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Abstract Some durum wheat (Triticum turgidum L. var

durum) cultivars have the genetic propensity to accumulate

cadmium (Cd) in the grain. A major gene controlling grain

Cd concentration designated as Cdu1 has been reported on

5B, but the genetic factor(s) conferring the low Cd phe-

notype are currently unknown. The objectives of this study

were to saturate the chromosomal region harboring Cdu1

with newly developed PCR-based markers and to investi-

gate the colinearity of this wheat chromosomal region with

rice (Oryza sativa L.) and Brachypodium distachyon gen-

omes. Genetic mapping of markers linked to Cdu1 in a

population of recombinant inbred substitution lines

revealed that the gene(s) associated with variation in Cd

concentration resides in wheat bin 5BL9 between fraction

breakpoints 0.76 and 0.79. Genetic mapping and quanti-

tative trait locus (QTL) analysis of grain Cd concentration

was performed in 155 doubled haploid lines from the cross

W9262-260D3 (low Cd) by Kofa (high Cd) revealed two

expressed sequence tag markers (ESMs) and one sequence

tagged site (STS) marker that co-segregated with Cdu1 and

explained [80% of the phenotypic variation in grain Cd

concentration. A second, minor QTL for grain Cd con-

centration was also identified on 5B, 67 cM proximal to

Cdu1. The Cdu1 interval spans 286 kbp of rice chromo-

some 3 and 282 kbp of Brachypodium chromosome 1. The

markers and rice and Brachypodium colinearity described

here represent tools that will assist in the positional cloning

of Cdu1 and can be used to select for low Cd accumulation

in durum wheat breeding programs targeting this trait. The

isolation of Cdu1 will further our knowledge of Cd accu-

mulation in cereals as well as metal accumulation in

general.

Introduction

Cadmium (Cd) is a toxic metal that is naturally present in

trace quantities in almost all soils. Anthropogenic activities

can elevate Cd concentrations in agricultural soils via

atmospheric deposition or direct application of sewage

sludge, manure, fertilizer, and irrigation water (Alloway

and Steinnes 1999). Cadmium in soil is readily absorbed

by roots and transported in plants (Grant et al. 1998).

Cadmium-contaminated foods are the dominant source of

human exposure to environmental Cd (Satarug and Moore

2004), with cereals and vegetables contributing the

majority of dietary Cd (McLaughlin et al. 1999). Recently

the Codex Alimentarius Commission of FAO/WHO has set

maximum limits for Cd levels in a variety of foods. The
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Codex maximum level for Cd in wheat grain is 200 ng g-1

(CODEX STAN 193-1995 2009). Among cereals, some

durum wheat (Triticum turgidum L. var durum) cultivars

have the genetic potential to accumulate Cd in grain to

levels that exceed the Codex standard (Grant et al. 2008).

In contrast, common wheat (Triticum aestivum L.) accu-

mulates very little Cd in grain (Zook et al. 1970). Some

cultivars from other crops, including rice (Oryza sativa L.),

oat (Avena sativa L.), flax (Linum usitatissimum L.) and

sunflower (Helianthus annuus L.) can also accumulate high

concentrations of Cd in the grain (Grant et al. 2008).

Genetic variation for grain Cd accumulation exists in

durum (Clarke et al. 1997), and breeding for low grain Cd

concentration is a target of durum wheat breeding pro-

grams globally (Grant et al. 2008).

Genetically, Cd accumulation in grain can be regulated

by multiple genes with combined effects on uptake,

translocation and sequestration (Tanhuanpää et al. 2007).

Several quantitative trait loci (QTL) associated with cad-

mium accumulation in rice grain (Oryza sativa L.) have

been reported (Kashiwagi et al. 2009; Ishikawa et al. 2005,

2010; Xue et al. 2009; Ueno et al. 2009). In contrast, a

single QTL has been reported in oat (Avena sativa L.)

(Tanhuanpää et al. 2007). In durum wheat, Cd accumula-

tion is governed by the major gene Cdu1 (Clarke et al.

1997), which is localized to chromosome arm 5BL (Knox

et al. 2009). Genotypic differences in accumulation of Cd

in grain of durum wheat have been associated with

restricted root-to-shoot translocation, which limits the pool

of available Cd in vegetative tissues for subsequent

remobilization during grain filling (Harris and Taylor

2004). Root-to-shoot Cd translocation is also the major

physiological process determining Cd accumulation in

shoots and grains of rice (Uraguchi et al. 2009). Genes

coding for ATP-binding cassette transporters (Wojas et al.

2009; Kim et al. 2007), P1B-ATPases (Morel et al. 2009),

and selenium-binding proteins (Dutilleul et al. 2008) have

been associated with Cd accumulation and detoxification in

Arabidopsis, but the genetic factor(s) associated with var-

iable Cd accumulation in durum grain have yet to be

identified.

The long-term goal of our research is to clone the

gene(s) regulating Cd accumulation in durum wheat grain.

