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ABSTRACT

Water shortage is a major constraint to crop production in many parts of the world. Drought tolerance in wheat may be
improved by manipulating and detecting quantitative trait loci (QTLs) related to drought tolerance. In the present project
microsatellite markers were used for mapping QTLs for photosynthesis, cell membrane stability and relative water
content in wheat. An F2 population derived from the intraspecific cross, Chakwal-86 (drought tolerant cultivar) x 6544-6
(drought sensitive genotype) was grown under drought stress in a hydroponic system. The correlation analysis revealed
that net photosynthetic rate positively correlated with stomatal conductance, transpiration rate and cell membrane
stability. Relative water content also positively correlated with cell membrane stability. Composite interval mapping
detected one QTL for net photosynthesis, one for relative water content and two for cell membrane stability on the 2A
wheat chromosome. These QTLs may be used to tailor drought tolerant wheat through marker assisted selection or
genetic engineering.
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INTRODUCTION

Hexaploid Triticum aestivum is the most widely
grown wheat species as it is a staple food for about 40 %
of the world population. However, its yield is low in
drought prone areas of the world. Plants suffer drought
when water supply to the roots is less than optimum
level. Due to considerable change in the world climate
and rainfall patterns caused by global warming as a result
of excessive fuel burning (Goyal, 2004; Kim and Byun,
2009), the arid area of the world is increasing rapidly.
More than 50% of the global area under wheat cultivation
is affected by drought stress (Rajaram, 2001; Ashraf,
2010). Drought adversely affects a variety of
physiological and biochemical processes of plants
causing disruption in chlorophyll pigments and
production of reactive oxygen species/oxidants which
damage photosynthetic as well as other cellular
membranes (Kidambi, 1990; Ashraf and O’ Leary, 1996;
Lawlor and Cornic, 2002; Peltzer et al., 2002; Praba et
al., 2009). Lower net photosynthesis in turn decreases
growth which leads to reduction in wheat biomass (Bhat
and Rao, 2005; Ashraf and Foolad, 2007).

Genetic improvement for yield under drought
conditions is possible and has been made to some extent
in many drought stricken areas of the world by the
exploration of morphological, anatomical and ecological
adaptations of plants to drought environments (Cutler et
al., 1977). An understanding of the genetic basis of

physiological traits involved in drought tolerance and
then manipulation through marker assisted breeding
would make tremendous improvement in crop yield
(Castonguay and Markhart, 1992). Improvement for
drought-stress tolerance can also be made by the insertion
of drought tolerant genes in new wheat cultivars (Budak
et al., 2013). Therefore, there is a dire need to identify
loci for the underlying genes involved in drought
tolerance. This is possible through identification and
genome mapping of QTLs involved in drought tolerance.
A number of QTLs for commercially important traits in
wheat and other crop plants (Saliba-Colombani et al.,
2001; Li et al. 2006; Cutler et al. 2006; Welcker et al.,
2007; Kiani et al., 2007a; Nalini et al., 2010; Wang et al.,
2011; Bennet et al., 2012; Aprile et al., 2013; Elshafei et
al., 2013;; Zhang et al., 2013; Mysza et al., 2014; Zhang
et al., 2014) have been mapped. However, a little effort
has been made to locate QTLs for drought resistance in
wheat especially for the physiological traits such as net
photosynthesis, relative water content, cell membrane
stability etc. The present study was designed to identify
and map drought tolerance conferring traits using SSR
markers. The information generated would help to
improve drought tolerance of wheat.

