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Abstract. In order to mapping main and epistatic effects and environmental interactions of QTLs for
yield and yield component in normal and water deficit conditions in wheat, A recombinant inbred
lines population, comprising 148 lines derived from a cross between two winter wheat cultivars,
‘YecoraRojo’ and ‘No. 49°, was evaluated in two location in Iran (Miandoab and Mahabad) during
2014-2016. A linkage map including 177 microsatellite and 51 retrotransposon markers were used in
this study. Quantitative trait loci (QTL) were determined for additive effects and additive x additive
epistatic interactions using the QTL Cartographer 2.5 and QTL Network 2.0 software based on the
CIM and mixed-linear method. Results showed in normal condition 3 QTL (R?s = 5.0 to 9.9%), 2
QTL x environments (R%se = 5.81%), 10 additive x additive epistatic effects (R%sa = 1.74 to 7.80%)
and 27 QTL x QTL x environmental interactions (R*aae = 0.58 to 12.10) were significant. In water
deficit conditions, 3 QTLs (R?, = 5.0 to 10.94), 1 QTL x environmental interactions (R’ae = 3.1%),
8 additive x additive inactions (R%aa = 0.88 to 10.54%) and 20 QTL x QTL x environmental
interactions (R%aae = 3.46 to 11.26) were identified. In two conditions 4 QTL funded for grain yield
with R?, value 5.0 to 10.96% which, 3 of them were located on A genome. Also, the largest number
of QTLs for yield and yield component located on chromosome 3A which can be used these
chromosomes in genetic engineering. Also, most of the repeatedly detected QTL across
environments were not significant.

Keywords: grain yield, epistatic QTL, main-effect QTL, microsatellite marker, wheat

Introduction

Bread wheat (Triticum aestivum L) is one of the world’s most important food crops,
providing 40% of the world’s food. With increasing the number of population in the
world, the global appeal for wheat will increase by 40% before 2020. Therefore, a
method to solve this problem is to breed more productive varieties of wheat (Dixon,
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2009; Wei et al., 2014). Hexaploid wheat (2n = 6x = 42) has a large genome size of
about 17300 Mb (Hussain and Rivandi, 2007). Repetitive DNA elements make for
approximately 90% and transposable elements make up 80% of wheat genome
(Wanjugi et al., 2009).

Determining the number of controlling genes and them effect on qualitative traits
such as yield and yield components are fundamental steps towards molecular breeding
of crops (Cooper et al., 2009; Lapitan et al., 2009). Genetic studies under drought stress
environments identified quantitative trait loci (QTL) for yield and yield component of
wheat (Kirigwi et al., 2007; El-Feki, 2010; Mclntyre et al., 2010; Pinto et al., 2010).
QTL analysis establishes a link between continuous phenotypic variation and
inheritance mechanisms resulting from genetic variation of single gene locations, and
QTL identification makes the selection with the help of markers possible (Koroff et al.,
2008; Emebiri et al., 2009). The grain yield of wheat and cereals in general, is a
polygenic and highly complex trait that is influenced by environmental and genetic
interactions at all stages of the plants growth (Slafer, 2003). QTL mapping has been
increasingly utilized as a strategy to detect genomic regions important for grain yield
and other genetically complex traits in cereal species (Cuthbert et al., 2008; Rebetzke et
al., 2012). Therefore the discovery, understanding and eventual incorporation of genes
and alleles that beneficially influence yield are major targets for breeding programs
worldwide (Simmonds et al., 2014). Many chromosomal regions with minor effects
have been detected in controlling yield, but repeatable QTL across environments and
different backgrounds are rare.Therefore, concentrating on the exploration and
utilization of genomic regions for traits related to drought tolerance may be a more
feasible strategy than yield per se approaches. Previous studies have shown that
different QTL was detected for grain yield in which are uniformly distributed across the
entire genome and all 21 wheat chromosomes have been involved in controlling grain
yield in wheat. Most of the QTL were detected on chromosome number of 4A, 3B and
2B (Zhang et al., 2009).

