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Abstract Daily consumption of cadmium (Cd) contami-

nated foods poses a risk to human health. Cultivar selection

is an important method to limit Cd uptake and accumula-

tion, however, analyzing grain Cd concentration is costly

and time-consuming. Developing markers for low Cd

accumulation will facilitate marker assisted selection

(MAS). Inheritance studies using a threshold value of

0.2 mg kg-1 for low and high and an F2:3 population

showed that low Cd accumulation in soybean seed is under

the control of a major gene (Cda1, proposed name) with

the allele for low accumulation being dominant. A

recombinant inbred line (RIL) population (F6:8) derived

from the cross AC Hime (high Cd accumulation) and

Westag-97 (low Cd accumulation) was used to identify the

DNA markers linked to Cda gene(s) or quantitative trait

loci (QTLs) controlling low Cd accumulation. We screened

171 simple sequence repeat (SSR) primers that showed

polymorphism between parents on the 166 RILs. Of these,

40 primers were newly developed from the soybean

genomic DNA sequence. Seven SSR markers, SatK138,

SatK139, SatK140 (0.5 cM), SatK147, SacK149,

SaatK150 and SattK152 (0.3 cM), were linked to Cda1 in

soybean seed. All the linked markers were mapped to the

same linkage group (LG) K. The closest flanking SSR

markers linked to Cda1 were validated using a parallel

population (RILs) involving Leo 9 Westag-97. Linked

markers were also validated with diverse soybean geno-

types differing in their seed Cd concentration and showed

that SSR markers SatK147, SacK149, and SattK152 clearly

differentiated the high and low Cd accumulating genotypes

tested. To treat Cd uptake as a quantitative trait, QTL

analysis using a linkage map constructed with 161 markers

identified a major QTL associated with low Cd concen-

tration in the seeds. The QTL was also mapped to the same

location as Cda1 on LG-K. This QTL accounted for 57.3%

of the phenotypic variation. Potential candidate genes

(genes with known or predicted function that could

influence the seed Cd concentration) like protein kinase,

putative Adagio-like protein, and plasma membrane H?-

ATPase were found to be located in the locus of interest.

Of the four SSR markers located in the region, SattK152

was localized in the plasma membrane H?-ATPase gene.

SSR markers closely linked to Cda1 in seeds of soybean

were identified and have potential to be used for MAS to

develop low Cd accumulating cultivars in a breeding

program.
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Introduction

Cadmium (Cd) is a major pollutant metal that is highly

toxic to living organisms. Vast areas of agricultural soils

are contaminated with Cd through the use of super phos-

phate fertilizers and sewage sludge, and inputs from mining

and smelting industries (McGrath et al. 2001). Cd2? is

readily taken up by roots and can be translocated into aerial

organs, where it affects photosynthesis and consequently

root and shoot growth. Cadmium can accumulate in

the human body leading to a risk of chronic toxicity

with excessive intake (http://www.accessscience.com/

studycenter.aspx?main=9&questionID=4978). In humans

it can damage kidneys, causing a loss of calcium and

associated osteoporosis (Kazantzis 2004). The international

standard for cadmium concentration in foods has been

discussed by the Codex Alimentarius Commission of FAO/

WHO due to the growing concern about the safety of foods

and human health. The Codex committee on food additives

and contaminants has proposed an upper limit of

0.2 mg kg-1 for cadmium concentration in soybean grain

(Codex Alimentarius Commission 2001); thus, minimizing

the intake of cadmium and other heavy metals from food

grains is an important health issue. Cultivar selection is an

attractive method for changing the trace element profile of

crops, as the benefit will persist in the seed and can reduce

the requirement for other management techniques such as

fertilization management or crop rotations. Furthermore,

supplies of high-quality, low Cd phosphate rock is limited

and its use has economic trade-offs (Cupit et al. 2002).

The level of Cd in grain may be affected by the three

transport processes most likely to mediate Cd accumula-

tion in the shoots and, subsequently, in the seeds: (i)

uptake by roots, (ii) xylem-loading-mediated translocation

to shoots, and (iii) further translocation to seeds via the

phloem (Clemens et al. 2002). Cd translocation from roots

to shoots is driven by transpiration in leaves (Salt et al.

1995). In durum wheat, it is suggested that Cd accumu-

lation in grains may occur via phloem (Hart et al. 1998).

High Cd accumulation levels in durum wheat grain may

be partially due to the elevated translocation of Cd from

leaves and stems to maturing grain (Harris and Taylor

2001; Chan and Hale 2004) or directly from root to

shoots (Greger and Löfstedt 2004). Cadmium concentra-

tion in rice grain is positively correlated with Cd accu-

mulation in the plant and the Cd distribution ratio from

aerial parts to the grain (Liu et al. 2007; Kashiwagi et al.

