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Abstract
Quantitative trait locus (QTL) mapping associated with wheat drought and heat tolerances was characterized in this study. There
were 25, 25, 23 and 17 QTLs controlling chlorophyll content, leaf water content, spike grain weight and thousand-kernel weight,
respectively. The QTLs related to drought tolerance were located on 7 wheat chromosomes with a phenotypic contribution rate of
9.38–34.20%, related to heat tolerance on 9 wheat chromosomes with a phenotypic contribution rate of 9.03–35.55%, and related
to combined drought and heat tolerances on 11 wheat chromosomes with a phenotypic contribution rate of 9.09–33.11%,
respectively. Among them, 35 QTLs were newly located, in which 16 were associated with heat tolerance, and 19 associated with
combined drought and heat tolerances. We found 2 overlapping sites related to drought tolerance on chromosomes 2A and 3B, 3
overlapping sites related to heat tolerance on chromosomes 2A, 7B and 6D, and 4 overlapping sites related to combined tolerances
for drought and heat on chromosomes 2A, 2B and 4D. The overlapping QTLs with stable expression under different environmental
stresses were located on chromosomes 2A (gwm294-wmc644), 3B (wmc808-wmc78) and 7B (wmc83-wmc276). The overlapping
loci involving in pleiotropism or a close linkage have high phenotypic contribution rates and environmental stability.

Introduction
Due to a shortage of water resources and increasing temperatures driven by climate change, many areas across the globe have
experienced serious wheat yield losses in recent years, especially in arid regions (Hu et al. 2014; He et al. 2017). Wheat plants are
very sensitive to heat stress, especially during the reproduction process and the initial stage of grain �lling. With global warming,
extremely high temperature events occur frequently, and the damage to the wheat is intensi�ed when these temperature stresses
occur during the wheat �lling stage (Barlow et al. 2015; Ni et al. 2018). Thus, it is critical to research ways increase wheat’s drought
and heat tolerance.

Breeders and physiologists have conducted considerable research into the mechanism of wheat tolerance against abiotic stress
and how to enhance it (Budak et al. 2015; Caverzan et al. 2016; Ni et al. 2018). The amount of transcription factors (TFs), genes,
microRNAs (miRNAs), hormones, proteins, co-factors, ions and metabolites have been investigated for their roles in plant abiotic
stress tolerance (Budak 2015; Caverzan et al. 2016; Zhang et al. 2016; Wan et al.2017; Zhang et al. 2019). Since drought and heat
are two major detriments to wheat production worldwide, many studies have focused on improving wheat tolerance to these two
stressors (Mwadzingeni et al. 2017; Tricker et al. 2018). A number of genes and TFs have been identi�ed in wheat that respond to
water and temperature stresses (Johnson et al. 2014; Liu et al. 2015; He et al. 2016; Szucs et al. 2010). However, there are still many
bio-functional genetic loci that have been only primarily located on chromosomes but not precisely con�rmed.

Quantitative trait loci (QTL) analysis is a good way to link phenotypic data and genotypic data to explain the genetic variation basis
of complex traits in wheat plants (Miles et al. 2008). A host of wheat traits including botanic phenotype, yield and yield components
have been shown to be associated with QTL sites under various biotic and abiotic stresses (Kumari et al. 2018; Liu et al. 2018;
Sukumaran et al. 2018; Tricker et al. 2018; Hu et al. 2019; Liu et al. 2019; Muqaddasi et al. 2019; Ye et al. 2019). Among them,
dozens of QTLs were located in the wheat genome under drought conditions (Quarrie et al. 2005; Dashti et al. 2007; Yang et al.
2007; Czyczyło-Mysza et al. 2011; Kadam et al. 2012; Mwadzingeni et al. 2016, 2017; Xu et al. 2017) and extreme heat conditions
(Maccaferri et al. 2008; Mason et al. 2010; Shirdelmoghanloo et al. 2016; Ogbonnaya et al. 2017). Particularly, many wheat QTLs
were identi�ed under the combined conditions of drought and extreme heat, which were almost overlapping on each chromosome
of wheat (Kirigwi et al. 2007; Pinto et al. 2010; Bennett et al. 2012; Merchuk-Ovnat et al. 2016; Tahmasebi et al. 2016; Liu et al.
2019). For instance, 25 QTLs for the wheat heat-tolerant trait during the grain �lling period were located on chromosomes 1A, 2A,
2B and 3B using a population of recombinant inbred lines (RILs), among which �ve QTLs controlling leaf length, width and visual
wax content were stably expressed (Mason et al. 2010). Fourteen QTLs were identi�ed to control wheat root length and root
biomass under water stress conditions. Among these, �ve QTLs were also found to control maximum root length associated with
drought tolerance. These overlapping QTLs were located on chromosomes 2D, 4B, 5D and 6B (Kadam et al. 2012). Based on wheat
recombinant inbred lines (RILs) for chlorophyll content, canopy temperature difference, thousand-grain weight (TGW), and heat
tolerance index of yield, a QTL map has previously been constructed for chromosomes 2B, 7B and 7D (Paliwal et al. 2012). In
addition, three main heat-tolerant QTLs were detected in wheat based on a RILs population, which were distributed on 1B, 5B, and
7B (Mohammadi et al. 2008).
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It has been shown that wheat chromosomes 2A, 3A, 3B, 6A, 6B and 7A are closely associated with the leaf stay-green QTL under
heat stress (Vijayalakshmi et al. 2010). Using a set of wheat chromosomal substitution lines and a RILs population, chromosomes
3D, 4A, 5A and 5B were con�rmed to be related to heat tolerance, and several QTLs that were closely associated with canopy
temperature under heat stress were found to be located on chromosomes 3B and 7A (Pinto et al. 2010). Some QTLs controlling
plant height under drought stress were detected on chromosomes 1B, 4B and 7D (Tahmasebi et al. 2017; Xu et al. 2017).
Meanwhile, many QTLs controlling plant height associated with heat tolerance were located on all the wheat chromosomes except
1D, 4D, 5D and 6B, and most of them were also detected under combined conditions of water stress and high temperature
(Maccaferri et al. 2008; Pinto et al. 2010; Ogbonnaya et al. 2017; Tahmasebi et al. 2017). Some QTLs controlling chlorophyll
content associated with drought tolerance were located on chromosomes 1B, 2B, 5B, 7A and 7B (Ilyas et al. 2014; Tahmasebi et al.
2017; Xu et al. 2017). A set of QTLs controlling chlorophyll content were detected on chromosomes 1A, 1B, 1D, 2B, 3A, 3B, 4A, 4D,
5A, 5B, 6A, 6D, 7A, 7B and 7D under heat stress (Peleg et al. 2009; Pinto et al. 2010; Bennett et al. 2012; Tahmasebi et al. 2017).

