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Summary
Consensus linkage maps are important tools in crop genomics. We have assembled a high-

density tetraploid wheat consensus map by integrating 13 data sets from independent biparental

populations involving durum wheat cultivars (Triticum turgidum ssp. durum), cultivated emmer

(T. turgidum ssp. dicoccum) and their ancestor (wild emmer, T. turgidum ssp. dicoccoides). The

consensus map harboured 30 144 markers (including 26 626 SNPs and 791 SSRs) half of which

were present in at least two component maps. The final map spanned 2631 cM of all 14 durum

wheat chromosomes and, differently from the individual component maps, all markers fell within

the 14 linkage groups. Marker density per genetic distance unit peaked at centromeric regions,

likely due to a combination of low recombination rate in the centromeric regions and even gene

distribution along the chromosomes. Comparisons with bread wheat indicated fewer regions

with recombination suppression, making this consensus map valuable for mapping in the A and

B genomes of both durum and bread wheat. Sequence similarity analysis allowed us to relate

mapped gene-derived SNPs to chromosome-specific transcripts. Dense patterns of homeologous

relationships have been established between the A- and B-genome maps and between

nonsyntenic homeologous chromosome regions as well, the latter tracing to ancient translo-

cation events. The gene-based homeologous relationships are valuable to infer the map location

of homeologs of target loci/QTLs. Because most SNP and SSR markers were previously mapped in

bread wheat, this consensus map will facilitate a more effective integration and exploitation of

genes and QTL for wheat breeding purposes.

Introduction

Durum wheat [Triticum turgidum ssp. durum (Desf.) Husn.]

is grown worldwide on 17 M ha for a production of 35.6 Mt

in 2013 (International Grain Council, IGC Grain Market

reports). The main durum wheat product, semolina, is at the

base of the pasta industrial chain (13.5 MT per year, IPO

2013).

Cultivated durum wheat is tetraploid and its direct ancestor

cultivated emmer (T. turgidum ssp. dicoccum Schrank) was

derived from the domestication of a wild tetraploid species (wild

emmer, T. turgidum ssp. dicoccoides K€orn. ex Asch. & Graebner,

Schweinf.). The tetraploidization event involved a cross between

T. urartu (genome AA) with an unknown close relative of

Aegilops speltoides (genome BB) and occurred <0.8 Mya

(Marcussen et al., 2014; Mori, 2003; Ozkan et al., 2005; Salamini
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et al., 2002). A further hybridization with Ae. tauschii (D genome)

gave rise to hexaploid wheat (bread wheat, Triticum aestivum L.,

Kihara, 1944; McFadden and Sears, 1946; Dvorak et al., 1998),

The genetic constitution of and relationships among tetraploid

and hexaploid wheat species were then shaped by domestication,

selection bottlenecks, migrations and extensive gene flow (mainly

from tetraploid to hexaploid wheat, Nesbitt and Samuel, 1996;

Salamini et al., 2002; Ozkan et al., 2005; Dvorak et al., 1998,

2006; Caldwell et al., 2004; Giles and Brown, 2006). Hence, any

useful information accrued in durum wheat genetics is likely to be

valuable also to bread wheat breeders.

Until now, durum wheat molecular genetics and genomics

have largely relied on hexaploid wheat tools (Feuillet et al., 2012;

Gupta et al., 2008; R€oder et al., 1998; Varshney et al., 2007).

Molecular markers (RFLP, SSR, AFLP, DArT�, etc.) developed for

hexaploid wheat are generally useful for genetic mapping

experiments in tetraploid wheat based on the sharing of the

two A and B genomes (Blanco et al., 1998; Korzun et al., 1999;

Lotti et al. 2000; Mantovani et al., 2008). However, markers’

polymorphism information content in durum wheat germplasm

differs from that observed in hexaploid wheat (Maccaferri et al.,

2003, 2005). Single nucleotide polymorphisms (SNPs) have

become the most widely utilized markers and are being exten-

sively developed in crops, including wheat (Allen et al., 2013;

Cavanagh et al., 2013; Ganal et al., 2014; Lai et al., 2012; van

Poecke et al., 2013; Tiwari et al., 2014; Trebbi et al., 2011). A

high-density (90K) wheat SNP array has been recently developed

(Wang et al., 2014), mostly based on bread wheat SNPs, but

including approx. 8000 SNPs from durum cultivars.

Linkage maps are crucial tools for the identification and cloning

of genes and quantitative trait loci (QTL), marker-assisted

selection and genome structure analysis. The inherent constraints

of linkage maps based on single populations can be overcome by

the production of consensus maps of several maps and indepen-

dent crosses. Consensus maps provide large number of markers,

extend the mapped genome portions (including regions identical

by descent), overcome local loss of genetic resolution, validate

marker order, identify chromosome rearrangements and increase

the effectiveness of genome-wide association studies and QTL

meta-analyses (Salvi et al., 2010; Swamy et al., 2011).

Integration of mapping information from individual mapping

populations has been performed using various approaches (Ronin

et al., 2012). Currently, the genetic merging method has been

used for medium-density (up to 5000 markers) projects (Wang

et al., 2011). The graph-based method has been used for high-

density (of more than 10 000 loci) consensus maps (Gautami

et al., 2012; Wang et al., 2014). The regression method is also

suitable for high-density maps but requires high-quality initial

maps (Blenda et al., 2012; Hudson et al., 2012).

In hexaploid wheat, a SSR-based consensus map by Somers

et al. (2004) has been widely used. In durum wheat, two

consensus maps mainly based on SSR and DArT� markers have

been developed (Marone et al., 2012; Maccaferri et al.,). SNP-

based consensus maps are quickly replacing or updating former

maps (Bowers et al., 2012; Hyten et al., 2010; Mu~noz-Amatria�ın

et al. 2012; Goretti et al., 2014; van Poecke et al., 2013). In

bread wheat, six and eight biparental cross-populations were

used to build SNP-based consensus maps (Cavanagh et al., 2013;

Wang et al., 2014).