However, to accomplish this, a saturated map of the Cdu1

region is required to initiate fine mapping and map-based

cloning experiments. Wheat expressed sequence tags

(ESTs) have been used to develop PCR-based molecular

markers for saturation and fine mapping of several traits in

wheat (Yu et al. 2009; Lu et al. 2006). Over 1 million

wheat ESTs are available (http://www.ncbi.nlm.nih.gov/

sites/entrez) and 16,000 of these have been localized to

wheat deletion bins (Qi et al. 2004). These ESTs are useful

for developing PCR-based DNA markers for saturation and

fine mapping of chromosomal regions that contain genes of

interest. In addition, genomic information from the model

species rice and Brachypodium distachyon (here after

referred to as Brachypodium) have been used for marker

development for fine mapping and gene isolation in wheat

(Lu and Faris 2006). Current information suggests that

Brachypodium is more closely related to wheat than rice

(Bossolini et al. 2007; Huo et al. 2008; Kumar et al. 2009)

and the availability of the sequence of the Brachypodium

genome is an additional resource for marker development

for saturation mapping and gene cloning in wheat. The

objectives of this study were to use available wheat EST

information to accurately map Cdu1 by increasing the

marker density in the Cdu1 region, identify the orthologous

regions in the rice and Brachypodium genomes, and eval-

uate the levels of colinearity. This information will be used

in future studies to fine map and sequence Cdu1 from

durum wheat.

Materials and methods

Plant materials

Genetic mapping was performed using 155 doubled hap-

loid (DH) lines from the W9262-260D3/Kofa mapping

population used previously to localize Cdu1 (Knox et al.

2009). Grain Cd concentration data was available from two

environments for the DH population (Knox et al. 2009),

and these data were used in the present study. A hexaploid

wheat (Triticum aestivum L.) population consisting of 115

recombinant substitution lines (RSLs) derived from a cross

between Chinese Spring (CS) and a CS-Triticum dicocco-

ides 5B (CS-DIC 5B) described in Gill et al. (1996) was

also used for genetic mapping. TA106, the T. dicoccoides

source of 5B was also included as control in molecular

studies.

Cadmium accumulation in CS and CS-DIC 5B

CS and CS-DIC 5B were assessed for Cd uptake in seed-

lings and Cd concentration in grain at maturity. Seeds were

surface sterilized in 1.2% NaOCl for 20 min, rinsed in

reverse osmosis (RO) water (\3 lS cm-1), and imbibed

for 24 h in an aerated solution of 1 mM CaCl2 and

5 mg L-1 Vitavax fungicide (Uniroyal Chemical Ltd,

Calgary, AB, Canada). The germinated seeds were placed

on nylon mesh suspended over 10 L of aerated chelator-

buffered nutrient solution. The nutrient solution was pre-

pared in RO water and contained 1.0 mM Ca(NO3)2,

0.3 mM Mg(NO3)2, 0.3 mM NH4NO3, 0.25 mM KNO3,

0.1 mM K2HPO4, 0.1 mM K2SO4, 50 lM KCl, 100 lM

Fe(NO3)3, 10 lM H3BO3, 0.2 lM Na2MoO4, 10 lM
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ZnSO4, 2 lM CuSO4, 1 lM MnSO4, 0.5 lM CdCl2,

0.1 lM NiCl2, 138 lM N-(2-hydroxyethyl)ethylenediam-

inetriacetic acid (HEDTA), 1.42 mM KOH, and 2 mM

2-(N-morpholino)ethanesulfonic (MES) acid buffer (pH 6.0).

HEDTA was added at a 25 lM excess over the total con-

centration of transition metal cations to chelate Cd and

micronutrient metals in solution, thereby buffering the free

metal activities at environmentally relevant levels (Parker

and Norvell 1999). The free ion activity of Cd2? was

14.4 pM as calculated by GEOCHEM-PC (Parker et al.

1995). Seedlings were grown for 3 days in the dark, and

then a further 4 days in a controlled environment growth

chamber (16 h day, 21/16�C day/night temperature, and

450 lmol m-2 s-1 photosynthetically active radiation).

The seedlings were removed after 7 days and were trans-

ferred to 10-L polyethylene buckets (under the same

growth conditions) containing aerated, chelator-buffered

nutrient solution as described above. Each bucket held two

seedlings, supported independently by polyethylene mesh

baskets mounted in opaque polycarbonate lids. The buckets

were suspended in a common water bath to limit temper-

ature fluctuations and maintain a consistent root tempera-

ture in all experimental containers. During the growth

period, RO water was added to maintain a constant solution

volume, and the solution pH was monitored daily. The pH

was adjusted with 1.25 N HNO3 or KOH when it deviated

from 6.0 ± 0.1. The plants were harvested after 14 days.

The two plants per bucket were combined at harvest. The

shoot tissues were washed in running RO water for 30 s,

while the roots were triple rinsed (RO water, 1 min; 1 mM

CaCl2, 5 min; RO water, 1 min) and blotted dry.

The Cd concentration in grain of CS and CS-DIC 5B

was determined in plants grown in potted soil. A black

chernozemic topsoil collected near Edmonton, AB, was

air-dried, passed through a 1-cm sieve, and thoroughly

mixed. The DTPA-extractable (Lindsay and Norvell 1978)

and total Cd concentrations of the soil were 126 and

248 lg kg-1, respectively. The soil was fertilized with

74 mg kg-1 NH4H2PO4, 403 mg kg-1 NH4NO3, and

109 mg kg-1 K2SO4. Each pot (20 cm diameter) was filled

with 2.4 kg of air-dried soil and watered to and maintained

at 80% of field capacity. For both genotypes, ten replicate

pots were planted with two germinated seeds per pot. The

plants were grown under the same conditions as described

above. The first four heads to begin anthesis on each plant

were tagged and these were harvested at 42 days post-

anthesis. The heads from both plants in a pot were com-

bined, and the grain was manually separated.

Plant samples were oven-dried at 65�C for 3 days,

weighed, and finely ground in a stainless steel mill.

