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Abstract

The objectives of the present research were to
evaluate the variability induced by gamma-irradi-
ation among a population of M8 sunflower mutant
lines and to identify molecular markers associated
with different seed germination traits. Experiments
were carried out under well watered and water-
stressed conditions using a randomized blocks
design, with three replications. The studied traits
consisted of critical times (the time to starting
germination, TSG), the time to 50% germination
(T50%G) and the time to maximum germination
(TMG) and the percentage of seed germination
(PSG). In both conditions, a large genetic varia-
tion was observed among mutant lines. Some
mutant lines showed higher values of germina-
tion parameters when compared with the original
lines (AS613). Results revealed the a efficiency of
gamma irradiation for inducing genetic variation
in sunflower, for germination traits. A highly nega-
tive, significant correlation was observed between
PSG and the critical times of germination. Mutant
line “M6-39-2-1" was significantly superior to the
original line, for the studied traits, under the water-
stressed condition. Multiple regression analyses
showed that some AFLP markers were associat-
ed with several traits. The most informative AFLP

markers were “E37M62-5" and “E33M60-6" which
did not have any interactions with water stress.
Several markers were associated with seed germi-
nation parameters in both conditions. The markers
which were associated with different traits could
be used in marker-assisted selection for germina-
tion parameters.

Keywords: AFLP markers, Mutant, Sunflower,
Water stress, Critical times of germination.

INTRODUCTION

Seed germination and early seedling growth are the
most sensitive stages to environmental stresses (Cook,
1979; Jones, 1986). Drought stress is one of the most
severe limitations of seed germination and crop growth
in semi-arid and arid regions of the world as it plays
a vital role in plant metabolism, at all growth stages.
However, depending upon plant species, seed germi-
nation and seedling development could be critically
affected by water stress. A high genetic variability for
germination parameters was observed in recombinant
inbred lines (RILs) in sunflower (Al-Charrani et al.,
2005).

One way to create genetic variability in cultivated
sunflower is to induce mutations by irradiation with
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gamma rays or chemical mutagens. Seed treatment
with gamma irradiation has been extensively used to
increase variability for several characteristics, such as
days to flowering, seed weight, seed coat color, mor-
phological traits and oil content in cultivated sunflower
(Gupta, 1976; Robles and Lopez, 1977; Vranceanu and
Stoenescu, 1982; Giriraj et al., 1990; Jambhulkar and
Joshua, 1999; Encheva et al., 2003; Nabipour et al.,
2004). Mutagenesis has also been successfully used
for developing variation in the fatty acid profile of sun-
flower (Fernandez-Martinez et al., 1997; Ivanov et al.,
1988; Osorio et al., 1995; Fernandez-Moya et al., 2002;
Ebrahimi et al., 2008a).

In vitro screening methods are known to provide
rapid and easy screening tests for genotypes responses
to drought stress factors. Since the water potential of
dry seed is very low (generally between -350 and -50
MPa) and the gradient for water uptake is large, when
water is in the physiological range in the environment,
germination can occur, from 0 to approximately -2 MPa
(Roberts and Ellis, 1989).

There is a wide variation among species in the mini-
mum water potential permitting growth (Evans and
Etherington, 1990). According to Heydecker et al.,
(1975) polyethylene glycol (PEG) is commonly used as
an osmotic-priming agent, because of its relatively inert
and non-toxic nature. PEG was used for drought treat-
ment in sunflower germination with different concen-
trations (Lenzi et al., 1995; Turhan and Baser, 2004).
Genetic studies have shown a high genetic correla-
tion between germination and grain weight in soybean
(Singh et al., 1978).

Moreover, genetic markers have become an impor-
tant tool in the selection and screening of plants for
environmental stresses and for detecting genetic vari-
ability (Jahromi, 1996).

Germination and emergence characteristics are com-
plex traits, likely to be controlled by a number of genes,
and therefore, require quantitative trait loci (QTL) anal-
ysis. Identification of markers associated with impor-
tant quantitative traits in a group of genotypes through
multiple regression analysis offers an alternative means
and has been adopted in several plant species. As an
example, Vijayan et al., (2006) identified several ISSR
markers associated with yield traits in mulberry. Also,
several AFLP markers associated with agronomic traits
in 55 bread wheat genotypes were recognized by Roy
et al., (2006). Al-Chaarani et al., (2005) detected four
QTLs for germination percentage and two QTLs for
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the time of 50% germination in sunflower in the well-
watered condition. In the water stress condition, one
QTL was obtained for mean germination time in Bra-
sica oleraceae (Bettey et al., 2000). Moreover, in re-
cent years molecular markers have been developed for
some traits, for example for high stearic and oleic acid
contents (Pérez-Vich et al., 2002), or for high beta- and
gamma-tocopherol contents (Vera-Ruiz et al., 2006;
Garcia-Moreno et al., 2006). The use of these markers
can contribute to improve breeding efficiency. Three
mutant genes were identified in Arabidopsis thaliana
that decrease water potential for seed germination in
salty or osmotic (mannitol) solutions (Saleki et al.,
1993).

