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Abstract High-density genetic linkage maps of crop

species are particularly useful in detecting qualitative

and quantitative trait loci (QTLs) for agronomically

important traits and in improving the power of

classical approaches to identify candidate genes. The

aim of this study was to develop a high-density genetic

linkage map in a durum wheat recombinant inbred

lines population derived from two elite wheat cultivars

and to identify and characterize QTLs for yellow

pigment content (YPC). A dense map was constructed

by genotyping with the wheat 90K iSelect array and

consisted of 5,670 loci, comprising 5,019 single

nucleotide polymorphism (SNP), 467 DArT, 182

SSR markers and eight genes distributed in 35 linkage

groups. Data for yellow pigment content were

obtained from four replicated trials conducted at two

locations in southern Italy for 2 years. A total of seven

QTLs on different chromosome regions (1B, 2A, 2B,

5A, 5B, 7A and 7B) were identified, three of which

were consistent in three or four environments and

across environments. The genome scan for QTLs and

the SNP homology prediction against annotated

proteins in wheat and Brachypodium genomes iden-

tified two candidate genes of the carotenoid biosyn-

thesis pathway (aldehyde oxidase, AO1, and

diphosphomevalonate decarboxylase, DMAPD) sig-

nificantly associated with YPC. This study provides a

basis for further genetic QTL dissection and tools for

marker-assisted breeding programs, because SNP

markers and some carotenoid candidate genes were

found to be tightly linked to major QTLs for YPC.
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Introduction

Durum wheat [Triticum turgidum L. ssp. durum

(Desf.) Husnot] is a cereal species widely cultivated

in various regions of the world, including the Medi-

terranean regions, Canada, USA and Mexico. With

about 17 million hectares under cultivation, the global

annual grain yield of durum wheat is estimated to be

around 35.5 million tonnes (Source: USDA July 2013

Xldata/world/all wheat/wheat/prod) with wide varia-

tion caused by drought and heat stresses. Durum

amber grain is mainly used to make semolina for

alimentary pasta in Europe and North America, and to
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produce couscous and flatbreads in North Africa and

the Middle East.

Due to the importance of common and durum wheat

as a major crop, the wheat genome has been exten-

sively studied, although the complex nature including

allopolyploidy, the high chromosome number, the

large genome size relative to model plants (Arabi-

dopsis, rice, Brachypodium) and the high percentage

of repetitive regions have been major barriers to

genome sequencing. In 2005, a group of plant

scientists, breeders and growers established the Inter-

national Wheat Genome Sequencing Consortium

(IWGSC, http://www.wheatgenome.org) to over-

come the sequencing challenges by a strategy based on

the physical mapping and sequencing of individual

flow-sorted chromosomes of Chinese Spring, an

international wheat reference variety. Recently, par-

allel massive sequencing strategies, through next-

generation sequencing (NGS) technologies, have

generated the first draft sequence of the bread wheat

genome (Mayer et al. 2014) and of the wheat A gen-

ome progenitor Triticum urartu (Ling et al. 2013) and

D genome progenitor Aegilops tauschii (Jia et al.

2013). The impact of these new techniques and

resources on wheat genetics is revolutionary. Indeed,

the development of high-density genetic linkage maps

is particularly important for bridging information

between genome sequence efforts and breeding pro-

grams (Lewin et al. 2009). Genetic maps of crop

species are useful in detecting qualitative and quanti-

tative trait loci (QTLs) for agronomically important

traits, identification and localization of candidate

genes, map-based cloning of genes of interest,

anchoring BAC contigs to genetic maps, linkage dis-

equilibrium and diversity studies, and for marker-

assisted selection and predictive molecular breeding

(for a review see Gupta et al. 2008).

The first genetic maps in common (Gale et al. 1995)

and durum wheat (Blanco et al. 1998) were developed

mainly based on restriction fragment length polymor-

phisms (RFLP), and later by more polymorphic and

cheaper markers, such as amplified fragment length

polymorphisms (AFLP), simple sequence repeats

(SSRs) and diversity arrays technology (DArT). An

updated account on mapping of wheat individual

chromosomes and the whole genome is available at

GrainGenes (http://wheat.pw.usda.gov/). SSR-based

consensus maps have been developed by Somers et al.

(2004) in bread wheat and by Marone et al. (2012) and

Maccaferri et al. (2014) in durum wheat; SNP-based

consensus maps are currently replacing or updating

such maps. Many biparental cross populations were

recently used to achieve SNP-based consensus maps in

bread wheat (Cavanagh et al. 2013; Wang et al. 2014)

and durum wheat (Maccaferri et al. 2014). However,

the large genome size and the low level of polymor-

phism prevented the development of high-resolution

genetic maps. Recent progresses of high-throughput

next-generation DNA sequencing (NGS) have over-

come these difficulties, and high-density single

nucleotide polymorphism (SNP)-based linkage maps

with[5,000 markers have been constructed for some

agronomically important crop species, such as barley

(Close et al. 2009), maize (Yan et al. 2009), soybean

(Hyten et al. 2010) and oilseed rape (Delourme et al.

2013).

