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Soybean seeds contain large amounts of isoflavones or phytoestrogens such as genistein, daidzein, and glycitein that display biological
effects when ingested by humans and animals. In seeds, the total amount, and amount of each type, of isoflavone varies by 5 fold
between cultivars and locations. Isoflavone content and quality are one key to the biological effects of soy foods, dietary supplements,
and nutraceuticals. Previously we had identified 6 loci (QTL) controlling isoflavone content using 150 DNA markers. This study aimed
to identify and delimit loci underlying heritable variation in isoflavone content with additional DNA markers. We used a recombinant
inbred line (RIL) population (n = 100) derived from the cross of “Essex” by “Forrest,” two cultivars that contrast for isoflavone
content. Seed isoflavone content of each RIL was determined by HPLC and compared against 240 polymorphic microsatellite markers
by one-way analysis of variance. Two QTL that underlie seed isoflavone content were newly discovered. The additional markers
confirmed and refined the positions of the six QTL already reported. The first new region anchored by the marker BARC Satt063
was significantly associated with genistein (P = 0.009, R2 = 29.5%) and daidzein (P = 0.007, R2 = 17.0%). The region is located
on linkage group B2 and derived the beneficial allele from Essex. The second new region defined by the marker BARC Satt129 was
significantly associated with total glycitein (P = 0.0005, R2 = 32.0%). The region is located on linkage group D1a+Q and also derived
the beneficial allele from Essex. Jointly the eight loci can explain the heritable variation in isoflavone content. The loci may be used to
stabilize seed isoflavone content by selection and to isolate the underlying genes.

INTRODUCTION

Soybean seed products contain a wide variety of
bioactive phytochemicals (eg, isoflavones, saponins,
phytic acids, phytosterols, trypsin inhibitors, phenolic
acids, peptides, etc) [1, 2, 3]. Among these, the plant es-
trogens genistein, daidzein, and glycitein are a major fo-
cus of medical research. Isoflavonoids and other phytoe-
strogenic compounds have been shown to inhibit vari-
ous processes during carcinogenesis [1] such as mutation
[2], proliferation of cancer cell lines [4], viral promotion
[5], and angiogenesis [6]. Tumor numbers are reduced
in animals after treatment with soy products [7] or after
treatment with soy isoflavonoids [8, 9]. Soy phytoestro-
gens are being implicated in a reduced risk of breast and
prostate cancer, cardiovascular disease, and osteoporosis
[10, 11, 12, 13, 14, 15, 16, 17]. Phytoestrogens can also
be used for low estrogen soybean of benefit to young fe-
males (aged 0–6), mammary carcinoma patients, zoolog-
ical animals on soybean supplement, and human males.

Additionally, different phytoestrogens can have opposite
effects on animal reproduction and growth [18, 19]. The
biological effects of these isoflavones appear to depend on
species, genotype, age, purity, dose, and cofactors [20].

All soybean organs can produce isoflavones in re-
sponse to stress, but the seeds are the major site of synthe-
sis for storage. In inheritance studies with diverse culti-
vars, heritabilities of seed isoflavone amounts range from
20%–40% [21]. In a recombinant inbred line (RIL) pop-
ulation, the heritability of isoflavones ranged from 22%
for genistein to 79% for daidzein and 88% for glycitein
[22]. The environmental interactions cause the amount of
isoflavones in soybean seed varies five fold among years,
environments, and genotypes [21, 22]. However, DNA
markers closely linked to the 6 loci controlling isoflavone
content can be used to double content and reduce vari-
ability in isoflavone content by 2–4 fold [22].

Many genes involved in the production of isoflavones
from phenylalanine have been isolated and over-expressed
in transgenic plants [23]. A key point enzyme in pathway
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regulation seems to be isoflavone synthase (P450) in-
volved indirectly in both the genistein and daidzien
biosynthesis pathways. The gene was isolated and shown
to be differently regulated in seeds and vegetative organs
[23, 24]. Transgenic plants overexpressing the enzyme in
soybean and Arabidopsis did produce a significant increase
in leaf and seed phytoestrogen content [23] but less than
the fold increase in protein abundance. Therefore, the loci
that control the amount of phytoestrogen produced in
nontransgenic plants may also regulate production dur-
ing transgene-driven synthesis.