Ground samples (0.5 g) were digested in a 5 mL:2 mL

mixture of trace-metal grade concentrated HNO3:30%

H2O2 and diluted to 50 mL with deionized water

([18 MX purity). Cadmium concentration was deter-

mined by graphite furnace atomic absorption spectroscopy

(AAnalyst 700; PerkinElmer, Waltham, MA). Reagent

blanks and a NIST Standard Reference Material (NIST

No. 8436 durum wheat flour) were included in each batch

of samples for quality control. Recovery of the reference

Cd concentration was 99 ± 4% (±SD). The nutrient

solution and soil culture experiments were arranged in

completely randomized designs. Differences between geno-

types in biomass and Cd accumulation were determined by

Student’s t test.

Marker development

Markers were developed for ESTs previously localized to

bin 5BL9 0.76–0.79. EST sequences were blasted against

MSU rice genome annotation release 6.1 (Ouyang et al.

2007) using BLASTn (http://rice.plantbiology.msu.edu/

blast.shtml). Rice genes with the best hit (e-values \10-7

and C80% nucleotide identity for at least 60 bases) were

then used as queries in BLASTn searches of Triticum

sequences (NCBI Blast http://blast.ncbi.nlm.nih.gov/

Blast.cgi). The Triticum coding (CDS) and EST sequen-

ces were aligned with rice CDS and genomic sequences

using AlignX (Vector NTI Advance 10.3; Invitrogen,

Carlsbad, CA). Primer pairs were designed from the wheat

CDS sequences, and the target products included at least

one intronic region. Overlapping primers were designed to

ensure coverage of the majority of the CDS of each gene.

Markers developed were designated expressed sequence

markers (ESM) (Lu and Faris 2006). A total of 120 ESM

primer pairs were designed from 54 ESTs. In addition, an

earlier study (Knox et al. 2009) suggested that Cdu1 resides

in an area close to the major vernalization locus vrn-B1.

The homoeologous locus Vrn-Am1 has been sequenced, so

primers were designed for six genes physically linked to

that locus (Table 1) using the same procedures as described

above.

Marker analysis

A saturated map of 5BL has been reported previously for

the CS/CS-DIC 5B population (Lu et al. 2006). As such, a

dominant marker most closely associated with Cdu1, pre-

viously designated as ScOpc20 (Knox et al. 2009), was

amplified in this population using primers and PCR reac-

tion conditions reported previously (Knox et al. 2009).

All ESM primers and primers for the six Vrn-B1 asso-

ciated genes were evaluated for polymorphisms first on

genomic DNA from Kofa and W9262-260D3, and only

those primers that produced polymorphic amplicons were

assessed on the DH population and are reported here

(Table 1). The PCRs consisted of 50 mM KCl, 10 mM
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Tris–HCl, 1.5 mM MgCl2, 0.2 mM of each dNTP, 0.1 lM

of M13 sequence-modified forward ESM primer (M13 tag,

CACGACGTTGTAAAACGAC, attached to 50 end of

forward primer), 0.4 lM of reverse ESM primer, 0.152 lM

of Universal dye-labeled M13 primer (Schuelke 2000),

1.75 U of Taq DNA polymerase and 100 ng of genomic

DNA. The universal primer was labeled with either HEX,

FAM, or NED fluorescent dyes. The total PCR volume was

25 lL. Temperature cycling was 94�C for 5 min followed

by 3 cycles of 94�C for 30 s, 56�C for 45 s, 72�C for 45 s,

94�C for 30 s, 54�C for 45 s, 72�C for 45 s, 94�C for 30 s,

52�C for 45 s, 72�C for 45 s, 94�C for 30 s, 50�C for 45 s,

72�C for 45 s, then 32 cycles of 94�C for 30 s, 51�C for

45 s, 72�C for 45 s, then a final extension at 72�C for

10 min before cooling to 10�C. Primers were first assessed

for polymorphisms using capillary electrophoresis (CE)

(ABI3100xl; Applied Biosystems). For CE, 1 lL of diluted

PCR product (diluted 1/20 or 1/10 in deionized water) was

combined with 9.0 lL HiDi formamide (ABI, Foster City,

CA), and 0.08 lL of 500(-250) ROX size standard. The

samples were run on a 36-cm array, processed with

Applied Biosystem Data Collection Software version 2.0,

and genotyped using GeneMapper version 3.0. Monomor-

phic ESMs were further analyzed using single strand

conformational polymorphism (SSCP). For SSCP analysis,

4 lL of the PCR product were mixed with 20 lL of

loading buffer containing 95% formamide, 0.05% bromo-

phenol blue, and 0.05% xylene cyanol. The samples were

heated at 94�C for 5 min and then immediately placed on

ice to allow single strand folding. The fragments were

resolved on a 0.6X MDE gel (Lonza, Rockland, ME, USA)

run at room temperature for 17 h (6 W) using 0.6X TBE

buffer. The Bio-Rad Sequi-Gen GT System (38 9 50 cm)

was used for electrophoresis. Gels were visualized by silver

staining as described previously (Bassam and Gresshoff.

2007).

