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Abstract: Durum wheat genetic resources from Turkey and Syria are expected to harbor novel alleles for most traits that are of interest
to breeders and consumers. However, there have not been sufficient efforts to investigate the genetic structure of this gene pool. In this
study, cultivar Kunduru-1149 (selected from one of the unique landraces, Kunduru) from Anatolia was crossed with a Syrian cultivar,
Chaml, to produce recombinant inbred lines (RILs) for quantitative trait locus (QTL) analysis. The RIL population was genotyped
with simple sequence repeats, amplified fragment length polymorphism, and seed storage protein markers and analyzed for 9 different
important quality traits of durum wheat in 8 different environments in Turkey, Syria, and Lebanon. We identified 59 QTLs of various
quality and rheology traits using single-marker analysis. Some of the QTLs were also reported in earlier studies; however, new major
QTLs were also identified in our QTL mapping population. In future studies, after validation, the markers linked with these QTLs can

be used in marker-assisted durum wheat breeding.
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1. Introduction

Durum wheat grown in Mediterranean countries
contributes more than 75% of the durum wheat grown
worldwide and it plays a significant role in the diet of the
local people and traditional farming practices of the region
(Baloch et al,, 2017). Although durum wheat is used in
various forms, such as pasta, bread, couscous, bulgur, and
freekeh (Alsaleh et al., 2015, 2016), it is mostly used for
pasta production throughout the world because durum
seed possesses the most suitable characteristics for this
purpose. Pasta production mainly depends upon gluten
strength (GS), which is determined by a sedimentation
volume (SV) test, yellow pigments (YPs), grain protein
content (GPC), and many other quality traits (Porceddu,
1995).

Quality characters are complex quantitative traits
composed of numerous individual characteristics,
determined by various techniques and specialized
technological equipment. The majority of quality traits
are inherited in a polygenic fashion, and the degree
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of their manifestation depends on environmental and
growth conditions (Li et al., 2009). Many of the analytical
techniques used to measure wheat quality traits are based
on the use of chemicals. In order to choose the most
appropriate methodology, a high-level of precision and
speed is required. Marker-assisted selection (MAS) seems
to be more efficient and reliable for the early screening of
genotypes to be used in breeding programs (Comertpay et
al., 2019).

Breeding efforts in Turkey and Syria have produced
many durum wheat cultivars, which support the local
durum wheat industry. Southeastern Turkey and northern
Syria constitute the central part of the Fertile Crescent,
which is considered to be a key area in the domestication
of wheat. Genetic resources obtained from the Fertile
Crescent have greatly contributed to worldwide durum
wheat breeding by producing elite durum wheat varieties
using input from the International Center for Agricultural
Research in the Dry Areas (ICARDA). These varieties are
now grown in many countries around the world.
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One of the major targets of durum wheat breeding
programs is to improve the end-use quality. Identification
of the genes controlling the expression of quality traits
in durum grain would assist breeding efforts in selecting
genotypes with elevated quality through direct selection
of desirable alleles at critical loci (Singh et al., 2009).
Furthermore, the data currently available on quantitative
trait loci (QTLs), genes, and markers related to durum
grain quality are expected to increase in the near future with
the development of genotyping by sequencing techniques.
There is still a need for a better genetic understanding of
quality traits to obtain a complete picture of different genetic
factors that affect the quality traits of this important food
crop. In durum wheat, QTLs have an effect on most quality
traits, including GS, GPC, YPs, and milling quality (Ma et
al,, 2005; Huang et al., 2006; Mann et al., 2009). However,
most QTL studies have certain limitations, such as low
coverage due to a low number of markers, instability of the
identified QTLs due to phenotyping being undertaken in
one or few environments, and a low number of individuals
in the mapping population. In addition, some of the earlier
QTLs were identified in interspecific crosses and therefore
have limited contributions for modern durum germplasm.
Most of the wheat genetic maps created have been used
to identify QTLs for various agronomic traits with only
a few being utilized for the determination of quality
traits, but they were all constrained by the limitations
described above (Zhang and Dubcovsky, 2008). Durum
wheat genetic resources from Turkey and Syria are
expected to harbor novel alleles for most traits that are of
interest to breeders and consumers; however, the genetic
structure of this gene pool has not been fully investigated.
Furthermore, examination of QTLs that affect most quality
traits has been even more neglected, resulting in a lack of
essential data concerning the genetic structure of cultivars
from Turkey, especially from the Anatolian peninsula. In

a previous study, we developed a molecular linkage map
using simple sequence repeats (SSRs), amplified fragment
length polymorphism (AFLP), and seed storage protein
(SSP) markers (Alsaleh et al., 2015). In the current study,
we aimed to use this map for QTL analysis for certain
quality traits in durum wheat varieties representing the
central Fertile Crescent. We particularly aimed to provide
an understanding of the genetic structure of specific grain
components, detect QTLs associated with quality traits,
and discover additional QTLs expressed under different
environmental conditions within the Fertile Crescent using
a recombinant inbred line (RIL) mapping population.