Additive effects and additive x additive epistatic effects are an essential factor af-
fecting the phenotypic expression of complex trait genes and genetic variations in
populations (Liao et al., 2001). Commonly, the detected additive x additive interactions
contained all three types of epistatic effects, classified on the basis of whether the QTL
involved exhibited their own main effects or not. These types were nominated to be
epistatic between two additive loci, between an epistatic locus and an additive locus, or
between epistatic loci only, which are equivalent to the terms of interactions between
QTL, interactions between QTL and background loci, and interactions between
complementary loci (Li, 1998). Li et al. (2014) found thirteen significant QTL with
additive effects for biomass, grain yield, and straw yield. They also reported of which
six exhibited epistatic effects, eleven significant additive x additive interactions were
detected, of which seven occurred between QTL showing epistatic effects only, two
occurred between QTL showing epistatic effects and additive effects, and two occurred
between QTL with additive effects. These QTL explained 1.20 to 10.87% of the total
phenotypic variation. In study of Li et al. (2016) a total of 41 QTL with additive effects
on different traits were mapped on most wheat chromosomes, excluding 1A, 2A, 3D,
4D, 6D, and 7B. Seven chromosome regions showed either tightly linked QTL or QTL
with pleiotropic effects on two to four traits. Ten pairs of QTL showed additive X
additive effects (AA), four QTL were involved in additive x environment (AE) effects,
and one was involved in AAE effects.
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Considering the fact that in previous studies QTL interactions with the environment,
QTL x QTL and of QTL x QTL x Environment interaction over different years and
different environmental conditions less studied, the present research and its results can
be different from other similar studies. The objective of this study was mapping of
QTLs for yield and yield component in normal and water deficit stress conditions and
there main and epistatic effects and environmental interactions in wheat. The results will
be of great significance for helping breeders to enhance the yield of wheat.

Materials and methods
Plant materials

Plant materials used in this experiment, include 148 bread wheat recombinant inbred
lines derived from the cross between Yecora Rojo (America originated as a paternal line
149, high Yield, dwarf and early mature) and genotype No. 49 (the origin of Sistan and
Baluchestan, Iran as female line, high altitude and late mature). Lines were produced at
Riverside University and through of Center of Excellence Molecular Breeding,
University of Tabriz was placed at the disposal of this research.

Field evaluation

Studied lines with parents were planted on research farms of Mahabad University
and Miyandoab Agricultural Research Center in 2014-2015. The above mentioned
regions are grouped into semi-arid areas of Iran. In both experiments used alpha lattice
design with two replications under normal and water deficit conditions. Each plot
consisted of two rows with 2.5 m long and the inter row and inter plant spacing’s were
20 and 5 cm, respectively. Irrigation in stress and non-stress conditions was done after
90 mm evaporation from class A pan, depending on the temperature and
evapotranspiration until heading stage. In water deficit stress conditions, irrigation was
stopped at heading stage, but in normal irrigation conditions was continued until the
heading stage. Crop care was alike for all lines. At physiological maturity number of
grains per spike, number of spike, thousand kernel weights, grain yield and harvest
index for each plot were measured.

QTL analysis

For QTL analysis the existing linkage map including of 177 microsatellite and 51
retrotransposons markers were used. In this map, 202 markers belonged to 36
linkage groups with a length of 691.36 cm and 26 markers were not associated with
any linkage groups (Roder et al., 1998; Roder et al., 1995). According to linkage
maps provided for wheat, 34 linkage groups correspond with 19 chromosomes of 21
chromosomes. The average distance between adjacent markers on the map was 3.42
cm. QTL analysis was performed by QTL network 2.0 and QTL Cartographer 2.5
software’s through mixed-linear and composite Interval Mapping (CIM) methods.
Given that the population of recombinant inbred lines is a permanent population,
QTL x environment, QTL x QTL, and QTL x QTL x environment interactions were
also examined. It should be noted in cases which QTLs detected by cartographer and
not detected by QTL network, there were no interaction between QTL x
environment and these effects were not recorded on the tables.
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Results
Phenotypic performance of wheat RILs and parents

The phenotypic variation among wheat RILs and the parents of studied traits, mea-
sured in two years and two locations in average of normal and drought conditions are
summarized in Table 1 and Figures 1 to 4. Yecora Rojo and No. 49 differed significantly
in the measured traits, that phenotypic values of No. 49 for grain yield and grain yield
component being much higher than Yecora Rojo. Some RILs had more extreme values
than the parents in all conditions, showing substantial transgressive segregation, although
the average values of RILs for those traits were intermediate between the parental values.
Furthermore, all traits showed considerable phenotypic variation and continuous distribu-
tions, indicating their quantitative nature. Based on the results presented in Table 1, both
the Skewness and Kurtosis of all traits were less than 1.0, implying polygenic inheritance
and suitability of the data for QTL analysis (Table 1).

