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Selection for complex genetic traits, such as frost tolerance, can be simplified in plant breeding
programs when linked markers were detected. The use of microsatellite markers for tagging and
mapping important genes or QTLs is a goal in wheat genetic projects. In this study, 200 microsatellite
markers were studied and after parental assay, 41 polymorphic SSR markers were used for genotyping
of 280 F2 individual plants derived from F1 generation of wheat cross (Norstarx Zagros). The progeny of
individual F2 plants were used as F2:3 families for the assessment of LT50 and heading time. Single
marker analysis revealed that seven markers with total of 27% of phenotypic variance determination
linked to LT50 and five markers linked to the heading time. Two markers that were located on 2B and 5A
chromosomes affected both LT50 and heading time significantly. It was assumed, therefore, that some
closely linked QTLs or QTLs with pleiotropic effects govern both traits simultaneously, as the LT50 of
F2:3 families were significantly correlated with the heading time of F2:3 families, Thus, it is concluded

that later heading time is associated with the higher level of frost tolerance in wheat.
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INTRODUCTION

Abiotic stresses are crucial barriers for crop production
and the yield potential of any specific cereal variety is
rarely maximized due to the restriction imposed by abiotic
stresses.

It is recognized, however, that different responses of
varieties to variable environmental circumstances are
genetically based. The genetic control of responses to
abiotic stresses such as cold stress is complex (Chun et
al., 1998) and most of the variation seems to be
controlled by QTLs (Limin and Fowler, 1993; Snape et
al., 2001). The frost tolerance of winter wheat is governed
by polygenes (Brule-Bable and Fowler, 1988; Galiba et
al., 2001). At least 10 chromosomes of bread wheat are
involved in the frost tolerance (Cahalan and Law, 1979;
Sutka, 1981; Sutka, 2001). The homeologous group 5
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chromosomes are most frequently implicated (Sutka and
Kovacs, 1985). Sutka (1994) in the study of monosomic
and substitution analysis portended that, although there
were many chromosomes controlling frost tolerance, the
5A and 5D chromosomes were more effective than
others. Major genes affecting this trait (Fr1) and verna-
lization requirement (VrnA1) were reported to be on the
long arm of chromosome 5A (Galiba et al., 1995;
Vagojfavli et al., 2000; Sutka, 2001). According to Galiba
et al. (1995) and Sutka et al. (1999), VrnA1 and Fr1 loci
are linked and located on the distal portion of the long
arm of 5A. The location of VrnD1-Fr2 on chromosome 5D
has also been established (Sutka et al., 1999; Snape et
al.,, 2001). Also Efremova et al. (2004) found that the
presence of frost resistance genes homeoallelic to the
known genes Fr1 and Fr2 on 5A and 5D chromosomes in
the common wheat were possible. Yazdi-Samadi et al.
(2006) in the study of reciprocal substitution analysis of
freezing resistance in wheat found that 5A, 5D, 3B and
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4D chromosomes were carrying freezing resistance
genes. The group 5 chromosomes are most frequently
involved in both vernalization response and frost
tolerance (Galiba et al., 1995; Storlie et al., 1998).
Netsvetaev and Netsvetaeva (2004) proved the signifi-
cant association of frost tolerance with homeologous
chromosome regions 1 and 6 of the A, B, and D wheat
genomes that were encoded gliadin storage proteins.

Heading time in wheat is governed by three major
factors such as vernalization requirement, photoperiod
sensitivity and narrow-sense earliness. Generally wheat
cultivars are divided into two types (winter and spring
growth habit) depending on their need for cold
temperature to initiate heading (Kato et al., 1999). Shindo
et al. (2003) established the importance of several loci on
the 2B chromosome governing heading time in wheat.
Other loci that had significant effect on heading time were
located on chromosomes 2B, 5B, 7A and 5A (Kato et al.,
1999; Kato et al., 2002; Shindo et al., 2003). Acording to
Worland (1996) and Snape et al. (2001), there is close
association between the location of frost tolerance genes
and the genes controlled the flowering time. Fowler et al.
(2001) were concluded that, low temperature tolerance is
dependent on a highly integrated regulatory mechanism
and in this respect vernalization requirement, photoperiod
sensitivity and earliness controlled and delayed heading
time by postponing the transition from the vegetative to
the reproductive phase.