2. Materials and methods

2.1. Plant material

The mapping population was developed at ICARDA
using the single-seed descent method from the cross
of Kunduru-1149 x Chaml and consisted of 141 RILs
(Nachit et al., 1995). Kunduru-1149 was selected from a
Turkish durum landrace called Kunduru, originating from
the Anatolian Plateau, and released as a cultivar in 1967.
Kunduru-1149 is a winter cultivar that has adapted to
high-altitude areas; it is drought- and cold-tolerant, tall,
and late-flowering. Chaml is an ICARDA cultivar with a
spring habit that was released for commercial production in
several countries in the Mediterranean basin. Its pedigree
is Pelicano/Ruff//Gaviota/Rolette. Chaml is early-
flowering and resistant to yellow rust and Russian wheat
aphid, but it is susceptible to leaf rust, septoria leaf blotch,
and powdery mildew, and it combines wide adaptation
with high yield potential and yield stability. The parents
are a combination of major quality and flour rheological
traits, which are given in Table 1. More information about
their pedigrees can be obtained from wheatpedigree.net.
The genetic linkage map for this mapping population was
described by Alsaleh et al. (2015).

Table 1. Contrasting qualitative characteristics of the parents of Kunduru-1149 and Cham1 mapping population.

Trait Abbreviation/unit i(Pulr;duru- 149 g)hza)ml

Gluten strength GS (mL) Medium strength Fairly weak

Grain protein content GPC (%) High protein content Medium protein content
Yellow pigment YP (ppm) Low High

Vitreousness Vit (%) Fairly vitreous Vitreous

Thousand kernel weight TKW (g) Large size Medium size

Farinograph development time FDT (min) Medium strength Weak

Farinograph stability time EST (min) Strong Weak

Farinograph mixing tolerance FMT (BU) Strong Weak

Test weight TW (kg/hL) Light hectoliter weight Medium hectoliter weight
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2.2. Field experiments

The phenotypic assessment for the quality traits was
achieved through field experiments conducted over 2
years at 8 different locations in 3 countries of the Fertile
Crescent: Syria (in the first year, irrigated and rainfed field
experiments; in the second year, 1 rainfed and 2 irrigated
field experiments in Tel Hadya), Turkey (both years were
rainfed field experiments in Adana), and Lebanon (only
the second year was an irrigated field experiment during
the 2009-2010 growing season). More information about
the experimental locations is given in Table 2.

A total of 141 RILs (F,)s along with their parents,
were grown in 6 rows, each 2.5 m in length, with 30 cm
of distance between the rows during November 2009 and
2010. The RILs, their parents, and 5 controls (Omrabi5,
Haurani27, Korifla, Waha, and Gidara2) were sown
according to the augmented experimental design at all of
the locations (Federer, 1956). All of the experimental plots
were kept weed- and disease-free through the application
of herbicides and fungicides, respectively. Agronomic
and plant protection measures were taken according to
the local standard agronomic practices throughout the
experimental period.

2.3. Quality evaluation in RILs

In each field experiment, the RILs and parents were
mechanically and separately harvested and threshed.
Thousand-kernel weights (TKWs) were determined by
counting and weighing 200 kernels, taken randomly from
the grains harvested from each plot using a seed counter
(NUMIGRAL). The vitreousness (Vit) was visually
evaluated using 200 durum wheat kernels. A cyclone
sample mill (UDY Corporation, Fort Collins, CO, USA)
was used to mill grain samples to obtain whole grain
flour for the measurement of the following quality traits:
GPCs by near-infrared reflectance (NIR System, scanning
monochromatic model 5000) according to the procedure
described by AACC International (1995) Method 39-11,
sedimentation value according to the method described

by Pena et al. (1990), YP estimation according to Method
14-50 of AACC International (1999), and test weight
according to Method 55-10 of AACC International (2000).

2.4. Rheological analyses

Farinograph stability time (FST), farinograph mixing
tolerance (FMT), and farinograph development time
(FDT) were determined using a Brabender farinograph
according to Method 115 of the ICC (1992). Since a
sufficient number of seeds was not obtained from all of
the environments, only 4 environments (A26-09, Tur-09,
B8-10, and Tur-10) were included for rheological analyses.

2.5. Seed storage protein

The gliadin assay was applied to the seeds of each RIL with
the parents according to the protocol of A-PAGE with the
modifications described by Tkachuk and Metlish (1980).
The modified sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) procedure of Alvarez et al.
(1999) was applied to the high- and low-molecular-weight
(HMW and LMW) glutenin subunits.

2.6. Molecular marker analysis and genetic mapping
The total genomic DNA was isolated according to the SDS
procedure (ITMI, 1994) and the genetic linkage map was
constructed using 141 RILs derived from a cross between
Kunduru-1149 and Chaml. More information about the
genetic linkage map construction and mapping distance
can be obtained from Alsaleh et al. (2015).

2.7. Statistical analysis
All of the quality characteristics obtained from all of
the locations were analyzed using SPSS 15.0 (SPSS Inc.,
Chicago, IL, USA) The frequency distribution of each
quality trait was performed with the mean values of 8
locations/years using the Kolmogorov-Smirnov (K-S) test.
The quality and rheological traits were measured and
adjusted for the block effect, and the Genstat program
(VSN International, Hemel Hempstead, UK) was used
for general statistics parameters. QTLs effecting the
quality traits were detected according to single-marker

Table 2. Information for the experiment locations in different countries.

