, respectively
(Palmer et al., 2004). The Wp locus, which changes a purple-flowered phenotype to pink in soybean, was
reported to encode flavonoid 3-hydroxylase (F3H) 1 gene on the bases of cDNA microarrays and the
analyses of purple and pink flower isolines and a Tgm-Express1-insertion line (Zabala and Vodkin, 2005).
However, genetic linkage relationship of the F3H gene with public molecular markers has not been
determined. The genomic DNA sequences of the F3H1 and F3H2 genes were used to generate molecular
markers, respectively. Both markers cosegregated in the HI population.
The genotype W1_W3_w4w4 produces the purple-throat phenotype (also known as dilute purple), and the
genotype W1_w3w3w4w4 produces the near-white phenotype. The W3 locus, which controls the production
of the purple-throat phenotype in the genotype W1_W3_w4w4 and of the near-white phenotype in the
genotype W1_w3_w4w4, was reported to cosegregate with the pDFR200, which contains part of the
dihydroflavonol 4-reductase 1 (DFR1) sequence, on the bases of RFLP analysis. (Fasoula et al., 1995). In an
effort to develop markers from DFR genes, we found three paralogous DFR genes and developed markers
from all three genes. The three genes mapped on three different LGs. Interestingly, markers developed from
the DFR2 sequence mapped between Satt386 and Sct_137 on MLG D2, which is corresponding to the
genetic location of the W4 locus (Xu and Palmer, 2005).
The markers presented in this report should facilitate markers-assisted selection of seed coat colors in
molecular breeding programs and, in addition, play an important role in further elucidation of anthocyanin
biosynthetic mechanism in soybean. The soybean genome, which is widely regarded as an ancient
diploidized tetraploid (Shoemaker et al. 1996), has undergone extensive rearrangement and additional
duplications since the initial polyploidization (Lee et al. 2001). Thus, even in case that a gene encoding a
genetic locus was cloned in other plants, mapping of a candidate gene cosegregating with a genetic locus in
soybean was not straightforward and required development of markers from highly homologous but unlinked
gene family members consisting of 2 or more genes. Future research will be directed to the development of
markers cosegregating with the R locus so that breeders can design which soybean seed coat color their new
soybean cultivars have.
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