2009). Florijn and Van Beusichem (1993) distinguished

two groups of maize inbred lines; a group with low shoot

but high root Cd concentrations (‘shoot Cd excluder’) and

a group with similar shoot and root cadmium concentra-

tions (‘non-shoot Cd excluder’). Cd accumulation in the

edible parts is thus likely to be controlled by the general

translocation properties of leaves, stems and roots via the

xylem and phloem.

The fact that genetic variability exists within a species

with the tendency to accumulate Cd provides an opportu-

nity to utilize plant breeding to select for genetically low

Cd concentration. Although genotypic differences in Cd

concentrations have been studied in a range of crops, only

limited efforts have been made in the past to utilize plant

selection or breeding to reduce Cd in crops. Now, because

of market forces and concerns for human health,

researchers have placed greater emphasis on producing low

Cd cultivars of several grain crops (Grant et al. 2008).

Genetic variability for cadmium uptake has been reported

in soybean (Reddy and Dunn 1986; Bell et al. 1997; Arao

and Ae 2001; Arao et al. 2003; Ishikawa et al. 2005a;

Morrison 2005; Arao and Ishikawa 2006). The seed cad-

mium concentration of certain genotypes was found con-

sistently low under all field and soil conditions. Cadmium

concentration in young tissue of the soybean correlated

well to the final Cd concentration of the mature seed, which

would facilitate breeding (Arao and Ishikawa 2006). Based

on the importance of soybean as a staple food crop,

development of low Cd soybean cultivars should be a pri-

ority (Arao et al. 2003; Ishikawa et al. 2005a; Morrison

2005; Arao and Ishikawa 2006).

While cultivar selection can be effective in reducing the

potential Cd concentration in crops, there are still constraints

in utilizing this approach to produce low Cd cultivars.

Development and testing of a new cultivar is time-con-

suming because the low Cd characteristic must be incorpo-

rated into a cultivar that has acceptable characteristics for

yield, agronomic suitability, quality and disease resistance.

Moreover, the chemical analysis required to select for low

Cd accumulation is expensive. An ability to detect and select

for genetic differences in Cd concentration at an early

growth stage will reduce the time and cost of a breeding

program (Arao and Ae 2001; Archambault et al. 2001; Arao

and Ishikawa 2006, Stolt et al. 2006). Marker assisted

selection (MAS), the use of molecular markers linked to a

desired gene, could be an alternative to phenotyping.

Simple sequence repeats (SSRs), also known as micro-

satellites, have become important tools for a broad range of

application such as genome mapping and genetic diversity

studies. More than 1,810 genetically mapped SSR markers

are available to soybean breeders and geneticists (Cregan

et al. 1999; Song et al. 2004, Hwang et al. 2009). Molec-

ular markers can be used for linkage mapping with bulked-

segregant analysis (BSA; Michelmore et al. 1991). BSA

was successfully employed in identifying two RAPD

(random amplified polymorphic DNA) markers linked to a

single dominant gene controlling grain Cd concentration in

durum wheat (Penner et al. 1995) and the major gene

(Cdu1) was mapped to the long arm of wheat chromosome
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5B (Knox et al. 2009). Markers have also been found

associated with a major gene affecting Cd accumulation in

oat (Tanhuanpää et al. 2007). Quantitative trait loci (QTLs)

controlling Cd concentration were reported in brown rice

(Ishikawa et al. 2005b; Kashiwagi et al. 2009). QTLs

affecting Cd concentration in roots and shoots were map-

ped in Thlaspi caerulescens, a natural Zn, Cd, and Ni

hyperaccumulating species belonging to the Brassicaceae

family (Deniau et al. 2006).

The objectives of the present study were to: (1) identify

closely linked SSR markers in association with gene(s) or

QTL controlling low Cd accumulation in soybean seeds

from a RIL population by both simple marker analysis and

interval QTL mapping; (2) validate the markers in another

population and several soybean genotypes differing in seed

Cd concentration; and (3) identify the candidate genes

underlying the major Cd QTL by reference to the Williams

82 soybean genome.

Materials and methods

Mapping populations

Three soybean cultivars, AC Hime (Poysa and Buzzell

2001), Leo (Poysa et al. 2005) and Westag-97 (Ablett et al.

1999), were used as parents in this study for their con-

trasting seed cadmium concentrations, 0.537 ± 0.046,

0.435 ± 0.03 and 0.170 ± 0.01 mg kg-1 respectively. A

population of 166 F6:8 RILs was derived from a cross

between AC Hime 9 Westag-97. A parallel population of

95 F6:8 RILs was developed simultaneously from

Leo 9 Westag-97. Fourteen diverse soybean genotypes

differing in seed Cd concentration were used for marker

validation (Table 1). Plant populations were grown in

Woodslee, Ontario on a Brookston clay loam soil with a

high Cd concentration (250 ppm) and a pH of 6.2. The F2:3

AC Hime 9 Westag-97 and Leo 9 Westag-97 populations

were grown in 2005 as unreplicated hill plots with 5 seed

per hill and 0.6 m intra-row spacing and 1.0 m inter-row

spacing. Ten hills of each parent were included as checks.