In this study, 13 independent tetraploid wheat mapping

populations were utilized to assemble a durum wheat consensus

map with the highest number of markers (>30 000) to date. These

populations included elite 9 elite, elite 9 cultivated emmer

and elite 9 wild emmer. Ten of these populations were geno-

typed with the recently developed Illumina 9K and 90K wheat SNP

arrays (Cavanagh et al., 2013; Wang et al., 2014). Informative-

ness and potential applications of this consensus map were

analysed and discussed in terms of genome coverage and marker

density, diversity and distribution.

Results

Linkage maps from the individual populations
(component maps)

The genotypic data of 13 tetraploid wheat (AABB; 2n = 28)

mapping populations were used for assembling the consensus

map. In total, the populations included 1928 lines (1773 RILs and

155 DHs, Table 1). The elite 9 elite populations that were

genotyped with the Illumina 90K SNP array (six in total) allowed

us to map between 3676 and 6163 SNPs with a mean of 5175

SNPs and a mean map length of 2012 cM. The two durum 9 cul-

tivated emmer populations allowed us to map 8952 and 10 811

SNPs (3028 and 2363 cM, respectively) while the Svevo 9 Zav-

itan (durum 9 wild emmer) population included 10 911 SNPs

(2258 cM).

Despite the high density of polymorphic markers detected

using the 90K SNP assay, none of the six elite 9 elite populations

produced component maps with a number of linkage groups

equal to the nominal chromosome pair number (14). Rather,

linkage groups ranged from 20 to 33 (28 on average) with an

average density of 2.2–3.0 SNPs/cM and an average SNP

intermarker distance of 0.39 cM/SNP (from 0.33 in Cl 9 Ld to

0.46 cM/SNP in G9586). In contrast, the component maps

derived from the three cultivated emmer and wild emmer-derived

maps genotyped with the Illumina 90K SNPs showed 14–15
linkage groups with a more even genome coverage as compared

to any map from cultivated durum wheat. However, the increase

in marker density of the SNPs mapped in the polymorphic regions

(0.23–0.34 cM/SNP for the emmer-derived maps and 0.20 cM/

SNP for the wild emmer-derived map) was only slightly higher as

compared to the elite 9 elite populations.

Consensus map features

The genotypic data of the 1773 RILs were used to construct a

framework consensus map comprised of 16 384 common

markers (hereafter referred to as anchor markers, 54.3% of the

total). In particular, anchors included 15 827 Illumina wheat

SNPs, 297 SSRs, 242 DArT� markers and 18 SNPs/STS markers of

diverse origin. The anchor markers were grouped into 14 linkage

groups, corresponding to the tetraploid wheat chromosomes

(Table 2), and were mapped at a mean LOD score = 61.9. The

framework map was used to infer the position of the 13 760

markers uniquely mapped in single component populations,

leading to a final consensus map including 30 144 markers. This

map was based on 5279 unique recombination events (377 per

chromosome) and spanned 2631 cM for an average intermarker

distance of 0.087 cM, corresponding to 11 markers per cM. The

consensus map was thus 30.7 and 17.5% longer than the mean

map length of the six component elite 9 elite durum populations

genotyped with the Illumina 90K SNP array and the longest one

(Mr 9 Cd; 2239 cM), respectively. However, the consensus map

was very similar in length to those of the three durum 9 culti-

vated emmer maps (2631 vs. 2639 cM) and slightly longer

(14.2%) than the durum 9 wild emmer Svevo 9 Zavitan map.
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Considering only materials mapped with the Illumina 90K SNP

array, the elite 9 elite populations allowed us to map 5055

anchor markers and 1064 singletons, whereas the cultivated and

wild emmer-derived populations were effective in mapping an

additional 7932 anchor SNPs and 2289 singletons. On average,

each anchor marker was mapped approximately across 3.0

mapping populations (2.9–3.4). The number of anchor markers

and total map length for each chromosome are reported in

Table 2. Anchor markers mapped in the elite 9 elite populations

were more informative in terms of the overall number of

segregating biparental populations per SNP as compared to the

anchors mapped to the interspecific crosses, as expected and

most probably due to ascertainment bias effects and divergence

of allele frequency between durum and emmer germplasm.

Distribution of markers for all maps is reported in details in Tables

S1 and S2.

In the consensus map, the A and B genomes had nearly

identical map length (1316 and 1315 cM, corresponding to

188.0 and 187.9 cM per chromosome, respectively). However, a

greater number of markers mapped to the B genome (17 119) vs.

the A genome (13 025). This proportion was conserved across all

marker classes, and average intermarker distance was equal to

0.079 cM/marker for the B genome and 0.101 cM/marker for the

A genome.

For most chromosomes, previously indicated centromere

positions (Somers et al., 2004; Sourdille et al., 2004) were

coincident with clear spikes in marker density located within a

single 5-cM bin (Figure 1), with the exception of chromosome

6A. Conversely, low-marker density regions spanning 10–30 cM

were detected in chromosome arms 1AS, 2AS, 3AS, 4AS

(proximal regions) and the distal regions of 7AS and 7BS.

Although the patterns of PIC value distribution fluctuated widely

(Figure 1), the diversity of the Illumina SNPs in the elite durum

germplasm could be related to marker distribution and/or

chromosome features. A decrease in diversity was observed in

the centromeric and pericentromeric regions of several chromo-

somes (e.g. 1A, 1B, 2A, 2B, 3B, 5B, 6A, 7B) despite the relatively

high-marker density of these regions. Conversely, extended

regions characterized by low-marker density and diversity were

also observed (e.g. in chromosome arms 1BS, 2AS, 4AS, 5AS).