MATERIALS AND METHODS

An F2 wheat population derived from the
biparental intraspecific cross of a drought sensitive
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(6544-6) and a drought tolerant parent (Chakwal-86)
grown under drought stress was used for QTL analysis.
The experiment was conducted in hydroponics culture so
as to provide equal and uniform drought stress to the
whole population. Seeds of both parents and their F2

population were sown in Petri dishes. Seven day old
germinated seedlings were transplanted and allowed to
grow in a plastic tub containing 20L Hoagland’s nutrient
solution. There were a total of 180 F2 plants and 10 each
of the parents. Two weeks after transplantation, 20 %
PEG8000 was applied to develop drought stress in the
medium. After 3 weeks of application of PEG8000, the
plants were numbered/tagged and phenotypically
screened for gas exchange, relative water content and cell
membrane stability as under:

Gas exchange: Data for gas exchange parameters which
included net photosynthetic rate (Pn), transpiration rate
(E), and stomatal conductance (gs) was recorded on the
3rd leaf of each plant using an open system portable
infrared gas analyzer (Analytical Development Company,
Hoddeson, England). For Relative water content (RWC)
and cell membrane stability (CMS) leaf samples were
collected early in the morning. A fully developed leaf
from each plant was taken, surface dried with tissue
paper, wrapped in plastic zipper bag and stored in a
container filled with ice at the bottom during sample
collection.

Relative Water Contents (RWC): Fresh weight (FW) of
leaf samples was recorded soon after taken to the
laboratory. After taking fresh weights, the leaves were
immersed in distilled water and kept overnight at room
temperature after which the leaves were carefully blotted
dry with a tissue paper and turgid weight (TW) of each
leaf was recorded. Then all samples were oven-dried at
70oC for measuring dry weights (DW). RWC was
calculated using the equation, RWC = (FW-DW/TW-
DW) 100

Cell membrane stability (CMS): Leaves were rinsed
with deionized water to remove surface contamination
and then blotted dry. Twenty small leaf discs from each
sample were submerged in 10 ml of deionized water in
dry clean vials and kept at room temperature in dark for
24 h. The vials were shaken vigorously prior to the
determination of conductance of the solution measured
using an electrical conductivity meter. The vials were
autoclaved for 15 min and conductance was again
observed. All measurements were recorded at room
temperature. Cell membrane stability was calculated as
reciprocal of relative cell injury following Blum and
Ebercon (1981).

After collecting samples for the above said data,
the seedlings were harvested and stored in a freezer at -
80oC in labeled plastic zipper bags. Genomic DNA of the
frozen samples was extracted from their leaves using

CTAB method (Doyle and Doyle, 1990). After
extraction, the DNA was analyzed by PCR using simple
sequence repeat (SSR) primers to study polymorphism
between the parent genotypes. The polymorphic markers
were then used to genotype each individual of the F2

population. PCR products were run on agarose gel
electrophoresis. Data of amplifications were scored and
recorded from gel pictures taken with the help of gel
documentation system.

Polymerase Chain Reaction (PCR): PCR was
performed in 0.2 ml PCR tubes. The total volume of PCR
mixture was 20µl, containing 4.8 µl of PCR (deionized)
water, 2 µl of PCR buffer (Fermentas), 1.6 µl of MgCl2

(Fermentas), 6.4 µl of 2.5mM dNTPs (Fermentas), 1.0µl
each of 30ng/ µl forward and reverse primer, 0.2 µl of 5
units/ µl Taq polymerase (Fermentas) and 3 µl of 15ng
template DNA. Amplification was performed in the
Master Cycler Gradiant, Eppendorf, Germany. The
thermal cycler was programmed for 35 cycles of
denaturation at 95oC for 1 min, annealing at 50-60oC
(depending on individual primer) for 1 min and extension
at 72oC for 1 min with an initial denaturation at 94oC for
5 min and final extension at 72oC for 10 min.

SSR Analysis: A total of 425 SSR primer pairs; 100
from the Xgwm, 100 from KSUM and 100 of the WMS
series (Gene Link. USA) were assayed on the parent
genotypes to detect polymorphic markers for genotyping
the population. The polymorphic markers detected in the
parents were used to assay the population.

Statistical Analysis: Phenotypic data of the F2

population were subjected to correlation analysis after
Dewey and Lu (1959) using MINITAB computer
software. After scoring of gels, the genotypic data were
analyzed by the statistical program MAPMAKER/EXP
version 3.0 (Lander et al., 1987) to construct a genetic
map. QTL cartographer v 2.5 (Wang et al., 2006) was
used for detection/tagging of QTLs on the map by
computing phenotypic data of each F2 individual against
its genotypic data.