During the last decade, development of DNA markers
has resulted in the construction of genetic maps for the
main cereal species including bread wheat (Borner et al.,
2002). Determining the location of genes and QTLs
controlling complex characters such as frost tolerance
and heading time can be possible by using marker
mediated techniques (Snape et al., 2001). Although the
low level of polymorphism in wheat for genetic markers,
specially RFLP markers, has restricted the genetic map-
ping (Roder et al., 1998; Stephenson et al., 1998; Kato et
al., 1999; Gupta et al, 2002; Somers et al., 2004), recent
studies have reported higher polymorphism with micro-
satellites than any other marker systems (Akkaya et al.,
1992; Korzun et al., 1999; Manifesto et al., 2001; Borner
et al., 2002; Song et al., 2002). This characteristic of
microsatellites has made them a useful marker in the
genetics and breeding of bread wheat (Bryan et al., 1997;
Korzun et al., 1999).

To be useful for screening of winter hardiness, a test
should have a high repeatability. It should be simple,
rapid and highly correlated with field survival index.
Nowadays, LT50 is regarded as a promising test in this
respect (Fowler et al., 1981; Fowler et al., 1999; Mahfoozi
et al.,, 2001). LT50 is defined as the lowest test tem-
perature at which 50% of the plants survive after freezing.

This study was conducted to detect SSR markers
linked to frost tolerance and localization of effective QTLs
that were involved in controlling frost tolerance and
heading time.
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MATERIALS AND METHODS
Mapping population

The mapping population was prepared by crossing selected
parents. One of the parents (P1) was the Norstar variety, the most
winter hardy cultivar, that is used as a standard winter hardy wheat
in many research programs with LT50 = -22.25°C (Limin and
Fowler, 1983; Fowler et al., 1999). The second parent (P2) was
Zagros, a cultivar with spring growth habit which is one of the most
frost sensitive varieties with LT50 = -3.5°C. Norstar was used as the
maternal parent. After crossing, the F2 seeds from 70 F1 plants
were obtained and used for making F2 generation. The F2 seeds
were vernalized at 2 + 0.5°C for five weeks and the vernalized
seedlings were transplanted to a greenhouse with the temperature
of 20°C and 14/10 (D:N) photoperiod. Two hundred eighty F2:3
families were also obtained and used for freezing assay.

Freezing test

Frost tolerance was assessed according to Fowler et al. (1981) and
Mahfoozi et al. (2001). A set of 12 test temperatures that ranged
from -3 to -25°C with an increment of two degrees was used. For
each test temperature, five plants from each F2:3 families were
used (60 plants for each family). After imbibation of the seeds
(Fowler et al., 1993), germinated seeds were transplanted to a
controlled greenhouse under the temperature of 20°C and 14/10 (D:
N) photoperiod. When the growing seedlings reached to 3 - 4 leaf
stage, or 13 - 15, in Zadoks scale (Zadoks et al., 1974), plants were
transferred to growth chamber for cold acclimation. Acclimation was
undertaken for 35 days at 2 + 0.5°C, and 14/10 (D:N) photoperiod.
After acclimation period, crowns were prepared according to Fowler
et al. (1993) and tested in a programmable freezer. Rate of
decrease in temperature was 2°C/h until -17°C and thereafter was
8°C/h until -30°C (Mahfoozi et al., 2001). After freezing, samples
were transferred to 4°C incubator and then the thawed crown
regions were replanted in the controlled chambers at 20°C and
14/10 (D:N) photoperiod. After three weeks LT50 was recorded for
every family. The final LT50 was reported after probit
transformation.

Microsatelite analysis

Nuclear DNA was extracted from wheat young leaves of individual
F2 plants according to Saghai-Maroof et al. (1984), with small
modifications. After qualifying the DNA with 0.8% agarose gel
electrophoresis and spectrophotometer, DNA samples were diluted
to 15 ng/ul concentration. Wheat microsatellites were chosen from
Roder et al. (1998), Gupta et al. (2002), Song et al. (2002), Somers
et al. (2004), Mclntosh et al. (2005) and www.grain genes.org.