The purpose of this study is to identify new genetic
markers that are linked to loci conditioning variation in
daidzein, genistein, and glycitein. This genetic informa-
tion would then be used in plant breeding to develop soy-
bean varieties that have high and reliable concentrations
of beneficial isoflavones.

MATERIALS AND METHODS

Plant material

The study involved 100 RILs from “Essex × Forrest”
[22, 25]. Soybean seeds were planted in two different envi-
ronments in southern Illinois over two years (1996, 1997)
in a randomized complete block (RCB) array as described
in [22].

Isoflavone extraction

Isoflavones were extracted from each RIL. Within
location, replicates were pooled before extraction. Iso-
flavone contents were determined by high performance
liquid chromatography (HPLC) as described in [22].

DNA isolation

RILs were grown in the greenhouse; 3 g of leaves were
collected from 5 to 6, 2-week-old seedlings and immedi-
ately frozen in liquid nitrogen. The leaves were ground in
liquid nitrogen into a very fine powder and DNA was ex-
tracted as described in [22]. DNA concentration was mea-
sured by a fluorometer and diluted to 15–30 ng/µL for fur-
ther use in PCR reactions. The two subpopulations were
assayed separately and the results pooled.

Microsatellite amplification

Microsatellite markers from the 20 linkage groups of
the soybean genetic map were tested for polymorphism
between Essex and Forrest [26]. The primer pairs were
purchased from Research Genetics, Inc, (Huntsville, Ala,
USA). The PCR amplifications were performed in 96-well
microtitre plates using a Perkin Elmer (Foster City, Calif)
GeneAmp 9600 as described [22]. Two negative controls
(with no template DNA), along with the two parents DNA
as positive controls, were included in all the amplification
sets. Marker scores were repeated on 3 occasions by 2 op-
erators. Only unequivocal scores were accepted to reduce
or eliminate marker scoring errors.

Data analysis

Polymorphic DNA markers were compared against all
traits by a one-way analysis of variance (SAS Institute Inc,
Cary, NC; see [25]). The probability of association of each
marker with each trait was determined and a significant
association with an interval was declared if marker(s) in
that interval were associated at P ≤ 0.0005 because we
calculated an approximate Bonferroni correction as P <
0.05/100 for the set of independent (unlinked or greater
than 10 cM apart) DNA markers. Allowing for the gaps
greater than 10 cM in the map, we also accept P < 0.009
as a significant association if the interval was flanking a
single marker. Precedents with mapping other traits have
shown these criteria to be valid [22, 25, 27].

MapMaker-EXP 3.0 was used to estimate map dis-
tances (cM, Haldane units) between linked markers [22].
The log10 of the odds ratio (LOD) for grouping mark-
ers was set at 2.0 and maximum distance was 30 cM. Trait
data and marker map were simultaneously analyzed with
MapMaker/QTL 1.1 using the F2-backcross genetic model
for trait segregation [22, 25] to identify the approximate
position of QTL within intervals. Putative QTL were in-
ferred when the LOD score exceeded 2.0 at some point in
each interval. The position of the QTL was inferred from
the LOD peaks at individual loci detected by maximum
likelihood test at positions every 2 cM between adjacent
linked markers.

RESULTS

Polymorphism and linkage

A total of 600 microsatellite markers were tested and
240 were found to be polymorphic within the Essex× For-
rest population. Two hundred and one markers formed
22 linkage groups. By assuming all microsatellite markers
map to a single locus in all soybean cultivars, the markers
could all be anchored to the 20 linkage groups of soybean
[26]. The linked markers encompassed about 2990.4 cM
with an average distance of 26.4 cM between markers [28].
The remaining 39 markers were not linked but do map to
known locations in the soybean genome [26]. This cover-
age is comparable to the known recombination distances
of about 2500–3000 cM within 20 linkage groups [26, 29].
The order of markers was consistent with that reported
for the soybean genome [26]. Marker content ranged from
three on linkage groups J and A1 to 22 on linkage group
G [28].