A number of QTLs were detected under both stress conditions of drought and heat, and this genetic overlapping revealed that
drought and heat conditions may trigger some conjoint pathways involving in wheat abiotic stress resistance (Tricker et al. 2018).
Studies indicated that those wheat QTLs identi�ed under drought and heat conditions were also associated with some agronomic
and physiological traits or parameters such as grain yield, TGW, grain number, spike weight, biomass, plant height, days to heading
and chlorophyll content (Tricker et al. 2018). Most of the aforementioned wheat QTLs were assigned to chromosomes by using
wheat double-haploid (DH) populations and RIL populations. However, the mapping of the QTLs related to drought and heat
tolerances was different in different studies because of the variations in wheat materials used, investigated traits, and adopted
stress patterns and environments (Tahmasebi et al. 2017; Tricker et al. 2018).

Studies have shown that high temperature stress has the effect of increasing water stress, which will further aggravate the damage
caused by high temperatures. The damage caused by high temperatures accompanied by drought is far greater than that caused
by high temperature or drought alone (Pinto et al. 2015). Because synergistic or antagonistic effects usually occur under compound
stress, the effects of compound stress cannot be predicted based on the response to a single stress (Grigorova et al. 2011). Our
previous study found that the combined drought and high temperature stress caused a nearly three-fold reduction in thousand-grain
weight compared to only a single stressor (Dong et al. 2008). Research on wheat QTLs has revealed that there is a large amount of
genetic overlapping among relevant trait loci and among resistance loci. For example, there were different degrees of genetic
overlapping among yield and yield components (Liu et al. 2011), and among biological resistance and non-biological resistance.

Polyploidy of common wheat is an important cause for genetic overlapping between tolerance and agronomic traits. Investigations
on wheat QTL mapping under double stresses of drought and salt, salt and low temperature, and disease and drought have
revealed a large degree of genetic overlapping between the QTL loci of stress-related traits (Xu et al. 2012). Locating genetic
overlapping sites of wheat QTLs for drought and heat tolerances can provide useful information for improving the genetics of this
crop through breeding, and in-depth research is needed (Lawas et al. 2018). This study was conducted to locate favorable QTL
alleles associated with drought and heat tolerances, and to identify genetic overlapping between the two stresses on wheat
chromosomes. The research was conducted using a RILs population derived from a cross of two spring wheat varieties (one
drought-tolerant variety one heat-tolerant variety) in different environments and stress conditions in multiple years. The results
reported here provide a solid basis for genetic improvement of wheat drought and heat tolerances by using molecular marker-
assisted selection (MAS) and gene pyramiding strategies.

Materials And Methods
Plant materials

A strain of Ningchun4, which is a heat-tolerant spring wheat variety with high yield and quality and wide adaptability, is maintained
by our research team. This variety was developed in 1981, and it accounts for 60% of the total area of wheat in the Ningxia
irrigation area. It has been used as the control variety in regional trials in the Ningxia irrigation wheat area and northern spring
wheat area of China for more than 30 years. Ningchun27 was bred and provided by Guyuan Agricultural Science Institute, Ningxia.
Ningchun27 is a drought-tolerant spring wheat variety with high yield and quality, wide adaptability, good resistance to stripe rust,
and moderate resistance to powdery mildew. It is the main variety currently planted in the rain-fed area in southern Ningxia.
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Ningchun4 was used as the parent to hybridize with Ningchun27. The F1 generation was self-crossed, and an F10 generation with
full genetic stability was obtained from the F2 generation by the one-seed inheritance strategy. Then, a RILs population was
constructed through genetic stability and leaf blight identi�cation, and 128 RILs were reserved and used in this study.

Experimental set-up

During the years from 2015 to 2017, �eld trials were conducted at the Crop Research Institute, Ningxia Academy of Agricultural and
Forestry Sciences, Yinchuan, Ningxia (E1); the Crop Research Institute, Academy of Agricultural and Pastoral Sciences, Hohhot,
Inner Mongolia (E2); and the Crop Research Institute, Xinjiang Academy of Agricultural Sciences, Urumqi, Xinjiang (E3). Different
sites are considered to be environmental factors and each site is set up with 4 stress treatments. Each material was planted in two
rows by 1.0 m in length and 0.2 m in width, with 80 seeds sown in each row. This planting design was replicated three times at each
environmental site. The spacing between replicate treatments was 6.0 m. Fertilization of wheat, and weed and disease control at
each site was consistent with local �eld management.

Stress treatment design

For drought stress treatment only, an irrigation volume of 900 m3hm-2 was applied at the jointing and heading stages, respectively.
Drought stress lasted from seedling to maturity stages. The moisture content in the 0~50.0 cm soil layer was controlled at 7%±1%.
An awning frame was erected for covering the experimental �eld with plastic and applied when rain was imminent to exclude
precipitation.

For the heat stress treatment only, wheat plants were irrigated four times, once each at the four stages of jointing, heading, initial
grain-�lling and middle grain-�lling. In the middle of the whole grain-�lling stage, wheat plants were stressed under a 38°C arti�cial
condition for 3 hours daily for 3 days. This high-temperature treatment was performed using the methods described in previous
publications[51] with a slight modi�cation. Namely, a colorless transparent 0.1-mm thick polyethylene plastic was used to make a
solar high-temperature shed over the experimental �eld. The plastic shed could be moved to change the temperature inside. Heat
stress was exerted during the peak hours of natural temperature every day from 12:00 to 15:00 pm. A thermometer and hygrometer
were placed inside the shed to monitor temperature and humidity.

For the combined stress treatment of drought and heat, irrigation was provided to wheat plants at jointing and heading stages,
respectively, and the drought-stress protocol described above was applied from seedling to maturity stage. In the middle stage of
grain-�lling, the high-temperature stress was applied using the method described above.

For the control treatment, wheat plants grew under natural temperature and su�cient irrigation. Namely, wheat plants were irrigated
four times with 900 m3hm-2, once each during the jointing, heading, early grain-�lling, and middle grain-�lling stages. The moisture
in the upper soil layer (50 cm in depth) was maintained at 18%±1%.

Determining physiological parameters and agronomic traits

Chlorophyll content (CC) was measured in the upper, middle and lower parts of the �ag leaf before and after drought and heat
stress using a SPAD-502 chlorophyll meter. For this experiment, �ve main stems with the same anthesis date were selected and
marked for every material in each replicate, and the mean value was calculated. The selection was conducted between 9:00 and
12:00 pm.

Flag leaf water content (LWC) was determined using the samples from the �ve main stems of each material before and after
drought and heat stresses. First, the �ag leaf samples were weighed for fresh weight (Wf). Then, the samples were dried in an oven
at 60°C for 24 h and weighed for dry weight (Wd). Finally, LWC was calculated using the following formula: LWC (%) = (Wf -
Wd)/Wd×100. Grain weight per spike (GW) and thousand-grain weight (TGW) were determined at the mature stage of the wheat
materials, in which ten main ears were collected from each material in each replicate.

