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Abstract Uremia Salt Lake, in North West Iran, has a
hyper-saline water. A rare highly salinity-tolerant grass
species, Aegilops cylindrica grows along its shores.
Salinity tolerance of 44 genotypes of Ae. cylindrica, mainly
collected from the Lake, was evaluated under control and
400 mM NaCl conditions using the physiological traits of
plant height, dry weight, proline content, Na* and K*
concentrations as well as K*/Na™ ratio. To evaluate the
association between microsatellite (EST-SSR and SSR)
markers and salinity tolerance, 35 primer pairs were used.
Results showed a significant variation in the 44 genotypes
studied in terms of their traits except for proline content.
Ten most salinity-tolerant genotypes were identified based
on their ability to survive, to produce the highest dry
weight, and to sustain the least leaf Na® concentration
under salinity stress. The very high negative correlation
found between Na' concentration and salinity tolerance
revealed the importance of individual or a combination of
Na" exclusion and excretion mechanisms contributing to
the hyper-salinity tolerance of these genotypes. Clustering
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analysis based on marker data divided the 44 studied
genotypes into two groups that were consistent with their
saline and non-saline geographical areas. Results of
molecular markers showed that four microsatellite markers
(Xgwm312, Xwmc170, Xgwm291 and Xgwm410) generated
a distinguished banding pattern in ten most salinity-tolerant
genotypes. These results supported previous reports on
their linkage with Na™ exclusion genes (HKTI;5 and
HKTI;4) in wheat, which provided further evidence of
usefulness of both genes and the linked markers to the
salinity tolerance of the halophytic grass family species.

Keywords Aegilops cylindrica - Na* exclusion - Salinity
tolerance - SSR and EST-SSR markers

Abbreviations

EC Electrical conductivity
DW  Dry weight

FW  Fresh weight

Introduction

Soil salinity is one of the most significant abiotic stresses
that dramatically threatens crop production worldwide.
According to FAO’s Land and Plant Nutrition Management
Service, over 800 million hectares of land throughout the
world are salt-affected (Munns and Tester 2008), that
account for over 6 % of the world’s land area. Increased
salinization of arable land is anticipated because of human
activities and climate change. In Iran, saline soils comprise
about 23.8 million hectares of total land area that accounts
for about 30 % of the irrigated, arable land available
(Ghassemi et al. 1995).
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Salinity tolerance is a complex quantitative trait that is
controlled by the interaction of several genes in many
pathways of the physiological mechanisms such as Na™
and K" transport in plants. Sodium exclusion is an
important component of salinity tolerance that does not
allow Na® to accumulate to toxic concentrations within
leaves and result in high K*/Na®™ discrimination.
Researchers have investigated the salinity tolerance of
several accessions of Aegilops tauschii, and found that the
accessions studied, similar to bread wheat, had much lower
Na® concentrations but higher K™/Na*t ratios in their
leaves than did durum wheat (Gorham et al. 1987, 1990).
The authors proposed that it was the D genome that
imparted the property of Na* exclusion to bread wheat and
enhanced its K™/Na* discrimination. Others have reported
the existence of a Na™ exclusion locus in bread wheat that
is located on the distal part of chromosome 4D (Dubcovsky
et al. 1996).

Plants able to grow and complete their life cycle in
habitats with soil salinity levels higher than 200 mM NaCl
are known as halophytes (Flowers and Colmer 2008). Wild
relatives of bread wheat are potential sources of valuable
genetic materials such as salinity tolerance for wheat
improvement. The use of wild relatives of Triticum species
may offer an opportunity to increase salinity tolerance by
providing availability to more variable germplasm (Shav-
rukov et al. 2009).