The consensus map contained both transcript-derived SNP

markers and nongenic SSR and DArT markers (considered

together with SNPs obtained from reduced-representation geno-

mic libraries). The relative distribution of these three marker

classes along chromosomes is represented in Figure 2 as

standardized relative marker ratio (proportion) per 5-cM bin.

Transcript-derived SNP markers showed a tendency towards

enrichment in the pericentromeric and centromeric regions (e.g.

0.0

0.1

0.2

0.3

0.4

0.5

0

50

100

150

200

250

300

0.0

0.1

0.2

0.3

0.4

0.5

0

50

100

150

200

250

300

0.0

0.1

0.2

0.3

0.4

0.5

0

50

100

150

200

250

300

0.0

0.1

0.2

0.3

0.4

0.5

0

50

100

150

200

250

300

0.0

0.1

0.2

0.3

0.4

0.5

0

50

100

150

200

250

300

0.0

0.1

0.2

0.3

0.4

0.5

0

50

100

150

200

250

300

0.0

0.1

0.2

0.3

0.4

0.5

0

50

100

150

200

250

300

0.0

0.1

0.2

0.3

0.4

0.5

0

50

100

150

200

250

300

Chr. 1a Chr. 1b

Chr. 2a Chr. 2b

Chr. 3a Chr. 3b

Chr. 4a

388

374

Chr. 4b

M
ar

ke
rs

 (n
o.

)
M

ar
ke

rs
 (n

o.
)

M
ar

ke
rs

 (n
o.

)
M

ar
ke

rs
 (n

o.
)

Po
ly

m
or

ph
is

m
 In

de
x 

Co
nt

en
t 

(P
IC

)
Po

ly
m

or
ph

is
m

 In
de

x 
Co

nt
en

t 
(P

IC
)

Po
ly

m
or

ph
is

m
 In

de
x 

Co
nt

en
t 

(P
IC

)

Po
ly

m
or

ph
is

m
 In

de
x 

Co
nt

en
t 

(P
IC

)
Figure 1 Distribution of markers on the consensus map. Markers were counted based on 5-cM bins. Anchor and singleton markers are reported

separately. Mean Polymorphism Index Content (PIC) is from 55 of elite durum accessions from worldwide. Putative centromere positions are reported.
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in chromosomes 1A, 2A, 3A, 3B, 4A, 6B, 7A). Additionally, their

distribution was not regular along chromosomes, with local peaks

of high and low density. DArT markers and genomic SNPs

obtained from reduced-representation libraries derived from

methylation-sensitive restriction enzymes (PstI: KBO and SBG

markers) were clearly over-represented in the distal euchromatic

regions and under-represented in the centromeric and pericen-

tromeric chromosome regions (enriched in heterochromatin) for

most of the chromosomes. The mapped SSR markers, usually

chosen based on the previous knowledge on their mapping

position, showed a tendency towards even distribution along the

chromosomes.

In the elite 9 elite maps, the marker density differed markedly

along the linkage groups, with extensive presence of low-marker

density regions and gaps of no marker coverage scattered along

chromosomes (Figures S1 and 3, which is magnified in Figure S2).

This feature was attenuated in maps involving emmer and wild

emmer crosses.

As to the degree of marker order correspondence between the

consensus and the component maps, of the 182 pairwise LG

comparisons, 147 (80.7%) showed q values >0.95 and 56

(30.8%) showed q values >0.99 (Figure S1). Conflicts in marker

order were mainly limited to a single map among those sharing

common markers. Most conflicts involved small distances and the

two alternative orders presented nearly equal LOD scores;

therefore, the consensus marker order was retained, and the

conflicts were not declared. Declared conflicts were detected in

7.4% of markers per chromosome, and the conflict order

information was retained in the consensus map by marker

renaming. A small fraction of conflicts involved large structural

rearrangements of several linked markers (e.g. on chromosome

3B, data not reported) while the majority was limited to distances

<10 cM.

Genetic-to-physical correspondence between tetraploid
and hexaploid chromosome 3B

A total of 1886 gene-derived SNPs genetically mapped on the

chromosome 3B tetraploid consensus had significant matches to

the 774 Mb pseudomolecule sequence of hexaploid wheat

(Choulet et al., 2014). The majority of markers anchored to

the pseudomolecule, following a close-to sigmoidal pattern

(Figure 4). However, 193 SNPs (10.2%) had significant matches

but anchored to noncollinear regions and their positions were

scattered throughout the pseudomolecule without any clear

pattern. Only 40% of the 193 noncollinear SNPs were univocally

positioned on the pseudomolecule, while the remaining 60%

showed multiple BLAST hits (from 2 to 10, based on e�10

filtering), possibly due to occurrence in duplicated/multiple gene

family members. The localization of noncollinear SNPs that were

univocally positioned on the hexaploid pseudomolecule supports

the occurrence of rearrangements of gene order between the

tetraploid wheat parental genotypes and hexaploid wheat.

The genetic-to-physical relationship for chromosome 3B can be

described according to subpatterns at five main segmented

regions (two distal regions, two proximal regions and the

centromeric/pericentromeric region). In the two distal regions

Anchor (common) markers mapped per 5 cM bin (no. / bin)
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Figure 1 Continued.
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corresponding to 0–61.6 cM in 3BS and 133.4–210.8 cM in 3BL,

the physical-to-genetic distance relationship was mostly linear as

from the regression results (Figure 4a). These two distal regions

extended over ca. 95 (distal 3BS) and 127 Mb (distal 3BL), that

accounted for 12.2 and 16.4% of the whole chromosome, and

were characterized by an overall recombination rate of 0.64 and

0.61 cM/Mb, respectively. In the two proximal regions, the

meiotic recombination rate dropped to 0.15 cM/Mb. The centro-

meric region was positioned in a 1.4 cM interval (75.2–76.8 cM)

extending over 127 Mb (16.4% of the chromosome) and was

characterized by strong suppression of recombination. SNP PIC

values plotted using a 30-markers sliding window showed higher

polymorphism level in the two distal regions than in the rest of

the chromosome, apart from localized regions (Figure 4a).