RESULTS AND DISCUSSION

Since the 1980’s, accurate genetic maps of plant
and animal species are being constructed using DNA
markers. A lot of work in the last decade using DNA
markers to construct genetic maps and tagging of QTLs
has been reported in literature (Zhang et al., 2002; Zhang
et al., 2005; Han et al., 2006; McCouch et al., 2002;
Torada et al., 2006; He et al., 2007; Nalini et al., 2010;
Cui et al., 2011; Wang et al., 2011) however limited
work has been conducted on wheat. The present study
was the first attempt to map QTLs for the physiological
traits, net photosynthesis, cell membrane stability and
relative water content in wheat related to drought stress.
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The phenotypic data obtained from the F2 population
showed normal frequency distributions for all traits with
transgression (Fig 1). As the two parents were genetically
diverse, transgressive segregation of the F2 progeny
showed that both parents transmitted favorable alleles for
each trait. Transgressive segregation results when high or
low alleles for a trait disperse between parents and come
together in the individuals of the F2 progeny (Prioul, et
al., 1997).

In the present study association/correlation
among the physiological traits studied showed that net
photosynthesis positively correlated with stomatal
conductance, transpiration rate and cell membrane
stability while relative water content also positively
correlated with cell membrane stability (Table 1). The
correlation results reveal that these traits are linked
together on the same chromosome which was also proved
through detection of QTLs for these traits on the same
linkage group on chromosome 2A.

Among the 425 SSR primer pairs assayed on the
parent genotypes to detect potential polymorphic
markers, 365 amplified the genomic DNA. Among the
amplified, 23 loci were found polymorphic between the
parent genotypes. A polymorphism of 5.41% was found
between the parents. Wheat is reported to be low in
polymorphism (Roder et al., 1998; Haudry et al., 2007).
Kirigwi et al. (2004) studied polymporphism between

two bread wheat genotypes and found 90 out of 700 SSR
markers (10%) to be polymorphic. Because of the low
polymorphism in wheat (Roder et al., 1998) relatively a
few QTLs have been detected in this crop compared to
other species. Twelve out of the 23 loci in the present
study segregated co- dominantly in a 1:2:1 ratio, while 11
were dominant in 3:1 ratio. A total of 12 DNA markers
were surveyed on the mapping population. Gel pictures
showing some of the dominant and co-dominant
segregating markers are given in Fig 2-4.

Table 1. Phenotypic correlation among the traits Pn

(net photosynthesis), E (transpiration rate),
gs (stomatal conductance), RWC (relative
water content) and CMS (cell membrane
stability) studied in 6 week old F2 population
of the cross between the wheat cultivar,
Chakwal-86 and the genotype 6544-6.

RWC Pn E gs

Pn 0.08
E 0.062 0.158
gs 0.113 0.266** 0.09
CMS 0.18* 0.187* 0.06 0.18*
*, **,  = significant at 0.05, 0.01 and 0.001 levels
respectively

Figure 1. A.
Frequency distribution/histogram of CMS (cell membrane stability) studied in 6 week old F2 population of the cross
between the drought resistant wheat cultivar, Chakwal-86 and the drought sensitive genotype 6544-6. White arrows
indicate mean values of the trait in parent 1(Chakwal-86) while the black arrows indicate mean value of the trait in
parent 2 (6544-6).

Eighty percent of the SSRs used in study
amplified more than one amplicon., SSRs are said to
amplify more than one band in wheat because of its
hexaploid origin, as its genes were evolved from fusion
of A, B and D genomes (Buteler et al., 1999). Linkage

analysis through the MAPMAKER/EXP resulted in
linkage of 4 SSR loci on a linkage group on 2A wheat
chromosome. The total map length was 87.5 cM. The
map distance between markers was approximately 10-15
cM. It was in harmony with best distance for QTL
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detection which is considered to be 10 cM (Kearsey,
1998). The results of linkage analysis along with
genotypic and phenotypic trait data were imported to the
software “QTL cartographer V 2.5”. QTLs were
identified by finding association between marker
genotype and trait (phenotype) using SMA (single marker
analysis), IM (Interval mapping) and CIM (composite
interval mapping) method. The final genetic map
constructed is shown in Fig 5. Four markers associated
with three physiological traits were identified by CIM
method (Table 2).  The algorithm used by the computer
softwares to detect QTLs is based on LOD (Logg of the