SNP markers are co-dominant, abundant and

evenly distributed across the genomes, and can be

generated in a high-throughput and cost-effective

manner. These properties make SNPs an ideal marker

system (Gupta et al. 2008). With the more recent NGS

technologies, SNP detection and genotyping were

combined in a single experiment, such as sequencing

of restriction site-associated genomic DNA (RAD)

(Baird et al. 2008), genotyping-by-sequencing (GBS)

(Elshire et al. 2011; Poland et al. 2012) and sequence-

based genotyping (SBG) (Truong et al. 2012).

Recently, SBG was applied to wheat, and over

90,000 SNP markers were incorporated in linkage

maps (Trebbi et al. 2011; Poland et al. 2012; van

Poecke et al. 2013; Cavanagh et al. 2013; Saintenac

et al. 2011; Wang et al. 2014). The implementation of

SNP markers in high-density linkage maps and the

availability of sequences to annotated protein datasets

of sequenced model species allow high-resolution

QTL analysis, fine-mapping and identification of

candidate genes associated with important agronomic

traits in order to track directly the segments through

marker-assisted selection (MAS) (Saintenac et al.

2013; van Poecke et al. 2013).

Yellow pigment content (YPC) is an important

quality trait in durum wheat semolina for both

commercial (bright yellow color pasta) and nutritional

(major content of micronutrients) relevance. The

yellow color is derived from the accumulation of

carotenoid pigments in wheat pericarp and endosperm.

Carotenoids represent a large class of lipid-soluble

isoprenoids (C40) with extensive polyene chains that
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may contain up to 15 conjugated double bounds

(Moise et al. 2013).

As many important agronomic traits, YPC in wheat

is a complex character controlled by several genes

with additive effects. The amber color of the grain is

caused by the accumulation of lutein as a major

component, and zeaxanthin, a-carotene, b-carotene

and b-cryptoxanthin as minor components. Quantita-

tive trait loci (QTLs) for YPC have been located on

chromosomes 3A and 7A by Parker et al. (1998), 3B,

4B, 5B and 7A by Mares and Campbell (2001), 1B,

4A, 4B, 6A, 7A and 7B by Zhang et al. (2008), 1B and

7A by Zhang et al. (2009) and 2A, 3B, 5A and 7A by

Blanco et al. (2011). The homoeologous group 7

chromosomes account for up to 50 % of the pheno-

typic variation (Parker et al. 1998; Eluoafi et al. 2001;

Kuchel et al. 2006), whereas the QTLs on chromo-

somes 5B and 3B were responsible for 12–20 %

phenotypic variation (Mares and Campbell 2001;

Blanco et al. 2011). Identification of associated

markers or functional carotenoid genes mapped in

QTL regions would facilitate the selection of

improved durum varieties. Indeed, the lack of molec-

ular information about the carotenoid structural genes

and their wheat map position has limited the study of

carotenoid pigments and the regulation mechanism of

accumulation in the wheat grain. As far as we know,

only the genes for phytoene synthase (PSY) mapped

on homoeologous group 5 and group 7 chromosomes

(Pozniak et al. 2007; He et al. 2008; Dibari et al. 2012),

lycopene e-cyclase (e-LCY) mapped on group 3

chromosomes (Howitt et al. 2009; Crawford and

Francki 2013) and carotenoid b-hydroxylase (HYD)

mapped on group 2 and group 4 chromosomes (Qin

et al. 2012) have been cloned and characterized in

wheat.

In this study, we reported a high-density SNP-based

genetic linkage map developed in a RIL population

derived from two elite durum wheat cultivars charac-

terized by a different carotenoid pigment content. The

objectives within this context were to describe general

results on (1) physical mapping of SNP markers on

individual wheat chromosomes of the A, B and D

genomes; (2) development of a high-resolution SSR-,

DArT- and SNP-based linkage map in durum wheat;

(3) identification and characterization of QTLs for

high carotenoid pigment content; (4) identification of

carotenoid candidate genes and SNP markers tightly

linked to major QTLs for the synthesis and

degradation of yellow pigment content to be used in

marker-assisted breeding programs.

Materials and methods

Plant materials

A recombinant inbred line (RIL) mapping population,

previously developed from the cross Svevo 9 Ciccio,

was genotyped using the recently developed wheat

SNP iSelect array comprising of approximately

90,000 gene-associated SNPs (Wang et al. 2014) to

saturate the genetic map described in Gadaleta et al.

(2009). The elite durum wheat cultivars Svevo and

Ciccio were different for qualitative and quantitative

traits, such as grain yield components, grain protein

content, grain yellow pigments and adaptive traits.

Nulli-tetrasomic lines (NTs) (Sears 1954, 1966) of

Chinese Spring were used to assign SNP markers to

each chromosome.

Yellow pigment content

Parents and RILs were evaluated for YPC in replicated

trials in southern Italy at two locations (Valenzano and

Gaudiano) in 2006 and 2007. A randomized complete

block design with three replications and plots consist-

ing of 1-m rows, 30 cm apart, with 80 germinating

seeds per plot, was used in the field experiments.