Table 1. Phenotypic summary of yield and grain yield component for Yecora Rojo (P1), No.
49 (P2), and the wheat RILs at two years and two locations in average of normal and
drought condition

Parameters | Spike per m? | Number of grains per spike | Thousand kernel weight | Grain yield
Yecora Rojo 47.08 20.26 53.65 47.52
No. 49 67.08 23.01 54.03 56.04
RILs mean 59.47 18.82 52.50 46.79
Minimum 45.50 15.05 42.85 29.87
Maximum 77.33 23.06 62.64 61.61
Std. deviation 6.43 1.655 3.76 6.72
Skewness 378 183 .040 -.054
Kurtosis -.362 -.237 -574 -774
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Figure 1. Frequency distributions of spike per square meter, two years conditions
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Figure 2. Frequency distributions of number of grains per two years, two locations and average
of two conditions
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Figure 3. Frequency distributions of thousand kernel weight in two years, two locations and
average of two conditions
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Figure 4. Frequency distributions of grain yield in two years, two locations and average of two
conditions

QTL mapping

The results of QTL analysis are summarized in Tables 2, 3, and 4. In this research for
four traits under study across both years and both locations under normal conditions, 3
QTLs (R?A=5.0 to 9.9%), 2 QTL x environments (R%*ac = 5.81%), 10 additive x
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additive epistatic effects (R%aa = 1.74 to 7.80%) and 27 QTL x QTL x environment
interactions (R%aae = 0.58 to 12.10) were significant. Under water deficit conditions, 3
QTLs (R?°A=5.0 to 10.94), 1 QTL x environmental interaction (R’ = 3.1%), 8
additive x additive inactions (R%aa=0.88 to 10.54%) and 20 QTL x QTL x
environment interactions (R?aae = 3.46 to 11.26) were identified.

Table 2. Detected QTL and QTL x environment interactions for studied traits in a RIL
population of wheat obtained from Yecora Rojo x No. 49 at two years and two locations in
normal and water deficit condition

Trait |Chr.| OTL Marker interval PC(’E'ntq')O” A |R% %|AE,| AE, | AE; | AE, |R%c
Wmsb566-

Sk per SA | QSPSMBAN | roipren o ao| 206 | 172 | 50 | - | - | - | - | -

(normal) 2A | QSPSM2A-N | Gwm35- 'Gwm296 75 -1.93 | 6.0 - - - - -
11

G(fc')"r‘n{;?)'d 7A | QGY7A-N |'Cfa2123-'Gwm282 | 53.6 |-1.3963| 9.9 | - |-2.80/2.56| - |5.81

5LTR.2/ISSR5.530-

o 3A | QGY3A-S wme6.2 5822 | 511 (1094| - | - | - | - 014

(Vfar;'r” dﬁ'ﬁ::‘?t) 5A | QGY5A-S | 'Barc319-'Cfa214l | 80 |17646| 982 | - |1.34| - | - |31

2D | QGY2D-S | Wms102-'Wmcl8 | 0 164 | 5 | - | - - -

25.76 3.24

A: Additive effect, A positive value indicates that the allele from No. 49 increases the trait value; A negative value
indicates that the allele from Yecora Rojo increases the trait value. b: Proportion of the phenotypic variation
explained by the QTL. Ae: Additive x environmental effects. R2sc: Proportion of the phenotypic variation
explained by additive x environment effect

Table 3. Additive x additive epistatic QTL and QTL x QTL % environment interactions for
studied traits in two years and two locations at normal condition