odds) ratio. Generally a LOD score of > 2.4 is suggested
to avoid false positives while detection of QTLs (Lander
and Botstein, 1989). In the present study, QTLs for Pn,
CMS and RWC with LOD score > 2.4 were detected.
However, Nalini et al. (2010) reported QTLs obtained
with low stringency (LOD > 2.0) may be because higher
LOD score leaves out some potential QTLs. The present
findings may be useful in marker-assisted breeding of
drought tolerant wheat. The loci detected may also be
helpful to find the genes involved in drought tolerance.
These genes will be helpful to tailor drought resistant
varieties of wheat through transgenic approaches.

Figure 1. B
Frequency distribution/histogram of RWC (relative water content) studied in 6 week old F2 population of the cross
between the drought resistant wheat cultivar, Chakwal-86 and the drought sensitive genotype 6544-6. White arrows
indicate mean values of the trait in parent 1(Chakwal-86) while the black arrows indicate mean value of the trait in
parent 2 (6544-6).

Figure 1. C
Frequency distribution/histogram of Pn (net photosynthetic rate) studied in 6 week old F2 population of the cross
between the drought resistant wheat cultivar, Chakwal-86 and the drought sensitive genotype 6544-6. White arrows
indicate mean values of the trait in parent 1(Chakwal-86) while the black arrows indicate mean value of the trait in
parent 2 (6544-6).
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Figure 1. D
Frequency distribution/histogram of E (transpiration rate) studied in 6 week old F2 population of the cross between the
drought resistant wheat cultivar, Chakwal-86 and the drought sensitive genotype 6544-6. White arrows indicate mean
values of the trait in parent 1(Chakwal-86) while the black arrows indicate mean value of the trait in parent 2 (6544-6).

Figure 1. E
Frequency distribution/histogram of gs (stomatal conductance) studied in 6 week old F2 population of the cross between
the drought resistant wheat cultivar, Chakwal-86 and the drought sensitive genotype 6544-6. White arrows indicate mean
values of the trait in parent 1(Chakwal-86) while the black arrows indicate mean value of the trait in parent 2 (6544-6).

Fig, 2. Parental survey with the primers (starting from left) Xgwm 311-2D, 617-6A, 497-2A, WMS 169, and
KSUM-119 showing polymorphism. P1= Chakwal-86, P2= 6544-6, M= DNA ladder

M        P1 P2      P1 P2        P1      P2 P1 P2       P1       P2 M
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M P1 P2 1 2 3 4 5 6 7 8 9 10

Fig  3. Population survey with primer Xgwm 372-2A showing parents, Chakwal-86 (P1) and 6544-6 (P2) along
with 10 individuals from the F2 population. M= DNA ladder

M P1 P2 1        2        3 4        5        6        7       8        9 10

Fig 4. Population survey with primer Xgwm 497-2A showing parents, Chakwal-86 (P1) and 6544-6 (P2) along
with 10 individuals from the F2 population. M= DNA ladder

Total map distance 87.5cM
Wheat chromosome 2A

Fig 5. Genetic map of wheat chromosome 2A showing position of QTLs for net photosynthesis (Pn), cell
membrane stability (CMS) and relative water content (RWC).
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Table 2. QTLs detected for net photosynthetic rate (Pn), cell membrane stability (CMS), stomatal conductance (gs)
and relative water content (RWC) through Composite Interval Mapping from the F2 population of a
cross between drought tolerant cultivar, Chakwal-86 and drought sensitive genotype, 6544-6.