Yellow pigment content (YPC) was evaluated accord-

ing to the AACC Approved Method 14–50 (AACC,

2000) with slight modifications as described by Fares

et al. (1991): 1 g of each sample was extracted with

5 mL of water-saturated n-butyl alcohol on an orbital

incubator for 3 h at 260 oscillations per minute. To

minimize pigment degradation by oxidative enzymes,

grain samples were ground in a laboratory mill with a

1 mm sieve and the resulting whole flour stored at

4 �C for a maximum of 24 h before analysis. One

gram of each sample was extracted with 5 mL of

water-saturated n-butyl alcohol on an orbital incubator

for 3 h at 260 oscillations per minute. Samples were

centrifuged for 7 min at 4,600 rpm, and absorbance of

n-butyl alcohol extracts was measured by a UV-

spectrophotometer at 435.8 nm. YPC was correlated

to grain protein content and grain yield components

(grain yield per spike, number of kernels per spike,
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1,000 kernel weight) evaluated on the same mapping

population and reported by Blanco et al. (2012).

SNP genotyping

A total of 50 ng/lL of genomic DNA of each RIL,

parental lines (Svevo and Ciccio) and Chinese Spring

nulli-tetrasomic lines was analyzed with the wheat

90K iSelect array (Wang et al. 2014). Genotyping was

performed at TraitGenetics GmbH (http://www.

traitgenetics.de) following the manufacturer’s rec-

ommendations as described in Akhunov et al. (2009).

The genotyping assays were carried out to the Illumina

iScan reader and performed using GenomeStudio

software version 2011.1 (Illumina).

Candidate genes for carotenoid content

Wheat carotenoid candidate genes (CGs) underlying

QTLs for YPC were identified using an in silico

strategy. The sequences of SNP markers linked to

QTL regions for YPC were BLASTX analyzed (e-

value threshold BE-10 and identity percentage higher

than 80 %) using homology prediction in NCBI

nonredundant protein database (http://blast.ncbi.nlm.

nih.gov/Blast.cgi) of wheat and Brachypodium gen-

omes. Information regarding the CGs expression was

obtained using the expression profiling data publically

available at Plant Expression Database (PLEXdb;

http://www.plexdb.org).

Segregation analysis and map construction

The segregation ratio for each SNP marker was tested

by Chi-square analysis for deviation from the expected

1:1 ratio, and those showing segregation distortion at

P B 0.001 and with more than 10 % missing data

(reported as failed in the original SNP data file) were

excluded from further analyses. Ten RILs with more

than 10 % missing data were also excluded. SNPs with

a null allele at one parent and segregating presence/

absence in the mapping population were eliminated

for the inability to discriminate null alleles from failed

data. Linkage analysis between markers and determi-

nation of the linear order of loci was performed by

JoinMap 4.0 (Van Ooijen 2006) using the regression

mapping algorithm. Grouping was performed using

the independence LOD parameter with groups pre-

senting a LOD [ 6. The Haldane mapping function

was used to calculate map distances (Haldane 1919).

Previously, physically mapped gSSR and EST-SSR

markers (Gadaleta et al. 2009) and SNP data from the

nulli-tetrasomic analysis were used as anchor loci and

for assigning linkage groups to specific chromosomes

or chromosome bins. Linkage groups were named

according to the wheat chromosome nomenclature

followed by a number.

Statistical analysis and QTL detection

The software MSTAT-C was used as the standard

procedure for the analysis of variance for YPC.

Genetic variance and broad-sense heritability were

obtained using the variance component estimates.

Pearson phenotypic correlation coefficients were cal-

culated between YPC and grain protein content and

grain yield components. QTL mapping was carried out

by the composite interval mapping (CIM) method

(Zeng 1994) using the software QGene 4.0 (Joehanes

and Nelson 2008). A scanning interval of 1 cM

between markers and putative QTL with a window

size of 10 cM was used to detect QTL. The number of

marker cofactors for background control was set by

forward regression with a maximum of five controlling

markers. A QTL was considered significant when one

or more markers were associated with YPC at

LOD [ 3. Suggestive QTL at the sub-threshold

2.0 \ LOD \ 3.0 values were reported for further

investigation. For additive QTL effects, positive and

negative signs of the estimates indicate, respectively,

the contribution of Svevo and Ciccio toward higher

trait value. The proportion of phenotypic variance

explained by a single QTL was determined by the

square of the partial correlation coefficient (R2).

Graphical representation of linkage groups and QTL

was carried out using MapChart 2.2 software (Voo-

rrips 2002).

Results

Chromosome assignment of SNP markers

Out of 81,587 SNP arrays from the 90K array, 13,900

(17.0 %) totally failed and 4,872 (6.0 %) failed on

three or more nulli-tetrasomic (NT) lines; 34,727

(42.6 %) were monomorphic; therefore, a total of

53,499 arrays were excluded from further analyses
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(Table S1). The remaining 28,088 arrays were grouped

according to the number of failed NTs (one or two) and

to the number of NTs showing a SNP in comparison

with Chinese Spring. A total of 7,601 (9.3 %) arrays

failed on only one NT and the SNPs were assigned to

the missing chromosome in the NT; an additional 814

(1.0 %) arrays failed on two different NT lines and

then were assigned to the two missing chromosomes.