The comparison between the hexaploid (Wang et al., 2014)

and the tetraploid consensus maps for chromosome 3B using the

SNPs shared between the two maps is reported in Figure 4b.

Spearman rank correlation between the two maps (q value) was

equal to 0.95, thus showing a good collinearity conservation

between the two subspecies. The tetraploid wheat map showed a

higher homogeneity in recombination event distribution as

compared to the hexaploid map, with the latter showing a

markedly lower recombination rate throughout the centromeric–
pericentromeric region (as shown in Figure 4b). Despite the

overall good correspondence, the collinearity at a finer level of

resolution (down to 5 cM) was compromised, mostly due to the

low resolution of both maps. When comparing the collinearity

(marker order) of the two consensus maps to the 3B pseudo-

molecule, the two genetic maps performed similarly based on

rank correlation q values = 0.89 and 0.84 for the tetraploid and

hexaploid map, respectively.

Homeologous relationships between the A and B
genome explored by gene-derived SNPs

To precisely define the homeologous (and paralogous) relation-

ships between the coding sequences tagged by mapped SNPs,

the latter were related to the T. aestivum genome-specific

transcripts. Based on a conserved-sequence similarity search

(BLASTN, 1e�10), it was possible to relate 21 547 gene-associated

SNPs to 29 520 A-, B- and D-genome transcripts with 78 311 hits

in total, restricted to 20 045 unique transcripts for the A and B

genomes only (53 316 hits). High similarity matches were thus

found for 2.66 SNPs per transcript, on average. Unique transcript-

SNP relationships (hits) were observed for 9276 cases (46.3% of

Chr. 1b

Chr. 2b

Chr. 3b

Chr. 1a

Chr. 2a

Chr. 3a

Chr. 4a Chr. 4b

M
ar

ke
r 

cl
as

s 
ra

�o

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

M
ar

ke
r 

cl
as

s 
ra

�o
 

M
ar

ke
r 

cl
as

s 
ra

�o
 

M
ar

ke
r 

cl
as

s 
ra

�o
 

Figure 2 Relative frequency distribution of genic and nongenic markers on the consensus map. Transcript-associated SNPs, nongenic DArT and SNP

markers, nongenic SSR and STS were considered as the main three marker classes. Relative frequencies are reported along chromosomes based on 5-cM

bins.
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coding sequences) while 8680 (43.3%) transcripts were tagged

by 2 to 5 SNP hits (including SNPs from homeologous chromo-

some regions); the remaining 8.04 and 2.37% were tagged by

multiple SNPs (up to 10 and up to 26 tagged SNP, respectively).

The conserved-sequence similarity analysis highlighted the

homeologous and paralogous relationships between gene-asso-

ciated SNPs and transcripts mapped to syntenic regions of

homeologous pairs, as well as to other chromosomes. Genome-

specific transcripts-SNP hits are reported as Tables S3 and S4. As

detailed in Table S3, among the 53 316 genome-specific

transcript-SNP hits, 22 579 (42.3%) and 18 372 (34.4%) were

traced to direct homologous and indirect homeologous relation-

ships within the seven homeologous groups, respectively (76.7%

of the total number of matches). SNP-transcript matches between

putative homeologous chromosomes are reported in Table S5.

A mean of 558 nonredundant reference Chinese Spring tran-

scripts per homeologous group was tagged by SNP clusters

whose components were mapped to homeologous/paralogous

positions, for a mean of 1254 SNPs in total (2.25 SNPs per

transcript). In homeologous groups 1, 2 and 3, the homeologous

relationships were abundant, with 627, 818 and 813 nonredun-

dant transcripts and 1516, 1937 and 1330 nonredundant SNPs,

respectively. Chromosome groups 4, 5 and 7 showed the lowest

number of nonredundant transcripts tagged by SNPs in putative

homeologous positions, with 130, 426 and 519 reference

transcripts and 370, 933 and 1408 SNPs, respectively. This was

expected based on the multiple translocation events occurred

among these chromosomes. Complex, nonsyntenic homeologous

relationships among chromosomes 4A, 5A and 7B, tagging the

multiple known translocations involving chromosome arms 4AL,

4AS, 5AL and 7BS (T4A/5A and T7B/4A), were identified. In

addition, preliminary evidences of additional putative transloca-

tions were obtained. Relationships are detailed in Text S1 and

Table S6.

Comparison between the tetraploid and hexaploid
wheat consensus maps

The tetraploid consensus map was compared with the hexaploid

Illumina 90K SNP consensus map reported by Wang et al. (2014).

Some 21 145 SNPs were in common between the two maps

(79.4% of the SNP mapped in tetraploid wheat), with 5481 SNPs

mapped exclusively in the tetraploid consensus map. Among the

common SNPs, 19 202 (90.8%) showed agreement in chromo-

some assignment between the two maps, whereas 1268 (6.0%)

were discordant in assignment to the nominal homeologs and the

remaining 675 (3.2%) were assigned to different chromosome
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groups, in balanced frequencies across chromosome groups with

the notable exceptions of the few main translocations. One

hundred and sixteen SNPs were differentially located to the

homeologous 4A-7A and 4A-7D positions in the two maps, thus

tagging alternate homeologous sites (tracing to the T4AL/7BS)

depending on the maps. Additionally, 65 SNPs showed discordant

location to groups 4 and 5 (tracing to T4AL/5AL, with 18 SNPs

mapped in the distal 5BL (170.7–206.2 cM interval) on the

tetraploid consensus and in the 4AL distal in the hexaploid map,

and 13 SNPs mapped in opposite relationship. Additionally, traces

of a putative T5A/2B translocation were detected by 15 SNPs

differentially mapped in chromosome 2B (tetraploid map, in

75.4–158.3 cM interval)—5B (hexaploid map) or in opposite

relationship.