Trait QTL Nearest marker QTL position LOD score R2  %
Pn QPn2AC KSUM-119 26.5 cM 2.5 17
CMS QCMSa2AC KSUM-119 27.1 cM 2.6 6

QCMSb2AC Xgwm 497 4.4 cM 2.7 7
RWC QRWC2AC KSUM-119 27 cM 2.7 19
QTLs are defined by “Q” followed by the acronym and “a” or “b” are to differentiate more than one QTL for the same
trait while 2A stands for the chromosome number. QTLs detected by IM are designated by an “M” while QTLs detected
through CIM are designated by “C”. QTLs detected by Interval Mapping and Composite Interval Mapping were all at
probability P< 0.001.

REFERENCES

Aprile, A., L. Havlickova, R. Panna, C. Mare, G. M.
Borrelli, D. Marone, C. Perrotta, P. Rampino, L.
D. Bellis, V. Curn, A. M. Mastrangelo, F. Rizza
and L. Cattivelli (2013). Different stress
responsive strategies to drought and heat in two
durum wheat cultivars with contrasting water
use efficiency. B.M.C. Genome14: 821.

Ashraf, M. (2010) Inducing drought tolerance in plants:
Recent advances. Biotech. Adv. 28:169-183

Ashraf, M. and Foolad. 2007. Roles of glycine betaine
and proline in improving plant abiotic stress
resistance. Environ. Exp. Bot. 59: 206-216.

Ashraf, M. and J.W. O’Leary. 1996. Responses of some
newly developed salt-tolerant genotypes of
spring wheat to slat stress. II. Water relations
and photosynthetic capacity. Acta Bot.
Neerlandica 45: 29-39.

Bennett, D., A. Izanloo, M. Reynolds, H. Kuchel, P.
Langridge and T. Schnurbusch (2012). Genetic
dissection of grain yield and physical grain
quality in bread wheat (Triticum aestivum L.)
under water-limited environments. Theor. Appl.
Genet. 125:255-271.

Bhatt, R.M. and N.K.S. Rao. 2005. Influence of pod load
on response of okra to water stress. Indian J.
Plant Physiol. 10:54-59.

Blum, A. and A. Ebercon. 1981. Cell membrane stability
as a measure of drought and heat tolerance in
wheat. Crop Sci. 21:43-47.

Budak, H., M. Kantar and K. Y. Kurtoglu (2013).
Drought tolerance in modern and wild
Wheat.Sci. World J. pp.1-16.

Buteler, M.I., R.L. Jarret and D.R. LaBonte. 1999.
Sequence characterization of microsatellites in
diploid and polyploid Ipomoea. Theor. Appl.
Genet. 99: 123-132.

Castonguay, Y. and A.H.  Markhart. 1992. Leaf gas
exchange in water stressed common bean and
tepary bean. Crop Sci. 32: 980-986.

Cui, F., J. Li, A. Ding and C. Zhao et al (2011)
Conditional QTL mapping for plant height with
respect to the length of the spike and internode
in two mapping populations of wheat. Theor.
Appl. Genet. 122:1517-36

Cutler J. M., D.W. Rains and R.S. Loomis. 1977. The
importance of cell size in the water relations of
plants. Physiol. Plant. 40: 255-260.

Cutler, R.W., R. Chundet, T. Handa and S.
Anuntalabhochai. 2006. Development of
sequence characterized DNA markers linked to
temperature dependence for flower induction in
lychee (Litchi chinensis Sonn.) cultivars. Sci.
Hort. 107: 264-270.

Dewey, D.R. and K.H. Lu. 1959. A correlation and path-
coefficient analysis of components of crested
wheat grass seed production. Agron. J. 51: 515-
518.

Doyle, J.J. and J.L. Doyle. 1990. Isolation of plant DNA
from fresh tissue. Focus 12: 13-15.

Elshafei, A. A., M. Saleh, A. A. Al-Doss, K. A.
Moustafa, F. H. Al-Qurainy and M. N. Barakat
(2013). Identification of new SRAP markers
linked to leaf chlorophyll content, flag leaf
senescence and cell membrane stability traits in
wheat under water-stressed condition. Aust. J.
Crop Sci. 7: 887-893.

Goyal, R. K. (2004). Sensitivity of evaportranspiration to
global warming: a case study of arid zone of
Rajasthan India. Agric. Water Manage. 69: 1-11.