Genetic mapping and QTL analysis

Revised genetic linkage maps of the CS/CS-DIC 5B (Lu

et al. 2006) and W9262-260D3/Kofa (Knox et al. 2009)

populations were constructed using the Haldane mapping

function of JoinMap 4.0 (van Ooijen and Voorrips 2004) at

a minimum LOD score of 3.0. Only the W9262-260D3/

Table 1 ESM and STS markers polymorphic between W9262-260D3 and Kofa

Marker

name

Detection

method

Map

location

Primer sequence (30–50)a Putative rice

ortholog
Forward Reverse

XBE425993 SSCP 5A AAGACATCCTGAACCTGGTGTA GTCCCAGTCGAACTTGTTCAT Os03g55070

XBE426348 SSCP 5A CTATAAGATGAACCGGGGTTTT TACGCTACCTATGAAGTACTTGGAC Os03g53800

XBE604920 Agarose 5A TCCCCTACATGCTGCTCTAC CAACATCGACTTCATTATTGGAC Os03g52860

XBF474090 SSCP 5A GTAGATTATTGGCAACAAGACAAGT GCGTAAGAAATATATCACGCTAGTT Os03g53670

XBF474164 SSCP 5A/5B AGACTTTCTCGTCCCGATACTT CAACATATGTCTGGCCTACTACTCT Os03g53720

XBG262450 SSCP 5A GATAATTTCAGAACAATGCCATTAC AAGAGTAGCCAATCTGTAGTTGATG Os03g51020

XBG274700 SSCP 5A CAGAAGACAGTGAAGAACCAAAAC AACTCTCAAGTCACTCATCTCAATC Os03g55950

XBG313229 CE 5B CTTGCTGTCCTCGAGAAGTTT ATAGTATCCCATCAATTGTAAGCTG Os03g58470

XBG607162 SSCP 5B ATGCATACAAGGACCGCTAC AATCACACCCTTGCGAATAAT Os03g63140

XBF293297 SSCP 5A/5B TGGCCGCGCCCTTCTTCTCCA TTGTCCTGCGGCTTCACCATC Os03g53600

XBF474090 SSCP 5B GAGGCCATGGACCCCAACTTT GGACAGGAGAACCTGAAGGAT Os03g53670

XBF145263 SSCP 5A ACGTGGACGACTACTTGGAGT CAGGTCATAAGCTTGGCGTGC Os03g53700

XUsw15 SSCP 5B ACCAGCAGGACATTGGGAACA GAACCTTGGACGATTGCTAAC Os03g53590

Genes associated with Vrn-B1

Xwg644 SSCP 5A GACTTGTTCAGTCATCTCATA GCAGCTTGTGTCTGATGTGAA Os03g54790

Xwg644 SSCP 5B GCTCTTAAGCAGGCTTTCTGA CTGTAAGGCTGTATAAGATGA Os03g54790

MC SSCP 5A AGTCGGTGTTCAAGCAACAGG GCGATCAATCTTCTAACTACC Os03g54760

CSFs-1 SSCP 5B TCGGCACCAATGCCGTGGATT AGAACTTAATGGATGTGTCCC Os03g54770

CSFs-1 SSCP 5A CCAGTAGCTCATCTCTATGAT ACTCGTAGCTTCTACAGATCC Os03g54770

PCS2 CE 5B TCAACTACCAGCAGTTCCGAC GTAGGCCTGCCAACAAGAGCA Os03g54750

PHY-C SSCP 5B ACTGGAAGCAGGCTATCCTGG AACATAGTCGCCTTGTATCCG Os03g54084

MTK4 SSCP 5A CGTGGTGGAACAGGACGAGGG CATCATTCCCAGGTAGAACAC Os03g53880

SSCP single strand conformational polymorphism gel electrophoresis, CE capillary electrophoresis
a M13 (CACGACGTTGTAAAACGAC) tag attached to 50 end of forward primer
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Kofa population was used for QTL analysis using grain Cd

concentration collected previously (Knox et al. 2009). QTL

analysis was performed using a multiple locus model

(MLM) in MapQTL Version 5.0 (van Ooijen 2004) and the

significance threshold (P \ 0.01) of the LOD score was

determined as described previously (van Ooijen 1999). For

QTL analysis, the least square means for each DH line was

used and were estimated from data collected from two

environments (Knox et al. 2009). The average QTL effects

(one half the difference between parental marker class

means) were estimated by MapQTL Version 5.0.

Colinearity with the rice and Brachypodium genomes

For comparative analysis with the rice and Brachypodium

genomes, the reported sequences of the ESMs linked to

Cdu1 were subjected to BLASTn searches of the rice and

Brachypodium (http://www.brachybase.org/blast) genomes

and filtered for sequences with e-values \10-7 and C80%

nucleotide identity for at least 60 bases. When several

significant hits were found, only the best hit (lowest

e-value) is reported. Markers were developed for rice

genes within the Cdu1 co-linear region using the same

procedures described above. A total of 44 sequence

tagged site (STS) primer pairs were designed based on 14

collinear genes. These markers were analyzed as per the

ESMs.

Results

We previously localized Cdu1 (Penner et al. 1995) on 5BL

(Knox et al. 2009) approximately 3 cM distal to ScOpc20

and 12 cM distal to Xfcp2, a marker linked to Tsn1. A 5BL

map derived from the CS/CS-DIC 5B RSL population is

well-saturated in the Tsn1 region (Lu et al. 2006), so we

first attempted to map Cdu1 and associated markers in that

population. ScOpc20 primers amplified the expected 394-

bp fragment from CS-DIC 5B, but no fragment was

amplified from CS (Fig. 1a). XBG608197 and Xrz575 were

mapped previously in the CS/CS-DIC 5B population, and

ScOpc20 was found to co-segregate with these markers at a

position 4.5 cM proximal to Xwg644 (Fig. 2a). Despite

segregation at ScOpc20, grain Cd concentration for CS and

CS-DIC 5B was similar (Table 2). The shoot, root, and

whole-plant Cd concentrations of seedlings were signifi-

cantly higher in CS than in CS-DIC 5B (Table 2), How-

ever, there was no difference between CS and CS-DIC 5B

in the percentage of whole-plant Cd accumulation trans-

ported to the shoots, so both CS and CS-DIC 5B would be

classified as low Cd accumulators because high Cd accu-

mulating durum genotypes transport 40–50% of whole-

plant Cd accumulation to the shoots after 14 days growth

(Harris and Taylor 2004; Hart et al. 2006). Even though it

was not possible to localize Cdu1 in this population, we

were able to associate the Cdu1 linked markers ScOpc20

and Xwg644 to XBG608197 and Xrz575, which were pre-

viously localized to deletion bin 5BL9 0.76–0.79 (Lu et al.

