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Summary
Multiparental cross designs for mapping quantitative trait loci (QTL) provide an efficient

alternative to biparental populations because of their broader genetic basis and potentially

higher mapping resolution. We describe the development and deployment of a recombinant

inbred line (RIL) population in durum wheat (Triticum turgidum ssp. durum) obtained by crossing

four elite cultivars. A linkage map spanning 2664 cM and including 7594 single nucleotide

polymorphisms (SNPs) was produced by genotyping 338 RILs. QTL analysis was carried out by

both interval mapping on founder haplotype probabilities and SNP bi-allelic tests for heading

date and maturity date, plant height and grain yield from four field experiments. Sixteen QTL

were identified across environments and detection methods, including two yield QTL on

chromosomes 2BL and 7AS, with the former mapped independently from the photoperiod

response gene Ppd-B1, while the latter overlapped with the vernalization locus VRN-A3.

Additionally, 21 QTL with environment-specific effects were found. Our results indicated a

prevalence of environment-specific QTL with relatively small effect on the control of grain yield.

For all traits, functionally different QTL alleles in terms of direction and size of genetic effect were

distributed among parents. We showed that QTL results based on founder haplotypes closely

matched functional alleles at known heading date loci. Despite the four founders, only 2.1

different functional haplotypes were estimated per QTL, on average. This durum wheat

population provides a mapping resource for detailed genetic dissection of agronomic traits in an

elite background typical of breeding programmes.

Introduction

Quantitative trait locus (QTL) analysis on multiparental popula-

tions occupies an intermediate niche between conventional

linkage mapping based on biparental populations and associ-

ation mapping in germplasm collections. The idea of combining

the genomes of multiple founders to ensure segregation for

multiple QTL was first developed in mouse genetics with the

name of heterogeneous stocks (Demarest et al., 2001; McC-

learn et al., 1970), which could be considered as an extension

of the biparental advanced intercross lines (AILs) approach

(Darvasi and Soller, 1995) to include broader genetic diversity.

Subsequently, a large multiparent recombinant inbred line (RIL)

panel from eight laboratory inbred strains was assembled

(Churchill et al., 2004; Threadgill et al., 2002). Multiparental

strategies were also adapted to plant genetics via multiparent

advanced generation intercrosses (MAGIC, Cavanagh et al.,

2008; Mackay and Powell, 2007) and interconnected popula-

tions via di-allelic schemes or star designs (Huang et al., 2011;

Yu et al., 2008). Linkage mapping in biparental populations

often detects QTL with large support intervals because of

limited recombination (Doerge, 2002; Holland, 2007). On the

other hand, association mapping, which relies on both wider

genetic diversity and cumulated historical recombinations, may

suffer from inferential problems caused by residual hidden

population structure (Flint-Garcia et al., 2003). Mapping of QTL

in multiparental populations is expected to combine the

advantages of the two approaches: high number of informative

crossovers, possibility to interrogate multiple alleles, limited

population structure effects (Rebai and Goffinet, 2000). So far,

only a few balanced multiparental populations have been

developed in Arabidopsis thaliana (Huang et al., 2011; Kover

et al., 2009), tomato (Pascual et al., 2014), bread wheat

(Huang et al., 2012; Mackay et al., 2014; Rebetzke et al.,

2014; Th�epot et al., 2015) and rice (Bandillo et al., 2013).

In durum wheat, elite breeding germplasm has undergone

progressively higher selection pressure towards strict grain

industrial quality standards, resulting in very low genetic diversity

(De Vita et al., 2007; Maccaferri et al., 2005), probably the

lowest among cultivated wheats (p = 0.0004 9 10�3; Haudry

et al., 2007). In this context, the potentially higher informative-

ness of multiparental populations provides interesting opportuni-

ties for QTL discovery.

Here, we report on the QTL analysis of the first durum wheat

multiparental RIL population obtained by crossing four elite

cultivars from different origins to include additional genetic

diversity. The population was used to assemble a linkage map and

to map QTL for heading and maturity date, plant height and grain

yield. Molecular investigation at well-known photoperiod (Ppd)

and vernalization (VRN) genes, pivotal for seasonal and environ-
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mental adaptation in wheat (Cockram et al., 2007), was carried

out to verify QTL positions and effects.

The ultimate aim of this effort was to gain a better

understanding about the genetic architecture of complex traits

in an elite genetic background typical of commercial breeding

programmes in durum wheat.

Results

Genetic diversity among founders and genetic map

Based on high-density SNP genotyping information, diversity in

the four-way cross population from Neodur, Claudio, Colosseo

and Rascon/2*Tarro (hereafter NCCR) was 0.25, which compares

with 0.32 estimated from a reference collection of 253 cultivated

tetraploid wheat accessions from worldwide. Additionally, NCCR

captured 76% of the SNP alleles from the reference collection,

with a SNP rate of 10.3% (19.7% in the reference collection).

These results indicate that the genetic diversity represented by the

NCCR founders represents well the overall range of diversity in

durum wheat elite germplasm.

The NCCR linkage map included 7594 SNPs and spanned

2664 cM (1188 cM for the A genome and 1476 cM for the B

genome, details reported in Table 1 and File S1), distributed in 14

linkage groups. The map included 1221 unique genomic positions

(bins), varying from 43 on chr. 1A to 134 on chr. 1B (87.8 per

chromosome on average). The mean distance between unique

positions was 2.3 cM, and only 40 marker-pair intervals were

≥20 cM (Figure S1). When comparing the NCCR map to both the

bread wheat consensus and the durum wheat consensus maps,

positions were mostly monotonically related, as showed by

Spearman’s marker order rank correlation values >0.95 and

>0.99, respectively, for all chromosome pairs (Figures S2 and S3).