A total of 8,350 (10.2 %) arrays showed a NT with one

SNP and then were assigned to the missing chromo-

some in that specific NTs, while 302 (0.4 %) showed

two SNPs in two different NTs and were assigned to

two different chromosomes. Further, 1,399 (1.7 %)

and 204 (0.3 %) showed one NT line with a SNP and

one or two failed NTs and were tentatively assigned to

two or three chromosomes, respectively. A total of

7,270 (8.9 %) assays showed a NT line with an

ambiguous nucleotide (M, K, R, Y, YUPAC codes),

and the SNPs were assigned to the missing chromo-

some in that specific NT lines, while 789 (1.0 %) and

1,359 (1.7 %) showed a NT line with an ambiguous

nucleotide and a failed NT or with a SNP and were

assigned to two chromosomes.

The accuracy of SNP assignment to the A, B or D

wheat chromosomes was checked on a sample of

1,859 SNP markers that were genetically mapped on

the durum wheat RIL population Svevo 9 Ciccio (see

paragraph below). Out of 551 physically mapped

SNPs according to the failed NT line, 482 (87.5 %)

showed the same position in the genetic and the

physical maps, while the accuracy decreased to

69.1 % when the chromosome assignment was given

according to the two failed NT lines. The accuracy rate

was high when the markers were assigned to the A, B

or D genome chromosomes according to the NT line

showing a SNP compared to Chinese Spring; indeed,

only 2.8, 3.7 and 0.0 % of contrasting localization

between genetical and physical mapping was observed

when the chromosome assignment was made accord-

ing to the NT line with a SNP and 0, 1 or 2 failed NT

lines, respectively. A total of 46 out of 47 checked

SNP markers showed a correct chromosome assign-

ment to one of the two NTs showing a SNP. The

accuracy was 82.0 % when the chromosome assign-

ment was made according to the NT line with an

ambiguous nucleotide (M, K, R, Y).

The assignment of 28,387 SNP markers to the A, B

and D genome chromosomes is reported in Table S2

with the indication F (failed), N (nucleotide), M, K, R,

Y (ambiguous nucleotide) to take into account the

accuracy rate according to the different criteria used

for the chromosome assignment. The SNPs tentatively

assigned to two chromosomes according to the two

failed NTs were not reported because of their low

accuracy rate. A summary of the distribution of 24,451

SNP loci on the 21 wheat chromosomes is given in

Table S3, taking into account that the nullisomics for

chromosomes 4D and 7D were not available and that

the ditelosomic 4BS was used instead of the nulli-

somic 4B. SNPs assigned to two or three different

chromosomes were not included. A higher number of

SNPs were mapped on the B genome (43.0 %) than on

the A (36.5 %) and D (20.5 %) genomes. Among the

seven homoeologous groups, a maximum of 22.6 %

SNPs were mapped on the group 2 chromosomes, and

a minimum of 9.9 % on groups 4 and 7 chromosomes.

The highest number of SNPs was mapped on chro-

mosome 2B (2,342 loci = 9.6 %) and only 433 loci

(1.8 %) on the chromosome 6D.

The durum linkage map

The Svevo 9 Ciccio RIL population was genotyped

with the wheat 90K SNP iSelect assay (Wang et al.

2014). Out of 81,587 assays, 15,701 (19.2 %) failed

completely and 69,216 (84.8 %) were monomorphic

in the mapping population. A total of 6,796 (8.9 %)

were polymorphic; however, 1,078 had more than

10 % missing data and 28 showed strong segregation

distortion (P [ 0.001) and were excluded from further

analyses. A total of 421 (6.2 %) SNPs were dominant

(pattern with one failed allele) and were excluded from

mapping due to the inability to discriminate the null

allele from the failed assay. The remaining 5,297

SNPs could be used for mapping and were combined

with the 527 DArT, 70 EST-SSR, 112 SSR, two

morphological markers (glume color, Bla1, and spike

glaucousness, Ws), two seed storage protein loci (Gli-

A2 and Gli-B2) included in the map described by

Gadaleta et al. (2009) and two glutamine synthetase

plastidic genes (GS2-A2 and GS2-B2) reported by

Gadaleta et al. (2011). The complete linkage map is

reported in supplementary materials (Table S4) and a

summary in Table 1; Fig. 1.

Out of 6,012 loci, 5,670 assembled in 35 linkage

groups by using a LOD C 6, while 352 remained

unlinked or assembled in small linkage groups (LGs)

without any chromosomal anchor locus. LGs were
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assigned to chromosome bins by the physically and

genetically mapped gSSR and EST-SSR markers

previously reported by Gadaleta et al. (2009) and by

the physically mapped SNPs previously described in

the present work. The anchor loci for chromosomes

5A and 5B were also represented by SNP markers

physically mapped by Gadaleta et al. (2014). Two

chromosomes were assembled in a single LG; most

chromosomes were assembled in 2–3 LGs, while

chromosomes 3A and 5B were each represented by

four LGs.