2006; Fig. 2a). Therefore, Cdu1 is also located within

deletion bin 5BL9 0.76–0.79.

Having established the physical location of Cdu1, we

then designed and evaluated 120 primer pairs from the

sequences of 54 wheat ESTs previously localized to bin

5BL9 0.76–0.79. Twenty-five of these primers produced

amplicons that were polymorphic between Kofa and

W9262-260D3 (Table 1) and 13 were mapped in the DH

population. XBF474090 was polymorphic (Fig. 1b) and

co-segregated with Cdu1 in the DH population (Fig. 2b, c).

Primers designed from the sequences of BF293297 and

BF474164 each produced two polymorphic fragments (Fig. 1).

XBF293297 co-segregated with Cdu1 and XBF474164

mapped 0.2 cM distal (Fig. 2b, c). XBG313229 mapped 7 cM

proximal to Cdu1. None of these markers were polymorphic

between CS and CS-DIC 5B (Data not shown). Primers for the

ESMs XBE604920, XBE426348, XBF474090, XBF145263,

XBE494515, XBG262450, and XBG274700 were all poly-

morphic among Kofa and W9262-260D3, but all clustered

Fig. 1 a Polymorphisms detected at ScOpc20 in Chinese Spring (CS)

and CS-DIC 5B and a subsample of RILS from the CS/CS-DIC 5B

RSL population; b polymorphic EST-derived markers (ESM) asso-

ciated with Cdu1 in the population W9262-260D3/Kofa; c polymor-

phic markers associated with the Vrn-B1 locus. For gel images in b
and c, Kofa is lane 1 and W9262-260D3 is lane 2. All polymorphisms

were detected using SSCP, except for BG313299 and PCS2 which

were detected using capillary electrophoresis. Arrows indicate those

polymorphic fragments that localized to 5B

Theor Appl Genet (2010) 121:1047–1058 1051

123

http://www.brachybase.org/blast


on the distal region of chromosome 5AL when mapped in

the DH population (data not shown).

BLASTx performed using the sequences of ESMs

XBG608197, XBF293297, XBF474090, and XBF474164

were used to identify the Cdu1 co-linear regions from rice

and Brachypodium (Fig. 3). The gene products from the

co-linear regions from the rice and Brachypodium genomes

are listed as supplemental information (Table S1). All four

ESMs localized to rice chromosome 3 and the Cdu1 region

were collinear with a 286-kbp region on that chromosome.

Three of the four ESMs had similarity to sequences on

Brachypodium chromosome 1 and the co-linear region

spanned 282 kbp. BLASTx was performed on all of the

genes present in the co-linear region of rice against the

Brachypodium genome (Fig. 3). Eight Brachypodium

sequences were not present in the rice co-linear region and

20 rice sequences were absent in Brachypodium. Tandem

repeats of the rice gene Os03g53590 were identified in the

Brachypodium genome and the orthologous sequence of

BF474090 was identified on chromosome 4. Twenty-nine

sequences showed near perfect colinearity between rice

chromosome 3 and Brachypodium chromosome 1 (Fig. 3).

Primers were designed for 14 genes from the Cdu1 co-

linear region in rice, but only primers for Os03g53590

(designated hereafter as Xusw15) were polymorphic

between Kofa and W9262-260D3 (Fig. 1b). When mapped

in the DH population, Xusw15 co-segregated with Cdu1

(Fig. 2c).

Xwg644 is tightly linked to the Vrn-Am1 locus in

T. monococcum which has been sequenced (Yan et al.

2003). Given the linkage of ScOpc20 with Xwg644 in the

CS/CS-DIC 5B) population (Fig. 2), genes known to be

physically linked to Xwg644 where mapped (Fig. 2). The

PCR products for PHY-C (phytochrome-C) and PCS2

(phytochelatin synthase 2) were polymorphic (Fig. 1c), and

mapped 1.8 cM distal to Cdu1 in the DH mapping popu-

lation (Fig. 2c). The primers for Xwg644 and cleavage

stimulation factor subunit 1 (CSFs-1) produced two poly-

morphic fragments each (Fig. 1c), and one from each gene

mapped 1.5 cM distal to Cdu1 (Fig. 2c). Primers for MTK4

(putative protein kinase tousled), MC (mitochondrial

carrier protein) produced polymorphic amplicons, but these

mapped to 5AL.