QTL locating
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Microsoft Excel 2010 was used to calculate the phenotypic values. The molecular genetic linkage map used in this study was
constructed by Dong et al.[52]. The map consisted of 266 marker sites. The total distance of this map was 2187.79 cM, and the
average distance between the closest two markers was 8.22 cM. QTL IciMapping 4.0 positioning software was used to locate the
QTLs for drought-tolerant traits in the RILs population. A threshold of LOD > 2.5 was used to determine the existence of QTLs. When
the actual LOD value was greater than the threshold LOD, one QTL was considered in that segment. The contribution rates were
calculated at P≤0.05 and P≤0.01 levels, for signi�cant and very signi�cant difference, respectively. The nomenclature for QTL
locus is "QTL+ trait + chromosome."

Results
Related physiological parameters and yield traits of RILs and their parents under stress conditions

The physiological parameters and yield traits of the RILs populations and their parents were signi�cantly different under different
stress conditions in the three environmental sites. The RILs population had wider variation ranges than the parents for all the main
physiological parameters and yield traits. The skewness and kurtosis absolute value of each physiological parameter or yield trait
was less than or close to 1, and the W value was close to 1, indicating that the physiological parameter and yield trait values of the
RILs population are normally distributed and consistent with the inheritance of quantitative loci (Table 1).

QTL mapping of drought-tolerant traits during grain-�lling stage

In total, 30 QTLs were found during the grain-�lling stage under the drought stress condition in the three environmental sites. The
QTLs controlled CC, LWC, TGW and GW, and were distributed on chromosomes 2A, 3B, 4B, 7B, 3D, 4D and 7D. The phenotypic
contribution rate of individual QTLs ranged from 9.38 to 34.2% (Table 2). Among the 30 QTLs, 8 of the QTLs detected for CC were
located on chromosomes 2A, 3B, 4B, 7B, 4D and 3D, and their phenotypic contribution rates ranged from 12.45 to 25.83%. Two
synergistic alleles, Qcc-2A.2 and Qcc-7B, were shown to be derived from the drought-tolerant male parent Ningchun27, and their
phenotypic contribution rates ranged from 12.45 to 21.46%.

Ten QTLs controlling LWC were detected and they were located on chromosomes 2A, 3B, 7B, 3D, 4D and 7D, and their phenotypic
contribution rates ranged from 9.38 to 34.2%. The synergistic alleles of Qlwc-2A.1, Qlwc-2A.2, Qlwc-3B.1, Qlwc-7B.1, Qlwc-3D and
Qlwc-7D.2 were veri�ed to be from the drought-tolerant male parent Ningchun27, and their phenotypic contribution rates ranged
from 9.38 to 30.54%.

Seven QTLs controlling GW were detected to be located on chromosomes 2A, 3B, 4B, 7B and 4D, and their phenotypic contribution
rates ranged from 9.75 to 30.89%. The synergistic alleles of Qgw-3B.1, Qgw-4B.2, Qgw-7B and Qgw-4D were derived from the
drought-tolerant male parent Ningchun27, and their phenotypic contribution rates ranged from 9.75 to 25.42%.

Five QTLs controlling TGW were detected, which were located on chromosomes 2A, 3B, 7B and 3D, and their phenotypic
contribution rates ranged from 9.75 to 21.22%. The synergistic alleles of Qtgw-2A.3, Qtgw-3B.1, Qtgw-3B.2 and Qtgw-3D were
derived from Ningchun27, and their phenotypic contribution rates ranged from 10.76 to 15.87%.

QTL mapping of heat tolerance related traits during grain-�lling stage

Under the thermal stress in the middle stage of grain-�lling in the three environmental sites, a total of 41 QTLs controlling CC, LWC,
TGW and GW were detected, which are distributed on chromosomes 2A, 3A, 7A, 3B, 4B, 7B, 4D, 5D and 6D. The phenotypic
contribution rates of single QTLs ranged from 9.03 to 35.55% (Table 3).

Out of the 41 QTLs, 14 CC QTLs were detected to be located on chromosomes 2A, 3A, 7A, 3B, 4B, 7B, 4D, 5D and 6D, and the
phenotypic contribution rate of single QTLs ranged from 9.35 to 35.55%. The synergistic alleles were derived from the heat-tolerant
parent Ningchun4. Ten QTLs controlling LWC were detected to be located on chromosomes 2A, 7A, 2B, 3B, 4B, 7B, 4D and 6D, and
the contribution rates of single QTLs ranged from 9.38 to 34.97%. The synergistic alleles were also derived from Ningchun4. Nine
QTLs controlling GW were detected on chromosomes 2A, 7A, 3B, 4D, 5D and 6D, and the contribution rates of single QTLs ranged
from 9.03 to 27.88%, among which the synergistic alleles on chromosomes 2A, 7A, 4D, 5D and 6D were con�rmed to be derived
from the heat-resistant parent Ningchun4, and those on chromosome 3B were derived from the drought-tolerant parent Ningchun27.
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Eight QTLs controlling TGW were detected to be located on chromosomes 2A, 2B, 3B, 4B, 5D and 6D, and the contribution rates of
single QTLs ranged from 9.47 to 32.56%, among which the synergistic alleles on chromosomes 4B, 4D, 5D and 6D were derived
from Ningchun4, and the synergistic alleles on chromosomes 2A and 3B were derived from Ningchun27.

QTL mapping of related traits under drought and heat combined stresses during grain-�lling period

Under the combined drought and thermal stresses in the middle stage of grain-�lling in the three environmental sites, a total of 46
QTLs controlling CC, LWC, TGW and GW were detected to be distributed on chromosomes 2A, 3A, 4A, 2B, 3B, 4B, 7B, 2D, 3D, 4D and
6D, with single QTL contribution rates ranging from 9.09 to 33.11% (Table 4). Speci�cally, 10 QTLs controlling CC were located on
chromosomes 2A, 3A, 4A, 2B, 3B, 4B, 3D and 4D, and the phenotypic contribution rates of single QTLs ranged from 9.09 to 34.35%.
The synergistic alleles of Qcc-2A.1, Qcc-2A.2, Qcc-3A, Qcc-2B, Qcc-4B.2, and Qcc-4D were derived from Ningchun4, while the
synergistic alleles of Qcc-2A.1, Qcc-2B, Qcc-3B.2 and Qcc-3B.1 were derived from Ningchun27. Thirteen QTLs controlling LWC were
located on chromosomes 2A, 3A, 2B, 3B, 4B, 7B, 2D and 4D, and the contribution rates of single QTLs ranged from 10.32 to 38.65%.
The synergistic alleles of Qlwc-2A.1, Qlwc-2A, Qlwc-3A, Qlwc-2B.2, Qlwc-3B.3, Qlwc-3B.4, Qlwc-4B, Qlwc-7B.1, Qlwc-2D and Qlwc-
4D.1 were derived from Ningchun4, while the alleles of Qlwc-2B.1, and Qlwc-7B.2 were derived from Ningchun27.

