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Abstract: Durum wheat is the most relevant cereal for the whole of Mediterranean agriculture,
due to its intrinsic adaptation to dryland and semi-arid environments and to its strong historical
cultivation tradition. It is not only relevant for the primary production sector, but also for the
food industry chains associated with it. In Mediterranean environments, wheat is mostly grown
under rainfed conditions and the crop is frequently exposed to environmental stresses, with high
temperatures and water scarcity especially during the grain filling period. For these reasons, and due
to recurrent disease epidemics, Mediterranean wheat productivity often remains under potential
levels. Many studies, using both linkage analysis (LA) and a genome-wide association study (GWAS),
have identified the genomic regions controlling the grain yield and the associated markers that can
be used for marker-assisted selection (MAS) programs. Here, we have summarized all the current
studies identifying quantitative trait loci (QTLs) and/or candidate genes involved in the main traits
linked to grain yield: kernel weight, number of kernels per spike and number of spikes per unit area.
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1. Introduction

Durum wheat (Triticum turgidum L. ssp. durum)is animportant crop worldwide with approximately
16 million ha sown annually and a production of ~40 million tons in 2017 [1,2]. However, there is little
detail about durum wheat production; in fact, the statistics reported by FAOSTAT do not differentiate
among the different wheat species grown in the world. Despite this, it is well known that durum wheat
is mainly cultivated in the Mediterranean regions, where the principal producers in the world are
Spain, France, Italy and Greece in southern Europe, Morocco, Algeria and Tunisia in northern Africa,
Turkey and Syria in southwest Asia and Canada, USA and Mexico in North America [2], and Argentina
and Chile have smaller production areas in South America. Although the surface cultivated with
durum wheat represents about 10% of the whole area grown with wheat [3], this cereal plays a key
role in human nutrition because it is mainly used for the production of pastas, couscous and other
semolina-based products, which are widely consumed in many countries of the world [4]. For this
reason, new varieties of durum wheat require combining high grain yield and a number of grain
quality parameters demanded by pasta producers [5].

Durum wheat provides important cultural and commercial benefits in the Mediterranean regions,
but the crop may be seriously affected by climate change, which can produce yield losses of up
to 50% [6]. In this context, gaining insight into the genetic basis of economically important traits
is essential to increase the genetic gains and to reduce the projected impact of climate change on
yields [7]. Recently, Colasuonno et al. [8] and Marcotuli et al. [9] reviewed the genetic improvements

Int. ]. Mol. Sci. 2020, 21, 7021; d0i:10.3390/ijms21197021 www.mdpi.com/journal/ijms


http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0002-2857-0502
https://orcid.org/0000-0002-0146-5286
http://www.mdpi.com/1422-0067/21/19/7021?type=check_update&version=1
http://dx.doi.org/10.3390/ijms21197021
http://www.mdpi.com/journal/ijms

Int. ]. Mol. Sci. 2020, 21, 7021 20f19

of pigment content and fiber, respectively, in durum wheat grain obtained by breeding approaches,
which are import quality traits. However, to meet the future demand and consumption of durum
wheat, a substantial increase in grain yield is necessary [10]. One of the strategies that allows achieving
this objective and having sustainable productivity over time is through the development and release
of new varieties with improved yield potential under different environmental conditions [11]. Thus,
the development of cultivars with high grain yield has become a major objective of wheat breeding
programs worldwide [12-18]. For purposes of genetic improvement of grain yield, the direct selection
of yield is not always is effective. Therefore, the most desirable approach to improve grain yield
is through the simultaneous selection based on grain yield-related traits [19]. Different breeding
approaches including quantitative trait loci (QTL) and genome-wide association studies (GWAS) are
being applied to increase the grain yield potential of durum wheat through molecular marker-assisted
selection (MAS). In fact, multiple QTLs with large and small effects have been mapped on all wheat
chromosomes and they have been recently published [20-24]. Therefore, due to the importance of
this complex trait and to summarize the available information on the genetics of grain yield in durum
wheat, the objective of this review is to analyze in a comprehensive manner the most recent findings
associated with the genetics, genomics and the identification of QTL for grain yield-related traits in
durum wheat.

2. Genetics of Grain Yield in Wheat

Unraveling the genetic basis of grain yield can be carried out through the identification of QTLs
for yield-related traits under irrigated, hot and dry environments, fine mapping those QTLs and
finding molecular markers tightly linked to the QTL/gene for molecular breeding [25]. In this sense,
significant progress has been made in the development of DN A-based molecular markers like AFLP,
SSR, DArT and SNP, which have been used in the construction of genetic maps and for conducting QTL
analysis through different methods such as single-marker analysis, interval mapping and genome-wide
association studies, among others. Given that a large number of molecular markers are necessary for
higher resolution and precision in the genetic mapping of complex traits, hundreds of thousands of
markers have been developed in wheat, including a wheat 90K SNP iSelect assay containing 81,587 SNP
markers [26]. SNPs have been widely used to dissect the genetic basis of several economically important
traits [15,17,18,20], and to develop a high-density durum wheat consensus map [27].