Gaps in chromosome coverage of the NCCR map compared to

the consensus maps were mainly found for chrs. 1A, 3B, 4A and

5A, extending from 12.1 to 51.5% (Figures S2 and S4). These

gaps were likely due to identity-by-descent (IBD) relationships

among the founders, as commonly observed in other durum

wheat crosses (Maccaferri et al., 2005, 2014). SNP density

(expressed as SNP/cM) along chromosomes showed differences

between the NCCR and durum consensus maps as compared to

the bread wheat consensus (examples are shown in Figure 1. All

comparisons are shown in Figure S5). The high SNP density at

peri-centromeric regions that was observed in bread wheat was

less pronounced or absent in both durum maps. Such differences

between bread and durum wheat can be due to both: (i)

ascertainment bias due to the use of a SNP array prevalently

developed from bread wheat and (ii) local differences in recom-

bination rate between durum and bread wheat, mostly in favour

of durum wheat (lower occurrence of historical introgressions

from wheat-relative species, which are known to cause strong

perturbation of recombination rate).

Pattern of genomic information

Along each chromosome, we measured local genomic informa-

tion as the percentage of RILs for which alleles could be assigned

to the founders and the observed SNP-based haplotype richness

(expressed as ratio over the theoretical maximum, i.e. four

haplotypes), using a sliding window of 10 cM (Figure S7).

Additionally, we compared this to the genotypic information

content (GIC), computed at all positions as in Text S1, based on

the trait grain yield and other traits, but observed few differences,

which may reflect the presence of predominantly bi-allelic QTL

detected in our analyses. In all cases, the different genomic

information measures showed similar patterns along the chro-

mosomes (Figure S7), indicating that a primary driver was the

variation of similarity between founder genomes along chromo-

somes. In regions where the founders are more similar, the

respective allelic assignment is less clear, and the number of

founder haplotypes in the region will also drop; the GIC mirrors

this trend.

Genetic structure of NCCR population

Average assignment of each founder along the chromosomes for

the 338 RILs ranged from 5.5% (both Claudio and Rascon/

2*Tarro haplotypes, chr. 3B) to 30.4% (Neodur haplotype, chr.

5A). On the whole, 20.1% of the genome could not be assigned

at the chosen probability threshold (0.7) to any founder. Detailed

plots of founder assignment percentages for all chromosomes are

reported in Figure 2. Across RILs, the percentage of regions

where founders could not be assigned varied from 9.0% (chr. 5A)

to 46.1% (chr. 3B). Percentage of founder assignment was

typically lower at centromeric regions, reflecting the lower SNP

density and SNP-based haplotype density among the four

founders (Figures 1 and S7). The genome-wide average number

of recombination events per line was 31.5, while it varied from

1.2 (chr. 3B) to 3.5 (chr. 7A) per morgan (Table 1).

Phenotypic data

In the NCCR population, heading date (HD), maturity date (MD),

plant height (PH) and grain yield (GY) trait values were normally

distributed and characterized by transgressive segregation with

respect to parental lines (Figure 3). RILs ranged from 132.3 to

149.0 days for HD and from 180.4 to 193.3 days for MD. PH

among RILs varied between 64.0 and 94.8 cm, while GY varied

between 4.2 and 7.1 t/ha (Table 2). For all traits, highly signif-

icant differences among RILs were observed (P < 10�3, Table 2).

Heritability for the combined values over the four environments

was 94.5% for HD, 86.6% for PH, 58.4% for MD and 47.7% for

GY (Table 2). A significant correlation was observed between HD

and MD (r = 0.62), GY and HD (r = 0.26) and GY and PH

(r = 0.33). Combined and single-environment correlation values

among traits are reported in Tables 3 and S1.

Table 1 Summary of main parameters of the NCCR map

Chr. SNPs (no.) Length (cM) Bins* (no.) Recomb./chr. (no.)

1A 281 125 43 1.8

1B 864 176 134 2.4

2A 695 209 99 3.0

2B 542 264 101 2.4

3A 622 205 104 3.3

3B 304 254 64 1.2

4A 359 138 68 1.7

4B 552 176 105 2.6

5A 177 99 53 1.6

5B 408 186 65 2.3

6A 708 126 91 1.5

6B 719 196 101 2.7

7A 632 286 82 3.5

7B 731 224 119 1.6

Overall 7594 2664 1229 31.6

*Bins are defined as groups of cosegregating markers.
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Power simulation

A simulation study allowed us to define the minimum QTL size

that can be detected in the NCCR population and the associated

false-positive rate both in terms of detection power and precision

across a range of explained percentage variance. Table 4 reports

the results of this simulation study. In particular, reaching a power

of 0.5 requires a minimum PVAR of 15%, which corresponds to a

precision of 5 cM or less.

Overview of QTL results

QTL analysis was carried out with two methods, IBD-CIM and IBS-

SMA (see Experimental procedures). IBD-CIM combined across

environments revealed a total of 18 QTL. The adjusted R2 for the

CIM full model was equal to 0.52 for HD, 0.40 for MD, 0.26 for

PH and 0.12 for GY. IBS-SMA identified 29 QTL, including all but

two of the 18 IBD-CIM QTL (Table 5; Figure 4), with cumulative

R2 values similar to those detected in the IBD-CIM analysis (+/�
0.01). Both methods identified the same four main chromosome

regions (on chromosomes 2A, 2B distal, 2B proximal and 7A)

enriched with QTL (QTL peaks within a 10-cM interval).

IBD-CIM on single-environment data identified 23, 15, 13 and

nine QTL in Cad11, Cad12, Pr11 and Arg12, respectively (detailed

results reported in Tables S2–S5), which could be grouped into 39

distinct QTL in total. Comparing the results of QTL analysis for the

combined data with those obtained for single environments, we

found that 14 of the 18 QTL detected with IBD-CIM across

environments and 25 of 29 QTL identified with the IBS-SMA

showed environmental specificity to some extent. Thereafter, we

report and discuss QTL results from the combined analysis of data

across environments only.