The revised genetic map of chromosome 5B from

W9262-260D3/Kofa was used for QTL analysis of grain

Cd concentration data. A major QTL (LOD = 58) for grain

Cd concentration centered at XBF293297, XBF474090 and

Xusw15, and was flanked by ScOpc20 and XBF474164

(Fig. 2b). This QTL, previously designated as QCdu.spa-

B1 (Knox et al. 2009), was reduced to a 0.7 cM interval

(Fig. 2c) and explained 82% of the phenotypic variation in

grain Cd concentration. W9262-260D3 contributed the

Fig. 2 a Physical map of chromosome 5BL and corresponding genetic map of CS/CS-DIC 5B. b Genetic map of 5B in W9262-260D3/Kofa

population. c Genetic map of Cdu1 region in the W9262-260D3/Kofa population. Distance between markers is in cM

Table 2 Cadmium accumulation in seedlings and grain of Chinese

Spring (CS) and CS-Triticum dicoccoides 5B (CS-DIC 5B) grown for

14 days in chelator-buffered nutrient solution (seedlings) or grown to

maturity in potted soil (grain)

Variable CS CS-DIC 5B

Seedling Cd conc. (lg g-1)

Shoot 0.52 (0.03)* 0.41 (0.03)

Root 4.69 (0.08)*** 4.11 (0.09)

Whole plant 2.01 (0.04)*** 1.79 (0.04)

% Shoot Cda 16.4 (0.7) 14.2 (0.7)

Grain Cd conc. (ng g-1) 34 (2) 29 (2)

Numbers in parenthesis are SEM, n = 10 (seedlings) or 8 (grain)

Significant differences between genotypes as determined by t test are

indicated by * P B 0.05 and *** P B 0.001
a Cd content of shoots as a percentage of whole-plant Cd content

1052 Theor Appl Genet (2010) 121:1047–1058

123



allele for low Cd with an additive effect of 47 ng g-1

(Table 3). Using MLM, a second minor QTL (LOD = 4.1)

not previously reported by Knox et al. (2009) was also

detected on 5BL around XCbf32 (Fig. 2b) and was desig-

nated as QCdu.usw-B2. The QTL effect was small relative

to QCdu.spa-B1, but the low grain Cd parent W9262-

260D3 contributed the allele for low grain Cd (Table 3).

The interactions between XCbf32 and the three markers

linked to Cdu1 were not statistically significant, but

compared to only QCdu.spa-B1, the combined effect of

the W9262-260D3 molecular variants at XCbf32 and

QCdu.spa-B1 reduced grain Cd by 17 ng g-1 (Table 3).

No other chromosomes were associated with phenotypic

variation in grain Cd.

Discussion

Our long-term goal is to identity the genetic factor(s) at

Cdu1 responsible for phenotypic variation in grain Cd

accumulation in durum wheat. To achieve this, a dense

genetic map of the Cdu1 region in durum wheat is required.

We previously localized Cdu1 as a Mendelian factor to

chromosome 5BL near ScOpc20 (Knox et al. 2009).

Mapping of ScOpc20 in the CS/CS-DIC 5B population

suggested that Cdu1 localizes to wheat bin 5BL9 0.76–0.79,

Fig. 3 The genetic map of the

Cdu1 region from W9262-

260D3/Kofa and its co-linear

region on rice chromosome

three (R3), and Brachypodium
chromosome 1 (Bd1). The

positions of Xrz575 and

XBG608197 (bold and

underlined) relative to Cdu1
were inferred from the CS/CS-

DIC 5B genetic map (see

Fig. 2). Bold (not underlined)

indicates co-linear genes which

were evaluated for

polymorphisms in Kofa/W9262-

260D3

Table 3 Least square means of grain Cd concentrations (ng g-1)

from two environments (Knox et al. 2009) for three markers associ-

ated with Cdu1 and XCbf32

Molecular variants ScOpc20 XBF474090 XBF474164 XCbf32

Least square means of genotypic groups

Kofa 160 157 160 121

W9262-260D3 71 67 72 101

Differencea 89** 90** 88** 20**

Effect of XCbf32 in lines homozygous for low Cd uptake at Cdu1

Kofa 75 74 80

W9262-260D3 63 58 63

Differencea 12* 16** 17**

Effect of XCbf32 in lines homozygous for high Cd uptake at Cdu1

Kofa 166 165 165

W9262-260D3 149 148 149

Differencea 17** 17** 16*

a Differences between genotypic classes were significant at

* P \ 0.05; ** significant at P \ 0.01
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so available ESTs previously mapped to this bin were

converted to ESMs and mapped relative to Cdu1. Two

ESMs were identified that co-segregated with Cdu1.

Colinearity between rice and wheat revealed a third STS

marker that also co-segregated with Cdu1. QTL analysis

confirmed that these three markers were strongly associ-

ated with grain cadmium concentration, explaining greater

than 80% of the observed phenotypic variation. The addi-

tional markers reduced the Cdu1 interval to 0.7 cM (Fig. 2)

and represent a significant step towards positional cloning

of Cdu1.

ScOpc20 was mapped in the CS/CS-DIC 5B population,

but no statistical differences in grain Cd concentration or

shoot-to-root partitioning in 3-week-old plants was detec-

ted. Both grain cadmium content and shoot-to-root parti-

tioning are associated with the Cdu1 gene (Hart et al.

2006). The three co-segregating markers were not poly-

morphic in the CS/CS-DIC 5B population, and both parents

showed banding patterns identical to W9262-260D3. Other

than the polymorphism for ScOpc20, these results suggest

that Cdu1 was not segregating between the parents.

Alternatively, the possibility that another gene, perhaps on

5D that, is compensating for the presence of a high Cd

allele at Cdu1 cannot be ruled out. A functional gene

present on chromosome 5D could compensate for a loss of

a functional gene or high Cd allele on chromosome 5B and

therefore a low Cd phenotype.