Year Environment | Country fgg;:ggsgt Field/location Condition E;i;ifitaﬁon i‘fr);’:;; il;istude
2008/09 I Syria C8-09 C8-Tel Hadya Rainfed 282 336 300

II Turkey Tur-09 Adana Rainfed 578 720 200

11 Syria A26-09 A26-Tel Hadya | Irrigated 282 336 300
2009/10 v Syria C7-10 C7-Tel Hadya Rainfed 275 336 300

\% Syria B8-10 B8-Tel Hadya Irrigated 275 336 300

VI Turkey Tur-10 Adana Rainfed 606 720 200

VII Lebanon |Leb-10 Terbul Rainfed 596 535 890

VIII Syria A26-10 A26-Tel Hadya | Irrigated 275 336 300
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analysis (SMA) implemented in JMP Genomics 9.0 (SAS
Institute, 2018), and the MapQTL6 package (Van Ooijen,
2009) and Qgene (Nelson, 1997) were also used based on
simple interval mapping (SIM), while log of odds (LOD)
thresholds (P < 0.01) were empirically determined for the
trait using a permutation test with 10,000 iterations. Only
loci with LOD of >3 were taken into consideration, except
for some segment fragments that joined at LOD 22.5 if
detected in more than one environment.

3. Results

3.1. Linkage map

The linkage analysis constructed 395 polymorphic marker
loci (213 SSRs, 146 AFLPs, and 36 SSPs) and resulted
in a final linkage map of 4853.8 cM. The detected loci
were distributed over 15 linkage groups on 14 whole
chromosomes of durum wheat. Most of the markers
(70.7%) used in this genetic map were segregated according
to Mendelian fashion (Alsaleh et al., 2015).

3.2. Phenotypic variation

Nine important quality and rheological traits were
phenotyped across all of the environments during 2009
and 2010. The traits showed a wide variation in both

parents and the RILs in the tested environments. The
frequency distributions of the mean values for the all of the
traits are presented in Figure 1 and Table 3. The frequency
distribution of the RIL population for the quality traits
showed the presence of extreme outlier groups from the
parental lines. The RILs showed transgressive biparental
segregation for all of the quality traits examined. Some
RILs produced higher values for almost all of the quality
traits than both parents and varied greatly for all of the
quality characteristics, indicating that the parents used
to develop this population differed in terms of these
traits. The phenotypic results (mean, standard deviation,
variance, skewness, and kurtosis) for all of the quality
traits for all of the environments of the parents and RILs
are shown in Table 3.

A correlation analysis was conducted to determine
the pattern of association between different quality
traits, and it showed significant positive and negative
correlations between most of the quality traits, making it
possible to select the desired traits and QTLs that have a
simultaneous effect on the other traits/QTLs. Significant
positive correlations were found between FST and FDT
and between GS and FST (r = 0.84 and 0.64, respectively).

Figure 1. Frequency distribution of the mean values for the quality and rheology traits of Kunduru-1149 x Cham1 recombinant inbred
lines. The parental genotypes Kunduru-1149 and Cham1 are indicated by arrows.
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Table 3. Phenotypic performance of durum wheat genotypes Kunduru-1149, Chaml, and recombinant inbred lines (RILs) in 8
environments for gluten strength (GS), grain protein content (GPC), yellow pigment (YP), vitreousness (Vit), thousand-kernel weight
(TKW), farinograph development time (FDT), farinograph stability time (FST), farinograph mixing tolerance (FMT), and test weight
(TW).

Parents RILs
Trait Environment |Kunduru-1149 |Chaml |Min |Max |Mean |Std Variance Skewness Kurtosis
GS, mL I 40 29 12 50 28.54 |9.27 |85.16 0.43 -0.40
11 34 21 9 43 23.41 8.54 |[72.26 0.23 -0.75
il 32 22 10 38 2299 |6.62 |43.40 -0.06 -0.79
v 33 18 0 34 21.83 6.00 |[35.68 -0.27 0.74
\% 27 17 10 37 17.86 6.41 [40.75 0.83 0.45
VI 38 23 8 60 23.72 9.83 |[95.75 0.77 0.78
VII 33 23 10 40 23.00 7.87 |61.37 -0.15 -1.01
VIII 37 20 8 48 27.61 9.30 |[85.66 -0.02 -0.62
Mean 34.25 21.56 8.4 43.8 |23.62 7.98 [65.00 0.22 -0.20
GPC, % I 18.8 17.3 15.7 |19.1 |[17.68 0.81 [0.64 -0.41 -0.40
II 13.3 11.5 10.3 |14.4 |[11.90 091 (0.81 0.52 0.06
111 16.1 13.8 12.8 |17.2 |14.61 1.01 1.01 0.48 -0.39
v 17.2 16.3 13.8 |17.7 |15.91 0.84 [0.70 -0.40 -0.31
A% 13.0 9.8 7.0 [16.2 |9.95 1.64 |2.65 1.14 1.64
VI 15.6 13.3 10.5 | 169 |13.42 1.59 (249 0.14 -0.87
v 14.1 12.8 11.1 [15.8 |12.57 [0.82 [0.66 0.87 1.36
VIII 17.0 13.2 12.8 |18.7 |15.05 1.30 |1.67 0.58 0.11
Mean 15.64 13.51 11.8 [17.0 |13.89 1.11 |1.33 0.36 0.15
YP, ppm I 3.9 6.5 2.9 7.6 5.80 0.97 (093 -0.56 0.70
I 3.4 5.5 29 |86 |[6.51 0.95 [0.90 -1.18 3.49
111 3.8 6.8 1.8 7.7 5.62 0.89 [0.78 -1.29 4.64
v 3.8 6.5 3.1 |7.7 |6.13 0.81 |[0.66 -1.47 3.92
\' 3.8 6.0 2.7 8.5 6.69 0.97 1093 -1.66 4.90
VI 33 5.8 29 |93 7.25 1.21 |1.45 -1.08 2.08
VII 4.1 5.8 34 8.8 6.76 092 [0.83 -1.43 3.83
VIII 3.7 7.1 26 |81 6.07 0.90 |0.81 -1.40 4.14
Mean 3.71 6.25 2.8 8.3 6.35 0.95 (091 -1.26 3.46
Vit, % I 87 98 89 100 |97.90 |2.46 |6.00 -1.22 0.87
11 70 91 24 100 [94.21 10.28 |104.69 -4.68 26.27
111 92 97 90 100 | 98.86 1.63 |2.62 -2.97 12.28
v 83 97 39 100 |[87.54 13.29 [174.88 -1.48 1.70
\% 74 77 15 100 |81.71 15.59 |240.70 -1.93 4.85
VI 66 95 51 100 [ 94.90 7.14 | 50.52 -3.45 15.17
VII 88 96 82 100 9739 |4.16 [17.15 -2.10 4.14
VIII 95 99 94 100 [99.13 1.16 |1.34 -1.94 4.54
Mean 81.88 93.75 61 100 [93.95 |6.96 |74.74 -2.47 8.73
TKW, g I 33.5 29.3 17.8 409 |26.15 3.94 |15.39 0.43 0.99
II 54.3 50.1 32.3 |55.1 |[44.12 4.44 |19.50 -0.26 0.14
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Table 3. (Continued).