A total of 3,360 (59.3 %) markers were localized on

the B genome with a total length of 704.2 cM, while

2,308 (40.7 %) mapped on the A genome (total length

869.6 cM). Approximately 20 % more markers mapped

on the B genome indicating that the B genome was more

polymorphic than the A genome. The whole map covered

1,773.8 cM with an average chromosome length of

126.7 cM. The length of individual chromosomes varied

from 68.0 cM (chromosome 3A) to 181.9 cM (5A),

whereas the number of loci per chromosome ranged from

220 (4A) to 690 (2B). Chromosomes 3A and 6B showed

the highest number of markers per cM (4.8–5.1), and

chromosome 5A had the lowest marker density (1.7).

Linkage analysis showed a very high number of DArT

and SNP markers that co-segregated and therefore

mapped on the same locus. A percentage of 83.1 % of

the 5,019 mapped SNPs and 45.7 % of the 467 mapped

DArTs showed redundancy (identical and co-migrating

loci mapped within 0.1 cM). Chromosomes 1A, 2B, 5B

and 7A exhibited the maximum redundancy for SNP

markers (86.8–88.9 %) and chromosome 3B for DArT

markers (78.1 %). The SNP markers were generally well

distributed throughout the genome, although some

chromosomes exhibited a higher density. The overall

SNP density was 2.8 markers/cM, with a maximum of 4.7

for chromosome 3A and a minimum of 1.4 for chromo-

some 4A. Four major SNP clusters ([40 loci/0.1 cM)

were identified on chromosomes 1A, 4B, 6A and 7A. The

percentage of mapped SNPs that showed segregation

distortion at P C 0.05 was estimated at 8.2 %. Most of

the skewed loci clustered in regions of the chromosomes

1A, 1B, 2A, 3A, 4A, 5B, 6A, 6B and 7B.

Detection of QTLs for yellow pigment content

Yellow pigment content (YPC) was evaluated in four

replicated trials conducted in two locations in southern

Italy (Valenzano and Gaudiano) in 2006 and 2007.

The analysis of variance revealed highly significant

differences (P \ 0.01) among genotypes in each of the

four environments; environments, genotypes and the

environment 9 genotype interaction were significant

in the combined analysis across environments (data

not reported). Mean, range, genetic variance and

heritability estimates of YPC in the RIL population

Svevo 9 Ciccio and the parents in each environment

are reported in Table 2. The parental lines had

significantly different YPC values in each environ-

ment, and Svevo always had a higher value

(7.67–9.44 lg/g) than Ciccio (5.85–7.36 lg/g). The

means of the RIL population were near the mid-

parental values (6.89–8.52 lg/g), but transgressive

segregation in both directions was observed in each

environment, indicating that positive alleles for YPC

were present in both parents. The pattern of variability

was typical of a quantitative trait, and the broad-sense

heritability estimates (genotype mean basis) ranged

from 0.83 to 0.94 indicating the stability of the trait

and that the phenotypic expression was mainly due to

genotypic effect.

Data on grain yield components (grain yield per

spike, 1,000 kernel weight and kernel number per

spike) and protein content, previously evaluated in the

same RIL population (Blanco et al. 2012), were used

to investigate their relationships with YPC. Correla-

tion coefficients in individual environments are shown

in Table S5. Grain yield per spike and 1,000 kernel

weight both demonstrated a slightly negative correla-

tion with yellow pigment concentration, but it was

significant only between YPC and grain yield per

spike at Gaudiano 2007 (P \ 0.01), and between YPC

and 1,000 kernel weight at Valenzano 2007 (P \ 0.01)

and Gaudiano 2007 (P \ 0.001). No correlation was

found between YPC and kernel number per spike and

protein content.

Identification of QTLs associated with yellow

pigment content

QTLs for yellow pigment content were determined

based on the genetic map reported in Gadaleta et al.

(2009) and integrated with DArT and SNP markers as

described in the current work. The composite interval

mapping (CIM) method as proposed by Zeng (1994)

was employed, and QTLs with LOD values[3.0 were

considered; suggestive QTLs at the sub-threshold

2.5 \ LOD \ 3.0 were reported only for further
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Fig. 1 Schematic representation of the durum wheat linkage map

and closest markers to QTLs for yellow pigments. Each linkage

group has been represented by the first and the last marker,

following a progressive and implied numeric order (see details in the

supplementary Table 2S). The number of markers in each linkage

group is reported in italic above the linkage group bar. All loci are

indicated as follows: gSSR markers by ‘‘X,’’ EST-SSR markers by

the international accession number, DArT markers through ‘‘wPt or

tPt’’ code and SNP markers with ‘‘IWB’’ abbreviation. The genetic

map is aligned with the deletion bin map, and the colored lines show

the correspondent genetic/physical position of one SSR marker per

bin. The physical mapping is referred on data of SSR markers

(Gadaleta et al. 2009) and SNP markers (Gadaleta et al. 2014). The

closest marker to QTLs for YPC is indicated in red; on the left side,

the red arrows report the environments in which the QTLs were

detected (V06, Valenzano 2006, G06, Gaudiano 06, V07,

Valenzano 2006, G06, Gaudiano 07). Centromeres are indicated

by a black circle. (Color figure online)
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investigation. Putative QTLs for YPC in individual

environments and across environments are listed in

Table 3, and map positions of the closest marker are

reported in Fig. 1. CIM identified seven QTLs on

chromosomes 1B, 2A, 2B, 5A, 5B, 7A and 7B

accounted for a large proportion of the total pheno-

typic variation for YPC scored in four environments

(Table 3). The amount of phenotypic variation

explained by individual QTLs (R2) ranged from 12.6

to 60.4 %. The major QTL detected on chromosome

arm 7AL (LG 7A_2, closest marker IWB59875) was

significant in all four environments and explained

16.1–60.4 % of YPC variation. The QTL detected on

chromosome arm 1BL (LG 1B_2, closest marker

IWB73028) was consistent in three environments and

explained 13.6–27.2 % of phenotypic variation. Three
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Fig. 1 continued