Several QTL for Cd concentration and translocation

have been identified in other species. In rice, three putative

QTL for Cd concentration have been identified on chro-

mosomes 3, 6 and 8 (Ishikawa et al. 2005; 2010) and on

chromosome 11 (Ueno et al. 2009). Kashiwagi et al. (2009)

identified three QTL for Cd concentration in vegetative

tissues of rice; two on chromosome 4 and a third on

chromosome 11. In maize (Zea mays L.), a QTL for leaf Cd

accumulation has recently been identified on chromosome

2 (Soric et al. 2009). The genetic complexity across species

suggests that several different physiological mechanisms

are responsible for phenotypic variation in Cd accumula-

tion in plants. In durum, the low cadmium phenotype is the

result of restricted root-to-shoot Cd translocation (Harris

and Taylor 2001, 2004), which limits the size of the shoot

Cd pool for remobilization to the grain. Our current

hypothesis is that low Cd is the result of a functional

transporter or chelator that transports or aids in the trans-

port of Cd to root organelles, thus preventing subsequent

translocation to shoots for remobilization to the grain.

Sequestration of Cd into chemical complexes or physical

compartments, such as the vacuole, could occur in root

tissues thereby reducing its availability for loading into

xylem and phloem. Recent studies have shown the poten-

tial of several ABC transporters to sequester cadmium in

plants by transporting cadmium conjugates (glutathione or

phytochletain) into the vacuole (Song et al. 2003; Klein

et al. 2006; Wojas et al. 2009). Many higher plants syn-

thesize phytochelatins (PCs) in response to Cd and bind Cd

to form Cd–PC complexes which then accumulate in the

vacuole (Vogeli-Lange and Wagner 1990) and can be

transported across the tonoplast (Salt and Rauser 1995).

Therefore, it is possible that transport of Cd–PC complexes

via one (or more) ABC transporters into the vacuole of root

cells might limit Cd translocation to the shoot for sub-

sequent remobilization to the grain (Stolt et al. 2003). The

low Cd phenotype is dominant (Clarke et al. 1997), and

thus the presence of a functional transporter or chelator that

sequesters Cd in roots would result in a low cadmium

phenotype. In this study, we mapped Cdu1 near PCS2, a

gene coding for phytochelatin synthase and Xwg644, which

codes for a half-sized ABC transporter (Dubcovsky et al.

2001). Although logical candidates, both genes are ruled

out because they mapped distal to the QCdu.spa-B1 QTL

and neither co-segregated with Cdu1. This supports the

work of Hart et al. (2006) who reported that PC synthesis

was not a limiting factor in the differential storage of Cd in

roots of high and low Cd accumulating near-isogenic lines.

However, the possibility that other ABC-like transporter or

metal chelator genes exist in the Cdu1 region cannot be

ruled out. A major QTL associated with grain and shoot Cd

concentration on rice chromosome 7 has been identified

(Tezuka et al. 2009; Ueno et al. 2009) and much like Cdu1,

explained a large proportion of the phenotypic variation

and low Cd concentration was a dominant trait. In this

region of chromosome 7, several putative metal trans-

porter-encoding genes, including OsZIP8, cadmium/zinc

transporting ATPase (OsHMA3) and OsNramp1 exist.

Some ZIP proteins have been implicated in heavy-metal

uptake in rice (Ishimaru et al. 2005) and an Arabidopsis

homologue of OsHMA3 has been shown to transport Cd

from the cytosol to vacuoles (Morel et al. 2009). Recently,

Takahashi et al. (2009) reported that OsNramp1 had the

capacity to transport both Cd and Fe. BLASTn analysis

revealed that wheat ESTs exist for all three genes, but none

have been mapped in either hexaploid or durum wheat.

Given the similar physiological mechanisms observed,

mapping of these genes in durum should be a high priority.

In this study, Cdu1 was tightly linked to the Vrn-B1

locus (Fig. 2), which controls vernalization response in

wheat (Iwaki et al. 2002). A recent study in hexaploid

wheat by Ferenc Bálint et al. (2009) also reported a QTL

for copper tolerance that was associated with vrn-A1 on

5AL. However, the reported map was not well saturated, so

it is was difficult to ascertain if vrn-A1 per se was associ-

ated or if linked genes were responsible for the observed

variation in copper tolerance. The Cdu1/Vrn-B1 linkage

could have implications for breeding low Cd durum vari-

eties, because the presence of vernalization genes in spring

1054 Theor Appl Genet (2010) 121:1047–1058

123



wheat lines can influence flowering time, and thus yield

(Iqbal et al. 2007). We did not assay the parents of our

mapping population for vernalization requirement, but the

markers reported here for Cdu1 could be used effectively to

break any undesirable relationships between the low Cd

phenotype and any vernalization response associated with

Vrn-B1.

To aid in future fine mapping efforts, we established the

collinear region in the model plants rice and Brachypodium

because the available genome sequence data could be used

to develop additional DNA markers for further map satu-

ration and to expedite chromosome walking to a gene of

interest. The Cdu1 region was found to be collinear with a

286-kbp region of rice chromosome 3 and a 282-kbp region

of Brachypodium chromosome 1. We observed a reason-

able level of colinearity in the Cdu1 region of rice and

Brachypodium, and the genes in this region will serve as an

excellent source of additional DNA markers for further fine

mapping efforts. In the co-linear regions, no obvious genes

coding for known metal transporter or metal chelators

could be identified in either rice or Brachypodium (Table

S1). As well, the QTL for Cd identified on rice chromo-

some three (Ishikawa et al. 2005) was in a non-collinear

region. However, it is not reasonable to expect perfect

colinearity between wheat and its model species because

multiple breaks in microcolinearity due to inversions,

deletions, duplications and other rearrangements have been

reported (Bennetzen 2000; Feuillet and Keller 2002; Li and

Gill 2002; Sorrells et al. 2003; Francki et al. 2004; Lagudah

et al. 2006; Lu and Faris 2006; Valárik et al. 2006; Bos-

solini et al. 2007; Faris et al. 2008). Indeed the Xwg644

locus consists of two tandem genes coding for independent

half-sized ABC transporters (Ramakrishna et al. 2002), but

only a single copy exists in rice and Brachypodium. Also,

the ESM marker derived from XBF474090 localized to

chromosome 4 in Brachypodium.