Most of the QTL mapping studies have been conducted using common wheat (Triticum aestivum L.).
For example, a QTL meta-analysis performed by Zhang et al. [28] determined that a total of 541 QTLs
were detected for yield-related traits across all chromosomes. More recently, Gupta et al. [29] reviewed
the available literature on yield genetics and its components and determined that more than 1200 QTLs
have been described to date. In this context, one study reported a major stable QTL for grain length on
chromosome 4A (QGI-4A), which mapped into a 0.37 cM interval between KASP markers Xib4A-10
and Xib4A-12, corresponding to the 20 Mb physical region in the CS reference genome sequence
(IWGSC RefSeq v1.0). This QTL explained up to 17.3% of the phenotypic variation for grain length in
two populations of common wheat, suggesting that markers Xib4A-10 and Xib4A-12 could be used
for marker-assisted selection in breeding [22]. In parallel, recent GWAS studies have been reported
attempting to decipher the genetic architecture of wheat grain yield [20,21].

In recent decades, the number of studies analyzing the genetic basis of yield in durum wheat has
increased. Durum wheat is a tetraploid species (2n = 4x = 28, AABB), comprising an A genome from
T. urartu and a B genome from Aegilops speltoides [30]. In addition, grain yield (GY) is a multifactorial
trait determined by multiple genes that interact with each other and with the environment [11]. Thus,
the genetic basis of GY has been investigated through the three main yield components which will
be explored in this review: kernel weight, kernels number and kernels number per unit area [28,31].
A total of 665 QTLs (100 with a pleiotropic effect) were identified and associated with grain yield and
its components (Table S1) [7,14,15,17,18,30,32-64]. Specifically, nine additional yield components were
considered: kernel length (KL), kernel width (KW), thousand-kernel weight (TKW) associated with the
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kernel weight, kernels number per spike (KNS), kernels number per spikelet (KNSL), spikelets number
per spike (SLNS) associated with the kernels number, grain yield (GY), kernels number per square
meter (KNM) and spike number per square meter (SNM) related to the kernels number per unit area
(Figure 1). Results from a study revealed that major well-known genes and/or QTLs affecting plant
height (PH) and earliness which are related to grain yield traits co-localized with outlier SNP loci
in a large panel of Italian durum wheat accessions [24]. Therefore, QTLs for plant height (PH) were
also included (Table S1). Using a large Australian wheat population, Joukhadar et al. [23] showed
that long-term artificial selection left distinct genomic signatures that can be used to retrospectively
understand breeding targets, and to identify economically important alleles, such as the regions
including Glu-B1, TaGw2-6A, Cre8, Ppd-D1, Rht-B1, Vrn-B1, TaSus1-7A, TaSAP1-7A and Psy-A1l plus
multiple QTLs affecting wheat yield and yield components. The recently assembled genome of the
Italian durum wheat cov. “Svevo” will be very useful for future improvement of the target traits

associated with grain yield [65].
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Figure 1. Histograms showing the number of quantitative trait loci (QTLs) detected on each chromosome
of durum wheat for each yield-related trait selected and described in this study. Kernel length (KL, 33 QTLs),
kernel width (KW, 30 QTLs) and thousand-kernel weight (TKW, 201 QTLs) associated with the kernel
weight (in green); kernels number per spike (KNS, 66 QTLs), kernels number per spikelet (KNSL, 24 QTLs)
and spikelets number per spike (SLNS, 80 QTLs) associated with kernels number (in blue); grain yield (GY,
142 QTLs), kernels number per square meter (KNM, 43 QTLs) and spike number per square meter (SNM,
23 QTLs) associated with kernels number per unit area (in purple).
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2.1. Kernel Weight

Among the yield components, TKW is one of the most studied traits because it is less affected
by the environment, i.e., more stable heritability, and it is useful for indirect yield improvement [66].
In fact, TKW is the yield-related trait with the highest number of QTLs detected in durum wheat
(Figure 1). TKW is determined by grain morphometric parameters (mainly length and width of the
grain) and grain-filling rate [67]. In the last ten years, many QTLs for TKW have been identified
on all chromosomes based on biparental and association populations in common wheat [29], which
has allowed the characterization of genes involved in the kernel length (KL) and kernel width (KW),
and the corresponding development of functional markers for MAS. Among them, some of them stand
out such as cell wall invertase (CWI) genes designated as TaCWI-A1 [68], TaCWI-4A and TaCWI-5D [69],
which encode a critical enzyme for sink tissue development and carbon partition and have a high
association with kernel weight. Grain Weight 2 (TaGW?2) genes that encode a RING-type protein with
E3 ubiquitin ligase activity, which negatively regulates the kernel width and loss-of-function mutations
in the coding sequence, result in enhanced kernel width and kernel weight [70,71], among others
described below. In this context, the identification of functional markers associated with the genes
affecting kernel size and kernel weight in wheat is useful in breeding to increase yields by MAS.