The F2:3 populations were advanced by single seed descent

to develop the F6:8 RILs. The F6:8 AC Hime 9 Westag-97

and the F6:8 Leo 9 Westag-97 RILs were grown in 2008 in

separate two replicate completely randomized block design

trials with single row plots 1.5 m long with 60 cm inter-

row spacing. Seeds from each replicate were bulked for Cd

analysis. Normal agronomic practices were followed.

Cadmium analysis

Thirty grams of soybean seed (15 g from each replicate) was

ground for 15 s in a high speed (20,000 rpm) mill (Knifetec

Sample Mill; FOSS, Eden Prairie, MN, USA) equipped with

a water-cooled grinding chamber to reduce clumping and

ensure a uniform particle size (\0.5 mm). The ground

samples were transferred to plastic bags for storage and

shipping. Closed vessel microwave acid digestion was used

for sample preparation (Gawalko et al. 1997). The individual

samples were weighed-out in 1 g sample size into fluoro-

polymer PFA decomposition vessels and 10 ml of ultrapure

grade nitric acid was added to each sample. The decompo-

sition vessels were placed inside ceramic outer vessels,

sealed with a vented screw cap, and placed in a 16-sample

rotor in a programmable microwave digester (Multiwave

3000, PerkenElmer, Shelton, CT, USA). The digester was

programmed to ramp the digestion solution temperature (T)

to 90�C across a 10 min period, hold that T for 2 min prior to

a 5 min ramp to 110�C which was held for 3 min prior to a

final 5 min ramp to 140�C which was held for 2.5 min.

Temperature and pressure in the decompositions vessels

were monitored by a contactless probe attached to the

microwave control unit. After digestion, the vessels were

allowed to cool prior to the sample being decanted into 50 ml

polypropylene tubes (Digitubes, SCP Sciences, Montreal,

Canada) and brought to a volume of 50 ml with double

deionized water. Duplicates were also prepared through-out

the batch of samples as part of our quality control (qc) pro-

tocol. In-house qc samples and certified reference materials

(NIST, Gaithersburg, MD, USA) were included as part of

this protocol. The precision or repeatability of the complete

Table 1 Validation of the SSR markers associated with low-Cd

accumulation in diverse commercial Ontario soybean cultivars

Cultivar Cd (mg kg-1) SatK

147

SacK

149

Markers

SaatK

150

SattK

152

Cultivar 1 0.537 ± 0.046 - - - -

Cultivar 2 0.170 ± 0.010 ? ? ? ?

Cultivar 3 0.093 ± 0.017 ? ? ? ?

Cultivar 4 0.094 ± 0.015 ? ? - ?

Cultivar 5 0.114 ± 0.024 ? ? ? ?

Cultivar 6 0.125 ± 0.037 ? ? ? ?

Cultivar 7 0.127 ± 0.022 ? ? - ?

Cultivar 8 0.096 ± 0.017 ? ? - ?

Cultivar 9 0.397 ± 0.073 - - - -

Cultivar 10 0.330 ± 0.050 - - - -

Cultivar 11 0.395 ± 0.058 - - - -

Cultivar 12 0.397 ± 0.067 - - - -

Cultivar 13 0.424 ± 0.073 - - - -

Cultivar 14 0.431 ± 0.066 - - - -

Cultivar 15 0.442 ± 0.063 - - - -

Cultivar 16 0.444 ± 0.066 - - - -

?, SSR allele specific to low-Cd concentration; -, SSR allele specific

to high Cd concentration in the soybean seeds

Theor Appl Genet (2010) 121:283–294 285

123



process is within a relative standard deviation (RSD) of

10%. Cd concentration in each sample was analyzed by

graphite furnace atomic absorbance (SIMMA, PerkinElmer)

following the recommended procedure of the instrument

(Gawalko et al. 2009). Cd concentration for each line was the

mean of the two replicate with an RSD of less than 10%.

DNA isolation and marker analysis

Young leaf samples (100 mg) at third leaf stage were

frozen in liquid nitrogen and ground using an AutoGrinder

48 (AutoGen Inc., Holliston, MA, USA). After incubation

with plant lysis buffer (AutoGen AG00121) at 65�C for

30 min, DNA was automatically extracted using an Auto-

Gen 850 alpha DNA automatic system following the

manufacturer’s manual (AutoGen Inc.). The extracted

DNA from each line was quantified using Nanodrop

Spectrophotometer ND1000, and then diluted to 25 ng/ll.

SSR markers from all 20 linkage groups (LG) were

selected from the soybean genetic map (Song et al. 2004).