Genomic regions associated
with isoflavone content

To test the effect of seed storage on soybean isoflavone
content, seeds from two subpopulations, 40 and 60 RILs,
from the same generation were analyzed by HPLC in two
consecutive years. All QTL that were detected in any sub-
population are reported because the marker map is sparse
in some regions and real QTL may otherwise not be re-
ported [25].
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Table 1. DNA markers and intervals most likely to be associated with QTL for seed isoflavone content across two environments. LG:
linkage group. LODa indicates how much more probable the data are to have arisen assuming the presence of a locus than assuming
its absence; LOD threshold = 2.0. QTL Varb: amount of variation in the phenotype explained by the DNA marker using MapMaker
QTL. Isoflavone amounts for all the aglycones of daidzein (Daid), genistein (Gen), and glycitin (Gly) are given in micrograms per
gram dry weight.

Marker LG Trait P > F R2 (%) LODa QTL Varb
Mean ± SEM

Essex Forrest

BARC Satt063 B2
Gen60 0.0090 29.5 2.9 38.0 1085.7 ± 13.3 950.0 ± 11.2

Daid 0.0070 17.0 2.0 16.9 1427.3 ± 11.6 1206.2 ± 11.3

BARC Satt129 D1a+Q Gly40 0.0005 32.0 3.6 34.3 230.0 ± 23 180.0 ± 10.5

LG B2

Sat83

Satt083

Satt122

Gen LOD = 2.9
Daid LOD = 2.0

Satt063

Satt560

Satt534

Satt318

10 cM

LG D1a + Q

Satt267

Satt320
Satt504 (0.0)
Satt436

Satt071

Satt408

TGly LOD = 3.6

Satt129

Figure 1. Locations of DNA markers and the two new QTL in regions conditioning soybean seed isoflavone amount. The new
QTL were assigned to regions of linkage groups B2 and D1a+Q on the soybean genetic map [26, 30]. Genetic distances were from
the recombinant inbred line function of MapMaker/Exp 3.0. The estimated positions of the QTL are shown to be based on interval
mapping using MapMaker/QTL1.1. The QTL LOD score is the peak LOD score of the interval showing association with seed isoflavone
content. Gen: genistein; Daid: daidzein; TGly: total glycitein.

Subpopulation of 40 RILs

Using subpopulation of 40 RILs with data from
pooled plot replicates, one new chromosomal region was
found to contain a QTL for seed isoflavone content
(Table 1 and Figure 1). The new region defined by the
marker BARC Satt129 was significantly associated with
total glycitein (P = 0.0005, R2 = 32.0%). The region had
an LOD score of 3.6 and explained about 34.3% of the to-
tal variation in glycitein content. The region was located
on linkage group D1a+Q and derived the beneficial allele
from Essex. We also confirmed the positions of the two re-
gions previously reported (Meksem et al [22]) on linkage
group B1 but we added a new marker BARC Satt415 that
was significantly (P = 0.0001, R2 = 50.0%) associated
with total glycitein content. The region had an LOD score
of 5.3 and explained nearly 50.3% of the total variation in
glycitein content (Table 2 and Figure 2).

Subpopulation of 60 RILs

Using the subpopulation of 60 RILs, with data from
pooled plot replicates, a second new chromosomal re-
gion was found to contain QTL for seed isoflavone
content (Table 1 and Figure 1). The new second region
defined by the marker BARC Satt063 was significantly
associated with genistein (P = 0.009, R2 = 29.5%)
and daidzein (P = 0.007, R2 = 17.0%). The region
had an LOD score of 2.9 and explained about 28.0%
of the total variation in genistein content. The same
region had an LOD score of 2.0 and explained about
16.9% of the total variation of daidzein content. The
region is located on linkage group B2 and derived the
beneficial allele from Essex. The positions of the re-
gions previously reported (Meksem et al [22]) on link-
age groups B1, H, and N (Table 2 and Figure 2) were con-
firmed.
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Table 2. DNA markers and intervals containing QTL for seed isoflavone content across two environments (Meksem et al [22]).
∗New markers (BARC Satt415 and BARC Sct26) mapped recently on linkage group B1 and associated with the QTL that underlie
seed isoflavone content. Isoflavone contents for all the aglycones of daidzein (Daid), Genistein (Gen), and Glycitin (Gly) are given in
micrograms per gram dry weight.