The aim of this work was to study the effect of muta-
genesis in seed germination and to identify AFLP mark-
ers associated with germination parameters in sunflow-
er mutant lines under water-stressed conditions.

MATERIALS AND METHODS

Plant material and experimental conditions

The inbred line “AS613” was developed from a cross
between ENSAT-125 and ENSAT-704 by a single seed
descent (SSD) programme, in our laboratory. This line
was selected by Sarrafi e al., (2000) for its high or-
ganogenesis response. One thousand and five hundred
seeds of “AS613” were exposed to gamma rays at the
Atomic Energy Center (Cadarache, France) with a dose
of 75 Grays. The seeds were grown in the field and
M1 plants were produced. The seeds coming from M1
plants were self-pollinated and M2 to M8 generations
were advanced by self pollination through the SSD
method. Between a population of about 2000 M8 lines,
30 M8 lines showing morphological differences were
compared with the original line “AS613” and selected
for this study. Our experiments were performed in well-
watered and water-stressed conditions. A sterile germi-
nation medium containing 0.3% (w/v) Phytagel was
prepared for well-water and water stress treatments.
The germination medium for the water stress treatment
included also 0.28% (w/v) polyethylene glycol (PEG
6000), corresponding to —1.3 MPa of water potential
(Lenzi et al., 1995; Foolad et al., 2003). The seeds were
surface-sterilized by 0.5% (v/v) calcium hypochlorite
and washed three times by sterile, distilled water and
briefly blotted. The seeds were then transferred to Petri
dishes (95 mm diameter) containing the special media.
Each Petri dish contained 20 seeds (one replication) Pe-
tri dishes were placed in a factorial design in incubators
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maintained in dark where the temperature was 25°C
for day (16 h) and 20°C for night (8h). The experiment
consisted of a randomized block design with three rep-
lications.

Traits measurements

The number of germinated seeds was determined two
times a day until the time of the percentage of germi-
nation was stable in five successive observations. The
time to starting germination (TSG), the time to 50%
germination (T50%G@G) and the time to maximum germi-
nation (TMG) were determined. The percentage of seed
germination (PSG) and 1000 grain weight (1000GW)
were also measured for each replication.

Genomic DNA isolation and AFLP genotyping
Genomic DNA samples of AS613 and M8 mutant lines
were isolated from two-week old seedlings, according
to the method of extraction and purification presented
by Fulton et al., (1995). Different Msel/EcoRI primer
combinations were used for AFLP genotyping (Table
1). The AFLP procedure was conducted as described
by Al-Chaarani et al., (2004). AFLP bands were scored
from the gel as presence (1) or absence (0).

Statistical analysis

The variability among the mutants for the quantita-
tive traits was tested by ANOVA using the SAS PROC
GLM (SAS Institute Inc, NC, USA). Phenotypic corre-
lations between the quantitative traits were determined
using SAS PROC CORR.

The number of polymorphic markers varied from
eight for three primer combinations (“E33M617;
“E37M48”; “E38M62”) to 27 for “E37M50” (Table
1). The association between AFLP markers and quan-

titative traits was estimated through stepwise multiple
regression analysis, where each quantitative trait was
considered as a dependent variable while the AFLP
marker was treated as an independent variable (Vijayan
et al., 2006).

RESULTS

Analysis of variance of the original and mutant lines
showed a highly significant variation between mutant
lines for all the studied traits, except for T50%G (Table
2). The effect of water stress treatment was significant
for all the critical time of germination, as well as for the
percentage of seed germination. « Mutant X stress treat-
ment » was also significant for all the traits, except for
T50%G, indicating a difference among mutants in the
responses of germination to drought.

In both conditions, a large genetic variation was ob-
served among mutant lines (Table 3). The characteris-
tics of original line ‘AS613” and 5 M8 mutants present-
ing the highest value for the study traits are presented
in (Table 3). Some mutant lines presented interesting
values for more than one trait (for example M6-284-
1) and some others presented interesting values just for
one trait (mutant line “M6-39-2-1” for the percentage
of germination in both conditions). Genetic gain (GG)
calculated as the difference between the best mutant
and the original line was significant for TMG and PSG
under water-stressed and T50%G under well-watered
conditions (Table 3).