Han, Z., C. Wang, X. Song, W. Guo, J. Gou, C. Li, X.
Chen and T. Zhang (2006) Characteristics,
development and mapping of Gossypium
hirsutum derived EST-SSRs in allotetraploid
cotton. Theor. Appl. Genet. 112: 430-439

Haudry, A., A. Cenci, C. Ravel, T. Bataillon, D. Brunel,
C. Poncet, I. Hochu, S. Poirer,  S. Santoni and S.
Glemin (2007) Grinding up wheat: a massive
loss of nucleotide diversity since
domestication. Mol. Biol. Evol. 24: 1506–1517

He, D.H., Z.X. Lin, X.L. Zhang, Y.C. Nie, X.P. Guo,
Y.X. Zhang and W. Li (2007) QTL mapping for



Malik et al., J. Anim. Plant Sci. 25(4):2015

1039

economic trails based on a dense genetic map of
cotton with PCR-based markers using the
interspecific cross of Gossypium hirsutum ×
Gossypium barbadense. Euphytica 153: 181-197

Kearsey, M.J. 1998. The principles of QTL analysis (a
minimal mathematics approach). J. Exp. Bot. 49:
1619-1623.

Kearsey, M.J. 1998. The principles of QTL analysis (a
minimal mathematics approach). J. Exp. Bot.,
49: 1619-1623.

Kiani S.P., P. Grieu, P. Maurey, P. Grieu, R. Heinz, A.
Perrault, V. Nishinakamasu, E. Hopp, L.
Gentzbittel, N. Paniego and A. Sirrafi. 2007a.
Genetic variability for physiological traits under
drought conditions and differential expression of
water stress associated genes in sunflower
(Helianthus annuus L.). Theor. Appl. Genet.
114: 193-207.

Kidambi, S.P., A.G. Matches and T.P. Bolger. 1990.
Mineral concentration in alfalfa and rain foin as
influenced by soil moisture level. Agron. J. 82:
229-236.

Kim, D.W., and H.R. Byun. 2009. Future pattern of
Asian drought under global warming scenario.
Theor. Appl. Climatol. 98: 137-150.

Kirigwi, F., A.K. Frit, G.I.B. Guedira, B.S. Gill, G.M.
Paulsen and M.V. Ginkel (2004) Identifying
quantitative trait loci (QTL) for drought
tolerance in bread wheat (Triticum aestivum L.).
V QTL identification. In: Proc. Rockefeller
Foundation Workshop, May 24-28, 2004 at
CIMMYT, MexicoKordenaeej, A., A. A. N.
Nejad, A. A. Shojaeian, T. Lelley and Y. Sharafi
(2013). Simulating theeffect of terminal drought
stress by potassium iodide and its use in
mapping QTLs for yield and yield components
in bread wheat. Int. J. Agron. Plant Pro. 4: 659-
663.

Lander, E.S. and D. Botstein (1989) Mapping Mendelian
factors underlying quantitative traits using RFLP
linkage maps. Genetics 121: 185-99

Lander, E.S., P. Green, J. Abrahamson, A. Barlow, M.J.
Daly, S.E. Lincoln and L. Newburg (1987)
Mapmaker; an interactive computer program for
constructing genetic linkage maps of
experimental and natural populations. Genomics
1: 174-181

Lawlor, D.W. and G. Cornic. 2002. Limitation to
photosynthesis carbon assimilation and
associated metabolism in relation to water
deficits in higher plants. Plant Cell Environ. 25:
275-295.

Li, G.Q., Z.F. Li, W.Y. Yang, Y. Zhang, Z.H. He, S.C.
Xu, R.P. Singh, Y.Y. Qu and X.C. Xia. 2006.
Molecular mapping of stripe rust resistance gene
YrCH42 in Chinese wheat cultivar Chuanmai 42

and its allelism with Yr24 and Yr26. Theor.
Appl. Genet. 112: 1434-1440.