Two hundred microsatellites were tested for polymorphism
between parents using 1 kb ladder number VIII of corn (Fermentas
company), and 41 polymorphic SSR were used for genotyping of
the F2 population. Polymerase chain reaction (PCR) was performed
according to Hoisington et al. (1994). PCR products were then
detected with Sequi-Gen GT system from BIO-RAD. Silver staining
was undertaken according to CYMMIT laboratory protocols
(Hoisington et al., 1994). Mapping of the genes as QTLs was
performed using Kosambi mapping function (Kosambi, 1944), with
the MAPMANAGER-QTX20 (Chmielewicz and Manly, 2002)
software, and for other statistical operations the SPSS 10.05, and
Excel softwares were used.

Field experiment

The F2:3 families were planted in field (2006) in a randomized
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Table 1. QTL analyses of SSR markers for LT50 in the NorstarxZagros wheat cross.

Character Marker Likelihood | % Variance | P value | Additive Dominance
Ratio accounted effect effect
LT50 Xgwm174 8.8 3 0.01 0.02 0.04
Xgwm292 7.9 3 0.01 -0.01 0.01
Xgwm148 9 4 0.01 0.03 0.2
Xgwm357 12.1 5 0.002 0.05 -0.1
Xgwm666 6.5 2 0.03 0.04 0.02
Xgwm499 7.4 6 0.02 0.03 0.1
Xcfa2190 7.3 3 0.02 0.07 0.01
Table 2. QTL analyses for the Heading time in the NorstarxZagros wheat cross.
Character Marker Likelihood % Variance P value Additive Dominance
Ratio accounted effect effect
Heading time Xgwm148 8.3 13 0.015 1.11 3.3
Xgwm617 8.5 18 0.014 -1.68 3.8
Xgwm149 11.4 13 0.003 1.23 3.1
Xbarc180 138.2 14 0.0013 -0.72 3.7
Xgwm666 8.2 9 0.02 0.82 2.8

complete block design (RCBD) with two replications and thereafter,
the days to heading was measured. This experiment was per-
formed to reveal any probable correlation between this trait and
LT50 and to discover possible common QTLs governing both traits.

RESULTS
Heading time and LT50

The mean of time from transplanting the vernalized
seedling to time of heading for Zagros and Norstar were
64 and 84 days respectively. For the F2:3 families it was
66.27 + 0.38. The mean LT50 of the two parents of the
mapping population were -3.5 + 0.43 for Zagros, and -
22.25 + 0.53 for Norstar, respectively. The mean of LT50
was -8.03 + 0.284 for F2:3 families. The range of LT50
for this generation was -1.5 to -24.2.

Single marker analysis

Forty-one SSR markers were found to be polymorphic
between parents and thus were used for marker analysis.
These markers were located on 12 wheat chromosomes.
Single marker analysis (SMA) with marker regression
approach (Kearsey and Hyne, 1994; Hyne and Kearsey,
1995) showed that Xgwmi174 and Xgwm292 on 5D,
Xgwm148 on 2B, Xgwm357 on 1A, Xgwm666 on 5A-7A,
Xcfa 2190 on 5A and Xgwm499 on 5B were linked to
LT50 (Table 1).

Additionally, QTL analysis for the heading time in F2:3
generation showed that Xgwm148 on 2B, Xgwm149 on

4B, Xgwm666 on 5A-7A
Xgwm617 and Xbarc180
time (Table 2).

and two marker loci including
on 5A were linked to heading

DISCUSSION

There was a significant correlation between frost tole-
rance (LT50) and heading time in F2:3 (r = -0.56™)
families. Thus families with later heading time were also
more frost tolerant. Apparently, some closely linked QTLs
or QTLs with pleiotropic effects govern these characters.
According to our results two markers were significant in
both traits (Tables 1 and 2). Brule-Bable and Fowler
(1988) stated the possibility of genetic linkage between
cold hardiness and late maturity (winter growth habit).
According to Limin and Fowler (2002) increasing the life
cycle increase the vegetative phase, all of which extend
the time that low-temperature tolerance (LT) genes are
more expressed. The differences of days to heading
mostly resulted from the differences in the transition time
to enter the reproductive phase during vernalization
saturation.