Significant negative correlations were observed
between the critical times of seed germination (TSG,

T50%G and TMG) and PSG, in water-stressed condi-
tion (Table 4). A negative correlation was observed be-

Table 1. 17 AFLP primer combinations and their polymorphic markers used for genotyping M6 mutants and their original line

(AS613) of sunflower.

No. of polymorphic

Primer combinations markers

Primer combinations

No. of polymorphic
markers

E31M50(EAAA x MCAT) 13
E31M62(EAAA x MCTT) 10
E31M48(EAAA x MCAC) 9

E33M50(EAAG x MCAT) 16
E33M60(EAAG x MCTC) 11
E33M61(EAAG x MCTG) 8

E33M47(EAAG x MCAA) 13
E33M49(EAAG x MCAG) 15
(

E33M62(EAAG x MCTT) 10

E33M48(EAAG x MCAC)
E33M59(EAAG x MCTA)
E37M50(EACG x MCAT)
E37M48(EACG x MCAC)
E37M62(EACG x MCTT)
E38M62(EACT x MCTT)
E40E50(EAGC x MCAT)
E40M59(EAGC x MCTA)

Total
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Table 2. Analysis of variance for some germination parameters in sunflower mutants. TSG: time to starting germination (h);
T50%G: time to 50% germination (h); TMG: time to maximum germination (h); PSG: percentage of seed germination; "s,*, **,
***: non-significant and significant at 0.05, 0.01, 0.001 probability levels, respectively.

Source DF Mean squares

TSG T50%G TMG PSG
Water treatment 1 96,049.8** 280,862.4* 717,826.0**  82,133.4*
Block 2 1,011.8"s 4,353.0m 91.5m 271.8m
Water treatment x Block 2 155.4ns 4,909.7 43.6m 292.6***
Mutants 29 245.7%** 6,806.2" 1,274.6*** 565.9***
Water treatment x Mutants 29 210.6*** 6,442.6m 1,276.7*** 420.5%**
Error 116 70.1 5,686.4 141.5 28.4

Table 3. Seed germination traits and genetic gain (GG) of sunflower mutants under well-watered (WW) and water-stressed
(WS) conditions. TSG: time to starting germination (h); T50%G: time to 50% germination (h); TMG: time to maximum germi-
nation (h); PSG: percentage of seed germination; *: significant at 0.05 level; GG: Genetic gain calculated as the differences
between the best mutant and original line (AS613). Values are presented for the original line AS613 and for 4 selected mutants

which present the highest values.

TSG T50%G TMG PGS
WW WS Ww WS Ww WS WW WS
AS613 18 58.00 23.80 67.40 42 181.00 100.00  70.00
M6-284-1 15 58.00 18.40 70.90 39 162.00 96.67 66.67
M6-826-2 15 82.00 11.53 108.50 42 194.00 98.33 45.00
M6-143-2 18 45.00 20.80 76.40 39 175.00 100.00  70.00
M6-39-2-1 18 53.00 22.80 68.50 42 170.00 100.00  78.60
M6-39-2-2 18 53.00 21.00 74.40 39 170.00 96.66 73.33
10% best mutant 17 50.33 20.06 71.27 40 171.67 98.89 73.89
GG=best mutant-AS613 -3 -13.00 -12.27* 1.10 -3 -19.00* 0.00 8.60*

tween 1000 GW and the PSG in both conditions which
became significant in water-stressed condition. In total,
40 AFLP markers associated with the germination pa-
rameters were identified in this study. Some markers
are associated with more than one trait. “E33M49-7"
marker was linked with PSG in well-watered condition
as well as TSG and T50%G, in water-stressed condi-
tion. “E33M62-10"marker was linked with TSG and
T50%G only in well-watered condition. We detected a
specific marker (E3/M50-13) for water-stressed condi-
tion associated with PSG and TSG. Some other markers
were common across well-watered and water-stressed
conditions, such as E37M62-5 which was linked to
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PSG, TMG in water-stressed and TSG in the control
condition. There were also several specific markers for
each water treatment, as well as for each trait.