Marker LG Trait P > F R2 (%) LODa QTL Varb Mean ± SEM

Essex Forrest

BARC Satt276 A1 Daid 0.008 9.6 2.7 27.1 1258 ± 42 1280 ± 35

BARC Satt197 B1

Gly 0.0001 41.2 8.8 38.4 237.8 ± 12.3 176.4 ± 10.0

Gly40 0.0001 50.0 4.3 45.2 234.6 ± 11.5 166.0 ± 10.8

Gly60 0.0001 35.4 4.9 37.0 239.8 ± 12.1 184.7 ± 12.8

BARC Satt251 B1

Gly 0.0001 50.2 11.8 49.0 242.0 ± 6.6 175.0 ± 4.3

Gly40 0.0001 50.0 5.3 53.3 236.0 ± 12.4 171.0 ± 6.9

Gly60 0.0001 50.0 6.8 48.0 244.6 ± 8.1 179.5 ± 5.7

BARC Satt415∗ B1

Gly 0.0001 41.2 8.2 36.4 237.8 ± 10.3 176.4 ± 11.0

Gly40 0.0001 50.0 3.9 41.0 234.6 ± 13.5 166.0 ± 12.8

Gly60 0.0001 35.4 4.5 35.1 239.8 ± 12.1 184.7 ± 13.8

BARC Sct26∗ B1 Gly 0.0001 21.0 2.3 21.3 240.0 ± 6.4 175.4 ± 11.0

BARC Satt302 H
Gly 0.0082 9.5 2.0 11.7 219.5 ± 11.4 191.3 ± 10.8

Gly60 0.0034 19.5 2.0 21.7 236.2 ± 12.8 194.4 ± 11.4

BARC Satt260/555/178 K Daid 0.008 21.3 2.1 25.3 1460 ± 81 1197 ± 53

BARC Satt237 N
Gly 0.0033 11.1 2.3 20.0 211.0 ± 6.6 182.0 ± 5.7

Gly60 0.0090 14.6 2.1 31.2 219.8 ± 6.8 186.1 ± 6.2

BARC Satt080 N Daid 0.0023 10.3 3.5 23.9 1230.0 ± 29 1381 ± 40

LG B1
Satt128∗

Satt251
Satt197

Gly LOD = 10.6
Satt415∗

Sct26∗

Satt509∗
Satt583∗

Satt359∗
Satt123∗

LG A1

Satt276
Daid LOD = 2.7

Satt165

Satt385∗

Satt376

PC3∗

10 cM

LG H

Sat 122∗

Gly LOD = 2.0
Gen LOD = 1.7
Satt302

Satt293

Satt317∗

Satt434∗

LG K
Satt167∗

Satt337∗
Satt326∗
Sat 116

Satt001∗
Satt240

Daid LOD = 2.1

Satt260/555∗/178∗

Satt137∗

LG N

Satt159∗/152∗

Satt530∗

Satt485∗

Daid LOD = 3.2
Satt080

Satt387

Gly LOD = 3.2
Satt237

Figure 2. Locations of microsatellite markers and QTL that underlie soybean seed isoflavone amount in regions of the soybean genetic
map. The QTL LOD score is the peak LOD score of the interval showing association with seed isoflavone content. LOD scores for the
intervals are given. ∗New microsatellite markers mapped [28] compared to the previous map (Meksem et al [22]). Where marker
orders disagree with the Soybase composite map (B1 and K), the most likely map from the Essex × Forrest data was used. Gen:
genistein; Daid: daidzein; TGly: total glycitein.

The pooled population of 100 RILs

Using the whole population of 100 RILs, with data
from pooled plot replicates, one additional chromoso-
mal region was found to contain QTL for seed isoflavone

content (Table 1 and Figure 1). This was the same region
found using subpopulation of 60 RILs with data from
each plot replicate. The region defined by the marker
BARC Satt063 was significantly associated with daidzein
(P = 0.007, R2 = 17.0%) and genistein (P = 0.009,
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Table 3. Table of some selected soybean genotypes from 100 recombinant inbred lines and their phytoestrogen contents showing the
QTL associations with beneficial alleles. Essex alleles are indicated A, Forrest alleles are B. Isoflavone contents for all the aglycones of
daidzein (Daid), Genistein (Gen), and Glycitin (Gly) are given in micrograms per gram dry weight.