III 50.1 35.8 27.2 |52.1 |[41.15 5.07 |25.48 -0.10 -0.25
v 36.8 30.4 19.6 |38.3 |[29.55 3.16 |9.92 0.01 0.88
\% 39.5 36.0 23.3 [42.8 |[33.35 390 |15.10 -0.03 -0.28
VI 40.2 37.0 19.0 |47.1 |[31.92 6.74 |45.05 0.25 -0.67
VII 45.3 40.6 28.0 [46.7 |[37.36 391 |15.13 -0.13 -0.31
VIII 47.1 31.7 253 [50.0 |[37.65 556 |30.68 -0.18 -0.47
Mean 43.34 36.35 24.1 [46.6 |[35.16 4.59 |22.03 0.00 0.00
FDT, min II 2.1 1.4 09 |22 1.41 0.28 |0.08 0.56 0.08
III 3.1 1.1 08 |37 1.35 036 |0.12 3.11 18.87
\Y% 3.1 1.8 06 |41 1.56 0.50 |0.25 2.38 9.04
VI 3.1 1.7 08 |41 1.51 0.43 ]0.18 2.83 14.57
Mean 2.86 1.50 0.8 |35 1.46 0.39 |0.16 2.22 10.64
FST, min IT 2.4 1.4 04 |42 1.42 0.70 ]0.48 1.56 2.99
III 53 1.4 04 |75 1.32 0.81 |0.66 4.49 31.92
\Y% 2.7 1.3 04 |37 1.18 0.56 |0.31 1.40 2.98
VI 2.2 1.2 0.3 5.8 1.36 0.73 10.53 2.61 12.44
Mean 3.14 1.31 04 |53 1.32 0.70 |0.49 2.52 12.58
FMT, BU II 98 163 31 267 | 152.26 [56.90 |3206.37 0.04 -0.80
III 105 298 32 323 |193.64 |64.99 |4182.83 -0.32 -0.79
A% 132 234 74 324 |231.82 |54.91 |2987.55 -0.53 -0.19
VI 106 189 56 282 | 167.68 |[50.16 |2492.33 0.00 -0.69
Mean 110.20 221.13 [48.3 [299.0 | 186.35 |56.74 |3217.27 -0.20 -0.61
TW, kg/hL | 1I 71.4 75.7 66.7 [79.9 |76.12 230 |5.24 -1.36 3.56
111 70.0 74.0 69.7 |75.8 |73.72 1.42 |2.00 -0.82 0.08
\Y% 73.4 76.4 71.3 |80.8 |[77.35 1.83 |3.31 -0.63 0.58
VI 73.1 74.3 57.3 | 854 |72.63 540 |28.89 -0.52 0.20
VIII 70.7 77.6 65.2 [80.2 |74.80 3.55 |12.44 -0.75 -0.03
Mean 71.71 75.60 66.0 [80.4 |74.93 290 |10.38 -0.82 0.88

On the other hand, significant negative correlations were
found between GS and FMT, FST and FMT, and FMT and
FDT (r = -0.78, -0.77, and -0.67, respectively) (Table 4).

3.3. Quantitative trait loci

SMA and SIM were used in the present study to determine
the associations between 9 of the quality and rheology
traits under the field conditions and genotypes for the
RIL populations. Using SMA, 59 QTLs were detected,
compiled, taken into account, and sufficiently discussed,
but the QTLs identified by SIM were only included if
detected in more than one environment in Table 5, without
being discussed, in order to confirm their detection using
both methods.

3.3.1. Gluten strength
Parental lines Kunduru-1149 and Cham1 showed a wide
variation in GS for all 8 environments, with the former

giving a higher value than the latter. The RIL population
showed extreme GS values for all of the environments
compared to the parents. However, environmental effects
could not be eliminated for this trait. It was found that the
GSvalue was lower in 2 of the 8 environments (i.e. irrigated
fields in Tel Hadya/Syria and Adana/Turkey receiving high
precipitation). This result was expected since the GS is
usually low in environments with high precipitation.