QTL for phenology-related traits

Both IBD-CIM and IBS-SMA identified four HD QTL (QHd.ubo-2A,

QHd.ubo-2B, QHd.ubo-4B and QHd.ubo-7A.2) with R2 ranging

from 2.9 to 24.7% (Table 5). IBS-SMA identified two additional

HD QTL on chr. 6A (R2 of 3.4%) and on chr. 7A (R2 of 5.3%). All

six QTL showed concomitant significant effects across environ-

ments for MD, with magnitude and ranking of effects similar to

those observed for HD. For all but the QTL on chr. 4B, the same

trend was observed for the corresponding MD QTL at target

regions, with slight differences in relative effect sizes. QTL specific

Figure 1 Marker density along chr. 6A and chr. 7A. From top to bottom: bread wheat consensus map (blue-dotted plot. From Wang et al., 2014), durum

wheat consensus map (green-dotted plot. From Maccaferri et al., 2014) and NCCR map (black-dotted plot; this study). X-axis: genetic map of the

chromosome (cM); red triangles: position of anchor markers; y-axis: SNP density (1 cM-bin), sliding window of 7 cM. Centromere positions are shown as

grey rectangles below the x-axis.
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to MD and/or to MD and PH were also identified (QMd.ubo-1B.1,

QMd.ubo-1B.2, QMd.ubo-2A.2, QMd.ubo-2B.2, QMd.ubo-4B.2,

QMd.ubo-5B and QMd.ubo-7B). At these QTL, Rascon/2*Tarro
was frequently associated with early maturity. Claudio contrib-

uted a strong late-maturity QTL (2a = 1.46 days. Claudio vs.

Colosseo and Rascon/2*Tarro) at QMd.ubo-7B, while Neodur

contributed late maturity at five of seven IBD-CIM MD QTL

(Table 5).

QTL for plant height

Five QTL for PH were identified based on both IBD-CIM and IBS-

SMA mapping methods. These were located on chrs. 1B, 2B, 5B,

7A and 7B, with one of the largest (R2 = 7.8%. 2a = �3.91 cm.

Colosseo vs. others) on 7A, corresponding to VRN-A3 (Table 5;

Figure 4). Four additional small-effect QTL were identified by IBS-

SMA only (Table 5).

QTL for grain yield

Both IBD-CIM and IBS-SMA identified two GY QTL, QGy.ubo-2B

and QGy.ubo-7A, mapped on chrs. 2B and 7A, respectively

(Table 5). For QGy.ubo-7A, the IBD-CIM-based QTL profile

showed multiple local peaks; therefore, to be conservative in

our estimates of this QTL position, a confidence interval based on

the preliminary simple interval mapping analysis was reported in

Table 5 and Figure 4. At both QGy.ubo-2B and QGy.ubo-7A, the

Colosseo haplotype affected GY negatively (�0.35 and �0.39 t/

ha, respectively) relatively to the other three founders (with

indistinguishable effect). Interestingly, these two QTL showed

contrasting associations with PH and phenology. Although

QGy.ubo-2B comapped with QPh.ubo-2B.1 (one of the main PH

QTL detected here), its association with phenology was mild (only

a concomitant small effect for MD was detected). The QTL is well

distinct in position from the Photoperiod-B1 (Ppd-B1) locus. The

direction of allelic effects was consistent with the effects observed

for PH. On the other hand, QGy.ubo-7A belonged to a QTL

cluster strongly driven by the VERNALIZATION-A3 (VRN-

A3 = TaFT) locus, with clear effects on development and

phenology. In all cases, Colosseo haplotypes differed from the

other founders in terms of genetic effect.

Comparison of functional haplotypes and SNP-based
haplotypes at QTL

At each QTL detected with IBD-CIM, we grouped different

founder haplotypes to common ‘functional haplotypes’ whenever

we could not statistically differentiate their genetic effects (in

terms of value). We then compared functional haplotypes with

‘SNP-based haplotypes’ based on identity-by- state haplotype

observation within the QTL confidence intervals. Despite the

NCCR population being based on four founders, for the 18 QTL

mapped across environments, the mean number of functional

QTL haplotypes per QTL was 2.1 (Table 5), with no QTL showing

four functionally different haplotypes. Two QTL showed three

haplotypes and 16 QTL showed two haplotypes. For the same set

of QTL, we identified on average 3.6 SNP-based haplotypes per

QTL. Altogether, SNP-based haplotypes outnumbered functional

haplotypes in all cases except two. At no QTL did the two

grouping criteria provide the same results, although concordance

was observed (e.g. extremely functionally different haplotypes

were always classified as molecularly different except at one QTL,

QHd.ubo-2B).

As a case study, we compared QTL effects (i.e. functional

haplotypes), SNP-based haplotypes and allelic variants at causal
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Figure 2 Proportion of 338 RILs assigned to each of the four founders across the NCCR linkage map.
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genes for three main loci controlling HD (QHd.ubo-2A, QHd.ubo-

2B and QHd.ubo-7A.2) that overlapped with Ppd-A1, Ppd-B1 and

VRN-A3, respectively (see Figure 5 with details reported in Text S2

and File S2). At QHd.ubo-2A, corresponding to Ppd-A1, allelic

variation in the promoter region (Neodur and Colosseo vs.