Overall, 9.2% of Illumina SNP assays tagged different

homeologous or highly similar loci between durum and bread

wheat, a finding already observed by Wang et al. (2014) that

poses the problem of uniqueness (i.e. adherence to Mendelian

inheritance) of the SNP assays. Wang demonstrated that most

of these assays detected at least two polymorphisms (target

SNPs plus interfering SNPs at the genotyping oligo-annealing

site). The precise causes behind this finding remain to be

identified. As to the single component populations, it appeared

that most of them held the ancient translocations, with the

only notable exception for the 7A-1 linkage group in W9292-

260D3 9 Kofa, where a notable portion (10.8%) of linked

SNPs was mapped in chromosome 4A in other populations and

in the consensus map.

The Spearman rank correlations between homologous chro-

mosomes of the two consensus maps ranged from 0.90 to 0.99.

Rank-order plots of data pairs from the two consensus (see Figure

S3) evidenced extensive regions with completely suppressed

recombination in the hexaploid wheat consensus, particularly in

the pericentromeric regions of chrs. 1A, 2A, 3A, 4A, 4B, 5A, 6A,

7A, similarly to what we observed for the 3B pericentromeric

chromosome region where only the recombination rate of the

pericentromeric region was lower as compared to the tetraploid

wheat map.

Discussion

A tetraploid-specific consensus map as a reference for
the A and B genomes of wheat

The consensus mapping data set reported herein builds on a

sizeable amount of genotyping data obtained for tetraploid

wheat in the last decade. The consensus map integrates data
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Figure 3 Single component and consensus map representations for chromosome 3B. The consensus framework map is central. Elite 9 elite durum maps

are reported on the left while durum 9 cultivated and wild emmer maps on the right. Singleton markers are in black and anchor markers for two, three

and four or more maps are reported in blue, green and red, respectively. Connectors join highly informative marker positions. For sake of clarity, unique

singleton markers are not reported in the tetraploid consensus.
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from mapping populations obtained from crosses between the

cultivated durum varieties and crosses involving the closest

ancestors domesticated emmer and wild emmer. This study

integrates in a unique framework different types of markers

(mostly SSR, DArT� and SNP), hence allowing one to trace the

results of genes and QTL mapping studies and genetic diversity

analysis in both tetraploid and hexaploid wheat for the A and B

genomes. Additionally, our consensus map integrates a large

number (26 626) of SNP markers from the recently released

wheat 90K SNP array that includes ca. 90 000 gene-associated

assays (Wang et al., 2014). This provides a unique opportunity to

switch from neutral markers to a large set of functional, physically

anchored markers and cross-reference gene/QTL map informa-

tion and other chromosome and genomic features between

bread and durum wheat, thus allows for a highly accurate

comparative genotyping in both cereals.

Our results show the utility of the 90K SNP array for map

construction providing nearly complete genome coverage in

T. dicoccum- and T. dicoccoides-derived populations compared

to elite 9 elite populations. Gaps in the linkage maps from the

elite 9 elite durum wheat crosses suggest that the genomes of

the parental durum wheat genotypes share extensive regions of

identity by descent (IBD), difficult to populate with informative

markers. The presence of shared long-range haplotypes has been

previously demonstrated in elite durum wheat using mapped

multi-allelic SSR markers (Maccaferri et al., 2005, 2007). As the

IBD regions are randomly scattered across the individual maps,

the consensus map approach provided the opportunity to fill

linkage gaps and to reconstruct a map with nearly complete

genome coverage. It should be noted, however, that the

adoption of an open genotyping technology (such as genotyping

by sequencing, Saintenac et al., 2013) could probably partially

mitigate the low polymorphism observed in the elite 9 elite

crosses.

Consensus map construction and map features

To produce a robust consensus map, we used a combination of

genetic merging for framework mapping, based on common

(=anchor) markers, and interpolation for singleton markers.

Advantages from both mapping methods were thus retained,

such as the ability of (i) producing a robust map of anchor

markers with nearly complete genome coverage and recombina-

tion rate estimates considered as representative for the tetraploid

germplasm, and (ii) adding unique markers to a reliable frame-

work using a fast regression-based method (Cone et al., 2002;

Sosnowski et al., 2012).

Graph-based methods are faster alternatives. However, they do

not rely on the original set of marker distance matrices (Ronin

et al., 2012). A further approach based on the search of best

multilocus ordering from consensus analysis of the component

data sets was provided by Ronin et al. (2012). A more efficient

use of anchor loci is expected to speed up such analysis (A. Korol,

personal communication).

The genetic merging method was chosen based on the

availability of genotypic data from 1773 RIL, with 54% of anchor

markers, a number sufficiently large to provide sufficiently large

to provide genetic distances representative of the distribution of

recombination rates in tetraploid wheat. Second, the mapping
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Figure 4 Physical-to-genetic and genetic-to-

genetic relationships between the hexaploid

physical map, the tetraploid and the hexaploid

consensus genetic maps for chromosome 3B.

(a) Plot of the hexaploid physical map (Y axis, Mb)

on the tetraploid consensus genetic map (X axis,

cM). Correspondence has been established by

conserved-sequence similarity search (BLASTN).

The two distal chromosome regions with linear

relationships between physical and genetic

distances and the centromeric/pericentromeric

region are indicated by dashed-lined rectangular

boxes. Polymorphism Index Content (PIC) of

mapped markers from 55 elite durum wheat

cultivars is plotted along the physical maps.