Using SMA, 11 linked QTLs were identified for GS.
Chromosomes 1A and 1B were found to harbor 3 and 4
QTLs, respectively. Furthermore, one minor QTL was
determined on each of the following chromosomes: 2A, 4B,
6A,and 7A. Chromosome 1A was found to contain a major
locus (Glu-A1-HMW-1) confirmed in all 8 environments,
with an LOD score of 4.10-12.87, accounting for 14% to
41% of the variation in the GS values (Table 5; Figures 2,
3a, and 3b).
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GS GPC YP Vit TKW FDT EST FMT ™
GS 1
GPC 0.19% 1
YP 0.01 -0.16 1
Vit 0.06 0.10 0.08 1
TKW 0.01 -0.33%* 0.15 0.39** 1
FDT 0.56** 0.24* -0.17 -0.11 -0.04 1
EST 0.64** 0.17 -0.01 -0.13 -0.01 0.84** 1
FMT -0.78** -0.002 0.05 -0.07 -0.19* -0.67** -0.77** 1
™W -0.003 -0.39** 0.17 0.07 0.56** 0.09 0.08 -0.16 1

*Correlation was significant at P < 0.05, **Correlation was significant at P < 0.01.

Roncallo and Echenique (2014) reported a QTL
(barc147-gwm493) that affected the GPC, but in the current
study, it was found that the QTL flanked between markers
Xgwm493 and Xbarc218 bp190 was associated with GS and
test weight (TW). Zhang and Dubcovsky (2008) reported a
QTL for the GPC, wet gluten content, and cooked firmness
associated with gwm493. Elouafi et al. (2001) also reported
a QTL for GPC close to gwm493. Beecher et al. (2012)
reported a QTL located on chromosome 4A for the SDS-
SV levels and FMT that was significantly associated with
the marker barc170, although in our study, this marker was
linked to GPC. A result from both the literature and the
present study showed that at least one marker, gwm493,
was associated with GS.

3.3.2. Grain protein content

The GPC was high in Kunduru-1149 and medium in
Chaml. Using SMA, 6 QTLs were identified for variation
in GPC: chromosomes 4A and 5B had 1 on each, (Table
5) and chromosomes 2A and 4B had 2 on each. A vital
locus (Xwmcl77) was confirmed on chromosome 2A in 6
of the 8 environments (except C7-10 and Leb-10), with an
LOD score of 3.88-10.22, accounting for 14% to 35% of
the variation in GPC values (Table 5; Figures 3a and 3b).

3.3.3. Yellow pigments

The YP content was higher in Chaml than in
Kunduru-1149. Seven different QTLs linked with YP
contents were identified: chromosomes 1B, 2A, 3B, 5A, and
7B had 1 on each, while 2 were detected on chromosome
7A (Table 5).

The first QTL showed a significant peak on the Xbarc80
loci on chromosome 1B in all of the environments,
except for 3 (C8-09, Tur-09, and C7-10). This QTL was
consistently associated with YP in the 5 environments
with an LOD score of 3.09-3.99 and was responsible for
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10% to 14% of the variation in the YP contents (Table 5;
Figures 3a and 3b). Li et al. (2011) reported a QTL linked
with Xbarc80 for flour whiteness, FST, and FMT. However,
the QTL found in this study for YP on chromosome 6A
(Xwmc201-Xbarc353) was more compatible with the
findings of Roncallo et al. (2012), although they reported
a QTL affecting the flour redness (Fa*), yellow color (Fb*),
and YP near barc353. Zhang and Dubcovsky (2008) also
reported a QTL for YP, but it was located in a position
100 cM from the marker barc80 locus. However, they
reported several QTLs located near wmc201 or barc353
for YP, semolina and pasta color, mixograph peak height,
mixograph peak width, and ash contents. Blanco et al.
(2011) also identified a YP-QTL on chromosome 2A.
Similarly, Jing et al. (2007) reported one QTL for YP on
chromosome 2A, detected by markers Xbarc80-Xgwm818,
and also demonstrated the associations between barc309
and grain moisture, storage protein, and hardness in T.
monococcum.

3.3.4. Vitreousness

For Vit, 4 QTLs were detected: chromosomes 2A and
3A had 1 on each, while 2 were found on 7A, where
chromosome 7A contained a locus (XE38-M41bp538)
confirmed in 3 environments only (Table 5; Figures 3a and
3b).

3.3.5. Thousand-kernel weight

For the TKW, 7 QTLs were detected: chromosomes 2A,
2B, 3B, 4B, 5A, 6B, and 7A had 1 on each, while a major
QTL was observed on chromosome 2A (Xwmcl77) in 6
environments (Table 5; Figures 3a and 3b).

3.3.6. Farinograph development time

Only 4 environments (Tur-09, A26-09, B8-10, and Tur-
10) were included in the rheology analysis for the reasons
given in the Section 2. There were 3 QTLs linked with FDT,
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Figure 2. Manhattan plot of the single-marker association analysis for the gluten strength (GS) trait in the A26-09 environment.

which were identified on chromosomes 1B and 4B (Table
5; Figures 3a and 3b). The major QTL on chromosome 1B
showed a significant peak at Glu-B1-HMW-20 in all of the
environments. This QTL had an LOD score of 3.49-5.74,
accounting for 12% to 21% of the phenotypic variance
in FDT. The highest LOD was detected in the Tur-09
environment, while the lowest was in Tur-10.