Claudio and Rascon/Tarro) concurred with the corresponding

pattern of functional haplotypes. Additional significant differ-

ences for heading date between Neodur and Colosseo as

captured by IBD-CIM were not detected by the allelic assay

(Wilhelm et al., 2009), while four haplotypes were identified

based on SNP profiling on the confidence interval (Figure 5a). In

this case, functional and SNP-based haplotypings are not neces-

sarily conflicting as the four SNP-based haplotypes may only

represent three functionally different alleles. Indeed, a shorter

subportion of the confidence interval (as also outlined by the SNP-

based QTL analysis—marker IWB67307. Figure 5a) indicates the

Figure 3 RIL frequency distributions for the four traits investigated in this study. Mean values of the founder lines are identified by coloured bars: Neodur

(green), Claudio (red), Colosseo (orange) and Rascon/2*Tarro (blue). For each trait, the population mean value is indicated by an arrow.

Table 2 Summary of the analysis of phenotypic data, combined over

years and environments

Trait Abbr. Mean Range MSg MSg*e h2

Heading

date

HD 140.6 (days) 132.3–149.0 61.9*** 3.4*** 94.4

Maturity

date

MD 188.2 (days) 180.4–193.3 22.8*** 9.5*** 58.4

Plant

height

PH 82.1 (cm) 64.0–94.7 153.1*** 20.5*** 86.6

Grain

yield

GY 5.9 (t/ha) 4.2–7.1 2.0*** 1.0*** 47.7

Abbr., used abbreviations; Mean, mean values; Range, value range; MSg, mean

square of RI lines; MSg*e, mean square of the genotype by environment

interaction; ***P-value <0.001; h2, heritability of investigated traits.

Table 3 Pearson correlation values and statistical significance

calculated on the combined adjusted means of phenotypic data

HD MD PH

MD 0.62***

PH 0.16** 0.11*

GY 0.26** 0.12* 0.33**

HD, heading date; MD, maturity date; PH, plant height; GY, grain yield;

***P-value <0.001; **P-value <0.01; *P-value <0.05.

Table 4 Power and precision in detection of QTL in the NCCR

population for a range of percentage variance explained (PVAR).

Power is measured as the proportion of replicates in which the most

significant QTL was detected within 10 cM of the simulated location.

The standard deviation (SD) of the distance from the simulated QTL is

reported across all replicates where the most significant QTL was

within 10 cM

PVAR (%) Power (ratio) SD (cM)

3 0.035 4.98

5 0.079 4.48

10 0.259 4.34

15 0.508 3.92

20 0.738 3.88
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Figure 4 NCCR linkage map reporting QTL positions for heading date (HD), maturity date (MD), plant height (PH) and grain yield (GY, data combined

across environments. Green bars: QTL mapped by IBD-CIM. Red bars: QTL mapped by IBS-SMA (also denoted by ‘_t’ suffix). For each QTL, bar and bar tick

represent the LOD drop confidence interval and the LOD peak position, respectively.
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(a)

(b)

(c)

Figure 5 Functional effects, SNP-based haplotypes and allelic causal variation at QHd.ubo-2A (a), QHd.ubo-2B (b) and QHd.ubo-7A.2 (c). For each QTL,

the functional (phenotypic) QTL effects as estimated by IBD-CIM and IBS-SMA are reported on the top left and top right, respectively (QTL effects were

always estimated taking Rascon/2*Tarro (RT), as reference haplotype); SNP-based haplotypes in the QTL confidence interval are reported on the bottom

left; parental alleles at the most significant SNP marker from the IBS-SMA are reported on central right; allelic variation observed at the causal gene is

reported as number codes on the right-bottom corner of each subsection (different alleles are represented by different numbers).
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presence of SNP-based haplotypes fully concordant with func-

tional haplotypes.

At QHd.ubo-2B, corresponding to Ppd-B1, the earliness effect

of the Colosseo private allelic was associated with a gene copy

number polymorphism (four copies vs. one copy for the other

three parents, Figure S8), similarly to what reported in bread

wheat (D�ıaz et al., 2012). Notably, this was clearly captured only

by the IBD-CIM method. In fact, the IBS-SIM method based on

single bi-allelic SNP was unable to significantly detect the earliness

effect of the Colosseo allele. Further functional variation at Ppd-

B1 other than copy number variation could explain the observed

difference in QTL effect between the haplotypes of Neodur/

Claudio and Rascon.

At QHd.ubo-7A.2, corresponding to VRN-A3, the two func-

tional alleles observed at the phenotypic level (Colosseo vs.

Neodur, Claudio and Rascon/Tarro) were completely character-

ized both by allelic variation in the promoter region (Figures 5 and

S8) and by SNP haplotype variation.

Discussion

NCCR genetic map and population structure

As expected, our four-way cross showed higher diversity than

that of biparental populations while capturing 76% of the

diversity present in the elite durum wheat collection considered in

this study. As a comparison, typical biparental durum wheat

populations represented 46–61% diversity of the collection (see

Maccaferri et al., 2014). These results confirmed the high

informativeness of the NCCR population for QTL mapping. The

diversity of NCCR population was similar to that captured in an

eight-way cross bread wheat population (Mackay et al., 2014),

whose parents represented 74% of the diversity captured by a

64-accession panel.

The NCCR genetic map spanned 2664 cM, similarly to the SNP-

based durum wheat consensus map (2631 cM, Maccaferri et al.,

2014). The map was considerably longer than the single maps

obtained from elite 9 elite biparental populations (Maccaferri

et al., 2014), and it is slightly longer (7.1%) than the A and B

genomes of the bread wheat consensus map (Wang et al., 2014).