Primer design and examination

To develop microsatellite markers targeted to areas lacking

SSR markers, as well as to saturate the genomic region of

interest, soybean DNA sequence information (http://www.

phytozome.net/soybean.php) accessed via SoyBase (http://

soybase.org/gbrowse/cgi-bin/gbrowse/gmax1.01/) was

used for developing new SSR markers. The DNA sequence

retrieved from SoyBase was used to search for repeat DNA

using Tandem Repeats Finder program (Benson 1999).

PCR primers, between 19 and 30 bp in length and flanking

each of the repeated sequences, were designed using the

NCBI (National Center for Biotechnology Information)

primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-

blast/index.cgi?LINK_LOC=BlastHome) which uses pri-

mer3 (Rozen and Skaletsky 2000) to design PCR primers

and then submits them to a BLAST search against a user-

selected database. Primers were selected to have a

Tm C 55�C at a salt concentration of 50 mM with an

expected fragment size of 200 and 300 bp. Primers were

synthesized by SIGMA GENOSYS (Oakville, ON,

Canada). Each primer pair was tested for polymorphism

using AC Hime and Westag-97. Primer sequence infor-

mation is given in Electronic Supplemental Table 1.

SSR analysis

SSR analysis was performed in 10 ll containing 2 ll

genomic DNA (25 ng/ll), 0.5 ll MgCl2 (25 mM), 0.5 ll

dNTP mixtures (5 mM), 1 ll 109 PCR buffer (100 mM

Tris–HCl, pH 8.3, 500 mM KCl) 0.3 ll SSR primer

(1.5 lM), 0.2 ll Taq polymerase (5 units/ll), 5.5 ll dou-

ble-distilled water. The amplification conditions were

2 min at 94�C, followed by 35 cycles of 30 s at 94�C, 30 s

at 47�C, 30 s at 72�C, then 5 min at 72�C. After amplifi-

cation, the PCR products were mixed with loading buffer

(95% formamide, 0.01% bromophenol blue, 0.01% cyanol

blue). The PCR products were denatured for 5 min at 94�C

in a Gene Amp PCR 9600 system and snap cooled in ice for

5 min. The denatured PCR products were separated on a 6%

(w/v) denaturing polyacrylamide gel with a DNA Analyzer

4200 (LICOR Co.). The primer pairs producing the poly-

morphic bands between the parents were used for the entire

RIL population from the cross AC Hime 9 Westag-97.

Linkage and QTL analysis

To detect the genomic region linked with low cadmium

concentration in soybean seeds, the recombinant inbred

lines were classified as high and low types based on the

parental value ± standard error. However, the mean value

of two replications with an RSD of less than 10% for the

RIL was used for QTL analysis because the cost of analysis

prohibited us from doing more than 2 replications. Lines

with Cd concentration B0.2 mg kg-1 were classified as

low type and above this limit lines were classified as high

type. Bulked segregant analysis was performed by pooling

10 of each high and low Cd lines from the F2:3 population.

The F2:3 population was harvested individually and portion

of the F3 seeds were used for Cd analysis. The segregation

pattern of the Cd concentration in F2:3 and RIL populations

was tested using v2 test. Genetic maps were constructed

with Mapmaker 3.0 (Lander et al. 1987) using LOD = 3.0

and Kosambi’s mapping function (Kosambi 1944) to con-

vert recombination frequencies into map distances (cM).

QTL analyses were conducted using WinQTLCart

employing composite interval mapping (Zeng 1994; Wang

et al. 2004). The genome wide LOD score threshold for

QTL detection was determined using the permutation test

(1,000 replications) at a P value of 0.05. According to the

permutation results, the LOD score threshold was set at 3.0

for the trait to declare the presence of a QTL. The esti-

mated percentage of variance explained by the QTL

affecting the trait was obtained by the software in the CIM

model. Genetic maps were generated with MapChart ver-

sion 2.2 (Voorrips 2002). The microsatellite markers used

in this study have been mapped (Cregan et al. 1999; Song

et al. 2004) in other soybean populations, therefore,

markers were anchored on the linkage group on the basis of

their expected locations. Newly developed SSRs from the

DNA sequence of LG-K (Gm:09) were assigned with the

name S ? repeat constituents ? K, where S is for soybean

and K is for the location, LG-K.
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Candidate gene search

The soybean database SoyBase (http://soybase.org) pro-

vides access to genetic and physical maps and molecular

markers, genome browser and annotation. For the genes

governing low Cd concentration, the region lying between

the tightly linked markers was considered for the identifi-

cation of putative genes based on the predicted and known

functions.