Modern durum wheat varieties exhibit large kernels and normally uniform seed size, because of the
domestication and breeding processes that have focused on increasing yields. Conversely, durum wheat
landraces show a much greater variability for kernel size and shape ([32], and the reference therein).
In durum wheat, there is considerably less information of QTLs controlling kernel weight and most
studies have been conducted to decipher the genetic basis of TKW [33-37], and fewer studies have
been performed to elucidate the genetic basis of kernel size [17,30,32]. In this review, a total of 264
QTLs for kernel weight-related traits (201 for TKW, 33 for KL and 30 for KW) were identified on all
chromosomes of durum wheat, however, no QTLs were reported for KW on chromosomes 1A and
2B, and for KL on chromosome 1A (Table S1, Figure 1). Figure 2 shows all the QTLs found in this
literature review, whose associated markers are present in the consensus map developed by Maccaferri
et al. [27]. This consensus map was developed using thirteen independent biparental populations of
tetraploid wheat, including elite x elite, elite x cultivated emmer and elite x wild emmer, where markers
common to two or more populations were included in the final map [27]. In this sense, the QTLs and
markers shown in Figure 2 are very likely to segregate in independent durum wheat populations
that are used in current breeding programs, including elite populations. Eleven moderate and major
QTLs (> 20% of the phenotypic variation) for kernel weight-related traits have been detected on all
chromosomes of that consensus map, except on chromosomes 1A, 5A and 7A. However, these major
QTLs should be considered with caution in durum wheat breeding programs, since some of them
are environment-specific. On the other hand, very few major stable QTLs have been detected in
independent populations, for example, at ~50 cM on chromosome 5B, a stable major QTL was detected
for TKW in two independent populations whose effects accounted for over 20% of the phenotypic
variance [32,38].

Despite the fact that most of the studies to identify QTLs related to grain yield have been carried out
in Mediterranean environments, there are QTLs (most of them) that were detected only in a particular
environment or cropping season, and others that were identified in more than one environment (stable
QTLs). The QTLs detected in more than one environment are of interest to plant breeders, however,
they show variation in the magnitude of their effect. For example, the QTL for TKW detected on
chromosome 2A was stable in five different environments and explained between 1.4% and 12.9% of
the phenotypic variation in each environment [39]. In addition, the moderate QTL located at 43 cM on
chromosome 1B and linked to the “IWB20542” marker had an effect of 20.9% of the phenotypic variance
for TKW in an RIL population (Zavitan x Svevo) [40]. However, in the same region of chromosome
1B, minor QTLs were identified in independent populations, whose effects were of 2.6% [41] and
3.4-6.2% [39] of the TKW variance. Therefore, some major QTLs reported in the literature should be
considered with caution for their potential introgression into durum wheat breeding programs.
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Figure 2. All markers associated with QTLs for grain yield-related traits reported in durum wheat
genetic studies, whose marker are present in the consensus map developed by Maccaferri et al. [27].
On the left of the chromosome, the marker position in cM, which corresponds to that of the consensus
map, is presented. On the right of the chromosome, the name of the markers and QTLs with a
moderate/major effect on kernel weight (in green) and kernels number (in blue) traits is presented.
Moreover, major QTLs with a pleiotropic effect on different categories are shown in red. QTLs detected
in different populations are shown in bold.

Moreover, some QTLs have also a pleiotropic effect. In this review, five major QTLs with
pleiotropic effects were found on chromosomes 1B at 76.7 cM, 2B at 52.3 cM, 3A at 132.5 cM, 3B at
4.2 ctM and 4B at 28.8 cM (Figure 2), which may be important for improving kernel traits through MAS
in durum wheat. Moreover, a total of 11 QTLs distributed on chromosomes 2A, 2B, 4B and 7A were