Overall, the quality of the NCCR map appeared satisfactory

because the marker order matched closely with both durum and

bread wheat consensus maps. This notwithstanding, our results

confirmed that assembling a linkage map in a multiparental cross

still presents difficulties. Ahfock et al. (2014) highlighted marker

density and founder distribution patterns as potential factors

affecting multiparental map construction. One particular issue

affecting our study was the genealogical relationships between

the four founders (i.e. the presence of shared chromosome

regions, or IBD, see Maccaferri et al., 2007), which inherently

prevented perfect assignment of founder haplotypes and reduced

accuracy in estimating crossover positions. As a consequence,

fewer recombination events were observed than expected by

simulation, as seen in other multiparental crosses (Huang et al.,

2012). Simulations conducted on hexaploid bread wheat and

based on a consensus map of total length 2500 cM (Huang et al.,

2012) highlighted that a mean of 51 and 77 recombination

events per biparental or four-parent RIL population, respectively,

was expected, but the average observed number was lower. Such

expected values, adjusted for the 14 durum chromosomes,

approximate to 34.0 and 51.3 genome-wide recombination

events for a biparental and a four-parental population, respec-

tively.

IBS vs. IBD approaches for mapping QTL in NCCR

Performing a QTL analysis with both IBD-CIM and IBS-SMA

enabled us to compare the effectiveness of two contrasting QTL

mapping methods. The main difference between the two

approaches was in how marker information at each putative QTL

position was modelled. The IBS-SMA analysis relied on indepen-

dent tests at each bi-allelic marker position regardless of common-

ancestor origin. The main drawback with this approach is that

plants with identical marker alleles (IBS) are grouped together at

tested SNP positions, irrespectively of possible low/incomplete

linkage disequilibrium between markers and causal allelic variation

(W€urschum, 2012). In contrast, the IBD-CIM analysis relied on IBD

estimates of founder haplotype probabilities, as it attempts to trace

the parental origin of SNP alleles in population lines. This approach

should have higher power in cases where QTL variation is multi-

allelic, but loses power due to the additional degrees of freedom in

the test when the QTL is in fact bi-allelic and/or in the presence of

IBD relationships among founders.

Overall, the two QTL mapping methods mostly agreed in terms

of QTL numbers, map positions, effects and proportion of

explained variance. When we analysed the IBD-CIM results in

terms of functional haplotypes, we identified on average 2.1

haplotypes per locus, a context which provides both IBD-CIM and

IBS-SMA similar QTL detection power. This partially explains the

similar results obtained with the two mapping methods. Never-

theless, a more detailed analysis of three QTL with known causal

genes evidenced interesting differences between the two QTL

analysis methods. In the case of QHd.ubo-2B, only IBD-CIM

allowed tracing parents’ molecular variation at Ppd-B1, unlike

with the SNP-based founder haplotype pattern in the surrounding

region. This was not the case for QHd.ubo-7A.2, where the alleles

at the candidate causal locus (VRN-A3) appeared in complete

linkage with the surrounding SNP-based haplotype.

Analysis of QTL results

In NCCR population, a relatively low number of QTL showed

significant and strong effects across environments, while most

QTL showed relatively small and environment-specific effects.

This was not unexpected based on the low genetic diversity

present in durum wheat cultivated germplasm, where only a

limited number of major effect QTL are supposed to be still

segregating, depending on the elite materials and target

environments considered (reviewed in Cavanagh et al., 2013;

Collins et al., 2008; W€urschum, 2012). We compared our QTL

results with a similar four-way study conducted in a bread wheat

population of larger size (1100 RILs. Huang et al., 2012). This

population yielded nine PH QTL as compared to six in NCCR. The

number of QTL identified in the two populations appears to be

comparable based on the relative difference in population size.

To further assess the informativeness of QTL analysis in our

population, we investigated the outcome of QTL mapping using

both simulated and real data. In both cases, the population

performed relatively well to detect larger effect QTL, but did not

have high power to detect QTL accounting <10% of the

phenotypic variation, most likely due to sample size. While Valdar

et al. (2006) concluded that 500 RILs were sufficient to have high

power to detect QTL explaining 10% of the phenotypic variance,

our findings have shown different outcomes most likely reflecting

number and choice of founders, background genetic effects,

marker density, sample size and, particularly, the distinct features

of elite germplasm in self-fertile crop species. The high levels of
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similarity between founder genomes may make it difficult to

detect QTL with private effects. Additionally, power is also

expected to be reduced under more complex scenarios (i.e. QTL

interactions), while in case of effects which are shared among

founders, the power is expected to improve.

Considering GY, 2.8 QTL on average were identified in single

environments, while only two were significant across environments

with relatively minor effects (0.35–0.39 t/ha); additionally, they

collectively explained a small percentage (12%) of the total

phenotypic variation. Our results confirmed that GY and phenology

QTL often overlap and that GY QTL not associated with phenology

effects have small genetic effect in elite backgrounds (Maphosa

et al., 2014; Reynolds and Tuberosa, 2008; Simmonds et al., 2014)

with some notable exceptions (Maccaferri et al., 2008). In our study,

at least one GY per se (i.e. independent from phenology) QTL

(QGy.ubo-2B) was identified and appears worthy of further charac-

terization. Altogether, our results also suggest that genetic variation

for GY in elite durum wheat could be exploited in a genomic

selection framework (Desta and Ortiz, 2014) where statistically

subsignificant marker–trait associations can be conveniently used in

marker-assisted selection-based breeding programmes.

The importance of determining the actual QTL haplotypes

segregating in relevant gene pools was first underlined in plant

genomics-assisted breeding by Ching et al. (2002) in maize, and

more in general by Peleman and Rouppe van der Voort (2003),

who proposed the ‘breeding by design’ concept. Efforts in the

fine-scale definition of haplotypes segregating in breeding

germplasm, greatly facilitated by high-density SNP-based maps,

have been carried out in maize (Gore et al., 2009), rice

(Yamamoto et al., 2010) and soya bean (Zhang et al., 2014). In

our case, the founder haplotypes have been identified and

reported for all detected QTL, including two major QTL for

phenology and, importantly, one QTL for grain yield per se. These

SNP-based haplotypes could be deployed to enhance genomics-

assisted breeding of durum wheat.