Results

A preliminary study of 32 soybean cultivars grown on three

fields conducive to expressing high Cd accumulation in

seed showed that 14 cultivars had an average Cd accu-

mulation in the seed of 0.135 mg kg-1 or less (0.0936–

0.1326) and 18 cultivars had an average Cd accumulation

of 0.285 mg kg-1 or more (0.2852–0.4452), while none

accumulated between 0.135 and 0.285 mg kg-1 Cd in the

seed. This suggested a major gene played a major role in

controlling Cd accumulation in soybean seed and that on

high Cd soils a dividing level of around 0.2 mg kg-1 could

be used to group genotypes.

Cd concentration in parents and RILs

The amount of Cd accumulation in the seeds of the parents

AC Hime (0.537 ± 0.046 mg kg-1) and Westag-97

(0.170 ± 0.01 mg kg-1) differed significantly (P \
0.0004, F = 7.70). The distribution of Cd concentration of

the F2:3 population and the F6:8 RILs were the same with a

P value \ 0.0001 for both populations (Fig. 1). In the F2:3

population, of the 138 individuals analyzed, 70 were in the

low (B0.2 mg kg-1) and 68 were in the high category

(C0.21 mg kg-1). The concentration of Cd in the seeds of

the AC Hime 9 Westag-97 F2:3 progeny varied from

0.010 mg kg-1 to 0.878 mg kg-1, with a mean of

0.235 ± 0.022 mg kg-1. The distribution suggested that

Cd accumulation is controlled by a major gene with the

allele for low accumulation being dominant. A similar

trend was also observed for the RILs. Of the 166 RILs

tested for seed cadmium concentration 87 had

B0.2 mg kg-1 and 79 had C0.21 mg kg-1. Cadmium

concentrations in the RILs ranged from 0.067 to

0.898 mg kg-1, with a mean of 0.268 ± 0.013 mg kg-1.

Treated in this manner, the Cd concentration in the soybean

seed segregated in a 1:1 ratio, giving a v2 value of 0.386

(P = 0.534). Transgressive segregation suggests that some
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Fig. 1 Frequency distribution of seed cadmium concentration in the

AC Hime 9 Westag-97 population. a Frequency distribution in the

F2:3 population in 2005. b Lines with low Cd (B0.2 mg kg-1) and

high Cd concentration (C0.2 mg kg-1) in the F2:3 population.

c Frequency distribution in F6:8 RIL population in 2008. d Lines

with low Cd (B0.2 mg kg-1) and high Cd concentration (C0.2

mg kg-1) in the F6:8 RIL population. Arrow indicates the level of the

parental lines. Solid and dashed arrows indicate the AC Hime and the

Westag-97 parent respectively
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minor genes or QTLs may be involved in influencing Cd

accumulation in the AC Hime 9 Westag-97 population.

Mapping of locus controlling low Cd accumulation

in seed

A total of 497 SSR markers covering all 20 linkage groups

of soybean were tested for polymorphism between AC

Hime and Westag-97. Of the 497 primers tested, 179 (36%)

were found to be polymorphic between the two parents.

BSA was performed in the F2:3 individuals and it identified

three primers (Satt 260, Satt 725 and Satt 559) polymorphic

between the bulks. The primers which showed polymor-

phism between parents and bulks were screened with 138

F2:3 individuals of AC Hime 9 Westag-97. In two point

linkage analysis between each SSR marker and seed Cd

concentration phenotype (F2:3), three SSR markers (Satt

260, Satt 725 and Satt 559) were found to be linked. The

closest marker linked to Cd accumulation was Satt 559

with a distance of 37.9 cM (LOD = 3.0).

To identify the tightly linked markers and the QTL

associated with low Cd accumulation, further analyses were

done using the RIL population. A total of 131 SSR primers

were screened on 166 RILs. Based on the two point linkage

analysis, 9 SSR markers (Satt 617, Satt 326, Satt 247 Satt

628, Satt 349, Sat_325, Satt 260, Satt 725 and Satt 559)

were found to be linked with low Cd concentration

(LOD = 3.0). Of these 9 markers, three (Satt 260, Satt 725

and Satt 559) were previously identified in the F2:3 popu-

lation. The closest marker to the major Cd accumulation

gene (Cda1, proposed name) was Satt 349 with a distance of

18.1 cM. Since all the linked markers were from the same

LG-K, all the available SSR markers from that LG were

tested. The closest flanking markers to the Cda1 gene were

identified as Satt 178 (8.8 cM) and Satt 242 (26.5 cM). The

low Cd accumulating gene Cda1 was found to be located in

the gene rich region of the LG-K where few SSR markers

are mapped. Furthermore, there were no polymorphic SSR

primers found between Satt 178 and Satt 242.

Targeted SSR marker development

To saturate the gap between Satt 178 and Satt 242, soybean

genomic DNA sequences were searched for new SSRs

(http://soybase.org/gbrowse/cgi-bin/gbrowse/gmax1.01/).