(b) Plot of the hexaploid consensus genetic map

(Y axis, cM) on the tetraploid consensus genetic

map (X axis, cM).
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populations compared to hexaploid wheat showed a remarkable

homogeneity in terms of marker order and recombination rate. In

bread wheat, the genomes of modern lines frequently include

alien chromosomes transferred from wild relatives that result in

extensive suppressions of recombination or aberrations of

recombination frequency in mapping populations (Neu et al.,

2002; Jayatilake et al., 2013; Xie et al., 2012 supporting

materials in Wang et al., 2014). Marker order conservation

across maps and relative to the consensus map demonstrated

that the marker order was generally well conserved in the

tetraploid data set, making it a distinct feature of the tetraploid

germplasm as compared to T. aestivum, which shows both

higher frequency of local rearrangements as well as frequent

suppressed recombination events as shown for chromosome 3B

and for several other chromosomes as well (Wang et al., 2014).

One possible explanation is that, compared to hexaploid wheat,

tetraploid wheat germplasm has been less subjected to improve-

ment through introgressions and chromosome engineering from

the secondary and tertiary gene pools (Ceoloni et al., 2005). In

summary, this consensus map provides an important resource for

its resolving power at pericentromeric regions in both durum and

bread wheat. On the other hand, the extensive IBD among

parents of durum germplasm shown by our study constrain

mapping in populations derived from elite 9 elite crosses. This

trend could result from extensive genetic diversity reduction in

the elite durum wheat as a whole (Haudry et al., 2007) and

consequent hindrance of breeders’ effort, or ascertainment bias

caused by inadequate sampling of genetic diversity in durum

wheat.

Marker density in the consensus map varied widely along

chromosomes, even within intervals of 20 cM or less, likely due to

both variation in recombination frequency (Erayman et al., 2004;

Saintenac et al., 2011) and/or in genetic diversity (ancient genetic

drift and selection sweep effects and/or more recent breeder-

driven selection). As compared to the hexaploid wheat consensus

map and the maps derived from either wild or cultivated emmer

(Marone et al., 2012; Maccaferri et al., 2014), at least three large

chromosome regions with reduced marker density have been

consistently found in chromosomal arms 1AS, 2AS and 3AS of

durum wheat across mapping populations and germplasm

diversity studies.

Based on the relatively high number of component maps used

to produce the consensus and their representativeness of the

durum germplasm, these low-marker density regions were

considered as a constitutive feature of the cultivated durum

wheat genome. The local drop in marker density in these regions

was found in all the durum maps but not in the emmer- and

wild emmer-derived maps. The projection of the Illumina SNP

polymorphism level in elite worldwide durum germplasm

(expressed as PIC) to their genetic locations using the consensus

map evidenced a marked decline in diversity and recombination

rate in the centromeric/pericentromeric regions as well as strong

fluctuation in diversity along the chromosomes, as previously

shown in wheat and other species (Akhunov et al., 2010; Wang

et al., 2011). The distribution of transcript-associated SNPs, with

a slight enrichment in the pericentromeric and centromeric

regions most probably caused by the lower recombination rates in

such regions, supports the hypothesis of relatively even gene

distribution along chromosomes, a result that matches the direct

sequence observations reported for chromosome 3B (Choulet

et al., 2014). Irregular clustering of transcript-associated SNPs

may be indicative of presence of gene-rich regions. Conversely,

the skewedness towards distal euchromatic regions observed for

DArT markers and genomic SNPs from reduced-representation

libraries based on the use of methylation-sensitive restriction

enzymes was expected based on previous reports (Akbari et al.,

2006; Mantovani et al., 2008; Wenzl et al., 2006), including the

absence of DArT coverage in the 4AS chromosome arm (Manto-

vani et al., 2008).

Hexaploid physical-to-tetraploid genetic map
comparison for chromosome 3B

The graphical representation of the genetic vs. physical distances

along the chromosome 3B showed a classic sigmoidal pattern

that could be split into five regions showing more homogeneous

relationships with the physical sequence. The two distal regions

showing linear physical-to-genetic distance relationship corre-

sponded closely to the two distal subregions identified by

Choulet et al. (2014) based on segmentation analysis of the

recombination rate and characterized by an elevated recombi-

nation rate (of 0.60 and 0.96 cM/Mb) clearly distinct from the

low recombination rate (of 0.05 cM/Mb) observed for the large

proximal region. These recombination rate values were con-

firmed in our chromosome 3B tetraploid consensus map. The

localization of centromere based on suppressed recombination

was also consistent with the physical centromere position in

hexaploid wheat, namely 127 Mb in our case and 122 Mb in

Choulet et al. (2014).

In spite of heterogeneity in the distribution of PIC values along

the physical map in the durum wheat germplasm, a strong

decline in polymorphism content outside of the two small distal

regions—in agreement with observations by Akhunov et al.

(2010) and Wang et al. (2014)—was evident. Meiotic recombi-

nation is the likely cause of the variability.

A database of homeologous relationships for the
mapped gene-derived SNPs

In wheat, differential transcriptional regulation of homeologs

and duplicated gene copies is a mechanism for fine tuning the

phenotypic response (Dubcovsky and Dvorak, 2007), therefore

the possibility to easily cross-refer homologous genes/QTLs (and

their corresponding tagging SNPs) between their A and B

genomes facilitates genetic dissection of traits (Quarrie et al.,

2005; Diaz et al. 2005; Wilhelm et al. 2013; Zheng et al. 2013;

Avni et al. 2014; Nitcher et al. 2014; Hurni et al. 2014). To

date, homeologous relationships were mainly investigated by

RFLPs (Qi et al., 2004) and SSRs (R€oder et al. 2008) that

recognize homeologous copies as distinct patterns in the same

genetic profile. Conversely, SNP markers are generally single

Mendelian homeologous-specific assays. However, the 90K

wheat SNP array has been mostly assembled from wheat

transcripts (Wang et al., 2014) and the SNP array includes

multiple SNPs per single wheat transcript. These two features

were used to establish robust relationships between SNPs

mapped to homeologous/paralogous positions.