DISCUSSION

Phenotypic variation between genotypes

Water stress affected all germination parameters, signif-
icantly. In addition, there were differences between the
mutants in term of their responses to drought. These re-
sults were in agreement with those of Turhan and Baser,
(2004) and Lenzi et al., (1995) in sunflower. Genotype-
water stress interaction was significant for all traits,
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Table 4. Correlation between some germination parameters
in control (1) and drought stress (2) conditions. TSG: time to
starting germination (h); T50%G: time to 50% germination
(h); TMG: time to maximum germination (h); PSG: percent-
age of seed germination; 1000GW: 1000-grains weight (gr);
*, ¥, *** significant at 0.05, 0.01, 0.001 probability levels,
respectively.

Water-
treat- TSG T50%G TMG PSG
ment
1 0.46***
T50%G 0.08
1 0.05 0.09
T™MG 2 0.00 0.03
1 015  -0.31** -0.01
PSG 2 -0.47*** -0.23*  -0.29**
1000- 1 0.04 -0.09 007 -0.07
GW 2 0.09 0.12 0.20* -0.25**

except for T50%G, suggesting that the response by a
genotype in relation to other genotypes varies between
the well watered and water stressed media. The signif-
icant genetic variation observed among mutant lines
for the studied traits (except T50%G) revealed the effi-
ciency of gamma-irradiation for inducing genetic varia-
tion in sunflower for seed germination parameters. Two
mutant lines (M6-284-1 and M6-39-2-1) showed ad-
vantages over AS613 for TMG and PGS, respectively
under water stress. These mutant lines could be used
in breeding programmes to improve the ability of seed
germination, under water-stressed conditions. The mu-
tant line “M6-826-2” presented high values for T5S0G
under the well-watered condition, compared with the
original line. This mutant line also presented high val-
ues for oleic and stearic acid contents, in our previous
work (Ebrahimi et al., 2008b). Genetic variation was
significant among mutant lines that confirmed the effi-
ciency of gamma-irradiation for inducing genetic varia-
tion for seed germination traits.

Significant positive phenotypic correlations were
found between times to starting and 50% germination
(TSG and T50%G) under the well-watered condition. A
similar result has been reported by Foolad et al., (1998)
in tomato under salt stress. The correlations among the
critical times of germination indicated conceivably that
similar physiological mechanisms control the times of
germination (TSG and T50%G) in sunflower. Nega-
tive correlations were found between PSG with critical

times of germination (TSG, T50%G and TMG) under
both conditions, similar results were also observed by
Al-Charrani et al., (2005) in sunflower recombinant in-
bred lines. A significant negative correlation was ob-
served between 1000 GW with PSG under water-stress,
which is also reported by Singh et al., (1978) in soy-
bean. Torres et al., (1991) suggested the importance of
1000 GW in sunflower under drought stress germina-
tion.

Marker analyses

Our results showed that some AFLP markers were asso-
ciated with several traits and some others were specific
for only one trait or water treatment (Table 5). The phe-
notypic variance explained by each marker (R?) ranged
from 12.3 to 32.3%. Multiple regression analysis has
been successfully used to identify molecular markers
associated with morphological and yield traits in many
crops. Virk et al., (1996) analyzed the association be-
tween phenotypic characters in rice and specific RAPD
markers. Vijayan ef al., (2006) identified ISSR markers
associated with yield traits in mulberry. In sunflower,
several QTLs controlling germination parameters have
been identified, using an AFLP/SSR map (Al-Chaarani
et al., 2005). As far as we known the association be-
tween AFLP markers and germination parameter traits
in sunflower mutants has not been reported previously
in the literature.

Three AFLP markers (E33M62-10, E31M62-10 and
E38M62-2) were detected which are common for the
critical times of germination (TSG and T50%G) in the
well-watered condition. “E3I1M62-10” marker was
also linked to PSG under well-watered condition. Bet-
tey et al., (2000) also detected the QTL overlapping of
critical times of germination in Brassica oleracea. This
result also suggests the possibility of peliotropic effects
of E31M62-10 marker on the percentage of germina-
tion and its critical times. “E33M50-10" marker was
also associated with both TSG and TMS under well-
watered condition. We detected “E37M48-8” marker
for T50%G under well-watered condition which was
also reported for stearic, oleic and linoleic acids by
Ebrahimi et al., (2008b). This result suggests the pos-
sible correlation between the oil content and the critical
time of germination. Ujjinaiah et al., (1989) reported
that seeds containing a higher oil percentage gave a
higher germination percentage in sunflower. Lipid and
protein reserves are mobilized in the germinating seed
to provide carbon and nitrogen for the seedling prior to
the initiation of photosynthesis (Thomas, 1993). Seed
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Table 5. Main markers associated with the seed germination traits in sunflower mutants under well- watered (WW) and water-
stressed (WS) conditions. TSG: time to starting germination (h); T50%G: time to 50% germination (h); TMG: time to maximum
germination (h); PSG: percentage of seed germination; *, **, ***: significant at 0.05, 0.01, 0.001 probability levels; respectively.
M1-M2: difference between two marker classes as revealed by the analysis of variance of trait by marker genotype.