Fourteen QTLs controlling GW were located on chromosomes 2A, 3A, 2B, 3B, 4B, 7B, 3D, 4D and 6D, and the contribution rates of
single QTLs ranged from 9.39 to 35.67%. The synergistic alleles of Qgw-2A.2, Qgw-2A.3, Qgw-4B.1, Qgw-4B.3, Qgw-6D.2 and Qgw-
6D.3 were derived from Ningchun4, while the alleles of Qgw-3A, Qgw-3B.1, Qgw-3B.3, Qgw-4B.2, Qgw-7B, Qgw-3D and Qgw-4D were
derived from Ningchun27. Nine QTLs controlling TGW were located on chromosomes 2B, 3B, 7B, 2D, 3D, 4D and 6D, and the
contribution rates of single QTLs ranged from 8.81 to 27.21%. The synergistic alleles of Qtgw-2D,Qtgw-6D.2 and Qtgw-6D.3 were
derived from Ningchun4, while the alleles of Qtgw-2B, Qtgw-3B.2, Qtgw-7B.2,Qtgw-3D and Qtgw-4D were derived from Ningchun27.

Genetic overlapping of QTLs associated with drought and heat tolerances

QTL overlapping of drought-tolerant associated traits

During the grain-�lling period in the three environmental sites and 3 years, a total of 30 QTLs were detected under drought treatment
(Table 2). Among them, the QTLs Qlwc-2A.2 (16E3) for LWC and Qtgw-2A.3 (16E1) for TGW on chromosome 2A were detected to
overlap in the interval of barc309-gwm122 (Fig. 1a). The phenotypic contribution rate ranged from 9.75 to 11.34%. The QTLs Qgw-
3B (15E1 and 16E2) for GW and Qtgw-3B.1 (17E3) for TGW on chromosome 3B overlapped in the interval wmc808-wmc78 (Fig.
1b). These QTLs were detected in all three environmental sites and all three stress treatments and in each of the three years (15E1,
16E1, 16E2, and 17E3), and their phenotypic contribution rates ranged from 11.34 to 25.42% (Table 2). Moreover, the QTLs Qlwc-4D
(16E1 and 17E2) for LWC and Qgw-4D (15E1) for GW were detected to overlap in the interval of wmc720-wmc331 (Fig. 1c); and the
QTLs Qlwc-7B.1 (15E2, 16E3 and 17E1) for LWC, and Qtgw-7B (15E1) for TGW were detected to overlap in the interval wmc83-
wmc276 (Fig. 1d). Additive effect analysis showed that the synergistic alleles of overlapping QTLs Qlwc-2A.2 and Qtgw-2A.2, and
Qgw-3B and Qtgw-3B were derived from Ningchun27, these synergistic alleles were closely related to drought-tolerance during grain-
�lling period. Meanwhile, overlapping QTLs located in wmc720-wmc331 and wmc83-wmc276 were derived from Ningchun4.

QTL overlapping of heat-tolerant associated traits

A total of 41 QTLs were detected under heat stress conditions during the grain-�lling period in the three environmental sites in all
three years (Table 3). The QTLs Qcc-2A (15E1) for CC and Qgw-2A (15E1) for GW on chromosome 2A overlapped in the interval of
gwm294-wmc644 (Fig. 2a). On chromosome 7B, the QTLs Qcc-7B.1(15E1) for CC, Qlwc-7B.1(15E1, 16E2 and 17E3) for LWC,Qgw-
7B.1 (15E1) for GW and Qtgw-7B.1 (15E1) for TGW overlapped in the interval of wmc83-wmc276 (Fig. 1d). On chromosome 6D, the
QTLs Qlwc-6D(15E1) for LWC, Qgw-6D.1 (15E1) for GW, and Qtgw-6D.1 (15E1) for TGW overlapped in the interval of barc196-barc54
(Fig. 2b). Additive effect analysis showed that the synergistic alleles of the three overlapping QTLs were derived from Ningchun4,
which is known for its heat tolerance. Their phenotypic contribution rates ranged from 9.03 to 34.97%.

QTL overlapping of combined drought and heat tolerance associated traits

Two genetic overlapping sites of drought and heat tolerance associated traits were detected on chromosome 2A in this study. The
QTLs Qcc-2A (15E1, 15E2, and 16E1) for CC and Qgw-2A (15E1, 16E2, and 17E3) for GW were overlapping within gwm294-wmc644
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under combined drought and high-temperature treatment (Fig. 1a and 2a). The QTLs Qcc-2A.1 for CC, Qlwc-2A.2 for LWC, and Qgw-
2A.2 for GW were also overlapping within gwm294-wmc644 (Fig. 3a) under combined drought and heat treatment. Their phenotypic
contribution rate was 10.12 to 33.0%. These results indicated that the genetic effect of the two overlapping sites was large and the
effect of the stress was small. Additive effect analysis showed that the synergistic alleles for CC and TGW under drought stress
were derived from Ningchun27. The alleles for CC, LWC and GW under heat stress were derived from Ningchun4, indicating that
gwm382-gwm526 and gwm294-wmc644 were closely associated with both drought and heat tolerances.

On chromosome 2B, the QTLs Qcc-2B (15E1) for CC, Qlwc-2B (16E3) for LWC, Qgw-2B (15E1) for GW, and Qtgw-2B (15E1) for TGW
overlapped in the interval wmc441-wmc317 (Fig. 3b), and their phenotypic contribution rates ranged from 13.27 to 25.83%. This
result indicated that the genetic effect of the 2 overlapping sites was large and the effect of the stresses was small. Additive effect
analysis showed that the synergistic alleles for GW and TGW were derived from Ningchun27, and the synergistic allele for LWC
were derived from Ningchun4. The alleles for CC were from both parents, indicating that the overlapping site within wmc441-
wmc317 was closely associated with combined drought and heat tolerances.

Under the three stress treatments in all three environments in the 3 years, QTLs Qgw-3B (15E1, 16E2 and 17E1) for GW and Qtgw-3B
(16E2) for TGW had overlapping sites detected on chromosome 3B, which overlapped in the interval of wmc808-wmc78 (Fig. 3c).
The QTL Qlwc-3B (16E2) for LWC, and Qtgw-3B (15E1, 16E2 and 17E3) for TGW overlapped in the interval of wmc787-wmc687, and
their phenotypic contribution rates ranged from 11.35 to 29.33%. It is indicated that the genetic effect of the overlapping sites was
large and the effect of the stresses was small. Additive effect analysis showed that under drought stress, the synergistic alleles for
panicle number and TGW were derived from Ningchun27, and the alleles for LWC under heat stress were derived from Ningchun4.
These results indicated that the overlapping site wmc808-wmc78 was closely associated with drought tolerance, and the
overlapping site wmc441-wmc317 was closely associated with both drought and heat tolerances.