Jointed goat grass, Aegilops cylindrica host.
(2n = 4x = 28; CCDD) species, is one of the wild rela-
tives of wheat formed through amphidiploidization of a
hybrid or hybrids between Ae. tauschii Coss.
(2n = 2x = 14; DD) and Ae. markgrafii (Greuter) Hammer
(2n = 2x = 14; CC).This species is known as a valuable
source of genes related to biotic and abiotic stress toler-
ance. The screening results of Ae. cylindrica accessions
collected from inland Pakistan and overseas revealed that
about three quarters of the plants from 11 salinity-tolerant
accessions survived at 300 mM NaCl for 7 weeks, and
about 15 % survived at 400 mM NaCl in treatments using
the mixture of Na,SO4:CaCl,:MgCl,:NaCl salts in a weight
ratio of 10:5:1:4 using Hoagland solution (Farooq et al.
1989). Nevertheless, it is noted that the efficiency of pre-
breeding via the formation of core collections can be
increased by selecting representative subsets from large
natural saline habitats. Iranian natural resources provide
exceptional genetic resources for investigating halophytic
adaption strategies in grass plant species naturally grown in
high saline soils, particularly at the molecular level.

Hyper-salinity tolerant Ae. cylindrica genotypes were
collected from Uremia Salt Lake shore and used in this
study. Uremia Lake has a hyper-saline (>200 g 17') water
and situated in a subsiding tectonic basin in North West
Iran. It is the largest lake in the Middle East and the third
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largest salt water lake on earth. The Nat and Cl~ con-
centration in Uremia Lake is approximately four times the
concentration of natural seawater and wetlands near the
lake comprise a variety of salinity-tolerant plant species
(Eimanifar and Mohebbi 2007).

While a limited number of studies have been reported to
date on the physiological characterization of highly salin-
ity-tolerant species, no adequate study has been conducted
to determine the molecular markers associated with salinity
tolerance at hyper-saline level. Therefore, the objectives of
the present study were to assess the physiological response
of the highly salinity-tolerant Ae. cylindrica genotypes and
to assess the SSR and EST-SSR markers associated with
the salinity tolerance.

Materials and methods
Plant materials

Forty-four genotypes of Ae. cylindrica were used in this
study that included 20 collected from inside Uremia
Lake (due to the shrinking of the Lake in recent years,
according to GPS information), 20 from the surrounding
areas, and 4 from non-saline areas (Sanandaj, Kordestan
Province), (Fig. 1). The lake collection-sites were located
at distances of around 20 km from each other. Individual
plants were taken from each collection site, and the
seeds were collected from each plant. To increase seeds
for each pure line (hereafter termed “genotype”), the
seeds thus collected were subsequently grown in separate
rows under field conditions in the growing season in
2011-2012.

Growth conditions and salinity treatment

Seeds were germinated for 4 days at 4 °C on moist filter
paper in Petri dishes. Germinated seeds were planted into
60 x 40 cm plastic trays containing gravel under green-
house conditions. The excess solution passing through the
drainage holes at the bottom of each tray was collected by
an underneath plate. Seedlings were watered initially with
tap water, and then irrigated with half-strength Hoagland
nutrient solution (Hoagland and Arnon 1950) 3 days after
emergence. At second leaf emergence, the nutrient solution
was replaced with full strength Hoagland nutrient solution
to which was added NaCl in three gradual steps of irriga-
tion until final concentrations reached 400 mM
(EC ~ 40 ds m™"). Greenhouse air temperature ranged
from 25 °C (day) to 17 °C (night).

A split plot design with randomized complete block
arrangement was used with three replications. Salinity
treatments (400 and 0 mM NaCl) were arranged as main
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Fig. 1 The collection sites of
Aegilops cylindrica genotypes
at southwest of Uremia Lake.
Collection sites outside and
inside Uremia Lake marked
with triangles and circle,
respectively

plots and plant genotypes as subplot. After 4 weeks of
salinity treatment, plant height, dry weight and survival rate
were recorded. Leaf concentrations of Na* and K* were
determined by flame photometry (Jenway PFP7, UK).

Proline content

Leaf tissue, 0.5 g, collected from salt-treated and control
plants was quickly frozen and ground in liquid nitrogen.
The tissue was extracted with 3 % (w V_l) sulfosalicylic
acid and, after centrifugation (1 min, 7,500 xg) the super-
natant was used to determine proline content according to
the method described by Bates et al. (1973).