Mol Breeding (2014) 34:1563–1578 1571

123



QTLs detected on chromosome arms 2AS (LG 2A_1),

2BL and 5BL (LG 5B_2) were consistent in two

environments and explained 13.5–18.0 % of YPC

variation. QTLs on 1BL, 5BL and 7AL were consis-

tent also across environments with a coefficient of

determination of 19.3, 21.8 and 51.6 %, respectively

(Fig. 2). The remaining two QTLs on 5A_1 and 7B_2

were significant only in single environments with

LOD scores of 3.1 and 7.8, respectively. Both parents

contributed positive alleles (elevated YPC) with

Svevo contributing the positive alleles at the LGs

1B_2, 2B, 5A_1 and 5B_2 7B_2 QTLs, and Ciccio at

the QTLs on LGs 2A_1 and 7A_2. The allelic effect

changed greatly in the different environments, ranging

from nonsignificant values to 1.03 pigment content

unit (QTL on 7A_2 at Valenzano 2007).

Candidate genes related to carotenoid QTLs

The wheat 90K array developed by Wang et al. (2014)

comprises approximately 90,000 gene-associated

SNPs that provides dense coverage of the wheat

genome. In order to identify potential candidate genes

(CGs) involved in the major QTLs for carotenoid

pigment content detected in the Svevo 9 Ciccio

segregating population, the sequences of the SNP

markers located in the regions underlying the QTLs

were analyzed for annotated proteins involved in the

carotenoid pathway in the wheat and Brachypodium

genomes databases. We detected an aldehyde oxidase

(AO) and a diphosphomevalonate decarboxylase

(DMAPD) located in the major QTLs on the chromo-

some arms 7AL and 5BL, respectively. In particular,

the DNA sequence of the IWB59875 SNP marker

closest to the 7AL QTL showed correspondence with

the aldehyde oxidase AO1 sequence in the Brachyp-

odium genome, whereas in the wheat genome was still

uncharacterized. The candidate gene diphosphome-

valonate decarboxylase (DMAPD), identified by the

gene-associated SNP marker IWB76257, mapped

within the 5BL QTL region at 0.84 cM from the

closest DArT marker tPt-1253.

Discussion

Single nucleotide polymorphism (SNP) markers are

particularly useful in the development and saturation

of genetic maps and detection of QTLs for agronomic

traits. In the current study, we used the wheat 90K chip

developed by Wang et al. (2014) to generate a high-

density linkage map in a RIL population derived from

two durum elite cultivars, Svevo and Ciccio, widely

grown in Italy.

The map includes eight genes, 5019 SNP, 467

DArT and 182 SSR markers used to anchor the linkage

groups (LGs) to the wheat chromosome bins.

Although a good coverage of the genomes was

obtained, a number of gaps over 20 cM for LGs

belonging to the same chromosome limited the

connections of all LGs in 14 chromosomes, as

expected in the durum wheat genome. Indeed, the

Svevo 9 Ciccio map consists of 35 LGs, and in part,

this is the result of mapping gene-associated SNPs in a

large genome of 13 Gb characterized by gene-rich

regions interspersed within a vast amount of repeated

DNA ([80 %) (Erayman et al. 2004). The fragmen-

tation of some genomic regions is also due to the

stringent parameters (LOD score [6 and distance

\20 cM) used in the markers grouping in order to take

into account the chromosome bin position of the SSR

markers previously mapped by deletion lines (Gadal-

eta et al. 2009). Moreover, in some instances, we

preferred to have two distinct LGs rather than one

Table 2 Mean, range,

genetic variance (rG
2 ) and

heritability estimates (hB
2 ) of

yellow pigment content

(expressed in lg/g) in a RIL

population,

Svevo 9 Ciccio, evaluated

in four environments

Parental lines

or RILs

Environments

Valenzano 2006 Gaudiano 2006 Valenzano 2007 Gaudiano 2007

Svevo 8.47 7.89 7.67 9.44

Ciccio 6.34 5.85 6.44 7.36

RILs 7.50 6.89 7.18 8.52

Range (3.36–10.21) (3.37–9.81) (2.65–9.58) (4.54–10.87)

C.V. (%) 3.81 6.54 3.92 3.70

sG
2 1.065 0.987 1.198 1.242

hB
2 0.92 0.83 0.94 0.93
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merged LG because of the physical position of the LGs

on not adjacent chromosome bins. So the LG 6B_2,

positioned on the bin 6BS5-0.76-1.05 by the physi-

cally mapped SSR markers Gli-B2, Xgwm508,

TC80528, Xbarc68, Xwmc398 and BJ213673b (Sourd-

ille et al. 2004; Gadaleta et al. 2009; Kumar et al.