Under the same conditions aforementioned, the QTLs Qcc-7B.1 (16E2 and 17E2) for CC, Qlwc-7B.1 (15E1, 16E1 and 17E1) for LWC,
and Qtgw-7B (15E1 and 16E1) for TGW on chromosome 7B overlapped in the interval of wmc83-wmc276 (Fig. 1d), and their
phenotypic contribution rates ranged from 21.98 to 40.18%. This indicated that the genetic effect of the overlapping sites was large
and the effect of the stresses was small. Additive effect analysis showed that the synergistic alleles for CC and GW were derived
from Ningchun4, and the alleles for TGW were derived from Ningchun27. The overlapping site wmc83-wmc276 was closely
associated with both drought and heat tolerance.

The QTL Qlwc-4D (16E2) for LWC, Qgw-4D (15E1) for GW, and Qtgw-4D (15E1) for TGW on chromosome 4D overlapped in the
interval of wmc720-wmc331 (Fig. 1c), and their phenotypic contribution rates ranged from 9.75 to 20.32%, indicating that the
genetic effect of the overlapping sites was large and the effect of stresses was small. Additive effect analysis showed that the
synergistic alleles for GW and TGW were derived from Ningchun27, the synergistic alleles for LWC were derived from Ningchun4,
and the overlapping site wmc720-wmc331 was closely associated with both drought and heat tolerance.

Discussion
In this study, QTL locating of related traits to physiological parameters and yield components was studied under drought and heat
stresses in three distinct environments: Yinchuan (E1), Hohhot (E2) and Urumqi (E3). A total of 137 QTLS were detected, among
which 30 were detected under drought stress (Table 2), 41 under heat stress (Table 3), 46 under drought and heat combined
stresses (Table 4), and 20 under normal conditions (Table 5). Totally, we detected 35 new QTLs, of which 16 were associated with
heat tolerance, located on chromosomes 4B, 4D, 5D and 6D; other 19 were associated with combined drought and heat tolerance,
located on chromosomes 2A, 3A, 3B and 7B. Our research showed that the QTLs controlling traits related to drought and heat
tolerance in wheat were signi�cantly different under different stress conditions, similar to the results from previous reports (Pinto et
al. 2010; Tahmasebi et al. 2016). In the 137 QTLs detected in this study, most are independent from each other, and a few QTLs
were expressed under different environments and abiotic stresses. For example, the QTLs gwm382-gwm526 on chromosome 2A
and wmc83-wmc276 on chromosome 7B were expressed in all three environments in all three years. Therefore, QTL mapping
associated with abiotic stress tolerances of wheat should be carried out in different environments under different stresses in
different years. It is bene�cial to uncover the QTLs that are not sensitive to environmental conditions, and are stably expressed.
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Two overlapping sites for drought tolerance, three overlapping sites for heat tolerance, and four overlapping sites for drought and
heat combined tolerances were detected in this investigation. Each overlapping site controlled two to four traits related to drought
and heat tolerances. These results indicated that QTLs for drought and heat tolerances are pleiotropic or closely linked on the
chromosome. The direction of additive effects of the QTLs indicated by genetic overlapping sites was inconsistent in different
environments and years. For example, the overlapping site wmc808-wmc78 on chromosome 3B controlled GW and TGW, but its
additive effect was negative, and the synergistic alleles were all from Ningchun27. The overlapping site wmc83-wmc276 on
chromosome 7B controlled CC, LWC, GW and TGW, the additive effects were all positive, and the synergistic alleles were from
Ningchun4. These two overlapping QTLS were not sensitive to heat stress and could express stably in response to different
environments and stresses. The overlapping site wmc441-wmc317 on chromosome 2B controlled CC, LWC, GW and TGW, and it
exhibited positive or negative additive effects. It is noteworthy that the overlapping site gwm294-wmc644 on chromosome 2A was
detected under the conditions of drought stress, heat stress, and combined drought and heat stress for two years in three
environments. The allele controlling CC was derived from drought-resistant parent Ningchun27, and the allele controlling LWC, GW
and TGW was derived from heat-resistant parent Ningchun4. Therefore, we inferred that the synergistic alleles could be from both
parents and played roles in both drought and heat tolerances. Therefore, it is important to uncover the overlapped QTLs associated
with drought- and heat-tolerance that are not sensitive to environmental conditions and can express stably. Using these overlapping
sites as markers, it will be possible to carry out gene pyramiding breeding and simultaneously improve multi-tolerances in wheat via
marker-assisted selection.

In terms of the genetic mechanisms of drought and heat tolerances in wheat, previous investigators have begun meaningful
research. Regarding the gene localization of drought tolerance, the results in this study are somewhat consistent with those in
previous studies. For example, several QTLs related to drought tolerance in wheat were detected on chromosomes 2A (Xu et al
2017), 7B (Czyczyło-Mysza et al. 2011; Xu et al. 2017) and 4B (Kadam et al. 2012; Tahmasebi et al. 2016). In this study, the QTLs
controlling CC were detected on chromosome 3B, and QTLs controlling TGW were detected on chromosomes 2A, 3B, 4D and 6D,
which were consistent with the results reported by Tahmasebi et al. (2016). As for heat tolerance gene localization in wheat, related
QTLs were detected on chromosomes 2A, 2B, 3B, 7A and 7B (Vijayalakshmi et al. 2010; Pinto et al. 2010; Mason et al. 2012; Paliwal
et al. 2012; Li et al. 2013). Variations from previous results are due to the differences in experimental materials, identi�cation
methods, and QTL positioning tools application. Because of the large amount of genomic characteristics and the complexity of
stress tolerance inheritance in wheat, further studies are needed on QTL mapping of stress tolerance in multiple environments
under different stresses in order to develop more functional molecular markers on stress tolerance of this crop.

Wheat is sensitive to drought and heat stress during the grain-�lling period (Barlow et al. 2015; Ni et al. 2018). Therefore,
enhancement of drought and heat tolerance during this period is very important for sustaining acceptable wheat yields. This study
identi�ed the overlapping sites barc309-gwm122 that affected drought tolerance during grain-�lling. The synergistic alleles for
drought tolerance were derived from Ningchun27, the drought-tolerant parent. The overlapping sites barc196-barc54 affecting heat
tolerance during grain-�lling were also identi�ed, and the synergistic alleles for this trait were derived from the heat-tolerant parent,
Ningchun4. The genetic distance between these two overlapping sites is small and the phenotypic contribution rate is large. By
gene pyramiding using marker-assisted selection for these two sites, it is possible to enhance the drought and heat tolerances of
wheat during the grain-�lling period. The overlapping sites gwm294-wmc644 affecting drought and heat combined tolerances
during this period were identi�ed and the synergistic alleles were shown to be derived from both the drought-tolerant and heat-
tolerant parents. The genetic distance between these two overlapping sites is also small and the phenotypic contribution rate is
also large. By using marker-assisted selection for drought- and heat-tolerance overlapping sites, it will be possible to increase the
e�ciency of breeding new wheat varieties that are tolerant to drought and heat.
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Tables
Table 1 Main physiological index and yield traits in the RILs population under different stresses
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Stress types Traits Environments            Parents RIL