3.3.7. Farinograph stability time

A total of 7 QTLs were identified as responsible for the
variation in FST (Table 5; Figures 3a and 3b). Of these,
the one located on chromosome 1B showed a significant
peak at Xbarc61 and was consistently observed in 3 of the
4 environments (except A26-09). These QTLs had an LOD
score varying between 2.82 and 6.38, accounting for 10%
to 22% of the phenotypic variance for the FST.

3.3.8. Farinograph mixing tolerance index

Over the different environments, 8 QTLs associated with
FMT were detected; chromosomes 1A, 4A, 4B, 6A, and
6B had 1 on each, while 3 were found on chromosome 1B
(Table 5; Figures 3a and 3b). One major QTL was located
on chromosome 1B, in close vicinity to the glutenin-
coding loci Glu-Bl, and was consistently observed
across all environments. These QTLs had a significant
peak at the Glu-BI-HMW-20 loci and an LOD of 3.03-
11.46, accounting for a high percentage (10% to 39%) of
phenotypic variations in the different environments. The
highest LOD was detected in Tur-09, while the lowest was
in B8-10 (Figure 4). For FMT, another favorable allele
was contributed by Kunduru-1149. The second peak of
the QTL was observed on chromosome 1B in 2 different
environments, located 133.3 c¢cM apart from Glu-B3-
LMW-g, with an LOD of 3.60-4.12, accounting for 13%
to 14% of the phenotypic variance for this trait (Table
5; Figures 3a and 3b). In 3 environments (Tur-09, A26-
09, and B8-10), another QTL for FMT was detected on
chromosome 1A, linked by Glu-A1-HMW-1, with an LOD
of 3.24-4.97, accounting for 11%-18% of the phenotypic
variance. Zhang and Dubcovsky (2008) reported a QTL
for pasta color located close to barc78 and another QTL
flanked between Xbarc78 and Xwmc219 associated with
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FMT. In addition, Roncallo et al. (2012) identified a QTL
strongly linked with the marker wmc219 for flour YP.

3.3.9. Test weight

Six different QTLs were detected and located:
chromosomes 1A, 2A, 3B, and 4B had 1 on each, and in
addition, 2 QTLs on 2B influenced TW. The major QTL,
which was consistently detected in different environments
on chromosome 4B, showed a significant peak at Xgwm368
and had an LOD of 3.30 to 4.80, accounting for 11% to
18% of the variation for this trait. The highest LOD for the
TW was found in A26-10, while the lowest was in A26-09
(Table 5; Figures 3a and 3b).

4. Discussion

To determine the best strategy for the selection of desirable
traits, itis crucial tounderstand the geneticstructure of these
traits (Nadeem et al., 2018a). With successful applications
of MAS in crop plant breeding, it is possible to identify
suitable markers linked with the trait of interest (Baloch
et al., 2016; Nadeem et al., 2018b). The improvement of
durum wheat quality is a complex breeding objective
involving many phenotypic characteristics controlled by a
range of metabolic pathways and a number of genes/QTLs
controlling the grain architecture. In addition to this, the
GPC, GS, TKW, and Vit are some of the most important
quality parameters in durum wheat. In the parents, it was
found that the TKW, GPC, GS, FST, and FDT values of
Kunduru-1149 were higher when compared to Chaml,
while TW, Vit, and YP were higher in Cham1.

The Kunduru-1149 cultivar was selected from famous
and unique durum wheat landraces adapted to a marginal
area with low precipitation located in the Southeast
Anatolian region of Turkey. Therefore, this cultivar
donated positive alleles for GPC, GS, TKW, FST, and FDT,
whereas Cham1 contributed positively to TW, Vit, YP, and
EMT.

Application of the statistical methods for QTL
detection is the most critical task and is an essential
bridge between the trait phenotype and the genotype.
To detect associations between molecular markers and
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Figure 3. Linkage maps (a, b) of the Kunduru-1149 x Cham1 population supported by the estimated locations of significant QTLs for

durum quality and rheology with an LOD of >2.5.

traits of interest, data analysis approaches include SMA,
SIM, multiple interval mapping, and composite interval
mapping, each having advantages and disadvantages.
Therefore, the choice of an appropriate statistical approach
is one of the most important tasks during QTL analysis.
SMA and SIM were used in the present study to determine
associations between the phenotype for quality traits in
durum wheat under field conditions and the genotype
for the RIL populations. SMA is one of the simplest
and easiest methods for QTL detection. In the present
study, QTL analysis was done by two different statistical
approaches, and QTLs detected by SMA were only
taken into consideration. Major QTLs with the highest
phenotypic variations were identified through both
statistical methods; however, some additional QTLs with
an LOD score lower than 2.5 and/or expressed in some
environments were identified through SMA.

The detected QTLs were spread across all of the
chromosomes, and 1A, 1B, 2A, 4B, and 7A harbored
the largest number of QTLs identified. For example, 1B
possessed 15 QTLs, while 2A and 4B harbored 7 QTLs

each, and chromosomes 1A and 7A also harbored 6
QTLs each. The major QTLs were intensively detected
on chromosomes 1A, 1B, and 2A, which may be because
these chromosomes significantly contribute to quality
and rheology traits and thus possess many genomic loci
controlling quality traits in durum wheat.