Dinucleotide and trinucleotide SSRs were identified in the

soybean genomic sequence from Gm09:nt. 3.3 to 6.9 Mbp

flanked by the markers Satt 242 and Satt 178. A total of 48

SSR loci distributed in this region were targeted for primer

design. Primer pairs were designed for sequences with AT/

TA, GT/TG, and various other repeat motifs. Of the 48

primer pairs tested, only 20 (41.6%) showed polymorphism

between parents AC Hime and Westag-97 and were

subsequently mapped in the RILs. Two markers, SatK 1

and SatK 36, were found to be closely linked with the Cda1

gene at distances of 3.5 and 8.0 cM, respectively. To fur-

ther narrow the gap between the marker and the Cda1 gene,

the soybean genomic sequence from nt 3858897 to nt

5369175 in Gm09 (LG-K) was targeted. Fifty-seven primer

pairs were designed, of which 46 primer pairs were

designed for sequence with an AT/TA, and 11 primer pairs

for various other repeats. Of the 57 primer pairs, 20 showed

polymorphism between the parents and were mapped in the

RIL population. Linkage analysis identified SatK 138, SatK

139, SatK 140, SatK 147 (0.5 cM) and SacK 149, SaatK

150, SattK 152 (0.3 cM) as tightly linked markers flanking

Cda1 in soybean.

QTL mapping of the low Cd accumulation in seed

Of the 171 markers scored in the RIL population, 161

markers formed 20 linkage groups representing the 20

known LG. On average, 8 markers were placed on each

linkage group. The number of markers ranged from 2 for

LG D1b, F and M to 62 on LG-K. The total map spanned

1040.6 cM with an average of 52.0 cM per linkage group

excluding the 10 unlinked markers.

To identify other possible genes with major and minor

effects on low cadmium accumulation, RIL data on seed

Cd concentration was analyzed by WinQTL. The locations

of the significant QTL with their LOD support interval are

presented in Fig. 2. A major QTL located on LG-K was

found to be associated with low Cd accumulation in soy-

bean seeds. The regions on LG-K which showed significant

association were flanked by SatK 113 and SatK 58

explaining 57.3% of the phenotypic variance.

Validation of linked markers in different genetic

backgrounds

To test the reliability of the linked SSR markers identified

using the AC Hime 9 Westag-97 population, a parallel

RIL population (95 lines) involving Leo 9 Westag-97 was

used. Leo and Westag-97 had seed Cd concentrations of

0.435 ± 0.046 and 0.170 ± 0.001 mg kg-1 respectively.

Frequency distribution of seed Cd concentration in the

Leo 9 Westag-97 RIL (F6:8) population was similar to that

of the AC Hime 9 Westag-97 population (Fig. 3). Of the

95 lines analyzed, 42 were in the low (B0.2 mg kg-1) and

53 were in the high (C0.21 mg kg-1) category. The con-

centration of Cd in the seeds of the Leo 9 Westag-97

population varied from 0.065 to 0.878 mg kg-1, with a

mean of 0.305 ± 0.019 mg kg-1. Eight SSR primer pairs

(SatK 122, SatK 131, SatK 140, SatK 147, SatK 149,

SaatK 150, SattK 152 and SaatK 155) were screened on the

95 RILs. Two point linkage analyses showed that all the
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markers were found to be linked to the Cda1 gene con-

trolling low Cd accumulation in seed (Fig. 4a). The relative

position of the markers was found to be the same as was

found in the AC Hime 9 Westag-97 population with small

variation in the distances, which often occurs with different

mapping populations (Cregan et al. 1999).

To validate the usefulness of the linked SSR markers in

MAS, 14 diverse soybean genotypes differing in their seed

Cd concentration were screened (Fig. 4b). Of the 12

primers tested, three (SatK 147, SatK 149, and SattK 152)

effectively differentiated all the high and low Cd genotypes

(Table 1) and could be used effectively in MAS for low Cd

concentration in soybean seed.

Identification of putative genes at the Cda1 locus

Based on the soybean genome sequence available from

phytozome (http://www.phytozome.net/soybean.php) via

SoyBase (http://soybase.org/gbrowse/cgi-bin/gbrowse/

gmax1.01/), candidate genes located between the tightly

linked flanking markers (SatK 140 and SaatK 155) were

identified (Fig. 5). Based on the predicted gene model for

the DNA sequence from nt.4909157 to nt.5020110, flanked

by SatK 140 and SaatK 155, there were three potential

genes homologous to serine-threonine protein kinase,

plant type (nt. 4909157–4913830) and two homologous to

cation-transporting ATPase (nt. 4918664–4926453 and

5011045–5020110). Moreover, 13 soybean ESTs, includ-

ing TA65152_3847 [Protein kinase, Medicago truncatula],

AW152957 [Adagio-like protein 1 (Oryza sativa)] and

TA47883_3847 [plasma membrane H?-ATPase (Sesbania

rostrata)], were also aligned to this genomic segment. Of

the four SSR markers (SatK 147, SacK 149, SaatK 150 and

SattK 152) found in the vicinity of the genes, SattK 152 is

located in the candidate gene plasma membrane H?-ATPase.