Molecular markers

The DNA was extracted from fresh leaves following the
protocol described by Doyle and Doyle (1990). 35 primer
pairs including 10 EST-SSR pairs related to salinity tol-
erance and 25 SSR primer pairs (five of which are asso-
ciated to salinity tolerance) were used in this study
(Table 1). Polymerase chain reactions (PCRs) were car-
ried out in 15 pl reactions comprising 40 ng of genomic
DNA, 1.5 mM MgCl,, 0.3 uM of each primer, 200 uM of
dNTPs and one unit Tag DNA polymerase (Fermentas,
USA). The PCR profile consisted of denaturation at 95° for
5 min, followed by 32 cycles of 95° for 1 min, 50°-60°
(depending on primers) for 1 min, and 72° for 1 min, with
a final extension at 72° for 10 min. Amplified PCR pro-
ducts were separated on 12 % denaturing polyacrylamide
gels using a vertical electrophoresis device followed by
silver staining.

Statistical analysis

The data on physiological traits were subjected to analysis
of variance using PROC GLM of SAS Ver. 9.1 (SAS
Institute 2002). Mean comparisons were conducted using
Fisher’s lease significant differences LSDy o5 test.

For molecular data, allelic polymorphism information
content values were calculated according to the formula
developed by Nei (1973):

PIC:I—ZPl.zj

where, P,gj is the frequency of the jth allele for the ith locus
summed across all alleles for the locus. Binary data were
used to compute a pairwise similarity matrix using the Dice
similarity index. Pairwise similarities were used to con-
struct a dendrogram by using UPGMA (unweighted pair
group method with arithmetic averages) employing SAHN
(sequential, agglomerative, hierarchical and nested) clus-
tering in NTSYS-pc version 2.11a (Rohlf 2002).

Results
Physiological traits

Analyses of variance showed significant differences among
Ae. cylindrica genotypes for dry weight, plant height, Na™
and K* concentrations as well as K*/Na* discrimination
when exposed to saline conditions compared with the con-
trol (Table 2). Salinity stress significantly affected all traits
except proline content. Moreover, a significant geno-
type x salinity interaction was observed for all the traits.
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Table 1 Number of alleles, allele size range and PIC for the SSR and EST-SSR primers used

Primer name Type Alleles (n) PIC Allele size range (bp) References

Xtxp-7+* SSR - - - Moghaieb et al. (2011)
Xtxp-8+* SSR - - - Moghaieb et al. (2011)
Xtxp-12 SSR 4 0.14 75-82 Moghaieb et al. (2011)
Xtxp-19+* SSR - - - Moghaieb et al. (2011)
Xwmcl70 SSR 6 0.33 230-250 Lindsay et al. (2004)
Xnax2 SSR 7 0.27 171-231 James et al. (2011)
Xcfd9 SSR 3 0.18 150-250 Shahzad et al. (2012)
Xcfdl8 SSR 2 0.16 150-200 Shahzad et al. (2012)
Xcfd183* SSR - - - Shahzad et al. (2012)
Xgwm312 SSR 7 0.30 216-219 Roder et al. (1998)
Xgwm?291 SSR 3 0.21 150-180 Byrt et al. (2007)
Xgwm410 SSR 3 0.24 150-180 Byrt et al. (2007)
Xgwm261 SSR 4 0.13 130-220 Bordbar et al. (2011)
Xgwm642 SSR 3 0.27 180-200 Gandhi et al. (2005)
Xgwm383 SSR 4 0.25 180-210 Gandhi et al. (2005)
Xgwm?232 SSR 3 0.19 145-205 Gandhi et al. (2005)
Xgwm458 SSR 4 0.27 110-150 Gandhi et al. (2005)
Xgwml190 SSR 3 0.21 250-300 Gandhi et al. (2005)
Xgwm3* SSR - - - Gandhi et al. (2005)
Xgwml65 SSR 6 0.41 200-300 Leonova et al. (2009)
Xgwml86 SSR 5 0.10 130-200 Leonova et al. (2009)
Xgwm497 SSR 4 0.28 100-200 Leonova et al. (2009)
Xgwml91 SSR 4 0.31 117-150 Leonova et al. (2009)
Xgwmli31* SSR - - - Leonova et al. (2009)
Xgwm205 SSR 5 0.32 143-210 Leonova et al. (2009)
Xcinaul67 EST-SSR 7 0.32 125-325 Li-Fang et al. (2008)
Xcinaul92 EST-SSR 5 0.25 125-325 Li-Fang et al. (2008)
Xcinaul98 EST-SSR 4 0.37 125-325 Li-Fang et al. (2008)
Xcinaul78 EST-SSR 8 0.18 125-325 Li-Fang et al. (2008)
Xcinaul72 EST-SSR 5 0.21 125-325 Li-Fang et al. (2008)
Xbe240888* EST-SSR - - - Xu et al. (2011)
Xdy529950 EST-SSR 4 0.16 162-200 Xu et al. (2011)
Xec906203* EST-SSR - - - Xu et al. (2011)
Xec906222% EST-SSR - - - Xu et al. (2011)
Xpea-129 EST-SSR 3 0.23 206-350 Xu et al. (2012)