Linkage group B1 N-QTL1 K N-QTL2 A1 H B2 D1a+Q All

Phytoestrogen Gly Gly Gly & Gen Daid Daid Gly Gen & Daid Gly All Contents as measured

Beneficial All. A A A B B A A A All

Marker Satt251 Satt237 Sat 116 Satt080 Satt276 Satt302 Satt063 Satt129 Total Daid Gen Gly Total

RIL 52 A A A B B A A H 7.5 2181 1321 256 3759

RIL 81 B A A B B A A B 6 2033 1249 213 3496

RIL 12 A A A B B A H B 6.5 1659 1329 267 3255

RIL 23 B A A B A A H B 4.5 1827 1222 167 3218

RIL 34 B A B B A B H B 3.5 1474 1005 307 2787

RIL 7 H B B B B B H H 2.5 1575 1009 184 2769

RIL 5 A A A H B B H H 3.5 1339 1189 222 2750

RIL 73 A B A A H B A A 3.5 1377 1121 244 2742

RIL 47 H B B B A B H B 2.5 912 834 143 1889

RIL 43 B B B B A B H H 2 882 771 209 1862

RIL 89 B B B B A A B B 1 1002 695 125 1822

RIL 85 B B B A B A B H 1.5 874 763 136 1774

R2 = 29.5%). The region had an LOD score of 2.0 and
explained about 16.9% of the total variation of daidzein
content. The region had an LOD score of 2.9 and ex-
plained about 28.0% of the total variation in genistein
content. The region is located on linkage group B2 and
derived the beneficial allele from Essex. The positions of
the regions previously reported (Meksem et al [22]) on
linkage groups A1, B1, H, K, and N (Table 2 and Figure 2)
were confirmed.

DISCUSSION

Testing a larger number of microsatellite markers in-
creased the sampling of the soybean genome. Thereby,
two additional chromosomal regions containing QTL
for seed isoflavone amount were discovered on linkage
groups B2 and D1a+Q. The positions of the regions pre-
viously reported [22] on linkage groups A1, B1, H, K,
and N were confirmed and delimited. The identifica-
tion of eight loci controlling the accumulation of spe-
cific isoflavone suggests that it is possible to combine a
high glycitein amount (Essex trait) with high daidzein
and genistein amounts (Forrest traits) in a single cultivar
(Table 3).

Seed isoflavone content was reported to be variable
among soybean cultivars grown in different locations and
crop years [31]. High temperature during the seed filling
stage was also linked to the amount of isoflavones in seeds
[32]. In order to identify stable QTL that underlie stable
isoflavone amounts across environments and crop years,
seeds from the Essex × Forrest RIL population were an-

alyzed in two consecutive years; the first year we deter-
mined the isoflavone content of a subpopulation of 40 in-
dividuals at each of 2 years and locations then produced
a mean isoflavone content value. In the second year we
analyzed 60 individuals with pooled samples from 2 years
and 2 locations. All QTL identified in the subpopulation
of 60 individuals were confirmed in the subpopulation of
40, however, the reported QTL on linkage group D1a+Q,
identified by BARC Satt129, failed to show an association
with the glycitein amount in the subpopulation of 60. We
expect this is caused by sampling error in a small popula-
tion not by changes in isoflavone amount due to storage.

Five of the eight regions were found to control
soybean seed glycitein content, four controlled seed
daidzein content, and two controlled genistein. Two loci
controlled two traits. The new region defined by the
marker BARC Satt063 and located on linkage group B2
controlled both seed genistein and seed daidzein. The
region located on linkage group B1 and defined by the
markers BARC Satt197, Satt251 and Satt415 controlled
both seed glycitein and total glycitein contents. These two
regions had a consistently strong effect on soybean seed
genistein, daidzein, and glycitein contents and could be
candidates for positional gene isolation [33].