Int. ]. Mol. Sci. 2020, 21, 7021 60of 19

associated significantly with TKW in an RIL population obtained from the cross between “PDW 233"
and “Bhalegaon 4”. Among them, four QTLs were consistently reported in three environments:
two QTLs linked to the marker XRht-B1 located on chromosome 4B, explaining ~20% of the variation
in TKW, and two QTLs positioned in the intervals Xgwm71.2-Xubc835.4 (on chromosome 2A) and
Xgwm429-Xubc812.2 (on chromosome 2B), explaining up to 12.36% and 23.70% of the phenotypic
variation in TKW, respectively [35]. Recently, four QTLs were identified on chromosomes 2A, 5A and 7B,
explaining between 5.5% and 6.8% of the kernel width variance [30]. The QTLs for KL (at 20.75 cM) and
KW (at 66.36 cM) identified on chromosome 7B were localized in the same regions as the TaCYP78A3
and TaGW8 genes reported by Ma et al. [72] and Yan et al. [73], respectively, on chromosome 7 of
common wheat. Sun et al. [17] performed an association study for kernel-related traits in a worldwide
collection of durum wheat germplasm. A total of 54 SNP markers that generated 109 marker—trait
associations were identified for 8 kernel traits (including KL, KW and TKW), distributed across almost
all chromosomes, except chromosome 1A. Most of the SNPs identified were close to or overlapped with
the positions of the kernel weight-related QTLs reported in other studies using different populations
of durum wheat, which is in agreement with what is documented in this review where several
molecular markers are associated with the same or another trait in different populations (see Table S1).
In addition, 54 candidate genes were annotated from the significantly associated markers, which were
divided into several categories and most of them encoded metabolism-related enzymes, and some
of them are involved in kernel development. Finally, the SNPs BE500291_5_A_37 (on chromosome
5A) and BF474023_3_A_Y_425 (on chromosome 3A), whose functional annotations were matched
with 1-acyl-sn-glycerol-3-phosphate acyltransferase (PLS1) and abscisic acid insensitive likel protein
(ABIL1) genes, respectively, might play an important role in kernel development in durum wheat [17].
All QTLs for kernel weight-related traits (KL, KW and TKW), their associated markers and positions
on the consensus map of durum wheat are shown in Table S1.

2.2. Kernels Number

The number of kernels per spike (KINS) in wheat is variable, around 30 to 70, and it is strongly
sensitive to high temperatures and drought [74,75], which reduce the kernels during development and
grain filling [76]. Due to the complex nature of kernels number, several QTLs have been identified in
wheat, mostly of small effect, associated with kernel number per spikelet (KNSL) [76,77], spikelets per
spike (SLNS) [10,78-80] and kernels per spike (KNS) [10]. Moreover, many favorable genes from wild
relatives of wheat have been transferred into common wheat via distant hybridization to increase the
KNS [81]. For example, genes located on chromosome 6P in Agropyron cristatum have been introgressed
into wheat-A. cristatum hybrids, generating a greater number of florets and kernels per spike [82-84].

KNS depends on the number of spikelets per spike and the number of florets per spikelet.
Therefore, the spike architecture is closely related to wheat kernel production because an increase in the
number of kernels on a spike can be achieved by a higher number of kernels per spikelet, but also by a
higher number of spikelets [85]. In this sense, breeding strategies may be focused on spike-related traits
to improve wheat grain yield potential. In this sense, the genetic gains related to yield in wheat in the
last century have mainly been achieved due to a KNS increase rather than a higher kernel size [75,86]
since negative correlations have been encountered between kernel weight and kernel number [42].
We found a total of 170 QTLs associated with KNS (66), SLNS (80) and KNSL (24) that have been
mapped using biparental and association populations in durum wheat. These QTLs are distributed
across all chromosomes, but no QTL for KNSL has been mapped on chromosome 1A to date (Figure 1),
in accordance with the study performed by Giunta et al. [16], in which eight QTLs for KNSL were
identified on six different chromosomes (2B, 3A, 3B, 4B, 5A and 5B), but none on chromosome 1A.
Moreover, the QTL on chromosome 4B explained 12% of the KNSL variance and it was associated with
the Rht-B1 gene.

Eleven genomic regions (eight with a pleiotropic effect) with moderate and major effects for
kernels number-related traits were located on chromosomes 14, 1B, 2B, 3B, 4A and 5A (Figure 2),



Int. ]. Mol. Sci. 2020, 21, 7021 7 of 19

which can be useful in genetic improvement programs to increase the kernels number in durum wheat.
However, it is necessary to consider that the phenotypic correlation between KNS and TKW is negative,
whereas the correlations between GY and KNS or TKW are positive. Therefore, an increase in KNS is
counterbalanced by the reduction in average kernel weight, and vice versa [43]. For example, a total of
17 QTLs for KNS were co-located with QTLs for TKW, however, this had an opposite effect for each
trait [43]. Similarly, a QTL for SLNS on chromosome 2A between the markers Xgwm71.2 and Xubc835.4
was concomitantly associated with TKW and test weight (TW). The additive effect of the QTL was
positive for TKW and TW, and negative for SLNS [35]. This can be explained considering that the
increase in kernel number per unit area or per spike results in a lower availability of photo-assimilates
synthesized during grain filling for each kernel, which leads to decreases in individual kernel weight
due to competition effects [87]. In addition, four genomic regions on chromosomes 3A (at 43.4 and
93.8 cM), 3B (at 12.4 cM) and 5B (at 103.8 cM) presented co-localization of QTLs for KNS and GY, which
explained between 7% and 38% of the phenotypic variance, and the additive effect for both traits was
positive [18,44].