2 |3 53 § (2 5 S 5 o
= o X > s | o x 3 2 o it o i i ¢
E |E 55 g |E 55 2l 2R |22 ]%]4
= |0 S E £ |O SE S & &
. . Sukkula/ISSR10.600-
spike per 6B| 'Barcl78-'Gwm219 (109.2(3A 'Sukkula/ISSR7 550 266.9(0.7092 | 1.8 |-3.84(-4.99| 5.12 | 3.80 |12.10
m? 4A| 'Wmc468-'Barc170 0.0 |7A| 'Gwm276-'Cfa2123 | 35.5 |0.5394| 2.2 |-3.44|-3.28| 3.74 | 3.14 |11.18
4.0 23.28
. , 'Wms566-
5A Barc186-'Barc117 42.1 |3A 5 TR.2/Sukkula.380 56.2 | 1.12 38 |152| - |[-158] - 8.42
Thousand ' X '‘Wmc336- i i
kernel 5A| 'Gwm617-'Wmc327 |425.2|31 'LTR6150/1SSR3.500 252 | 152 |4.42)|1.95|250|-1.98-2.41|10.18
weight 'LTR6150/ISSR10.260- i '
3A '5LTR.2/ISSR5.530 523.2|2A| 'Wms122-'Wmc296 | 179 | -4.89 [1.74| - - - - 0.58
20.96 19.18
5A 'Gwm129-'Barcl 96.2 |6D| 'Barc54-'Gwm325 | 0.0 |-2.2463|4.14 {-3.08|-3.21| 3.69 | 2.74 | 9.30
LTR6149/Nikita.740- ' Gwm459-
5A 'Barcas0 354.2|6A 'Sukkula/Nikita.450 5.3 (-2.3903|4.86| - - - |3.10]6.86
. , "Wmc336-
Grain |5A| 'Barc330-'Gwm617 |(403.7|31 'LTR6150/ISSR3.500 23.2 | 5.3206 | 7.80 | 5.96 | 6.41 | -5.59 | -6.49| 10.9
yield )
, , Sukkula/ISSR7.230-
6B Wms88-'Barc24 64.7 |1B 'LTR6149/ISSR2.180 3.7 |-3.5644|5.94 |-2.66| - - 3.19 | 4.32
2A | 'Wmc296-'Wms339 | 19.6 |2A| 'Gwm35-'Gwm296 | 1.0 |-3.4287| 7.0 |-2.51| - - 2.70 | 5.18
29.68 36.38
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Table 4. Additive x additive epistatic QTL and QTL x QTL x environment interactions for
studied traits in two years and two locations at water deficit condition

[2] - 3(_(3 g m ET(Q g o — ~ ) < w
c |2 55 |E|E 55 HESEIEIESESEAE
F |0 SE | &0 S E g & @
Spike per 'Wms148- "'Wms297-
w12l Gwma7a | 10 [7B| sukkula/Nikitas2o |72-8|-0-6881| 0.88 |-2.211|-2.310| 2.474| 2.04 |11.26
"Wms88- 'LTR6149/ISSR2.260-
6B| “gareos |617[31 Psp2999 5.0(-1.5848| 9.1 | - - - - |284
Thousand || Barcds: | 4 l5pl \Gwmage-Gwmazl | 6.1 (07424 2.28| - - - - | 346
kernel ‘Gwm2
weight 'Barc54- . .
6D| =222% |10 (2A] 'Wms47-'Wmcl198 |0.0|0.5372|10.54| 1.75 | 2.031 |-1.601| -2.18 |10.56
Gwm325
21.92 17.54
sa| CWMA43-| o |oa | Barc180-Gwmi129 |84.6|2.8500 | 6.76 | - - |-2201| - |58
cra Wms154
rain
! "Wms400- "Wms297-
yield (7B| e 1238(7B) o ila/Nikitas2o | 798| 20-395 | 4.0 | 2.77 | 322 |-3.077|-2.970| 4.0
10.76 9.82

AA: Additive x additive effect, a positive value indicates that the effect of the parents’ effect is larger than the
recombinant effect, and a negative value means that the recombinant effect is larger than the parents’ effect. b:
Proportion of the phenotypic variation explained by additive x additive QTL. AAe: Additive x additive x
environment effects. Raag; Proportion of the phenotypic variation explained by additive x additive x
environmental effects

Spike per square meter

In normal condition, two QTLs on chromosomes 3A and 2A were detected for spike
per square meter (Table 2). These QTLs were linked with markers of Wms566-
'5LTR.2/Sukkula.380 and Gwm35- 'Gwm296 and in distance of 2.06 and 7.50 cm. The
amounts of additive value of these QTLs were -1.72 and -1.93 and explained 11.0% of
total phenotypic variation. Two QTLs (QSPSM3A- N and QSPSM2A- N) were
contributed by No.49 parent alleles. Also, in normal condition two pairs of significant
additive x additive epistatic effects were observed for spike per square meter (Table 3).
These interactions were existed between chromosomes of 3A x 6B and 4A x 7A, which
showed additive x additive values of 0.7092 and 0.5394, respectively and justified 4.0%
of total phenotypic variation. It should be noted that these epistatic (QSSM3A-N x
QSSM6B-N and QSSM7A-N x QSSM7A-N) interactions acted by increasing the
values of the parents types. In normal conditions, the effects of QTL x QTL were
significant in four environments which accounted for 23.28% of the phenotypic
variation (R%aae = 23.28%).