The mapped SNP sequences were related to the database of

chromosome-specific hexaploid transcripts [The International

Wheat Sequencing Consortium (IWGSC) (2014)] by conserved-

sequence similarity analysis while data sets of SNPs were related

to homeologous and paralogous transcript copies have been

produced for each homeologous group. These data sets provide

homeologous relationship patterns at relatively high density

(up to 1937 SNPs per homeologous group for 818 nonredun-

dant transcript sets). Homeologous relationships between
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chromosomes harbouring ancestral translocation events (involv-

ing chromosome groups 4, 5 and 7; Ma et al., 2013) were also

clearly tagged and defined in their extent. In this case, the results

were also supported by the absence of the homeologous

transcripts in the nominal chromosomes of Chinese Spring (e.g.

chrs. 4A-4B, 5A-5B, 7A-7B). Additionally, SNP-transcript relation-

ships between non-nominal homeologous groups were estab-

lished that could be ascribed to smaller and more fragmented

translocation events already noticed based on SSR markers

(Marone et al., 2012). In some cases, connections were estab-

lished between transcript sets of different groups (e.g. chromo-

some groups 1–3) for which the presence of the nominal

homeologous transcripts in the corresponding chromosome-

specific database deserves further investigation, possibly ascribed

to ancestral genome duplications (Pont et al., 2013).

Conclusions

By bringing the number of marker loci specifically mapped in

tetraploid wheat to a number close to that reached for hexaploid

wheat, the present consensus map provides a significant

advancement for durum wheat genetics. Most importantly, the

majority of mapped SNPs are gene-derived markers that provide

valuable anchor points for locus dissection and for bridging

durum and bread wheat genetics. The proposed homeologous

SNP and transcript database will be useful to define the

homeologous relationships between chromosome regions har-

bouring target genes and QTLs. Additionally, the consensus map

provides a framework of unprecedented marker density and

genome coverage for association mapping, meta-QTL analysis

and positional cloning, thus facilitating the application of

molecular breeding approaches to enhance durum wheat

productivity and quality. It is worth mentioning that the

tetraploid consensus map includes mostly markers common to

hexaploid wheat and also tetraploid-specific markers as well, and

for the first time, the map integrates SSR, DArT and SNP markers

in a single framework. Moreover, the map showed an improved

marker order resolution in centromeric and pericentromeric

regions as compared to hexaploid wheat map. The tetraploid

consensus map will also have potential applications for several

aspects of hexaploid wheat research and breeding.

Experimental procedures

Mapping populations used for consensus map
assembling

Twelve recombinant inbred line (RIL) and one double haploid (DH)

mapping populations were derived as follows: (i) eight popula-

tions from elite 9 elite durum wheat crosses including Colos-

seo 9 Lloyd (Maccaferri et al., 2008b; Mantovani et al., 2008),

Meridiano 9 Claudio (Maccaferri et al., 2011), Simeto 9 Levan-

te (Maccaferri et al., 2012), Mohawk 9 Cocorit69 (K. Ammar,

unpublished), Svevo 9 Ciccio (Gadaleta et al., 2011), W9292-

260D3 9 Kofa (C. Pozniak, unpublished), Kofa 9 Svevo

(Maccaferri et al., 2008a) and Kofa 9 UC1113 (Zhang et al.,

2008); (ii) three populations from durum 9 cultivated emmer

including Ben 9 PI_41025 (Faris et al., 2014), Simeto 9 Molise

Colli (A. Mastrangelo, unpublished) and Latino 9 MG_5323 (F.

Desiderio, unpublished); (iii) two populations from durum 9 wild

emmer crosses including Langdon 9 G18-16 (Peleg et al., 2008)

and Svevo 9 Zavitan (A. Distelfeld, unpublished). Additional

details are reported in Table 1.

Single map analysis

Genotyping was carried out at each contributing institution

following standard methods (Mantovani et al., 2008; Peleg

et al., 2008; Wang et al., 2014). Segregation data were

obtained either as raw or postprocessed data. Low-quality data

filtering was carried out according to rules: (i) missing data

allowed to a maximum frequency of 0.10 (markers and lines),

(ii) data points showing residual heterozygosity were converted

to missing data, (iii) marker segregation distortion (departure

from the expected 1:1 segregation ratio) allowed up to a

threshold P = 1E�04, corresponding to a segregation distortion

not exceeding 0.7:0.3, above which the markers were elim-

inated due to residual heterogeneity in the parental lines or

excessive distortion. SNPs segregating as dominant markers

were retained only upon confirmation in the parental lines,

provided that their segregation distortion did not exceed a

stringent 0.60:0.40 ratio. After a round of provisional mapping,

the distribution in recombination events in each mapping

population was tested for departure from the expected Poisson’

distribution (Minitab v16, Minitab inc. 2010). This step was

critical for uncovering unreliable portions of genotypic data,

most likely caused by erroneous DNA/genotyping data han-

dling.