*, ** Monomorph and not amplified, respectively

Shoot dry weight of the genotypes decreased in the
salinity treatment (400 mM NaCl) compared with that of
the control, ranging from 7 to 37 % reduction (data not
shown). According to these results, 10 out of the 44
genotypes were identified as the highest (<20 % dry weight
loss) salt-tolerant ones. These superior salinity-tolerant
genotypes also acquired the highest survival rates under
400 mM NaCl treatment (data not shown). On the other
hand, four genotypes collected from non-saline region did
not survive at salinity treatment (0 % survival rate).

@ Springer

Considerable variation among genotypes in response to
salinity was also observed for plant height. Plant height in
all the genotypes decreased significantly as salinity
increased from 0 to 400 mM NaCl (Table 3). Plant height
reduction of the genotypes ranged from 1 to 22 % (data not
shown).

A significant variation in Na* and K* accumulation was
observed in the genotypes when exposed to salinity stress.
Na™ concentration was sixfold lower in genotype number
26 than the mean value for all the genotypes in 400 mM
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Table 2. Analysis of variance Source of df Plant Dry Proline Na*t K+ K*/Na*
(mean squares). of data f.0r plant variation height weight (umol mg FW™') (mggDW™") (mggDW™') ratio
height, dry weight, proline (cm) (2
content, Na* and K*
concentrations and K*/Na* Replication 2 224 10.1* 5.2% 88.7%* 231 .4%* 15.5%*
ratio in the control and salt . s . . . .
(400 mM NaCl) treatment Salinity (S) 29.5 144 4.1 546.6 639.1 274
Residual (1) 2 121 9.3 2.3 46.3 775 11.3%%*
Genotype 43 24.2%% 11.2%% 3.6 599.8%: 461.8%* 27.3%%
(©)
G xS 43 24.7%% 13.6%*% 34 432.3%%* 567.8%%* 19.9%%*
*, #% Significant at 0.05 and Residual (2) 172 164 11.1 2.8 75.6 98.0 10.9%*
0.01 probability levels, C.V (%) 22 364 126 53.1 557 28.8
respectively
Table 3 Mean values and Plant Dry Proline Na‘t K+ K*/
range of plant height, dry height  weight  (umol mg FW™')  (mggDW™') (mggDW ) Na'
weight, leaf proline content, (cm) (©
Na' and K" concentrations and
K*/Na™ ratio in the control and  Control
saline (400 mM NaCl) Min 9.5 345 011 153 425.6 16.57
conditions
Max 18.75 13.49 1.82 35.11 744.4 36.39
Mean 13.55 7.27 0.55 21.33 536.8 2571
400 mM NaCl
Min 9 0.63 0.22 69.61 117.8 0.32
Max 15 4.18 3.04 666.2 713.5 10.24
Mean 11.12 2.39 2.01 446.2 271.3 0.93
* Pairwise Student’s 7 test T value* at 1.99 305 153 2,01 243 2.93
between means of control and P <005

NaCl treatments

NaCl. This genotype not only possessed the lowest amount
of Nat concentration (69.6 mg g DW ™), but had also the
highest K*/Nat discrimination (10.24) among the 44
genotypes studied (Table 3).