Considering the possibility of interacting genes and
QTL (Figure 3), we examined the Soybase for candi-
dates in the intervals associated with seed isoflavone
content. Associations of the loci with other traits were
noted. The region located on linkage group N defined by
the marker BARC Satt080, significantly associated with
daidzein [22], was also reported to contain a QTL for
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Phenylalanine

Phenylalanine ammonia lyase

cinnamate

Cinnamate 4-hydroxylase
p-coumarate

4-coumarate:CoA ligase

p-coumaroyl-CoA

Lignin

Chalcone synthase
+

Chalcone reductase
Chalcone synthase

4, 2′, 4′-trihydroxychalcone 4, 2′, 4′, 6′-tetrahydroxychalcone

Chalcone isomerase

7, 4′-dihydroxyflavanone

(Liquiritigenin)

5, 7, 4′-trihydroxyflavanone

(Naringenin)

Isoflavone synthase

Flavone

Flavone synthase

Flavanone 3-hydroxylase

Dihydroflavonol

Dihydroflavonol reductase7, 4′-dihydroxyisoflavone

(Daidzein)

Medicarpin
(Alfalfa,

chickpea)

Glyceollins
(Soybean)

(Glycitein)

5, 7, 4′-trihydroxyisoflavone

(Genistein)

Kievitone

(Phaseolus vulgaris)

Flavonol
Flavonol synthase

Flavan-3, 4-diol

Proanthocyanidin synthase

3-hydroxyanthocyanidin

UDP-glucose:flavonoid
3-O-glucosytransferase

Anthocyanin

Vacuole
transport

Glutathione S-transferase

Figure 3. A partial diagram of the phenylpropanoid pathway showing intermediates and enzymes involved in isoflavone synthesis, as
well as some branched pathways. The enzymes in bold are encoded by genes expressed as transgenes in Yu et al [46]. Genes encoding
the underlined enzymes have been shown to be activated in maize by C1 and R. Dotted arrows represent multiple steps. Enzymes are
indicated in italics (adapted from [24, 46]). Glycitein (a glyceollin) is hypothesized to be made from daidzein in a multistep process
(hydroxylation, oxidation, and acetylation) see Figure 4.

soybean sudden death syndrome and the pod gene L2
[21]. The region located on linkage group N defined by
the marker BARC Satt237, significantly associated with
glycitein [22], was also reported to contain three seed
storage protein genes Gy1, Gy2, and Gy6 [3]. The re-
gion located on linkage group K, identified by the marker
BARC Satt337, and significantly associated with daidzein,
was also found to be associated with high soybean yield
[34]. The region located on linkage group H defined by
the marker BARC Satt237, significantly associated with
glycitein and genistein [22], was also reported to contain
two genes controlling pubescense density and seed hy-
droperoxide lyase.

QTL for resistance to sclerotinia stem rot [35], iron
efficiency [36], were identified and mapped 5 cM from
the QTL identified by the marker BARC Satt129 on L.G.
D1a+Q. QTL for plant height [37] and lodging [38] were
also identified and mapped 20 and 40 cM, respectively,
from the same region. At 5 cM around the region, on L.G.
B2, a gene for linolenic acid amount in seed, QTL for iron
efficiency of plants [39] and oleic acid amount in seed
[40] were identified and mapped. No evidence for logi-
cal relationships between the QTL for seed isoflavone and

the other traits could be inferred (Figure 3) although sev-
eral seed trait genes and QTL seemed clustered with the
isoflavone QTL. No evidence for ESTs that encoded en-
zymes in the biosynthetic pathways (Figure 3) mapping to
the eight intervals was found (in October 2003).

The detection of QTL with large effects for glycitein
and daidzein content and fewer QTL with smaller effects
for genistein content of soybean may reflect the heritabil-
ity, environmental stability [22, 36], or the number of
loci controlling the traits. Glycitein has been shown to
be an active phytoestrogen [41], in some assays exceed-
ing the activity of genistein. Therefore, increased glycitein
amounts in seed can have a utility. The ability to sta-
bilize [31] phytoestrogen amount is important to soy-
bean value (Table 3). The ability to manipulate both pro-
file and total isoflavone content of soybean using the
eight markers reported here and at the same time ma-
nipulate the amounts of other bioactive factors [3, 42,
43, 44] will become increasingly important. Improved
soybean varieties that produce high amounts of bene-
ficial chemicals can lead both to new understanding of
and new types of nutraceuticals and dietary supplements
[45, 46].
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Figure 4. Chemical structures of five phytoestrogens and their common conjugates.
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