Ningchun4 Ningchun27 Range Skewness Kurtosis W test

Drought CC E1 52.92 45.41 17.71-57.10 -0.65 0.75 0.95

  E2 50.42 42.91 24.60-59.00 0.56 0.27 0.96

  E3 47.47 46.62 14.18-52.08 0.84 0.60 0.96

LWC E1 68.71 67.44 17.36-79.40 0.37 0.18 0.97

  E2 64.78 67.63 26.34-79.52 0.22 0.62 0.96

  E3 61.02 64.92 20.45-61.87 0.70 0.76 0.89

GW E1 1.56 2.21 0.93-3.30 0.13 0.79 0.98

  E2 1.63 1.60 1.16-2.80 0.84 0.80 0.95

  E3 1.54 1.42 0.58-3.10 0.99 0.69 0.94

TGW E1 44.01 45.68 31.36-59.90 0.60 0.87 0.88

  E2 58.14 55.79 42.59-59.33 0.11 0.64 0.96

  E3 43.07 46.86 21.74-55.70 0.48 0.65 0.97

    Mean 41.27 40.71 39.14 0.43 0.63 0.95

Heat CC E1 50.75 43.28 13.42-57.84 0.85 0.53 0.89

  E2 49.47 48.66 19.53-59.36 0.82 0.75 0.95

  E3 48.14 48.62 4.94-52.11 0.81 0.51 0.91

LWC E1 66.17 61.94 15.43-71.37 0.91 1.06 0.88

  E2 67.22 66.62 19.28-77.86 0.63 0.53 0.96

  E3 61.23 64.31 16.32-70.25 0.16 0.85 0.90

GW E1 1.51 1.64 0.91-3.42 0.17 0.81 0.97

  E2 1.37 1.49 1.22-3.32 0.52 0.34 0.96

  E3 1.45 2.03 0.83-2.91 0.05 0.21 0.97

TGW E1 41.78 42.72 30.28-61.32 0.45 0.04 0.97

  E2 42.68 44.08 31.13-65.67 0.16 0.04 0.98

  E3 43.38 48.78 28.74-63.33 0.01 0.78 0.98

    Mean 39.60 39.51 38.16 0.46 0.54 0.94

Combined

drought and heat

CC E1 40.37 43.35 12.94-56.47 0.93 0.31 0.91

  E2 47.18 45.56 17.32-53.60 0.66 0.22 0.94

  E3 40.04 45.74 14.32-52.33 0.37 0.80 0.94

LWC E1 63.94 60.32 24.74-79.43 0.37 0.18 0.97

  E2 65.83 60.12 17.75-78.75 0.87 0.98 0.95

  E3 58.11 63.14 15.43-65.89 0.16 1.05 0.90

GW E1 1.47 1.52 0.35-2.74 0.13 0.99 0.98

  E2 1.15 1.38 1.17-3.21 0.80 0.97 0.94
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  E3 1.34 1.84 0.56-2.84 0.70 0.84 0.95

TGW E1 39.56 41.03 24.13-56.48 0.90 0.97 0.88

  E2 40.59 44.81 37.24-64.71 0.35 0.45 0.97

  E3 39.39 45.67 20.96-55.34 0.20 0.30 0.98

    Mean 36.58 37.87 36.24 0.54 0.67 0.94

Note: CC, chlorophyll content; LWC, leaf water content; GW, grain weight per spike; TGW, thousand-grain weight; E1, Yinchuan 2015-
2017; E2, Hohhot 2015-2017; E3, Urumqi 2015-2017.

Table 2 QTL mapping of drought-resistant traits in multiple years and locations
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Traits QTL Environments Marker interval     Variation (%)          Additive effect

2015 2016 2017 2015 2016 2017

CC Qcc-2A.1 15E1 gwm382-gwm526 23.06     1.56    

Qcc-2A.2 15E2, 16E1 gwm294-wmc644 13.53 21.46   -1.58 -1.45  

Qcc-3B 17E1 gwm376-barc164     16.54     2.08

Qcc-3B.1 16E2 wmc808-wmc78   19.04     -3.121  

Qcc-4B 15E2, 16E1 gwm495-gwm375 13.15 12.51   1.37 1.38  

Qcc-7B 15E1 barc140-gwm297 12.45     -1.13    

Qcc-3D 16E3 gpw322-gpw4451   25.51     8.73  

LWC Qlwc-2A.1 15E1 gwm425-wmc522 11.93     -1.25    

Qlwc-2A.2 16E3 barc309-gwm122   11.34     -6.24  

Qlwc-3B.1 15E1 barc164-gwm108 9.38     -0.76    

Qlwc-3B.2 17E1 gwm376-barc164     16.54     2.08

Qlwc-7B.1 15E2, 16E3, 17E1 wmc83-wmc276 26.80 21.98 30.81 15.11 -20.94 11.69

Qlwc-7B.2 17E3 cfa2106-gwm333     34.20     12.26

Qlwc-3D 15E1 wmc552-gpw4136 30.54     -1.40    

Qlwc-4D 16E1, 17E2 wmc720- wmc331   14.95 20.32   1.04 1.89

Qlwc-7D.1 17E3 barc214-cfd46     12.70     4.71

Qlwc-7D.2 15E1 gwm44-gdm67 10.38     -0.81    

GW Qgw-2A.1 16E3, 17E2 gwm382-gwm526   13.44 30.89   0.15 1.73

Qgw-2A.2 15E1, 16E2, 17E3 gwm294-wmc644 19.40 11.83 13.13 0.17 0.15 0.10

Qgw-3B.1 15E1,16E2 wmc808-wmc78 13.53 25.42   -0.21 -0.31  

Qgw-4B.1 15E1 gwm251-wmc652 10.99     0.15    

Qgw-4B.2 15E1,16E3 barc174-wmc657   18.71 10.36   -0.25 -0.12

Qgw-7B 15E1 barc176-gwm400 11.02     -0.15    

Qgw-4D 15E1 wmc720-wmc331 9.75     -1.34    

TGW Qtgw-2A.3 16E1 barc309-gwm122   10.76     -1.96  

Qtgw-3B.1 17E3 wmc808-wmc78     15.87     -2.23

Qtgw-3B.2 17E3 wmc787-wmc687     15.13     -2.50

Qtgw-7B 15E1 wmc83-wmc276 27.22     5.83    

Qtgw-3D 15E1 gpw4451-barc323 13.18     -1.85    

Note: CC, chlorophyll content; LWC, leaf water content; GW, grain weight per spike; TGW, thousand-grain weight; E1, Yinchuan; E2,
Hohhot; E3, Urumqi.