WwW WS

Trait Marker Probability R? (%) M1-M2  Trait Marker Probability R?(%) M1-M2
E40M59-7  * 15.00 -2.80 E33M49-7  *** 32.30 -14.20
E38M62-2 = 20.90  -2.87 TsG  E31M50-13 * 16.40  -9.53
E37M62-5  *+ 19.10 2.22 E33M50-15 ** 26.20 -14.27
E33M47-8 =« 16.70 2.79
E33M62-10 = 1460 222 E33M59-10 ** 2040 2554
E37M48-8  + 12.30 2.12 E33M50-9 * 12.70 22.73
E33M60-6  ** 26.00 6.01 E33M59-7  ** 21.80 -28.73
E38M62-2  * 15.70 -2.06 E33M50-3  ** 21.30 27.03

T50%G E37M62--2 + 13.40 -5.08 ™G  E33M47-10 ** 20.40 25.70
E31M62-10 + 18.30 363 E37M62-5 * 12.20 -20.43
E33M62-10 18.30 3.64 E33M60-8  * 14.60 22.90
E33M59-4  * 15.00 -5.21 E33M60-7  ** 20.00 28.52
E33M47-5 14.00 6.50 E40M59-7 * 17.80 -29.79
E33M50-26 + 14.50 3.90 E33M62-5 * 13.00 14.88
E37M50-18  *+ 18.30 4.38 E31M62-5 * 13.00 14.88
E31M48-6  + 12.70 3.69 PSG E37M62-5 * 15.00 -14.21

TMG  E33M50-1 +* 14.50 410 E31M50-13 ** 20.00 15.56
E33M50-8  * 14.50 3.94 E33M60-11 * 16.80 -15.17
E33M50-10  *+ 18.30 4.38 E33M60-6 * 14.70 -15.82
E33M49-6 = 15.60 4.16 E40M50-7 * 12.50 12.82
E38M62-1 = 12.90 2.60
E31M30-10 = 15.00 3.05

PSG  E31Me2-6  + 1470  3.26
E31M62-10  *+ 23.40 -3.50
E33M49-7 = 15.50 3.00

germination in oilseed plants involves the degradation  germination.

of oil bodies by sequential and/or collective action of
many hydrolytic enzymes such as proteases, phospho-
lipases, lipoxygenase and lipases at different stages of
lipolysis (Feussner et al., 1996; May et al., 1998; Sade-
ghipour and Bhatla, 2002).

We also found a non-specific marker under water-
stress (E33M49-7) for critical times of germination.
“E33M49-7” marker was associated with TSG and
T50%G. “E33M49-7” marker was also associated with
PSG in well-watered condition. This marker has prob-
ably a peliotropic effect on the percentage of germina-
tion, time to starting germination and the time to 50%

6

“E3IM50-13" marker was found to be linked to
TSG and PSG and explained 20% of germination vari-
ability under water-stressed condition. The presence
of this marker has an important effect on the seed ger-
mination of sunflower under water-stress condition.
We also detected “E33M60-6" marker for PSG in the
water-stressed condition. This marker £33M60-6 was
linked to the time of 50% germination in the well-wa-
tered condition, which suggested the significant corre-
lation between T50%G and PSG. Probably “E33M60-
“6 has a peliotropic effect on PSG and the critical times
of germination. “E37M62-5" marker was found for
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critical times of germination (TSG and TMQ) in both
conditions (well-watered and water-stressed condi-
tions). Also, “E37M62-5" was linked to PSG in the wa-
ter-stressed condition. “E37M62-5"and “E33M60-6"
could be used in marker assisted selection programmes
for sunflower germination traits. Several specific mark-
ers were detected for each trait under both conditions,
for example “E33M59-7» and «E33M50-3» presented
a high value of phenotypic variance (21%) for TMG
under water stressed condition. We detected seven
markers for PSG in the water-stressed condition which
presented between 12% to 20% of phenotypic vari-
ance for PSG, in water-stressed condition. Al-Chaarani
et al., (2005) also detected four QTLs for the percent-
age of seed germination in sunflower, under the normal
condition.

The identification of specific and non specific mark-
ers for germination-related traits, indicate that marker
assisted selection may result in the development of
germplasm with improved germination under normal
and drought stress conditions.
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