2.3. Kernels Number per Unit Area

The number of spikes per unit area is another important yield component and it is directly
affected by the tiller survival and the tiller number per unit area. Increasing the spike formation rate
reduces growth competition and loss of photosynthates from ineffective tillers [88]. The number of
spikes is a complex trait affected by genotypic and environmental factors [89]. Planting density is
an agronomic practice that affects the spike number per unit area and the yield in wheat. Therefore,
an optimal planting density value should be established to maximize wheat yield since a density higher
than this optimum leads to competition between plants and a reduction in grain yield. For example,
Naseri et al. [90] reported that a planting density of 400 plants/m? had the highest grain yield, number of
spikes, number of kernels per spike and harvest index in three durum wheat cultivars than other plant
densities such as 300, 350 and 450 plants/ mZ2.

Generally, an increase in the productive tiller number enhances the yield potential over a range of
environments [45]. However, the tiller number and the spike number are not always controlled by the
same QTLs/genes. Therefore, it is crucial to dissect the genetic basis of the spike number to increase
the grain yields [89]. There are limited amounts of studies involving QTL mapping for spike formation
rate or spikes number per unit area (SNM) in durum wheat. In addition, this trait reported the lowest
number of QTLs (23), and only one QTL located at 90 cM on chromosome 7A, associated with the
marker “Xbarc174” in the consensus map, had a relevant effect [44] (Figure 2). Soriano et al. [36]
identified a stable QTL region for KNM and KW at 42.9-43.9 cM on chromosome 1B. In addition,
the marker “wPt-5092” located on chromosome 7A was concomitantly associated with KNM and
GY, with a positive additive effect for both traits. This result is in accordance with Zaim et al. [37],
who detected four QTLs for SNM on chromosomes 1A, 3B, 5B and 6B, explaining between 6.6% and
13.2% of the phenotypic variance. Moreover, four QTLs for SNM were detected on chromosomes 3A,
4B, 6A and 7A, responsible for 14% and 24% of the SNM variance [44].

Studies conducted across a broad range of water availability and temperature conditions in the
Mediterranean regions have evidenced the importance of KNM in determining GY in durum wheat.
In this context, KNM is strongly correlated with GY [7,46]. For KNM, Graziani et al. [41] identified a
total of 17 QTLs across sixteen Mediterranean environments with contrasting thermo-pluviometric
conditions. These QTLs were distributed on 10 out of the 14 chromosomes (except 3A, 4A, 6A and 7A),
and they explained individually between 3.3% and 18.8% of the total phenotypic variation. QTLs for
KNM co-localized with those for TKW, and generally had an opposite additive effect for each trait.
For example, the moderate QTL with a pleiotropic effect for KNM and TKW located on chromosome
4B between the markers Xgwm6 and Xcfd54 had an additive effect of 0.36 for TKW and -151.77 for
KNM [75]. Further, Sukumaran et al. [7] identified two loci that associated with GY, TKW and KNM of
a durum wheat population grown under yield potential. The locus on chromosome 2A (61-70 cM)
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was associated with TKW and KNM, while the locus on chromosome 2B (78-82 ¢cM) was related to
TKW, GY and KNM. In this study, common regions for GY, TKW and KNM were not identified under
a drought environment. However, a locus on chromosome 7B (36-40 cM) was associated with GY and
KNM. Finally, a locus on chromosome 2B (74-82 cM) was associated with TKW and KNM under heat
stress. In summary, these loci and the associated markers can be useful to improve the number of
spike/kernel number per unit area in durum wheat grown under different environmental conditions.

Overall, a total of 43 QTLs for KNM have been reported, however, no major QTL has been
extrapolated to the consensus map due to the strong correlation that exists between KNM and GY,
most of the studies in kernels number per unit area have been carried out for grain yield (GY) and a
total of 142 QTLs have been reported in durum wheat, being the second most studied trait after TKW.
Moreover, four moderate/major QTLs have been identified in markers present in the consensus map
(Figure 2), which can be considered to improve the kernels number in durum wheat through MAS.