The GS of the durum wheat cultivar is commonly
measured by SV, reflecting the quality of gluten in
endosperm proteins. Pasta with good firmness after
cooking is usually produced with durum wheat cultivars
with strong GS quality (Pogna et al., 1990). Thus, GS is
one of the most important indicators of durum wheat
quality. In this study, the GS trait was affected by many
genes located on chromosomes 1A, 1B, 2A, 4B, 6A, and
7A; however, the first 2 chromosomes possessed major
QTLs controlling the GS of durum wheat. One major
QTL, predominantly associated with GS, was identified on
chromosome 1A on the locus Glu-A1-HMW-1, accounting
for the highest phenotypic variation ranging from 14% to
41%, which was contributed by Kunduru-1149. Li et al.
(2009) reported that variations in SV were affected by 4
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Figure 3. (Continued).

types of genes; one was HMW-GS, located on chromosome
1A, which was attributed to the Glu-A1 locus. Conti et al.
(2011) identified 3 QTLs on chromosome 1A. Deng et al.
(2013) indicated that the Glu-AI locus has greater impacts
on mixograph properties associated with dough mixing.
Jin et al. (2016) reported many QTLs linked with Glu-
AI-HMW for the mixograph midline peak value, midline
peak width, and mixograph development time, and the
most important QTLs causing significant variations in
the studied traits were located on chromosomes 1BL,
6AL, 6BL, and 7AS. The second major QTL detected by
our current study for GS was identified in 7 environments
located on chromosome 1B, linked with XE36-M50bp520,
in close proximity to Glu-B1, accounting for 10% to 34% of
the phenotypic variation for this trait. This QTL was also
associated with FMT, FDT, and FST, and the phenotypic
correlation coefficient also showed a positive significant
correlation between FST and FDT and between GS and
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EST (Table 4). Elouafi et al. (2001) also reported QTLs
linked with markers (Xgwml131b, and Glu-BI) for FDT
traits. Kumar et al. (2013) identified a consistent QTL
contributing up to 90% of the phenotypic variation located
on chromosome 1B. The Glu-B1 locus was previously
reported to be a poor indicator of GS in durum wheat (Du
Cros, 1987; Vazquez-Laslop et al., 1996; Patil et al., 2009).
This can be explained by the lower magnitude of the effect
of Glu-BI compared to that of Glu-B3. In addition to this
major QTL for GS on 1B, 3 main QTLs affecting GS were
identified and linked with Glu-A1 and Glu-BI. All of these
major and minor QTLs were associated with other quality
and rheology traits, and the majority of those associated
with GS and other rheology traits were also linked with
Gli-Al, Gli-B1, or Gli-B3 on chromosomes 1A and 1B.
The GPC value ranged from 13.0% to 18.8%
for Kunduru-1149 and 9.8% to 17.3% for Chaml.
Environmental factors had a major impact, not only on



ALSALEH et al. / Turk ] Agric For

Figure 4. The FMT-QTL positions, LOD scores, and percentage of explained variance R% each color of the chart corresponds to a
specific environment in addition to a line representing the average of the environments’ data.

the total protein content but also on the relative expression
of protein (Dupont and Altenbach, 2003). Across the
environments, 6 QTLs were identified for GPC. One major
QTL, responsible for 14% to 35% of the GPC variance,
was observed on chromosome 2A, linked by Xwmcl77,
with an LOD of 3.88 to 10.22. This QTL explained a large
proportion of the variation in GPC in all 6 locations. This
result was compatible with those reported by Zlatska et
al. (2004), which demonstrated a link with a particular
locus (wmcl77) on the short arm of the 2A chromosome
of wheat. In addition, Zanke et al. (2014) also detected
marker trait associations for chromosome 2A (markers
wmcl77 and wmc522), most likely corresponding to the
series of photoperiod genes Ppd on the short arms of the
homoeologous group 2 chromosomes. Interestingly, the
association between increased GPC and the locus on the
short arm of chromosome 2A has also been reported by
other researchers (Groos et al., 2003; Prasad et al., 2003). Li
et al. (2009) identified one QTL for GPC on chromosome
1B, located between barc81 and barc188. Additionally,
Zhang and Dubcovsky (2008) observed QTLs for GS,
mixograph time to peak, and ash traits linked with Glu-BI-
cfa2129-psr162, located approximately 45.8 cM from the
barc81 locus. Li et al. (2009) found that only major QTLs
significantly influenced GPC on chromosome 7B. However,
other studies, like that of Olmos et al. (2003), have suggested
that chromosome 6B of Triticum turgidum could provide a
promising source of alleles to increase the GPC. In this study,
major QTLs were identified on chromosome 2A in most of
the studied environments. Nevertheless, most of the other
QTLs were identified only in one environment, indicating
that GPC was significantly influenced by environmental
conditions. This major QTL at 2A was also associated with
TW, TKW, Vit, and YP (Table 5). We have to mention here
that this marker has been reported for gluten trait (Li et al.
2009) and was linked with heading date by Maccaferri et al.

(2008). Additionally, Séne et al. (2001) reported that the Vit
or semolina yield of maize was linked to a location less than
16 cM from a protein-content QTL on chromosome 2.