Table 3 QTL mapping of heat tolerance-related traits in multiple locations in three different years
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Traits QTL Environments Marker
interval

Variation (%) Additive effect

2015 2016 2017 2015 2016 2017

CC Qcc-
2A

15E1 gwm294-
wmc644

18.22     1.62    

Qcc-
2A.3

15E1 wmc644-
gwm558

30.97     10.59 30.97  

Qcc-
2A.4

15E1 gwm425-
wmc522

12.68     1.43    

Qcc-
2A.5

16E1 gwm356-
gwm294

  13.89     3.68  

Qcc-
2A.6

16E3, 17E3 wmc794-
gwm382

  32.57 21.55   11.37 3.28

Qcc-
3A

16E3,17E1 gwm155-
gwm480

  9.39 10.38   3.36 1.31

Qcc-
7A

17E1 wmc603-
wmc809

    34.16     2.04

Qcc-
2B

16E1 wmc441-
wmc317

  16.87     3.15  

Qcc-
3B.1

15E1, 16E1 wmc808-
wmc78

14.15 19.04   -1.55 -3.12  

Qcc-
4B.1

15E1 barc20-
gwm495

12.75     1.35    

Qcc-
4B.2

17E1 gpw7521-
wmc710

    12.52     1.33

Qcc-
7B

15E1 wmc83-
wmc276

25.14     4.47    

Qcc-
4D

16E3 wmc825-
barc288

  35.55     6.78  

Qcc-
5D

15E1 cfd67-
cfd40

18.28     1.75    

Qcc-
6D.1

16E2 cfd76-
cfd188

  11.24     1.74  

Qcc-
6D.2

17E1 gpw4308-
cfd76

    14.51     1.45

LWC Qlwc-
2A.3

15E1 wmc296-
gwm425

11.14     1.98    

Qlwc
-7A

16E1 barc121-
wmc607

  10.68     0.92  

Qlwc
-3B

16E2 wmc787-
wmc687

  19.99     1.35  

Qlwc-
7B.1

15E1, 16E3, 17E2 wmc83-
wmc276

34.97 33.73 25.38 18.42 7.78 6.96

Qlwc-
7B.3

16E1  
gwm333-
wmc83

  32.45     18.43  

Qlwc-
4D

15E1, 17E2 wmc720-
wmc331

11.35   12.08 1.99   1.60

Qlwc-
4D.1

15E1, 16E2 barc288-
psp3103

11.82 15.31   2.23 1.24  
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Qlwc-
6D

15E1 barc196-
barc54

9.38     1.40    

GW Qgw-
2A.2

15E1 gwm294-
wmc644

15.86     0.17    

Qgw-
7A

15E1 wmc603-
wmc809

15.46     0.16    

Qgw-
3B.1

15E1, 16E2, 17E3 wmc808-
wmc78

21.44 27.88 22.78 -0.17 -0.23 -0.17

Qgw-
3B.2

17E3 gwm108-
wmc787

    10.43     -0.09

Qgw-
4D.1

15E1 barc334-
wmc285

24.28     0.18    

Qgw-
5D.1

15E1 cfd67-
cfd40

16.56     0.16    

Qgw-
5D.2

15E1 gwm174-
gwm583

14.39     0.16    

Qgw-
6D.1

15E1 barc196-
barc54

16.58     0.17    

Qgw-
6D.2

15E1, 16E1 barc54-
cfd42

9.03 9.92   0.11 0.16  

TGW Qtgw-
-2A

17E1 gwm382-
gwm526

    32.56     -5.61

Qtgw-
2B

16E1 wmc441-
wmc317

  17.14     -3.35  

Qtgw-
3B.3

16E1 wmc787-
wmc687

  11.35   -2.57 -2.57  

Qtgw-
4B

15E1 gpw7026-
barc20

10.27     1.15    

Qtgw-
5D.1

15E1 wmc357-
wmc97

27.53     1.87    

Qtgw-
5D.2

15E1, 17E1 cfd266-
cfd67

10.48   12.27 1.60   1.65

Qtgw-
6D.1

15E1 barc196-
barc54

9.49     1.56    

Qtgw-
6D.2

16E1 gdm132-
cfd49

  14.98     2.31  

Note: CC, chlorophyll content; LWC, leaf water content; GW, grain weight per spike; TGW, thousand-grain weight. E1, Yinchuan; E2,
Hohhot; E3, Urumqi.

Table 4 QTL locating of related physiological and agronomical traits under combined drought and heat stresses in multiple
locations in three different years.
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Traits QTL Environments Marker interval Variation (%)

2015      2016

Additive effect  

2017 2015 2016 2017  

CC Qcc-2A.1 15E1, 16E1 gwm382-gwm526 18.42 33.01   1.74 7.09  

Qcc-2A.2 15E1, 16E1, 17E3 gwm294-wmc644 10.12 12.18 26.14 0.96 3.23 5.56

Qcc-3A 16E1, 17E1 gpw5042-gpw2169   15.19 15.20   2.19 1.69

Qcc-4A 16E1, 17E1 wmc262-barc343   18.42 10.54   -3.81 -3.97

Qcc-2B 15E1 wmc441-wmc317 22.13     -2.23    

Qcc-2B.1 15E1 barc167-gwm388 11.57     2.26    

Qcc-3B.2 16E1 wmc1-wmc307   14.17     -2.09  

Qcc-4B.2 16E2 gpw7556-wmc349   34.35     6.31  

Qcc-3D.1 16E1 gpw4451-barc323   9.09     -2.89  

Qcc-4D 15E1, 16E1 wmc285-gpw7795 16.14 24.15   3.41 4.95  

LWC Qlwc-2A.2 16E2 Gwm294-wmc644   21.99     5.67  

Qlwc-2A.3 16E2 wmc522-gwm359   13.79     4.47  

Qlwc-3A 16E3 wmc264-wmc559   30.65     13.13  

Qlwc-2B.1 16E3 wmc661-wmc441   31.99     -10.87  

Qlwc-2B.2 16E1 cfa2278-barc167   13.91     1.29  

Qlwc-3B.3 15E1 barc77-gwm340 22.14     0.86    

Qlwc-3B.4 16E1 wmc787-wmc687   20.86     0.85  

Qlwc-4B 16E1 barc174-wmc657   15.35     1.81  

Qlwc-7B.1 15E1, 16E2, 17E1 wmc83-wmc276 30.81 38.51 30.67 3.69 10.58 14.19

Qlwc-7B.2 16E3 cfa2106-gwm333   32.95     -12.27  

Qlwc-7B.3 15E1 barc140-gwm297 30.01     2.11    

Qlwc-2D 17E3 wmc111-wmc25     10.32     3.50

Qlwc-4D.1 16E2 wmc720-wmc331   11.78     0.97  

GW Qgw-2A.2 15E1 gwm294-wmc644 19.40     0.16    

Qgw-2A.3 15E1, 17E2 gwm425-wmc522 21.75   19.78 0.21   0.75

Qgw-3A 16E3 wmc664-wmc264   25.43     -0.25  

Qgw-3B.1 15E1, 16E2, 17E1 wmc808-wmc78 11.16 29.33 13.53 -0.17 -0.36 -0.21

Qgw-3B.3 15E1 barc77-gwm340 35.67     -0.23    

Qgw-4B.1 15E1 gwm251-wmc652 10.99     0.15    

Qgw-4B.2 15E1, 17E3 barc174-wmc657 13.84   15.67 -0.25   -0.14

Qgw-4B.3 16E3 barc20-gwm495   16.34     0.16  

Qgw-7B.1 15E1 barc176-gwm400 11.02     -0.15    

Qgw-4D 15E1 wmc720-wmc331 9.78     -1.34    

Qgw-6D.2 15E1, 16E1 barc54-cfd42 11.18 9.39   0.15 0.15  
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TGW Qtgw-2A.2 17E3 gwm294-wmc644     10.05     1.39