Grain yield is the second trait with the most QTLs detected, after TKW. A total of 142 QTLs have
been identified for GY across all chromosomes of durum wheat, including five major QTLs with the
effect of over 20% of the phenotypic variance (Table S1, Figure 2). Three of them were identified
by Roncallo et al. [44] in an RIL population derived from the cross between “UC1113” and “Kofa”.
The QTL located in the interval marker “cfa2201-gwm429” on chromosome 2B at 53.6 cM explained
23% of the GY variance, and the positive allele was contributed by “UC1113”. Additionally, two major
QTLs were identified between the intervals “guwm493—cfd79” at 12.4 <M and “cfd79-ksm45” at 18.6 cM
on chromosome 3B, which explained 38% and 23.9% of the GY variation. The positive allele for both
QTLs was contributed by “Kofa”, therefore this region on chromosome 3B can be used as a selection
criterion in breeding programs of durum wheat that use the “Kofa” cultivar as a parental.

Despite the fact that thousands of QTLs have been identified in wheat for grain yield-related traits,
very few QTLs have been used in genetic improvement programs through MAS [29]. Since QTLs for
grain yield have been identified on all 14 chromosomes of the durum wheat genome, genomics-based
approaches like genomic selection (GS) are suitable to supplement the genetic improvement of this
trait [29]. The use of models focused on genomic prediction increases the rates of genetic gain for
complex traits, since the genetic values of individuals are estimated with greater precision and reduce
the generational intervals between breeding cycles [91]. In wheat, most of the SG studies have been
carried out in bread wheat [92-94] and very few in durum wheat [5,95,96]. Considering that GS
explores the whole genome looking for large and small allelic effects [97], it is a useful approach to
complement the genetic improvement of durum wheat grain yield. For example, Haile et al. [98]
obtained between 0.5 to 0.8 of accuracy in the prediction of genomic values for traits associated with
yield and grain quality in durum wheat. In parallel, Fiedler et al. [99] implemented different SG models,
and they reported values between 0.27 and 0.66 of precision for five different traits associated with grain
quality. Finally, the information of previously identified QTLs can be included in genomic prediction
models to increase the prediction ability [100]. In this sense, Zaim et al. [37] recently increased the
precision in the prediction from 0.37 to 0.54 and 0.30 to 0.54, for grain yield and TKW, respectively,
when the QTL-underlying markers were fixed in the model. Therefore, a combined approach between
associative mapping and genomic selection allows increasing genetic gains for grain yield-related
traits in durum wheat breeding programs.

3. Genes Affecting Yield and Its Components in Durum Wheat

The genetic control of grain yield and its components has been well documented in rice,
one cereal model species [101]. However, several wheat genes have also been identified using
map-based cloning of QTLs and screening of T-DNA tagging libraries [102,103], which regulate
cell proliferation and cell elongation and they are involved in several pathways, including the IKU
pathway, the ubiquitin—proteasome pathway, G-protein signaling, the mitogen-activated protein kinase
signaling pathway, phytohormones and transcriptional regulatory factors [104]. These progresses
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in rice genomics and isolation of several of the yield-related genes have provided opportunities for
homology-based cloning of genes in wheat [105].

The identification of hundreds of QTLs for TKW based on biparental and association populations
in common wheat [106-110] has allowed the characterization of genes involved in the kernel-related
traits. Among them are cell wall invertase (CWI) genes designated as TaCWI-A1 [68], TaCWI-4A and
TaCWI-5D [69], which encode a critical enzyme for sink tissue development and carbon partition
and have a high association with kernel weight. Grain Weight 2 (TaGW2) genes that encode a
RING-type protein with E3 ubiquitin ligase activity, which negatively regulates the kernel width
and loss-of-function mutations in the coding sequence, result in enhanced kernel width and kernel
weight [70,71]. In addition, a sucrose synthase type Il gene (TaSus2) has been significantly associated
with TKW [111], and TaCKX6, a cytokinin oxidase/dehydrogenase (CKX2), has been significantly
associated with grain weight [112]. Besides this, a grain size gene (TuGS5) that encodes a serine
carboxypeptidase positively regulates the grain size by increasing the cell number and, to some extent,
the cell size [113,114]. Further, TaCYP78A3, a gene encoding the cytochrome P450 CYP78A3 protein,
influences the grain size by affecting the extent of integument cell proliferation [72]. In another study,
the TaTGW6 gene was reported to encode a protein with indole-3-acetic acid (IAA)-glucose hydrolase
activity, which determines the grain weight [115]. TaSAP1, a member of the stress association protein
(SAP) gene family in wheat, was significantly associated with grain weight, grain number per spike,
spike length and peduncle length in multiple environments [116], among other traits.

