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genetic capacity of  the plant to acquire soil resources is a 
primary target to increase crop productivity and yield stabil-
ity (Hawkesford et�al., 2014; Mickelbart et�al., 2015). In the 
past decade, RSA has received increasing attention in cere-
als (Hochholdinger and Tuberosa, 2009; Wasson et�al. 2012, 
2014; Bishopp and Lynch, 2015), leading to the develop-
ment of  detailed RSA ideotypes (King et�al., 2003; Lynch, 
2013; Meister et�al., 2014). In rice, a narrow and deep root 
ideotype for enhancing drought resistance has been suc-
cessfully pursued based on direct �eld observation of  root 
distribution (Steele et� al., 2013; Uga et� al., 2013) or root 
growth angle (RGA) measurements in rhizotrons (Kitomi 
et� al., 2015). In sorghum, stay-green genotypes have con-
tributed additional evidence for the positive role on yield of 
narrow RGA quantitative trait loci (QTLs) under drought 
conditions (Borrell et�al., 2014). RGA is also of  paramount 
importance for the acquisition of  phosphorus, a low-mobil-
ity nutrient usually more abundant in the upper soil layer 
(Miguel et�al., 2015).

Among cereals, wheat is prevalently grown under rain-
fed conditions in regions where drought stress is the major 
environmental factor limiting productivity. Accordingly, 
in at least 60 million rainfed hectares, grain yield of  wheat 
was only 10�50% of  that reached under irrigation (Fleury 
et�al., 2010; Langridge and Reynolds, 2015). Drought can 
affect wheat at all vegetative stages, mainly from �owering 
to grain �lling in Mediterranean environments. Breeding 
for enhanced water and nutrient uptake would therefore 
result in increased yield and yield stability, particularly 
under water-limited environments (Manschadi et�al., 2010; 
Wasson et�al., 2012; Christopher et�al., 2013; Lopes et�al., 
2014). Optimizing the anatomy and growth features of 
roots can signi�cantly increase water-use ef�ciency (WUE; 
Richards and Passioura, 1989; Wasson et�al., 2012) and/or 
moisture extraction from deep soil layers (Blum, 2009; Uga 
et�al., 2013; Pinto and Reynolds, 2015). In wheat, lack of 
information on the effects of  RSA QTLs on yield across 
water regimes has so far hindered the adoption of  marker-
assisted selection for tailoring RSA, unlike in rice (Steele 
et�al., 2013; Arai-Sanoh et�al., 2014) and sorghum (Borrell 
et�al., 2014).

Wheat shows two main root systems, namely the seminal 
(embryonal) roots and the nodal (crown or adventitious) 
roots (Chochois et�al., 2015). Seminal roots in cultivated 
wheat include one primary root, two pairs of  symmetric 
roots, and, at times, a sixth central root. Nodal roots usu-
ally become visible when the fourth leaf  emerges at the 
tillering stage (Esau, 1965). Seminal roots penetrate the 
soil earlier and more deeply than nodal roots and remain 
functional for the entire plant cycle, hence contributing to 
moisture extraction from deeper soil layers (Manschadi 
et�al., 2013).

Direct measurements of root length density across soil pro-
�les showed that wheat growth on residual moisture greatly 
depends on roots that reach deep soil layers (Reynolds et�al., 
2007; Acuna et� al., 2012; Hamada et� al., 2012; Manschadi 
et�al., 2013). Importantly, rooting depth has been related to 
the RGA of seminal roots as �rst reported by Oyanagi et�al. 

(1993). More recently, this concept has been adopted for 
breeding purposes in rice (Uga et�al., 2015).

RGA is easily measured on seminal roots of seedlings 
(Sanguineti et�al., 2007; Richard et�al., 2015) or on the adven-
titious roots at the adult stage (Oyanagi et� al., 1993; Kato 
et�al., 2006). While the latter appears more relevant for crop 
performance, direct �eld-based RSA phenotyping of adult 
plants remains a labour-demanding undertaking, especially 
when experimental uniformity is required and experiments 
involve a large number of accessions (Mace et� al., 2012; 
Tuberosa, 2012). Conversely, RSA characterization at the 
seminal stage allows for an accurate, fast, and cheap evalua-
tion of hundreds of accessions (Mace et�al., 2012). This not-
withstanding, limited information is available on QTLs for 
seminal RSA in wheat (CanŁ et�al., 2014).

QTLs for RSA traits have been reported for diverse cere-
als (Tuberosa et� al., 2003; Hund et� al., 2011; Mace et� al., 
2012; Christopher et�al., 2013; Courtois et�al., 2013; Acuna 
et�al., 2014; Borrell et�al., 2014). In rice, the identi�cation of 
major QTLs for root depth has been instrumental in increas-
ing adaptation to low water availability (Steele et�al., 2013) as 
well as for the positional cloning of deeper rooting 1 (DRO1; 
Uga et�al., 2013).

Dissecting the genetic control of RSA traits is particu-
larly important in tetraploid durum wheat (Triticum turgi-
dum L.�var. durum Desf.), a crop mainly grown under rainfed 
conditions and low water availability. In this study, linkage 
and association mapping were both used to (i) generate a 
comprehensive view of the QTLome (as de�ned in Salvi and 
Tuberosa, 2015) governing RSA traits in elite durum wheat at 
the seedling stage and (ii) investigate how these QTLs in�u-
ence yield and overlap with similar QTLs in hexaploid wheat. 
A�high-density tetraploid consensus map facilitated cross-ref-
erencing of QTLs from diverse materials and studies, hence 
allowing us to prioritize RSA QTLs for further studies. The 
genetic variation for RSA in the A�and B wheat genomes is 
described, providing the necessary knowledge ultimately to 
�ne-tune the expression of the RSA and model its expression 
based on genetic information.

Materials and methods
Plant material
Two recombinant inbred line (RIL) F6:7 populations were devel-
oped by Produttori Sementi Bologna (Bologna, Italy) from 
Colosseo×Lloyd (Co×Ld; 176 RILs) and Meridiano×Claudio 
(Mr×Cl; 181�RILs).

Colosseo is an Italian cultivar released in 1990 with a high yield 
potential but poorly adaptated to Southern Mediterranean environ-
ments under high terminal drought and heat (as from the Italian 
National Network Trial annual reports, 1995�2005). Pedigree infor-
mation indicates a direct origin from Creso (one of the founders of 
the modern germplasm, obtained from Italian and CIMMYT early 
Green Revolution materials). However, microsatellite data showed 
that Colosseo has chromosome segments directly introgressed from 
Mediterranean landraces (Maccaferri et�al., 2007). Lloyd (Cando/
Edmore) is a US cultivar well adapted to the relatively low-input 
conditions typical of the USA Northern Plains.

Meridiano is a medium to early maturing, widely adapted Italian 
cultivar derived from a complex cross between Italian, CIMMYT, 
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