Analysis of QTLs for LT50 showed that two QTL from
5D, two QTL from 5A, one QTL from 2B, one QTL from
5B and one major QTL from 1A chromosome were linked
to LT50. Except the QTL linked to Xgwm292 marker
locus, the others had positive additive effect. This shows
that the frost resistance increases alleles inherited from
frost resistant parent of norstar which possess positive
dominance effect, indicating that the resistance alleles
are dominantly inherited (Table 1). However, based on



our results (Table 1), we recommend the use of the most
effective QTLs with the least p value in the marker
assisted selection programs concerning LT50.

Sutka (1981, 2001) reported the importance of 2B, 5A,
5B and 5D chromosomes on the frost tolerant using
chromosome substitution line. Sutka and Kovacs (1985),
Sarma et al. (1998), Storlie et al. (1998), Sutka et al.
(1999), and Galiba et al. (2001), confirmed the key role of
5A chromosome in controlling frost tolerance. Snape et
al. (2001) outlined the role of 5A and 5D chromosomes
on the flowering time and frost tolerance. Leonova et al.
(2003) and Toth et al. (2003) reported some QTLs on 5B
chromosome that were located near Vrn-B1 and had
important role on frost tolerance and flowering time. Baga
et al. (2006) based on 594 SSR markers and 380 AFLP
markers in two doubled haploid mapping populations
using single marker analysis (SMA) and simple interval
mapping (SIM) analysis, revealed that there is a major
QTL on 5A chromosome, a minor QTL on 1D
chromosome and the major QTL of both populations
located near Vrn-A1 locus. Chun et al. (1998) based on
genetic studies of antifreeze proteins and their correlation
with winter survival in wheat showed that plants with
chromosome substitutions of 1A, 5A, 5B and 5D
exhibited much higher antifreeze activity than the other
substitution lines and therefore were more frost tolerant.
The correlation of lower LT50 values and increased
proline content in the advance generations derived from
F2 in common wheat was documented by Dorffling et al.
(1997) and they concluded that both of the increased
frost tolerance and proline content were heritable traits.
According to Galiba et al. (1992), although the genes
controlling osmoregulation and proline content were
primarily located on chromosomes 5A and 5D, the
contribution of other chromosomes such as 1A and 2D
cannot be ignored.

QTL analysis for the heading time in F2:3 indicated one
major QTL on 2B, one QTL on 4B, one QTL on 5A/7A
and two QTL on 5A chromosomes for this trait. According
to our results, QTLs inherited from both parents are
important in increase of the heading time. All the detected
QTLs were dominantly inherited. The heading time of
winter wheat, winter survival and delayed development in
autumn are important breeding aims for winter wheat
production and for adaptability in a particular environ-
ment. In order to facilitate traditional breeding efforts, use
of informative SSR markers is recommended. Worland et
al. (1996) also stated the possible effect of 5A chromo-
some on earliness. Kato et al. (1999), Snape et al. (2001)
and Borner et al. (2002) reported the role of 2B
chromosome on time of flowering of wheat. Kato et al.
(2002) established the effect of 5A chromosome on ear
emergence time. Shindo et al. (2003) detected some
QTLs on 2A, 2B, 5B, 6D, 7A and 7D chromosomes in
relation with heading time.

Single marker analysis approach was preferred by
some researchers for QTL mapping. This method has the
advantage of simplicity and certain situation supplies
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equivalent or more powerful result than a comparable two
or more marker tests (Coffman et al., 2003).

Conclusions

Some of the primers in this study were associated with
both heading time and frost tolerance, which is the indica-
tion of the pleiotropic effect or linkage of the respective
QTLs. These QTLs may contribute to the regulatory
system that control the activation period of frost tolerance
genes and play an important role on developmental
regulation (Limin and Fowler, 2002). Therefore, with a
genotype with late heading, the activity of frost tolerance
genes are longer and the level of expression of these
structural genes are greater. However, in order to obtain
more detailed results it is suggested to use further SSR
primers in the future studies for saturating the chromo-
some intervals.
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