In water deficit condition, one pair significant epistasis interaction (additive X
additive) of QTL between chromosomes 7B x 2B was detected (Table 4), which had
additive x additive and R®aa value of 0.6881 and 0.88%, respectively. This QTL acted
by increasing the values of the parent’s types. In additions, the effects of epistasis
interaction between chromosomes (QSSM7B-S x QSSM2B-S) were significant in all
environments with R?aae of 11.26%. It should be noted there were no common QTL
and epistasis effects in both conditions. In normal condition phenotypic variation
explained by additive QTL effect was more than QTL x QTL epistasis effect, so can be
said additive QTL effect played a more important role in controlling spike per square
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meter. Also, in both conditions the amount of epistatic interactions were small
compared to the QTL x QTL x environmental effects, indicating that these epistatic
pairs were highly sensitive to environments in the control spike per square meter.

Thousand kernel weight

In normal condition, three significant additive x additive epistasis effects between
chromosomes of 3A x 5A, 31 x 5A and 2A x 3A were found for thousand kernel weight
(Table 3). Amounts of additive x additive values for these effects were 1.12, 1.52 and -
4.89, respectively and these epistatic effects controlled 20.96% of phenotypic variation.
Two interactions (QTKW3A-N x QTKWS5A-N and QTKW31-N x QTKWS5A-N) acted
to increase the values of the parental types, and the others (QTKW2A-N x QTKW3A-
N) acted in the opposite direction, that is, recombinant effects were larger than parental
effects. Also, in this condition six QTL x QTL x environmental interactions were
significant which 19.18% of phenotypic variations were explained by these interactions.

In water deficit condition, three pairs of additive x additive epistasis were detected
between chromosomes 31 x 6B, 5B x 3A and x 6D x 2A, with additive x additive value
of -1.5848, -0.7424 and 0.5372 (Table 4). The epistasis of QTKW6D-S x QTKW2A-S
acted in favor of the parental type and accounting for 10.54% of the phenotypic
variance. The other two interactions of QTKW31-S x QTKW6B-S and QTKW5B-S x
QTKWa3A-S, explained 11.38% of the phenotypic variation together. In this research
additive x additive epistasis of QTKW6D-S x QTKW2A was significant in all
environments and these interactions justified 10.56% of phenotypic variation.

In our research there were no common epistasis effects observed in both conditions
for thousand kernel weight. In addition phenotypic variation explained by additive x
additive effect in both conditions exceeded than QTL x QTL X environmental effects,
so can be said additive x additive effects are less influenced by the environment.

Grain yield

In normal condition only one QTL was detected on chromosome 7A for grain yield.
This QTL (QGY7A-N) was linked with markers of Cfa2123- Gwmz282, positioned
within a 53.6 cm, by R? value of 9.9% and additive effects value of -1.3963 (Table 1),
Favorable alleles were contributed at this QTL by Yecora Rojo parent. Also, in this
condition two significant interaction effects between QTL % environments with R4g of
5.81 were detected. Also five pairs of significant additive x additive epistatic effect
between chromosomes 5A x 6D, 5A x 6A, 5A x 31, 6B x 1B and 2A x 2A were
identified. These epistatic effects evidenced additive x additive value of -2.2463, -
2.3903, 5.3206, -3.5644 and -3.4287, respectively and explained 29.68% of the total
phenotypic variance. The QTL pair of QGY31-N x QGY5A-N acted in favor of the
parental types and effects of QGY6D-N x QGY5A-N, QGY6A- N x QGY5A-N,
QGY1B- N x QGY6B-N and QGY2A- N x QGY2A-N acted to increase the values of
the recombinant types. It should be noted that 13 significant interactions between QTL
x QTL x environments which were detected for grain yield had R%aa values ranging
from 4.32 t0 10.9% (Table 2).