In a previous study, we only identified a single QTL on

5BL associated with phenotypic variation in grain Cd

concentration (Knox et al. 2009). In that study, transgres-

sive segregation for grain Cd concentration was observed,

suggesting that additional minor genes influence grain Cd

concentration, supporting an earlier hypothesis that other

minor genes influence grain cadmium concentration in

durum wheat (Clarke et al. 1997). With the improved

genetic map of 5BL reported here, we identified a second

QTL, designated as QCdu.usw-B2, centered at XCbf32.

Relative to Cdu1, the effect of QCdu.usw-B2 was small,

but DH lines carrying the W9262-260D3 molecular variant

at XCbf32 consistently expressed lower Cd content than

lines carrying the Kofa molecular variant (Table 3). The

primers for XCbf32 are known to amplify a portion of

CbfIIId-12 (EU194246; Campoli et al. 2009), a gene cod-

ing for a C-repeat binding factor (Cbf) (Campoli et al.

2009). The Cbfs are known transcription factors involved

in activation of abiotic stress responsive genes in plants and

have been associated with enhanced tolerance to cold

(Knox et al. 2008; Campoli et al. 2009) and drought

responses (Haake et al. 2002). In rye, we have shown that

Cbf expression patterns are dependent on the allelic state at

Vrn1 (Campoli et al. 2009) and this has also been shown in

wheat (Badawi et al. 2007), and barley (Stockinger et al.

2007). Recently, RT-PCR analysis of several Cbf genes

revealed transient expression induced by copper stress in

hexaploid wheat, suggesting that Cbfs may enhance copper

tolerance in wheat (Szira et al. 2008). It is possible that the

Cbf genes have a pleiotropic effect on Cd concentration,

possibly by regulating transpiration rates. Higher transpi-

ration rates have been associated with elevated concen-

trations of several metals and ions in plants, likely the

result of increased movement to sink tissue. Indeed, over-

expression of an Arabidopsis Cbf gene has been shown to

improve water use efficiency and reduce transpiration in

rice (Karaba et al. 2007). As well, higher expression of

Cbfs has been associated with reduced transpiration in

wheat. Alternatively, we cannot rule out the possibility of

linked genes near XCbf32 that directly influence grain Cd

concentrations.

Marker-assisted selection is preferred for selecting

breeding lines expressing low Cd because measuring grain

Cd is laborious and expensive relative to PCR-based

screening (Penner et al. 1995). We have used ScOpc20

effectively to develop low Cd durum wheat varieties

(Pozniak et al. 2009), but it is a dominant marker that is

linked in repulsion to the low Cd phenotype, and thus has

limited application in backcross breeding (Knox et al.

2009). The three markers reported here that co-segregate

with Cdu1 are co-dominant and could be used as a selec-

tion tool in durum wheat breeding programs targeting

reduced grain Cd levels. In addition, XCbf32 has potential

for use as a selection tool in further reducing grain Cd

levels in durum wheat when combined with Cdu1

(Table 3). However, these markers should still be validated

in a larger germplasm pool to determine their effectiveness

for selection of the low grain Cd phenotype in diverse

genetic backgrounds. As well, the polymorphisms for these

markers were detected using SSCP gels, and conversion of

these markers to breeder-friendly, high-throughput markers

is a priority.

In conclusion, the three markers identified here that co-

segregate with Cdu1 will serve as the starting point for

map-based cloning of Cdu1. The physical size of the wheat

genome is large, with the largest chromosome (3B) being

over twice the size of the entire 370-Mbp rice genome (Itoh

et al. 2007). Furthermore, physical mapping of wheat

chromosomes has revealed small chromosome segments of

high gene density (Faris et al. 2000) and recombination
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frequencies are not consistent along chromosomes, with

most cross-overs occurring in sub-telomeric regions of

wheat chromosomes (Saintenac et al. 2009; Erayman et al.

2004). Together, these two factors can make map-based

cloning of genes in wheat a daunting task, and indeed, less

than 12 genes have been identified using map-based clon-

ing in wheat (Paux et al. 2008). However, comparison with

other high-density maps of 5B suggests that Cdu1 resides

in a gene-rich, recombination hot spot. Saturation mapping

of Tsn1, which maps proximal to Cdu1 (see Fig. 2) was

estimated to be 400 kb/cM, an 11-fold increase in recom-

bination compared to the genomic average (Faris et al.

2000). The low physical to genetic distance and the

observed colinearity between the wheat, rice and Brac-

hypodium genomes suggests positional cloning could be

used to isolate the Cdu1 gene from durum wheat. However,

we cannot rule out the possibility that the gene responsible

for the low Cd phenotype is absent in high accumulators of

durum wheat. If this is true, it would have implications for

cloning Cdu1, because the most utilized BAC library for

map-based cloning in durum wheat is derived from

Langdon (Cenci et al. 2003), a high-Cd accumulator

(C. Pozniak, unpublished results). However, as shown in

this study, CS is a low Cd accumulator and showed similar

banding patterns to W9262-260D3 at all three Cdu1

co-segregating markers. Thus, BAC isolation from 5B of

CS may be a better alternative for map-based cloning of

Cdu1.
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