Conclusions

A large multiparental RIL population produced by crossing four elite

durum wheat cultivars was assembled and utilized for identifying

QTL for phenology and grain yield. Notably, the NCCR map

confirmed the value of the multiparental cross to maximize the

survey of genome diversity for QTL discovery in elite backgrounds.

Detailed analysis of QTL effects evidenced 2.1 functional haplotypes

per QTL (to a maximum of three). Despite this scenario, analysis

based on founder haplotype probabilities proved to be more efficient

in QTL mapping in our multiparental population as compared to a

conventional bi-allelic assay. Our results have clearly confirmed the

prevalence of relatively minor and environment-specific grain yield

QTL in elite germplasm typically utilized in commercial breeding

programmes. Although the relationship between phenology and

yield was confirmed, it is noteworthy that a major QTL for grain yield

per se across environments was identified on chromosome 2B. Our

results indicate that this multiparental population provides valuable

opportunities for the genetic dissection of agronomic important

traits of breeding relevance in durum wheat.

Experimental procedures

Plant material and crossing design

A balanced, four-parental cross, hereafter identified as NCCR,

was derived from four durum wheat cultivars (Neodur, Claudio,

Colosseo and Rascon/2*Tarro) representing breeding lineages

which differed as to both origin and phenotypes for traits of

agronomic interest. Neodur (184.7/Valdur/Edmore) is a French

photoperiod-sensitive late cultivar showing high number of

spikelets per ear; Claudio (Sel. CIMMYT 35/Durango/IS1938/

Grazia) shows wide adaptability to Southern Europe and resis-

tance to drought and powdery mildew; Colosseo (Creso derived

with Italian landrace introgressions) presents high-yielding ears

(with balanced yield components); Rascon/2*Tarro (Rascon-37/

2*Tarro-2, CIMMYT germplasm) is a photoperiod-insensitive

cultivar with high yield potential due to an high number of

grains per spikelet. The cultivars were crossed according to a

pairwise scheme (Neodur/Claudio//Colosseo/(Rascon/2*Tarro)).
Biparental F1s were subsequently crossed to produce approxi-

mately 400 four-way F1 hybrids which were advanced by single-

seed descent to F7, and seeds were finally bulked in the F8
generation. A final population of 338 RILs was utilized in this

study.

Sample preparation and NCCR genotyping

For each NCCR RIL, DNA was extracted from four plants’ leaf

tissue (Qiagen DNeasy kit standard protocol by Qiagen, Valencia,

CA) and normalized to 50 ng/lL. Genotyping was carried out by

means of a wheat-dedicated SNP Illumina 90K array comprising

81 587 SNPs (Wang et al., 2014). As automated Illumina allele

calling was not feasible due to the tetraploidy of durum wheat, a

specific cluster file was developed by manual adjustment of the

Illumina Genome Studio cluster calling for each marker to

correctly capture variation in data. The cluster file is available

upon request to Dr. Martin Ganal (TraitGenetics GmbH, Gater-

sleben, Germany). Such a dedicated cluster file (Wang et al.,

2014) allowed us to score 25 631 SNP markers. After eliminating

6633 markers showing >10% missing data, we examined NCCR

for potential segregation distortion. In NCCR, two types of

segregation patterns were present due to the founder allele

distributions, namely 1:1 (e.g. 0-1-0-1) and 1:3 (e.g. 0-1-1-1).

Markers were therefore filtered allowing a distortion of +/� 30%.

Estimation of founder genetic diversity

Diversity index (DI) among the four NCCR parents, the parents of

previously established biparental RIL populations and the 253

accessions from the whole durum panel, was calculated as

following: DI ¼ 1�Pk
i¼1 p

2
i (Weir, 1990), where pi is the

frequency of the ith allele.

The number of captured alleles was calculated as the number

of observed alleles in both NCCR and biparental groups with

regard to the whole durum panel. The polymorphic SNPs were

counted as ratio over the 76 102 durum functional SNPs included

among the wheat Illumina 90K array (Wang et al., 2014).

Map construction

The NCCR linkage map was assembled using mpMap (Huang and

George, 2011). Maximum likelihood estimates of recombination

fraction (r) between each SNP pair were obtained using the

mpestrf function with default parameter settings. The markers

were then assigned to linkage groups when the pairwise LOD

score exceeded 5.0, producing 50 initial groups with the

mpgroup function. The LOD and recombination fraction matrices

were explored with interactive heatmaps in R (R Core Team,

2013), and the resulting 50 marker clusters were iteratively

collapsed to 22 based on the closest linkage between clusters.

The 22 linkage groups were then combined into 14 groups
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corresponding to the durum wheat chromosomes based on

markers in common with a recently released bread wheat

(T. aestivum) consensus 90K SNP-based map (Wang et al.,

2014). Markers were ordered using the mporder function. Map

positions were estimated using the function computemap (Hal-

dane map function, maxOffset = 1) that allows for the imputa-

tion of missing r values based on the value at the most highly

correlated marker. Centromeres’ map positions were deduced

from the bread wheat consensus. Based on the projection of the

NCCR-mapped markers on the bread and durum wheat reference

maps, the observed genome coverage of the NCCR map was

estimated for each chromosome. Gaps were identified when

relative distance between two adjacent common markers was

higher than 5%. For each chromosome, the total sum of gap

relative distances was estimated. Additionally, Spearman’s rank

correlation values between the two considered maps have been

calculated for all chromosome pairs. The same analysis was

carried out using a recently published durum wheat consensus

map (Maccaferri et al., 2014).