Filtered genotypic data were used to recalculate the linkage

maps using Carthagene v. 1.2.3 (De Givry et al., 2005). For the

single component maps, nonsegregating SNPs were collapsed

(mrkdouble function). Robust initial linkage groups (LG) were

obtained using the group function at recombination fre-

quency = 0.3 and LOD = 6.0. Assignment of LG to wheat

chromosomes and their orientation were carried out by cross-

checking the position of common SSR loci in the hexaploid wheat

consensus map (Ta-SSR-2004, http://wheat.pw.usda.gov/GG2/

index.shtml and/or http://www.triticarte.com.au). Once groups

were attributed to chromosomes, their genotypic data were

pooled on a chromosome-by-chromosome basis and regrouped

at a more relaxed threshold of recombination frequency = 0.3

and LOD = 3 or progressively lowered. Mapping was carried

using the multipoint maximum likelihood algorithm (build com-

mand) and the Haldane mapping function based on iterative

cycles of: (i) mapping with marker order refinement (greedy, flips

and polish commands), (ii) investigation of graphical genotypes

for suspicious data points, for example singletons that recom-

bined within ≤5 cM, not supported by other markers and mostly

derived from unlikely events, particularly in case of SSR and

DArT� markers; (iii) raw data checking and, in case, replacement

with missing data. The reconstructed maps are thereafter

reported as component maps.

Construction of the consensus framework map and
marker interpolation

The consensus framework map was constructed using the

markers common to two or more populations (anchor) by

collapsing the genotype data sets and using the same proce-

dure described for the single populations. Prior to framework

mapping, interpopulation recombination rate heterogeneity in

the common chromosome regions was assessed. In the case of

strong heterogeneity, a preselection of LGs from populations

with relatively homogeneous recombination rates was carried

out. Anchors led to obtain a robust framework map with

intermarker genetic map distances estimated from mean

recombination frequencies across populations. Loci mapped in
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single populations only were projected by interpolation from the

positions of the two closest flanking common markers (Cone

et al., 2002) in Biomercator v.3 (Sosnowski et al., 2012).

Conflicts in marker order conservation in single maps compared

to the framework or consensus maps were detected in

Biomercator (control of monotony step). Re-inspection of the

segregation data for single maps carrying conflicts was carried

out to assess the multipoint likelihood of the map order

previous and after resolving the conflicts. For conflicts that were

not alternative to the consensus order, the markers were

considered as tagging two potentially different loci and thus

renamed using a suffix. As the local conflicting orders across

maps were usually two, of which one in low and the other in

high frequency, only two potentially conflicting ‘marker ver-

sions’ (‘a’ and ‘b’) were used. After marker renaming, one or

two cycles of single population and consensus mapping were

carried out as necessary. The degree of correspondence and

monotony between the single components and consensus maps

was inspected by calculating pairwise rho (q) Spearman rank

marker order correlations, a nonparametric measure of

monotonic correlation, that is considering only the direction

of marker concatenation.

Assessment of SNP polymorphism information content
in the durum wheat germplasm

A panel of 55 durum wheat accessions (mainly cultivars) including

parents of mapping populations and reference cultivars originat-

ing from Mediterranean countries (Italy, Morocco, Spain, Syria

and Tunisia), North and Southwestern USA, Canada and from

CIMMYT and ICARDA breeding programs was used to evaluate

the polymorphism information content (PIC) of mapped SNPs and

to relate it to the chromosome map location. PIC was computed

as follows:

PIC ¼ 1�
X

p2j

where pj is the frequency of each of the two alleles across

accessions (Powell et al., 1996).

Investigation of the relationships between the
hexaploid physical and tetraploid genetic map of
chromosome 3B

The hexaploid wheat chromosome 3B assembled physical

sequence (pseudomolecule) of Chinese Spring was downloaded

from the URGI repository (http://wheat-urgi.versailles.inra.fr/

Seq-Repository/Reference-sequence, traes3bPseudomoleculeV1)

(Choulet et al., 2014). The sequences of chromosome 3B-mapped

SNPs from the Illumina manifest file (http://triticeaetoolbox.org/

wheat/display_genotype.php?trial_code=TCAP90K_SWWpanel)

were used to conduct a conserved-sequence search on the

chromosome 3B pseudomolecule by BLASTN with a filtering

threshold e-value <1e�10.

Identification of homeologous relationships between
gene-derived SNPs

The mapped Illumina iSelect wheat SNP sequences were used as

queries to search the chromosome-specific transcript database of

the hexaploid wheat Sequence Survey database (ftp://ftp.ensem-

blgenomes.org/pub/plants/release22/fasta/triticum_aestivum/

cdna/Triticum_aestivum.IWGSP1.22.cdna.all.fa.gz). Based on

the recovered hits, SNPs and transcripts were interrelated

based on the SNP chromosome and mapping positions and the

chromosome-specific origin of transcripts in Excel.
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Figure S1 Relationship between marker order and genetic

distances of the 13 component maps and the consensus map.

Component maps are projected (Y values) on the consensus map

(X values) for all chromosomes. Spearman rank correlations are

reported as rho (q) values for each linkage group.

Figure S2 Single component and consensus map representations

for chromosome 3B.

Figure S3 Rank-order plots of the hexaploid consensus map vs.

the tetraploid wheat consensus for each of the 14 chromosomes.

The marker order of tetraploid map is reported in the X axisis and

the corresponding hexaploid map order is in the Y axis.

Table S1 Single component map features.

Table S2 Tetraploid consensus map features.

Table S3 Summary of results of sequence similarity search for

mapped Illumina SNPs on the hexaploid wheat Chinese Spring

chromosome-sorted survey sequence transcript database.

Table S4 Results of sequence similarity search for mapped

Illumina SNPs on the hexaploid wheat Chinese Spring chromo-

some-sorted survey sequence transcript database.

Table S5 Clusters of mapped SNPs tagging homeologous

transcripts based on sequence similarity to the hexaploid wheat

Chinese Spring chromosome sorted survey sequence transcript

database.

Table S6 Clusters of mapped SNPs tagging homeologous

transcripts located on translocated chromosomes based on

sequence similarity to the hexaploid wheat Chinese Spring

chromosome sorted survey sequence transcript database.

Text S1 SNP-transcript matches tagging homeologous
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