Advances have been made in the understanding of the genes regulating kernel size and kernel
weight in durum wheat. Moreover, the development of functional markers associated with the
genes controlling kernel size and kernel weight is useful in breeding for increasing yields by MAS.
For example, Sestili et al. [117] reduced the abundance of the Grain Weight 2 (GW2) transcript in the
cultivar “Svevo” through the RNAi approach, which resulted in an increase in the kernel width from 4
to 13%. Moreover, Simmonds et al. [118] reported that null mutants for TinGW2-A1 were associated with
an increase in the TKW (6.6%), KW (2.8%) and KL (2.1%) in tetraploid and hexaploid wheat compared
to the wild type allele. Additionally, Alemu et al. [30] identified two QTLs for KL (at 20.75 cM) and KW
(at 66.36 cM) on chromosome 7B, which were localized in the same regions as the TiCYP78A3 and TaGW$
genes reported by Ma et al. [72] and Yan et al. [73], respectively, on chromosome 7 of common wheat.
Moreover, Sun et al. [17] annotated a total of 54 candidate genes for kernel-related traits in a worldwide
collection of durum wheat germplasm, which were divided into several categories, where most of
them encoded metabolism-related enzymes, and some of them were involved in kernel development.
They concluded that the SNPs “BE500291_5_A_37" (on chromosome 5A) and “BF474023_3_A_Y 425"
(on chromosome 3A), whose functional annotations were matched with 1-acyl-sn-glycerol-3-phosphate
acyltransferase (PLS1) and abscisic acid insensitive likel protein (ABIL1) genes, respectively, might play
an important role in the kernel development of durum wheat [17].

It is well known that the kernel number and the kernel weight are usually negatively correlated,
however, the genetic basis underlying this trade-off has been very little studied. In durum wheat,
the locus Grain Number Increase 1 (GNI1) is an important contributor to floret fertility. The GNI-A1
gene encodes a homeodomain leucine zipper class I (HD-Zip I) transcription factor, and mutations or
knockdown of this gene lead to an increase in the number of fertile florets and kernel number per spike.
Final KW is the result of the interplay between potential kernel weight (sink) and the actual supply of
assimilates per kernel during kernel filling (source). Therefore, GNI-A1 participates in the trade-off
between kernel number and kernel weight due to alterations in the assimilate distribution [119,120].
In this sense, Marcotuli et al. [121] identified three putative candidate genes for kernel number per
spike. On chromosome 2B, between the SSR markers Xwmc213 and Xwmc243, they identified the
APETALA-2-Like transcription factor (TaAP2), which plays a central role in the transition phase from
vegetative to reproductive growth [122]. On chromosome 3A, the GIGANTEA 3 (12GI3) gene was
localized at 0.6 cM from the marker IWB48828, which is known to affect the photoperiod pathway
and flowering promotion in wheat [123]. The third gene was a 14-3-3 protein (Ta14A) that binds to a
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large number of transcription factors and signaling proteins, participating in the regulation of carbon
and nitrogen metabolism, kernel and plant development and biotic and abiotic stress responses [124].
In addition, it has been reported that the ARGONAUTE1d (AGO1d) gene controls spike length and
kernel number per spike in durum wheat [125].

4. Stable QTLs Identified under Stressful Environments

Durum wheat is grown mainly under rainfed conditions in Mediterranean regions. Therefore, it has
to cope with water scarcity combined with high temperatures during grain filling, which negatively
affects its yield potential [126]. Among the processes affected by high temperatures are the reduced
development of the pollen tube, pollen abortion, reduction in the crop cycle, kernel shrinkage,
reduction in seed reserves and anther indehiscence, and some physiological processes such as
disintegration of chlorophyll and damage to photosystem II of the photosynthetic apparatus,
among others [127]. In parallel, the reduction in leaf area, kernel abortion, reduced mobilization of
reserves and reduced number of amyloplasts are effects of drought stress in wheat [127]. All these
effects on the plant and its development as a result of high temperatures and drought can cause a
decrease in the grain yield potential of wheat (review by Fahad et al. [128]).

In Mediterranean regions, rainfall can likely decrease by up to 24% and the temperatures can
increase by 1 to 3 °C during the cropping season [129]. Therefore, the release of new cultivars that
are more productive and tolerant to these adverse climatic conditions for grain yield is required.
Dettori et al. [6] simulated climate change impacts on the production and phenology of durum wheat
grown in Mediterranean environments. An increase in temperature of 6 °C and a reduction in annual
rainfall of 30% cause a reduction in grain yield between 4 and 32%. In this sense, gaining insight into the
genetic basis of the responses to drought and heat stress is an important prerequisite for improvement
of durum wheat genotypes, and plant breeders should look for stable loci to improve yields.