On chromosome 1B, one major QTL for YP was
identified with a phenotypic variation of 11.5-16.1 in
5 of the 8 environments. Zhang and Dubcovsky (2008)
also identified one QTL for YP on the 1B chromosome,
accounting for 14% of the phenotypic variation. However,
the QTL identified in our study may be different from
that reported by Zhang and Dubcovsky (2008). Other
QTLs have been identified on chromosomes 2A, 3B, 5A,
7A, and 7B; however, these were only identified in 1 or 2
of the environments. Elouafi et al. (2001) found QTLs on
chromosomes 7A and 7B, while Patil et al. (2008) detected
5 different QTLs linked to YP content on chromosomes
1A, 3B, 5B, 7A, and 7B across 5 different environments.
The strongest of these QTLs was located on the distal part
of the long arm of chromosome 7A. In addition, Roncallo
et al. (2012) identified 3 major QTLs on the long arm of
chromosome 6A.

The genetic structure of durum wheat processing
characteristics, such as dough rheology, is not well
understood, and there are limited data concerning the
genetic control of dough rheological parameters. In this
study, a total of 59 major and minor QTLs were identified
by SMA: 41 QTLs for grain quality were identified on
all of the chromosomes, and 18 QTLs for rheology traits
were observed on chromosomes 1A, 1B, 4A, 4B, 6A, and
6B. The major QTLs of the dough rheology traits were
consistently detected on chromosome 1B, where the FDT,
FST, and FMT traits were evaluated in 4 environments, and
3 genomic regions affected these traits. Only 1 major QTL
was detected on chromosome 1B, which was found to be
stable and was expressed in all 4 environments (Table 5).
In the case of FST, 5 genomic regions of chromosome 1B
were found to be involved, one of which was expressed in
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3 of the 4 environments and the other in 2 environments.
Based on these results, it can be concluded that in addition
to other chromosomes, 1B may play a vital role in the
genetic control of rheology traits. QTLs for various traits
were identified in various environments, such as the QTL
for GS in 8 environments; in 7 for GPC, TKW, and YP; in
5 for Vit and TW; in 4 for FDT and FMT; and in 3 for FST.
In wheat end-use quality, GS, FST, FMT, TKW, and YP are
important factors. In the case of Vit, 4 QTLs were equally
identified in the Tel Hadya-Syria, Turkey, and Lebanon
environments but none were stable. Only one QTL for Vit
was detected in 3 of the 8 environments. This QTL was
present on chromosome 7A, identified only in the Adana-
Turkey and Terbul-Lebanon locations. QTLs expressed
consistently across different environments are considered
to be stable and thus have high potential to be used for
marker-assisted breeding and further research to develop
functional markers for these QTLs.

This study provides evidence for the argument that wheat
quality is a consequence of a network of interacting genes.
Ten genomic regions showed a consistent effect on a wide
range of parameters. For example, significant pleiotropic
effects were found in some of the quality and rheology
QTLs. This study identified several major overlapping QTLs;
chromosome 1B contained 3 most highly variable regions
overlapping across traits (ROATS), for 3, 4, and 4 different
traits, respectively. One ROAT located on chromosome 1A
was detected near Glu-AI-HMW-1. Chromosomes 2A, 2B,
3B, 4B, and 6A also harbored ROAT regions containing
QTLs for different traits; for example, on chromosome 6A,
there was one ROAT linked by Glu-A3-LMW-f. In general,
the results confirmed that the loci for SSPs, especially
the HMW and some LMW subunits of glutenin, as well
as w-gliadin markers played a key role in many quality
traits, especially in the formation and structure of gluten.
Therefore, these genomic regions are likely related to the
inheritance control of GS and other traits such as FST, FMT,
and FDT.
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For TKW and TW, 3 regions on chromosomes 2A,
2B, and 4B harbored genetic loci controlling both test and
grain weight traits. The most important QTL for TKW
with a phenotypic variation of more than 40% in 6 of the 8
environments was located on chromosome 2A, and the QTL
with the highest phenotypic variation in TW was found on
chromosome 4B. Both these regions were associated with
significant increases in both grain weight and TW (Table
5). Similarly, Houshmand et al. (2008) identified QTLs for
TW on chromosome 4B with a phenotypic variation of
more than 45% and detected a QTL for grain weight on
chromosome 2A.

The GS trait had the highest number of detected QTLs,
followed by FMT, TKW, YP, FST, EMT-GPC, TW, Vit, and
FDT. Chromosomes 1A, 1B, 2A, and 4B harbored major
QTLs. Many QTLs for quality and rheology traits showed
a high distribution on various chromosomes. For example,
the QTLs of TKW were distributed across 7 different
chromosomes, while GS, YP, and FMT were distributed
across 6 different chromosomes. To date, a high number
of DNA markers (e.g., SSRs, SNPs) have been developed
and mapped in several durum wheat mapping populations.
Our results show that the significant QTLs of GS, YP, FDT,
FST, and FMT were located on chromosomes 1A and
1B; significant QTLs of GPC and TKW were located on
chromosome 2A; and significant QTLs of TW were located
on chromosome 4B. QTLs identified in the present study will
be useful in improving the quality and rheology of durum
wheat. Fine mapping of these regions could be useful for the
identification of genes for quality and breeding applications
in durum wheat. Although some of these DNA markers
have already been used in previous studies, this study
has shown that those markers were linked with quality or
rheology traits and would be useful in MAS programs to
improve the quality of durum wheat.
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