2013), and the LG 6B_3, positioned on the bin

C-6BL3-0.36 by the anchor markers Xgwm88,

Xgwm58 and TC101037 (Sourdille et al. 2004;

Gadaleta et al. 2009), could be merged in a single

LG at LOD = 18, thus including the bin C-6BS5-0.76

estimated to be long 228.25 Gb without any marker

(Kumar et al. 2013). Although the link of the two LGs

is likely due to lack or reduced recombination in the

centromeric region, such genetic map could be of

reduced or no benefit for some marker applications

such as positional cloning or marker-assisted

selection.

As expected, the Svevo 9 Ciccio linkage map

presents a higher marker density than those previously

developed by Gadaleta et al. (2009) and Menzo et al.

(2013) related to the same RIL population. The total

length of the map was 1,773.8 cM, with a mean of 3.2

markers/cM and ranges from 1.7 for chromosomes 5A

to 5.1 markers/cM for chromosome 3A. The relatively

low marker density of the Svevo 9 Ciccio map is

likely due to the low level of polymorphism of the two

commercial cultivars used to develop the RIL

population.

The average number of mapped markers per

chromosome was 404.9, with a range from 220

markers on chromosome 4A and 690 on chromosome

2B. However, 83.1 % of the SNP mapped showed

redundancy, i.e., identical or co-migrating loci

mapped within 0.1 cM. More markers were mapped

on genome B (3,361) than in genome A (2,309)

(Table 1). Lack of genome coverage was observed for

chromosomes 1A, 1B, 3B, 4A, 4B, 6A, 6B and 7A in

centromeric regions, as reported in several wheat maps

(Sourdille et al. 2003; Somers et al. 2004; Torada et al.

2006; Maccaferri et al. 2014). Moreover, the short arm

of chromosome 4A is not covered at all, which is

consistent with other published wheat maps (Gadaleta

et al. 2009; Marone et al. 2012; Cavanagh et al. 2013).

This low coverage of some Svevo 9 Ciccio map

regions could be due to the lack of polymorphism

between the two parental lines, and/or to the small

difference in recombination frequencies of molecular

markers as shown in other maps (Somers et al. 2004;T
a
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van Poecke et al. 2013), and/or to evolutionary events

that induced limitations in sequence variations. As

demonstrated by Ma et al. (2013), translocation and

inversion events of chromosome 4A with 5A and 7B

chromosomes had re-located the arm 4AS, justifying

the lack of mapped markers and consequently of

genetic maps related to 4AS.

QTL analysis and identification of candidate genes

Despite the economic and nutritional importance of

carotenoids, the wheat genetic improvement for

high YPC by conventional breeding has been only

practiced in the last two decades. Although many

QTLs controlling YPC were previously localized

on wheat chromosomes in various segregant pop-

ulations (Crawford and Francki 2013; Kuchel et al.

2006; Mares and Campbell 2001; Parker et al.

1998; Pozniak et al. 2007; Zhang et al. 2008), the

complete QTL characterization and introgression

into commercial varieties still represent an impor-

tant task.

The present study was designed to detect QTLs for

YPC in two elite durum wheat cultivars widely grown

in Italy. We identified seven QTLs in the

Svevo 9 Ciccio population mapped on chromosome

arms 1BL, 2AS, 2BL, 5AS, 5BL, 7AL and 7BL. The

detected QTLs explained 12.6–60.4 % of the YPC

phenotypic variation. In comparison with previous

studies (Blanco et al. 2011), the enhanced number of

markers (5,670) gave a major dissection of chromo-

some segments involved in the carotenoid expression

trait as confirmed by the size reduction of single QTL

regions.

Fig. 2 LOD score scan on

linkage groups 5B_2 and

7A_2 for QTLs associated

with yellow pigment

concentration (YPC) across

four environments. The

position and the name of

molecular markers are

shown on the chromosomes

along the horizontal axis.

The LOD score scan was

obtained by CIM using five

cofactors. Cofactor markers

on linkage groups 5B_2 and

7A_2 are shown highlighted
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The presence of a major QTL for YPC on 7AL was