Discussion

In the present study, segregation of seed Cd concentration

in the F2:3 and F6:8 RIL populations indicates that low Cd

uptake is controlled by a major gene, Cda1. There were

significant differences in the Cd concentration among the

F2:3 and the RIL populations derived from AC Hime 9

Westag-97. Segregation of lines in F2:3 and RILs showed a

similar trend towards the low accumulating parent indi-

cating that Cda1 was dominant. Transgressive segregation,

however, suggests that some minor genes may also influ-

ence Cd accumulation. Similarly a dominant major gene

controlling low cadmium uptake was also observed in

wheat (Clarke et al. 1997) and oat (Tanhuanpää et al.

2007). There is very limited information on genetic anal-

ysis of Cd accumulation in soybean seed; results from this
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study provide a fundamental basis for future research on

genetic improvement of seed Cd concentration in soybean.

One hundred and twelve new SSR primer pairs derived

from the published soybean genomic sequences were

designed for the sequence with microsatellite repeats, but

only 40 (35.7%) of the primer pairs produced useful

polymorphic markers for this population. The percentage

of polymorphic SSR markers from this genomic region is

comparable to previously reported SSR markers in soybean

(Song et al. 2004). The soybean genome sequence infor-

mation, which was made available to the public in 2008,

has led to the development of targeted SSR markers to

saturate a gap of more than 10 cM left from the earlier

published soybean map (Cregan et al. 1999; Song et al.

2004). This has helped to identify the markers tightly

linked to Cda1. A high proportion of SSRs appeared to be

in very close proximity (0.3–0.5 cM) to the gene and

indicated a moderately strong relationship between SSR

density and gene density in soybean (Choi et al. 2007).
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The Cda1 gene was found to be located in the LG-K.

Seven SSR markers (SatK 138, SatK 139, SatK 140, SatK

147 and SacK 149, SaatK 150, SattK 152 (0.3 cM)) were

linked to Cda1. SSR markers associated with other ele-

ments like calcium concentration (Zhang et al. 2009), iron

deficiency chlorosis (Wang et al. 2008), and manganese

toxicity (Kassem et al. 2003) have also been reported in

soybean. Genetic analysis of Cd accumulation has been

reported in cereals. PCR based markers linked to a

gene responsible for cadmium accumulation has been

reported in durum wheat (Penner et al. 1995), and in oat

(Tanhuanpää et al. 2007). SSR markers linked to low Cd

accumulation in soybean seeds will assist in MAS to int-

rogress the gene into different genetic backgrounds, which

will reduce the cost compared to seed Cd analysis.

The transport and accumulation of minerals in seeds is a

complex process involving several genes. QTL mapping

has enabled the identification of genomic regions involved

in seed mineral (Ca, Cu, Fe, K, Mg, Mn, P, and Zn)

concentration in the model legume Medicago truncatula

(Renuka et al. 2009). QTL mapping for Zn and Cd

hyperaccumulation in the hyperaccumulator species Thl-

aspi caerulescens revealed two QTLs were responsible for

Cd accumulation in roots, while one QTL was involved in

Cd accumulation in shoots (Deniau et al. 2006). In Ara-

bidopsis halleri sp. halleri three QTLs were identified for

Cd tolerance and the gene for heavy metal transporting

ATPase4 (HMA4) was found to be co-localized with the a

major QTL whose transcript levels were shown to be

higher in the roots and shoots of A. halleri (Courbot et al.

2007). Cd tolerance and Cd accumulation, however, were

shown to be independent characters, as was the case for Zn

(Macnair et al. 1999). Genotypes with the most and the

least Cd tolerance as well as Cd accumulating plants were

selected in the backcross population involving A. halleri

(Bert et al. 2003). QTLs controlling the translocation of Cd

from source to sink regions have been reported in rice

(Ishikawa et al. 2005b; Kashiwagi et al. 2009). In the

present study, treating the Cd concentration in the seed as a

quantitative character has led to the identification of a

major QTL located in the LG-K, the region where the Cda1

gene was identified using linkage analysis. The height of

the peak observed for the 2008 data was high with very

high LOD scores (32.5). The height of peak was low for the

2005 data which could be due to: a) the difference in

the population type (F2:3 in 2005 vs. F6:8 RIL in 2008); (b)

the difference in the population size (136 in 2005 vs. 166 in

2008); (c) differences in weather and environmental factors

in 2005 vs. 2008; and (d) experimental errors. QTLs with

minor effects were not detected in this study, possibly due

to lower number of markers present in other linkage

groups. A number of factors such as genetic variation in

the individuals, environmental variation, population size,

number of markers and experimental error can influence

the detection of QTL in a segregating population (Collard

et al. 2005). In both populations, the trait enhancing allele

was found to originate from the low Cd accumulating

genotype, Westag-97.