Founder haplotype reconstruction

Founder haplotype probabilities were computed with the mpprob

function in mpMap using a Hidden Markov model implemented

in R/qtl (Broman et al., 2003). Haplotypes were then recon-

structed by imputing known founder alleles whenever the

corresponding probabilities at a genomic location exceeded 0.7

for each RIL. The original bi-allelic SNP data were thus recoded on

the basis of the most likely founder haplotype at each particular

linkage block. Recombination events were declared when the

founder allele changed along the RIL genome.

Estimation of genomic information

Three indexes were used to describe the genomic information

patterns along the chromosomes. To locally estimate haplotype

diversity among founders (i.e. SNP-based haplotype density), we

counted the number of observed haplotypes along each chro-

mosome using a 10-cM sliding window; we referred this number

to the theoretical maximum (equal to four haplotypes). The

second index was the percentage of RILs (of 338) with a founder

haplotype assigned based on an assignment threshold equal to

0.7. Finally, a genotypic information content (see GIC, MapQTL,

Van Ooijen, 2004) was calculated along the chromosomes as

reported in Text S1.

Experimental design and field-data evaluation

The phenotypic evaluation was conducted in four field trials

during two growing seasons (2010–2011 and 2011–2012) in

three locations in the Po Valley: Cadriano (44°330N lat., 11°240E
long.) in 2010–2011 (Cad11) and 2011–2012 (Cad12) with plot

sizes of 2.4 m2; Poggio Renatico (44°450N, 11°250E) in 2010–
2011 (Pr11) with plots of 4 m2; and Argelato (44°390N, 11°200E)
in 2011–2012 (Arg12) with plots of 4 m2. The 338 RILs, the four

parents (two entries each) and five control cultivars Levante,

Meridiano, Orobel, Saragolla and Svevo (three entries each) were

evaluated in each environment according to an incomplete block

design. A 19 9 19 a-lattice (Patterson and Williams, 1976) with

two replications was considered for each environment. Blocking

was designed by means of FACTEX procedure (SAS Institute Inc.,

2011). The following traits were measured: heading date (HD,

reported as number of days from sowing to heading), maturity

date (MD, reported as number of days from sowing to maturity),

plant height (PH, reported in cm) and grain yield (GY, reported in

t/ha at 13%moisture). HD was recorded when 50% of the ears in

a plot were fully emerged from the flag leaf, while MD was

determined when 50% of the ear peduncles in a plot turned

yellow. PH was measured at maturity from ground level to the top

of the terminal spikelet (excluding awns) on four main culms per

plot. Data for MD in Poggio Renatico and PH in Argelato were not

available.

Statistical analysis of phenotypic data

Analysis of variance per environment was performed with the

LATTICE procedure (SAS Institute Inc., 2011) according to

Cochran and Cox (1960). Mean genotype values were adjusted

for the spatial design if the relative efficiency was greater than

105% when compared to that of a randomized complete block

design. The ANOVA over environments was performed with the

SAS GLM procedure based on the least square means of each

environment via the SAS GLM procedure (SAS Institute Inc.,

2011). After weighting the ANOVA for replications in each

location, the residual pooled over environments was considered

as the error term. Heritability on entry mean basis (h2) for each

trait was estimated across the four environments (n) and the two

replications (r) per environment, as:

h2 ¼ r2
g=ðr2

g þ r2
g�e=nþ r2=nrÞ

and for the single environment, across the two replications (r) as:

h2 ¼ r2
g=ðr2

g þ r2=rÞ

where r2
g is the genotypic variance, r2

ge is the genotype by

environment interaction variance, and r2 is the residual error

variance for each model. The descriptive statistics and the

correlation values (Pearson’s correlation coefficients) were calcu-

lated on the adjusted means.

QTL mapping

QTL analysis over environments was conducted with two distinct

approaches: (i) single marker analysis using the SNP bi-allelic

classes (identity-by-state single marker analysis, IBS-SMA) and (ii)

composite interval mapping exploiting the four founders’ identity-

by-descent haplotype probabilities (identity-by-descent composite

interval mapping, IBD-CIM). IBS-SMA was performed at each SNP

position using Tassel by fitting a general linear model (GLM) and

an F-test (Bradbury et al., 2007). IBD-CIM was performed in

mpMap software (Huang and George, 2011). In IBS-SMA, to

correct for multiple testing, a genome-wide significance level was

calculated based on the effective number of independent tests,

Meff (Cheverud, 2001; Nyholt, 2004). This procedure has been

previously shown to significantly lessen the overly conservative

Bonferroni’s adjustment (Gao et al., 2010). The effective number

of independent tests (linkage disequilibrium blocks) was inferred

from Haploview (Barrett et al., 2005), with the four-gamete rule

(threshold for haplotype frequency in the population as 20%).

Genome-wide, we estimated 500 blocks, corresponding to a

markerwise P-value <10�4 and an experiment-wise P-value <0.05.
QTL confidence intervals were computed using a sliding window

(�four markers) applied to IBS-SMA LOD values, with the interval

boundaries defined by a LOD drop below the arbitrary value of

1.44.

For interval mapping, a linear model was fit by estimating

separated fixed effects for each of the four founders at each

putative QTL position (Rascon/2*Tarro was arbitrarily chosen as
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the reference haplotype), using the mpIM function in mpMap

(program ‘qtl’). We first ran simple interval mapping (SIM) and

subsequently included cofactors corresponding to the number of

SIM-detected QTL in a composite interval mapping (CIM)

approach (Jansen, 1993; Zeng, 1993) to account for background

variation. Testing was performed on a reduced version of the

NCCR map representing only unique genomic positions; at each

location, we computed a Wald statistic for the overall significance

of all founder effects. QTL were identified if the Wald statistic P-

value was <10�3. All QTL were simultaneously fit in a full model.