Under water deficit condition, three QTLs on chromosomes 3A, 5B and 2D were
detected for grain yield (Table 2). These QTL were linked with markers of
5LTR.2/ISSR5.530- 'Gwme66.2, 'Barc319- 'Cfa2141 and Wms102- 'Wmcl8 and in
distance of 582.2, 8 and 0 cm. Amounts of additive values of these QTLs were 5.11,
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1.7646 and 1.640 and explained 25.76% of total phenotypic variation. All three QTLs
(QGY3A-S, QGY5B-S and QGY2D- S) had positive effects on grain yield and were
contributed by No.49 parent alleles. Out of these, one significant interaction between
QTL (QGY5A-S) x environments with R%sg values of 3.1% was detected for grain
yield. Furthermore, two additive x additive epistatic effects were common in water
deficit condition for grain yield (Table 3). These epistatic effects were located between
chromosomes 5A x 5A and 7B x 7B with additive value of 2.8509 and 2.0395,
respectively and justified 10.76% of total phenotypic variation. These effects acted by
increasing the values of the parental types. It should be noted that in water deficit
condition five QTL x QTL x environmental interactions with R2pae from 4.0 to 5.82%
were identified. In all conditions, additive QTLs effects were more than additive x
environmental effects which indicated additive QTLs are less influenced by the
environment. In additions, in normal condition phenotypic variation explained by
additive x additive epistatic effects were larger than additive QTLs effects. Thus,
epistatic QTLs were more important than additive QTLs for grain yields, but in water
deficit condition additive QTLs were more important than epistatic QTLs. Furthermore,
in normal condition additive x additive epistatic effect was influenced by the
environment because of the low R%aa value compared to R%aae. In water deficit
condition, these interactions less affected by the environmental effect compared with
other conditions.