Qtgw-2B 15E1, 16E1, 17E1 wmc441-wmc317 22.13 13.27 21.90 -2.22 -2.75 -2.72

Qtgw-3B.2 16E2 wmc787-wmc687   14.25     -1.91  

Qtgw-7B 15E1, 16E1 wmc83-wmc276 27.21 33.01   5.83 -10.11  

Qtgw-2D 16E3 wmc111-wmc25   9.55     2.31  

Qtgw-3D 15E1, 16E3 barc323-wmc552 13.18 8.81   -1.85 -1.87  

Qtgw-3D.2 15E1 gpw4451-barc323 13.18     -1.85    

Qtgw-4D 15E1 wmc720-wmc331 9.78     -1.34    

Qtgw-6D.2 15E1 gdm132-cfd49 13.74     1.72    

Qtgw-6D.3 15E1 barc175-barc204 9.38     1.56    

Qtgw-6D.4 15E1 gdm132-cfd49 13.74     1.70    

Note: CC, chlorophyll content; LWC, leaf water content; GW, grain weight per spike; TGW, thousand-grain weight. E1, Yinchuan; E2,
Hohhot; E3, Urumqi.

Table 5 QTL localization of related physiological and agronomic traits under normal conditions in multiple locations in three
different years.
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Traits QTL Environments Marker interval Variation (%) Additive effect

2015 2016 2017 2015 2016 2017

CC Qcc-2A.1 15E1 gwm382-gwm526 17.61     1.39    

Qcc-2A.2 15E1, 16 E2, 17E3 gwm294-wmc644 29.01 26.29 20.51 1.65 1.91 3.24

Qcc-3B.1   16E2  wmc808-wmc78   28.32     -1.70  

Qcc-7B.1 16E2, 17E2  wmc83-wmc276   33.86 29.29   8.81 10.91

LWC Qlwc-2A.1 15E1 gwm382-gwm526 20.62     2.60    

Qlwc-2A.2 15E2 gwm294-wmc644 11.71     4.24    

Qlwc-2A.3 16E3 barc309-gwm122   11.34     -6.25  

Qlwc-3B.2 16E2 wmc787-wmc687   19.59     1.36  

Qlwc-4D 15E1 wmc720-wmc331 14.97     1.58    

Qlwc-7B.1 15E1, 16E1, 17E1 wmc83-wmc276 28.89 34.72 29.97 -3.55 5.62 8.42

Qlwc-7B 15E1 barc140-gwm297 11.65     -1.45    

GW Qgw-2A.2 15E1, 16E2, 17E3 gwm294-wmc644 21.96 11.83 15.31 0.21 0.15 0.89

Qgw-3B.1 16E2 wmc808-wmc78   18.17     -0.30  

Qgw-3B.2 16E2 wmc787-wmc687   11.34     -0.22  

Qgw-7B.1 17E3 wmc83-wmc276     18.74     -0.39

Qgw-7B 17E3 barc140-gwm297     28.92     -0.19

TGW Qtgw-2A.3 16E1 barc309-gwm122   9.75     -1.936  

Qtgw-3B.1 16E2 wmc808-wmc78   29.16     -3.33  

Qtgw-3B.2 15E1, 16E2, 17E3 wmc787-wmc687 8.23 11.34 8.31 -1.34 -0.22 -1.80

Qtgw-6D 15E1 barc196-barc54 10.49     1.56    

Note: CC, chlorophyll content; LWC, leaf water content; GW, grain weight per spike; TGW, thousand-grain weight. E1, Yinchuan; E2,
Hohhot; E3, Urumqi.

Figures
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Figure 1

Chromosomal location of genetic overlapping QTLs associated with drought tolerance of spring wheat during three different years.
a. Location of genetic overlapping QTLs on chromosome 2A. : 15E2 drought stress for CC; : 16E1 drought stress for CC; ●: 15E1
drought stress for GW; ○: 16E2 drought stress for GW; ■: 17E3 drought stress for GW; ⊕: 16E2 drought stress for LWC; ▼: 16E1
drought stress for TGW. b. Location of genetic overlapping QTLs on chromosome 3B. ¤: 16E2 drought stress for LWC; : 15E1
drought stress for GW; : 16E2 drought stress for GW; : 17E3 drought stress for GW. c. Location of genetic overlapping QTLs on
chromosome 4D. : 16E1 drought stress for LWC; : 17E2 drought stress for LWC; : 15E1 drought stress for GW. d. Location of
genetic overlapping QTLs on chromosome 7B. : 15E2 drought stress for LWC; : 16E3 drought stress for LWC; : 17E1 drought
stress for LWC; : 15E1 drought stress for TGW.
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Figure 2

Chromosomal location of genetic overlapping QTLs associated with heat tolerance of spring wheat during three different years. a.
Location of genetic overlapping QTLs on chromosome 2A. : 15E1 heat stress for CC; ▼: 15E1 heat stress for TGW. b. Location of
genetic overlapping QTLs on chromosome 6D. : 15E1 heat stress for LWC; ●: 15E1 heat stress for GW; ■: 15E1 heat stress for
TGW.



Page 23/23

Figure 3

Chromosomal location of genetic overlapping QTLs associated with combined drought and heat tolerance of spring wheat during
three different years. a. Location of genetic overlapping QTLs on chromosome 2A. : 15E2 drought stress for CC; : 16E1 drought
stress for CC; ●: 15E1 drought stress for GW; ○: 16E2 drought stress for GW; ■: 17E3 drought stress for GW; □: 15E1 heat stress
for CC ; ⊕: 15E1 heat stress for GW ; : 15E1 combined drought and heat stress for CC ; ▲: 16E1 combined drought and heat stress
for CC ; ▼: 17E3 combined drought and heat stress for CC; △: 16E2 combined drought and heat stress for LWC; ▽: 15E1 combined
drought and heat stress for GW; ⊙: 17E3 combined drought and heat stress for TGW. b. Location of genetic overlapping QTLs on
chromosome 2B. : 15E1 drought stress for TGW; ¤: 16E1 drought stress for TGW; : 16E1 heat stress for CC; : 16E1 heat stress for
CC; : 15E1combined drought and heat stress for CC; : 15E1combined drought and heat stress for TGW; : 16E1 combined drought
and heat stress for TWG; : 17E1 combined drought and heat stress for TWG. c. Location of genetic overlapping QTLs on
chromosome 3B. : 17E3 drought stress for TGW; : 16E2 heat stress for LWC; : 16E1 heat stress for TGW; : 15E1 combined
drought and heat stress for LWC.