repeatedly detected in common and durum wheat

(Parker et al. 1998; Mares and Campbell 2001; Patil

et al. 2008; Zhang et al. 2008; Zhang and Dubcovsky

2008; Howitt et al. 2009; Blanco et al. 2011), and

shown to be associated with the phytoene synthase

Psy-A1 locus localized on the bin 7AL18-0.90-1.00. A

major QTL for YPC (16.1–60.4 % phenotypic varia-

tion) showing stability across all examined environ-

ments was detected in the Svevo 9 Ciccio population

on chromosome arm 7AL (Table 3). However, com-

posite interval mapping analysis showed the peak on

the marker IWB59875 tightly linked to the physically

mapped SSR markers BJ262177e and Xcfd6 on the bin

7AL21-0.74-0.86 (Fig. 2). Zhang and Dubcovsky

(2008) and Blanco et al. (2011) detected two separated

peaks on the adjacent bins 7AL21-0.74-0.86 and

7AL18-0.90-1.00, and supported the presence of two

different QTLs for YPC on 7AL. The bin position of

the major QTL detected in the current study on

7AL21-0.74-0.86 and the position of the common

marker Xgwm1061a on 7AL18-0.90-1.00 tightly

linked to Psy-A1 (Psy-A1 was not polymorphic

between Svevo and Ciccio) indicated that the 7AL

QTL was allelic to the second QTL detected in the

Kofa 9 UC1113 and Latino 9 Primadur mapping

population on the bin 7AL21-0.74-0.86 by Zhang

and Dubcovsky (2008) and Blanco et al. (2011),

respectively. The QTL on bin 7AL18-0.90-1.00 was

functionally associated with phytoene synthase (Psy-

A1) (Zhang and Dubcovsky 2008), a key enzyme

involved in the first committed step of carotenoid

pathway, while the QTL on bin 7AL21-0.74-0.86 was

considered highly associated with YPC but not well

characterized and documented.

The bioinformatics analysis of the mapped SNP

markers in the QTL regions detected in the SC

population indicated that the closest SNP marker

IWB59875 associated with the major 7AL QTL for

YPC (Table 3; Fig. 2) corresponded to the candidate

gene aldehyde oxidase (AO1) that belongs to the AO

gene family (AO; EC 1.2.3.1). The aldehyde oxidase

enzymes (AO1, AO2 and AO3 in Arabidopsis)

catalyze the conversion of abscisic aldehyde (an

epoxy-carotenoid) in abscisic acid (ABA) and are

expressed in leaves, roots and seeds (Seo et al. 1998,

2000a, b; Xiong et al. 2001). AO proteins were also

detected in pea (Zdunek-Zastocka 2008), barley

(Omarov et al. 2003), maize (Qin et al. 2013) and

recently in common wheat (Gallé et al. 2013), but in

all plants they might play different roles (Omarov et al.

2003). AO2 and AO3 were found to be more expressed

in roots suggesting their function in ABA accumula-

tion in direct response of stresses (Gallé et al. 2013).

The direct relationship of the AO1 gene-associated

SNP (IWB59875) with the detected QTL on 7AL

suggested its possible implication in the grain carot-

enoid accumulation. Indeed, the comparative match-

ing analysis of the AO1 gene-associated SNP

IWB59875 to wheat 61 k microarray platform, carried

out using the Plant Expression Dataset (PLEXdb)

BLAST, showed a high expression level of the AO1

gene (TaAffx.97075.1.S1_at) in wheat seeds. How-

ever, since AO genes are involved in a number of

biological processes, a more detailed experimental

analysis should be carried out to support the role of

AO1 in the carotenoid accumulation in wheat grain.

The 5B QTL (closest marker tPt-1253), mapped on

bin 5BL16-0.79-1.00, was found to have a significant

effect in two out of four environments and across

environments and explained 16.9–21.8 % of the

phenotypic variation. A QTL at the same chromosome

position was previously detected by Mares and

Campbell (2001) in common wheat. The bioinformat-

ics analysis of the SNP markers mapped on the 5B

QTL region identified the diphosphomevalonate

decarboxylase (DMAPD) gene-associated SNP

(IWB76257) at 0.84 cM from the closest DArT

marker tPt-1253. DMAPD is responsible for the

reversible isomerization of isopentenyl diphosphate

(IPP) into its allelic isomer DMAPP, both precursors

of carotenoids (Kumari et al. 2013). The important

role of DMAPD gene in the carotenoid pathway was

already reported in plants (Hirschberg 2001; Moise

et al. 2013).

Minor variations were observed for QTLs on

chromosomes 2A, 2B, 3A, 5A and 7B. They seem to

be more sensitive to the environment since they are

expressed in only one or two sites. The 3A QTL on the

short chromosome arm was detected in previous

studies (Mares and Campbell 2001), while the 1B

QTL appears to be at the same position as a minor

QTL detected by Zhang et al. (2008). Also, the 7B

QTL located within the same chromosomal segment

as reported by Eluoafi et al. (2001), Pozniak et al.

(2007) and Zhang et al. (2008).
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Conclusion

In the present study, we reported a high-density SNP-

based genetic map that comprises 5,019 SNP, 467

DArT and 182 SSR markers with a substantial

increment of genome coverage in comparison with

previous published maps on the same Svevo 9 Ciccio

population. This high-resolution map and data on the

yellow pigment content of the RIL population eval-

uated in four environments provided a first deep

knowledge and characterization of chromosome seg-

ments involved in the expression of YPC. The seven

detected QTLs for YPC show an evident environmen-

tal influence with a predominant polygenic nature

control, represented by heritability estimates higher

than 0.9 in three sites. The major QTLs on chromo-

some arms 7AL and 5BL were found to be coincident

or in close proximity with candidate genes for

carotenoid accumulation in the grain. These results

provide valuable information for marker-assisted

selection (MAS) for yellow pigment content to

expedite the selection of durum varieties with

improved pasta quality. In addition, the genetic data

obtained in this study will support further studies on

QTL dissection for agronomically important traits

differentiating the two parental lines.
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