The genetics of tolerance under drought and high-temperature conditions has been extensively
studied in wheat, however most of the QTLs have been identified in common wheat [29,130]. In durum
wheat, an RIL population derived from the cross between Langdon and wild emmer (acc. #G18-16)
was used to detect QTLs of this population grown under well-watered and water-limited conditions,
and a total of 34 QTLs related to productivity were reported [47]. Among them, six significant QTLs
for GY were identified, two were environment-specific and four were stable in both environments.
Since durum wheat is mainly grown in Mediterranean environments, the drought and heat stresses
are the main abiotic factors that limit the growth and final yield in durum wheat [98]. Moreover,
given that GY is a complex trait considerably affected by the genotype x environment interaction,
the stable QTLs also show variations in their effects across the environments in which they have been
detected. For example, in the study performed by Peleg et al. [47], four stable QTLs were detected
under well-watered and water-limited conditions on chromosomes 2B (2), 4A and 4B, which explained
between 4.2% and 15.5% of the phenotypic variance. On the contrary, the QTL on chromosome 2B
close to the markers Xgwm374 (at ~69.4 cM) and wPt-0694 (at ~129.6 cM) had a stable effect of 13.1 and
15.5%, respectively, on the phenotypic variance in both environments. These QTLs may be of particular
interest to durum wheat breeders, who are interested in identifying stable QTLs with a similar effect in
different environments of the Mediterranean regions.

Sukumaran et al. [7] performed the first and unique comprehensive study on marker—trait
associations for grain yield and its components under yield potential, drought and heat conditions in
durum wheat. A panel of 208 lines composed of elite materials and exotics from the International Maize
and Wheat Improvement Center (CIMMYT) was used. Interestingly, several genomic regions were
identified under two environments and in a combined analysis of three environments. Among them,
a locus located on chromosome 2A at 66-70 cM was associated with TKW and KNM, and another
locus on chromosome 7A at 75 cM was associated with GY and KNM under yield potential and heat
conditions. Under drought and heat conditions, a total of 93 QTLs were reported, however, no common
QTL for GY, TKW and KNM was identified. In a combined analysis of the three conditions, a total
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of 124 QTLs were detected. The locus located on chromosome 2A (66-70 cM) was associated with
TKW and KNM. Moreover, two loci on chromosomes 2B (82 cM) and 5B (48 cM) were associated with
TKW, but not with GY. Similarly, loci on four chromosomes (2A, 5B, 7A and 7B) were identified for
KNM but not for GY. These stable loci across environments can be useful in the gene discovery and
marker-assisted selection for increasing grain yields in durum wheat in the productive areas affected
by climate change. More recently, two genomics regions located on chromosomes 2A and 7B linked
with the markers Xgwm895 (at 125 cM) and Xbarc276 (at 219 cM) were associated with GY in an RIL
population derived from the cross between “Omrabi” and “Belikh2”. These markers can increase the
GY up to 6.16% and 5.27% under irrigated and drought conditions, and in a combined manner, a yield
rise of up to 11% is possible [18]. However, it is necessary to verify if these markers segregate in elite
populations used in genetic improvement programs of durum wheat. An interesting QTL associated
with TKW, GY and PH was detected on chromosome 3B between the markers Xbarc133 and Xgwm493
in an RIL population derived from the cross between elite cultivars Kofa and Svevo. This QTL was
stable under irrigated and rainfed conditions and explained up to 18% of the phenotypic variance for
GY [14,41].

Finally, the stable QTLs identified to date for grain yield-related traits of durum wheat
grown under normal or irrigated, drought and high-temperature conditions are shown in
Table S2 [7,14,18,33,35,47,79,131]. Therefore, these genomic regions are important to study (fine
mapping and characterization of genes) for durum wheat breeding programs to produce new varieties
well-adapted to drought stress and/or high temperatures, a relevant productive problem in most of the
regions where durum wheat is cultivated.

5. Future Perspectives and Conclusions

The identification of genes/regions controlling the grain yield in durum wheat requires many
efforts due to polyploidy of the species and the quantitative nature of the trait. The information
summarized in this review highlights the results obtained by the scientific community on the genetic
regions that regulate grain yield. Clearly, the most studied traits affecting grain yield have been the
kernel weight, number of kernels per spike and number of spikes per unit area. Many genes have
been identified as associated with the detected QTLs and are mainly involved in the regulation of
cell proliferation and cell elongation, flowering control, spike elongations and genes for transcription
factors and signaling proteins, participating in the regulation of carbon and nitrogen metabolism,
kernel and plant development and biotic and abiotic stress responses. Due to the actual growth
condition of durum wheat production and the connection between genes for stress responses associated
with grain yield QTLs, here we reported all the stable loci under high-temperature and drought
conditions. The identification of these stable QTLs allows a better understanding of the regions/genes
regulating yield in durum and the development of functional markers, which can be used in breeding
programs for yield increases through MAS.
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