McCouch, S.R., L. Teytelman and Y. Xu et al (2002)
Development and mapping of 2240 new SSR
markers for rice (Oryza saliva L.). DNA Res. 9:
199-207.

. Mysza-C, I., I. Marcinska, E. Skrzypek, K. Cyganek, K.
Juzon, M. Karbarz (2014). QTL mapping for
germination of seeds obtained from previous
wheat generation under drought. Cent.Eur. J.
Biol. 9: 374-382

Nalini, E., S.G. Bhagwat and N. Jawali (2010)
Construction of genetic linkage map of bread
wheat (Triticum  aestivum L.) using an
intervarietal cross and QTL map for spike
related traits. Triticeae Genomics Genet 5: 1-2

Peltzer, D., E. Dreyer and A. Polle. 2002. Temperature
dependencies of antioxidative enzymes in two
contrasting species. Plant Physiol. Biochem. 40:
141-50.

Praba et al., 2009
Prioul, J.L., S. Quarric, M. Causse and D.D. Vienn. 1997.

Dissecting complex physiological functions
through the use of molecular quantitative
genetics. J. Exp. Bot. 48: 1151-1163.

Rajaram, S. 2001. Prospects and promise of wheat
breeding in the twenty first century. In: Bedo, Z.
and L. Lang (eds.) “Wheat in Global
Environment” Kluwer Academic Publishers,
Dordrecht, The Netherlands: 1019-1028.

Röder, M.S., V. Korzun, K. Wendehake, J. Plaschke, M.
Tixier, P. Leroy and M.W. Ganal (1998) A
microsatellite map of wheat. Genetics 149:
2007–2023

Saliba-Colombani V., M. Causse, D. Langlois, J.
Philouze and M. Buret. 2001. Genetic analysis
of organoleptic quality in fresh market tomato.
1. Mapping QTLs for physical and chemical
traits. Theor. Appl. Genet. 102: 259-272.

Torada, A., M. Koike, M. Mochida and Y. Ogihara
(2006) SSR-based linkage map with new
markers using an intraspccific population of
common wheat. Theor. Appl. Genet. 112: 1042-
1051

Wang, S., C.J. Basten, and Z.B. Zeng. 2006. Windows
QTL Cartographer, version 2.5. Statistical
Genetics, North Carolina State University, USA.

Wang, Y.Y., X.Y. Sun, Y. Zhao, F.M. Kong, Y. Guo,
G.Z. Zhang, Y. Pu, K. Wu and S.S. Li (2011)
Enrichment of a common wheat genetic map
and QTL mapping for fatty acid content in grain.
Plant Sci. 181:65-75

Welcker, C., B. Boussuge, C. Benciveni, J.M. Ribaut and
F. Tardieu. 2007. Are source and sink strengths
genetically linked in maize plants subjected to
water deficit? A QTL study of the responses of



Malik et al., J. Anim. Plant Sci. 25(4):2015

1040

leaf growth and anthesis-silking interval to water
deficit. J. Exp. Bot. 2: 339-349.

Zhang, H., Cui, F. and H. Wang. 2014. Detection of
quantitative trait loci (QTLs) for seedling traits
and drought tolerance in wheat using three
related recombinant inbred line (RIL)
populations. Euphytica, 196:313–330

Zhang, H., F. Cui, L. Wang, J. Li, A. Ding, C. Zhao, Y.
Bao, Q. Yang and H. Wang (2013). Conditional
and unconditional QTL mapping of drought-
tolerance-related traits of wheat seedling using

two related RIL populations. J. Genet., 92: 213-
231.

Zhang, J., W. Guo and T. Zhang (2002). Molecular
linkage map of allotetraploid cotton (Gossypium
hirsutum X Gossypium barbadense L.) with a
haploid population. Theor Appl Genet 105:
1166-1174

Zhang, Z.S., Y.H. Xiao, M. Luo, X.B. Li, X.Y. Luo, L.
Hou, D.M. Li and Y. Pei (2005). Construction of
a genetic linkage map and QTL analysis of
fibre-related traits in upland cotton (Gossypiwn
hirsutum L.). Euphytica 144: 91-99.