Discussion

QTLs for Spike per square meter and grain yield were detected on chromosomes 3A,
2A, 7A, 5A and 2D in two years and two locations in normal and water deficit
conditions in the present study. Many QTL affecting yield have been reported on all
chromosomes, with the exceptions of chromosomes 3D and 5D, in previous studies, and
no significant gene by environment interactions were examined (Huang et al., 2006;
Cuthbert et al., 2008; Mcintyre et al., 2010). The significant QTLs simultaneously
identified for spike per square meter and grain yield in the current study were located on
chromosomes 3A. In fact, chromosomes 3A are known to carry a number of major
genes affecting spike per square meter and grain yield (Huang et al., 2006). Therefore,
the QTL on 3A should be considered to increase wheat biomass, grain, and straw in
wheat molecular breeding. Furthermore three significant interactions between QTL x
environments were detected for grain yield in normal and water deficit condition. In all
conditions additive QTL effects were more than additive x environment effects which
indicated additive QTL are not influenced by the environmental effects. Marza et al.
(2006) and Quarrie et al. (2005) discovered that a number of major genes affecting yield
productivity were located on chromosome 5AL. Cuthbert et al. (2008) showed two-
grain yield QTL clusters on chromosomes 7A and 7B around the Xwmc273 locus. We
detected a QTL (QGY7A- N) close to 'Cfa2123- '‘Gwm282 on 7A with significant
effects on grain yield. Unfortunately, however, we failed to detect any QTL on
chromosome 7B. On chromosome 2D, a QTL that increased grain yield was detected
using 402 DH lines from the spring wheat cross Superb (high yielding)/BW278 (low
yielding) by Cuthbert et al. (2008). The QTL on 2D affecting GY was also identified in
our study. Zhang et al. (2009) and Li et al. (2014) also detected a QTL with significant
effects on GY on chromosome 2D. In this study, no QTL for number of grains per
spike, thousand kernel weights was observed in both conditions. The reason is probably
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the effect of a large number of QTLs with low effects in control of the mentioned traits
(Tanksley, 1993) or influence of environmental effect on quantitative traits (George et
al., 2003). Additive effects and additive x additive epistatic effects are an important
factor affecting the phenotypic expression of complex trait genes and genetic variations
in populations (Liao et al., 2001). Generally, the additive x additive interactions
detected included all three types of epistatic effects, classified on the basis of whether
the QTL involved exhibited their own main effects or not. In the present study, a total of
16 significant additive X additive interactions were detected for spike per square meter,
thousand kernel weight, grain yield in two years and two locations in normal and water
deficit conditions using a RIL population. Except additive x additive epistatic effects of
QTKW7B-N x QTKW7B-2B-N under normal conditions, QTKW 6B-S x QTKW31-S
and QTKW3A-S x QTKW 5B-S under water deficit condition for thousand kernel
weight, all of the identified epistatic effects showed a significant interaction with the
environment. Furthermore, in normal condition additive x additive epistatic effect was
influenced by the environment but in water deficit condition, these interactions less
affected by the environmental effect. Overall, the detection of additive and additive x
additive effects of a QTL interfered with each other, indicating that the detection of
QTL might vary greatly depending on their interactions with other loci in complex traits
(Zhuang et al., 2002). Li et al. (2014) found 8 main QTLs, 3 QTL x environments
interactions, 3 additive x additive epistatic effects and 2 QTL x QTL x environments
interactions for grain yield. Zhang et al. (2014) located 17 QTLs on 14 chromosomal
regions) 1A-1, 1B-1, 2B-1, 2B-2, 2D, 3B-1, 3B-2, 4B, 5A-1, 5B-2, 6B-2, 7A-4, 7TA-5
and 7B-1 which were associated with grain yield. Furthermore, they identified 13 QTL
x environments, five QTL x QTL interactions and nine QTL x QTL x Environment for
grain yield. Wu et al. (2012) found 6 main QTLs, 2 QTL x environments interactions, 6
additive x additive epistatic effects and 5 QTL x QTL x environments interactions in
wheat DH lines. In the study of Zhang et al. (2016) 10 QTLs were detected on
chromosome 1D, 3A, 6B, 6D, 2A, 2B, 2D,5D, 6A-1 and 6A-2 in the five environments
which accounting for 5.65-18.62% of the phenotypic variation for Spike per square
meter. Wu et al. (2012), reported 13 main QTLs, 10 QTL X environments interactions,
17 additive x additive epistatic effects and 2 QTL x QTL x environmental interactions
for thousand kernel weight at multiple rain-fed environments. In normal, water deficit
and average of two conditions, additive QTL, QTL x environments, additive x additive
epistatic effects by and QTL x QTL x environment interactions justify 68.22, 68.32 and
94 percent of total grain yield phenotypic variation. It can be concluded that interaction
effects such as QTL x E, QTL x QTL and QTL x QTL x E play a more significant role
in comparison with the main effects of additive QTL in control of grain yield. From
total markers, 50 markers showed tight linkage to the QTLs which related to grain yield,
and most of them might be useful for marker-assisted selection. In total, chromosome
3A had the largest number of QTLs. In our research most of the repeatedly detected
QTLs across environments were not significant.

Conclusions

The goal of crop genomics is to understand the genetic and molecular basis of all
biological processes in plants that are relevant to the species (Vassilev et al., 2006).
QTL mapping thus represents the foundation for the selection of markers for crop
breeding. First, selection should be applied particularly for QTL with main genetic

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(1):441-453.
http://www.aloki.hu e ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1601_441453
© 2018, ALOKI Kft., Budapest, Hungary



Hamza et al.: Multifactorial mapping of QTL for yield and yield component in wheat in normal and drought conditions
- 451 -

effects, which will likely show stable performance across different environments. In one
hand, the actions of QTLs involved in epistatic interactions always depend on other loci.
On the other hand, these QTLs could produce varieties adapted to specific ecosystems.
Thus, it should be more efficient to select superior genetic combinations rather than
selection of single genes. Second, selection programs should consider QTLs with
interaction effects in different environments (QE), which will also provide confidence
for breeders prior to undertaking marker-assisted selection for complex traits in the
design and implementation of breeding strategies. However, QE interaction effects
might not be well applied across various environments. Third, selection programs
should be based on closely linked or pleiotropic QTL. Breeders could possibly
simultaneously improve several related traits by selecting such trait-correlated QTL
(Liu et al., 2006). In the current study, closely linked or pleiotropic QTLs were not
coincident with yield components, suggested that selection for a yield component could
not efficiently increase grain yield. These results will make marker-assisted selection
not effective for improvement of wheat yield and its compounds. Thus, detailed
information on loci involved in related traits and their genetic relationships will not
certainly be helpful to improve grain yield potential in our research.
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