The percentage of phenotypic variation accounted for by each

individual QTL (R2) was determined as the square of the semi-

partial correlation coefficient, fitting the multiple regression

model. This can be interpreted as the percentage of the variance

due uniquely to that QTL, accounting for all other QTL in the

model. Post hoc t-test on the founder effects and a Bonferroni

correction (a = 0.05) were used to estimate the number of

statistically different classes of founder haplotypes at each QTL,

which will be hereafter named functional haplotypes as their

identification was based only on effect on trait and not on

molecular genotype status. The 2-LOD confidence interval (for

combined data) and the 1-LOD confidence interval (for single-

environment data) were calculated based on transformed P-value

[�log10(P)] profiles. SNP-based haplotypes at QTL regions were

defined upon the pattern of SNP markers encompassing the QTL

confidence intervals.

Molecular characterization at Ppd and VRN target loci

Ppd-A1 has been targeted following the assay by Wilhelm et al.

(2009), while the Ppd-B1 locus was characterized using a copy

number variation (CNV) TaqMan� assay (D�ıaz et al., 2012). CNV

analysis was performed using a 7500 Fast Real-time PCR and a

TaqMan� Universal PCR Master Mix, No AmpErase UNG (A.

Biosystems, Foster City, CA). Raw data have been analysed by

CopyCaller v2.0 (A. Biosystem). VRN-A3 (TaFT, Yan et al., 2006)

has been characterized by means of an assay targeted to

Colosseo’s 1.475-bp deletion in the upstream of 50-UTR region

(Ricci et al., unpublished data). Amplifications were undertaken

using primers as follows:

wild type-specific Fwd1 (50-CTCCGGAAATGCTCGCCAGG
T-30),

Colosseo-specific Fwd2 (50-GAAGGCTCCCCATCAGTAACACT
GGAA-30) and

Rev (50-CGAAACGTTAGCTTACACGGGACGCT-30).
PCR protocol was as follows: 95 °C for 2 min and 35 cycles at

94 °C for 30 s, 67 °C for 20 s and 72 °C for 30 s, with a final

extension at 72 °C for 5 min. PCR products were separated by

2%—agarose gel electrophoresis stained with ethidium bromide.

Power simulation

We generated 2500 simulated data sets based on the true NCCR

genotype data in the founders and progeny. For each replicate,

we generated a phenotype by randomly selecting a SNP to be a

QTL. This QTL was assigned a private single founder effect

representing 3, 5, 10, 15 or 20% of the phenotypic variation;

founder values at the SNP were based on the haplotype

probabilities estimated from real data. For each simulated data

set, we performed IBD QTL mapping using R/mpMap and

recorded whether a QTL was detected within 10 cM of the true

location, with a significance threshold of P-value <0.001. We

estimated the power as the proportion of replicates in which such

a peak occurred, and estimated the precision of QTL mapping in

these replicates by considering the mean and standard deviation

of the distance of the QTL mapping peak from the true QTL

location.
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Supporting information

Additional Supporting information may be found in the online

version of this article:

Figure S1 Classes of inter-marker distances (in cM), NCCR map.

Figure S2 Scatterplots representing the relationship between the

NCCR map (x) and the bread wheat consensus map (y) for the 14

chromosomes.

Figure S3 Scatterplots representing the relationship between the

NCCR map (x) and the durum wheat consensus map, (y) for the

14 chromosomes.

Figure S4 Gaps in chromosome coverage of the NCCR map.

Gaps were calculated projecting NCCR mapped markers on the

bread wheat reference map (a) and durum wheat reference map

(b), considering intervals of 5 cM.

Figure S5 Marker density of the bread wheat consensus map

(blue-dotted plot), durum wheat consensus map (green-dotted

plot) and the NCCR map (black-dotted plot) for the 14 chromo-

somes. x-axis: genetic map of the chromosome (cM); y-axis: SNP

density (1 cM-bin), sliding window of 7 cM. Anchor markers

(monotonically increasing) are indicated by red triangles. Centro-

mere positions are shown as grey rectangles below the x-axis.

Figure S6 NCCR linkage map reporting QTL positions for heading

date (HD), maturity date (MD), plant height (PH) and grain yield

(GY). Green bars: QTL mapped by IBD-CIM, data combined across

environments. Red bars: QTL mapped by IBS-SMA (also denoted

by ‘_t’ suffix), data combined across environments. Single-

environment QTL mapping results are represented as following:

brown bars, Cad11; blue bars, Cad12; pink bars, Pr11 and pale

green bars, Arg12. For each QTL, bar and bar tick represent the

LOD drop confidence interval and the LOD peak position,

respectively.

Figure S7 Map informativeness along the chromosomes. Black

line: SNP-based haplotype density (number of haplotypes/number

of founders, 10-cM sliding window). Red line: percentage of 338

RILs with a founder haplotype assigned. Blue line: Genomic

Information Content estimated by the multi-allelic-GIC formula-

tion based on the GY full model. Centromere positions are shown

as grey rectangles.

Figure S8 Allelic variation at QHd.ubo-2A (1), QHd.ubo-2B (2)

and QHd.ubo-7A.2 (3).

File S1 NCCR genetic map.

File S2 Co-linearity analysis including wheat-barley-Brachypodi-

um-rice for three NCCR heading date QTL based on the gene-

associated SNPs mapped in the QTL confidence intervals.

Table S1 Pearson correlation values and statistical significance

calculated on single-environment data.

Table S2 Single-environment Cad11 QTL detected by IBD-CIM.

Table S3 Single-environment Cad12 QTL detected by IBD-CIM.

Table S4 Single-environment Pr11 QTL detected by IBD-CIM.

Table S5 Single-environment Arg12 QTL detected by IBD-CIM.

Text S1 Estimation of the genotypic information content (GIC).

Text S2 Co-location and co-linearity analysis of three NCCR

heading date QTL.
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