For a number of metals, including zinc, copper and

arsenic, genetic analysis has shown that tolerance is con-

trolled by a small number (one or two) of major genes, with

additional modifiers determining the level of tolerance

displayed (Schat et al. 1993; Smith and Macnair 1998; van

Hoof et al. 2001). It will be interesting to further investigate

if any such mechanism operates in soybean for the low Cd

accumulation, which was shown to be under the control of a

major gene in this study. At the same time two or three

major genes with additive effect could not be rejected as

observed for the Cd tolerance in A. halleri (Bert et al. 2003).

The regulation of metal homeostasis is complex,

requiring transport proteins located in different membranes

as well as long distance transport systems to move the

nutrients throughout the plant. These short and long dis-

tance systems are tightly controlled by several metal-spe-

cific and metal non-specific genes. Candidate genes related

to heavy metal transport or homeostasis were located in the

vicinity of the identified QTL. Protein kinase, putative

Adagio-like protein and plasma membrane H?-ATPase

were found in the QTL vicinity. The environmental pres-

ence of elevated levels of heavy metal ions triggers a wide

range of cellular responses including change in gene

expression and synthesis of metal-detoxifying peptides.

Cadmium- and copper-responsive genes have been shown

to code for signal transduction components, such as Ara-

bidopsis mitogen-activated protein kinase kinase kinase

(MAPKKK) MEKK1, transcription factors, stress induced

proteins, proteins participating in protein folding, and sul-

fur and glutathione metabolism (Xiang and Oliver 1998;

Suzuki et al. 2001; Louie et al. 2003). MAPKKKs are Ser/

Thr protein kinases that phosphorylate and thereby activate

MAPKKS. MAPKKs in turn are dual-specific kinases that

phosphorylate MAPKs on Thr and Tyr residues. The dual

phosphorylation of MAPKs renders the enzyme active.

MAPKs are pro-directed Ser/Thr kinases phosphorylating

numerous substrates in different cellular compartments. In

this way, information is transduced in the form of a

phosphorylation cascade from upstream kinase to down-

stream targets. Cadmium ion activated distinct mitogen-

activated protein kinases were observed in alfalfa seedlings

(Claudia et al. 2004). Genes uniquely induced by Cd ions

in Arabidopsis showed a high percent of genes with

‘‘Kinase activity’’ (16.7%) (Cheng-Ri et al. 2009).

In soybean, the influx of Cd across the plasma mem-

brane of root cells has been shown to occur via a con-

centration-dependent process exhibiting saturable kinetics,

indicative of metabolically mediated membrane transport
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process (Cataldo et al. 1983). Astolfi et al. (2003) showed

that Cd seems to have differential inhibiting effects on

proton transport activity and ATPase activity in oat roots.

Several lines of evidence suggest that plant plasma mem-

brane ATPase activity is probably modulated by protein

Kinases, and the ATPase probably contains multiple

phosphorylation sites which may affect its activity in dif-

ferent ways (Serrano 1989). Presence of protein kinase, and

plasma membrane H?-ATPase genes near the tightly

linked markers, suggest that regulation of this enzyme may

play an important role in Cd stress. It was also suggested

that Cd accumulation in grain might relate to phloem (Hart

et al. 1998; Cieslieski et al. 1996; Tanaka et al. 2007) and

xylem (Uraguchi et al. 2009) mediated Cd translocation.

The Cd translocation pathways in soybean need to be

studied in order to understand which of the pathways

identified in other crops such as wheat (Hart et al. 1998;

Cieslieski et al. 1996; Harris and Taylor 2001) and rice

(Kashiwagi et al. 2009; Uraguchi et al. 2009) operates in

the low Cd accumulating soybean cultivars. The putative

heavy metal transport related genes near the tightly linked

markers are good candidate genes for further investigation.

They may explain the transport and accumulation of dif-

ferential Cd levels in the soybean seeds.

The present study shows that low Cd accumulation in

soybean seed is genetically controlled by a major gene

Cda1, which has the potential to produce low Cd cultivars.

The SSR markers linked to the Cda1 gene in soybean will

help in MAS to combine this trait with other agronomic

traits. It will also reduce the cost involved in the Cd

analysis. The cost involved in the MAS for one sample will

be approximately $1–2, compared to $10–23 for Cd anal-

ysis in an established lab. Moreover, it will also reduce the

time required for the identification of low Cd lines in

breeding programs. The SSR markers identified in the

present study have been validated using a different popu-

lation and other soybean genotypes differing in their Cd

accumulation. The location of these markers in the soybean

genome map can be used to identify the gene(s) responsible

for low accumulation, which will be useful both for

developing functional markers and for characterizing the

gene’s role in the low Cd accumulation.
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