Proline content was not significantly affected by salinity
stress. The highest proline content was observed in geno-
type number 20 (3.04 pmol mg FW™') for 400 mM
salinity while the lowest was recorded for genotype num-
ber 16 (0.11 umol mg FW™') under control conditions
(Table 3).

The relationship between trait and salinity tolerance
represented by biomass production under 400 mM NaCl
indicated that Na™ and K concentrations, K™/Na™ dis-
crimination and plant height correlated significantly with
salinity tolerance (Table 4). On the other hand, proline
content did not correlate with salinity tolerance in Ae.
cylindrica genotypes. Na™ concentration (r = 0.94) and
plant height (r = 0.30) showed the highest and the lowest
correlations with salinity tolerance, respectively. Results of
linear regression analysis showed that the ten most salinity-
tolerant genotypes (n26-n43-n36-n15-n42-n41-n39-n29-
n35-n30) were superior for salinity tolerance where they

possessed the lowest Na® concentrations under saline
conditions among the 44 genotypes studied (Fig. 2). The
regression coefficient calculated between Na™ content and
salinity tolerance (R> = 0.69) was greater than that
between K* content and salinity tolerance (R*> = 0.38),
and resulted, in turn, in a smaller regression coefficient
between K*/Na™ and salinity tolerance (R*> = 0.47).

Molecular markers

Out of the 35 EST-SSR and SSR primer pairs used, 26
primers generated clear patterns with distinctive polymor-
phism. Of the nine non-productive primers, six were
monomorphic (Xcfd183, Xgwmli31, Xgwm3, Xbe240888,
Xec906203 and Xec906222), and three were not amplified
(Xtxp-7, Xtxp-8 and Xtxp-19).

A total of 128 alleles were detected for the 26 loci. The
number of alleles per locus ranged from 2 for XcfdI8 to 8
for Xcinual78 with an average number of 4.4 per locus
(Table 1). The PIC-values ranged from 0.10 for XgwmlI86
to 0.41 for Xgwm165, with an average value of 0.23 for all
primers (Table 1).

@ Springer



2248

Acta Physiol Plant (2014) 36:2243-2251

Table 4 Correlation

N . Trait Survival Plant Dry Proline Na*t K+ K*/Na*

coefficients among the traits rate height weight content

studied in the 44 Aegilops

cylindrica genotypes under Survival rate 1 041%%  0.62%% 021 0.36* 0.32% 0.31%

400 mM NaCl treatment Plant height 030% 031 _043%  (.44% 0.41%%
Dry weight 1 0.13 —0.94%* 0.59%%* 0.72%%*
Proline 1 0.17 —-0.24 —-0.22
Na® 1 —0.83** —0.73%*

* #% Significant at 0.05 and K+ 1 0.86%*

0.01 probability levels, K*/Nat 1

respectively

Fig. 2 Relationship between = 10
salinity tolerance and leaf Na™ g
concentration in 44 Aegilops g 9 4
cylindrica genotypes and ten Q
most salinity-tolerant genotypes X s
with the lowest amount of Na™ o
concentration marked by a E &
circle. Fitted linear regression is k=
y = —0.18x + 437 z 8
(R =0.69) £ s
£
S 4]
g
g ¥
—-
g 27
S
A 1 s %

The UPGMA dendrogram based on SSRs and EST-SSR
markers divided the genotypes into two main groups
(Fig. 3). The first included 40 genotypes originating from
the hyper-saline shore area of Uremia Lake (North West
Iran), and the second group comprised four genotypes
originating from the non-saline area in the west of Iran.

Discussion

The physiological response of Ae. cylindrica genotypes,
most of which were collected from the hyper-saline area, to
salinity stress and the association of SSR markers with the
salinity tolerance were investigated. The results revealed
the significant effect of salinity on physiological traits with
the exception of leaf proline content. Moreover, proline
content did not correlate with salinity tolerance criteria
such as survival rate (r = 0.21) and dry matter production
(r = 0.13) under the 400 mM NaCl treatment (Table 4).
This result is in agreement with that of Colmer et al. (1995)
who observed a non-significant role of proline in salinity
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Fig. 3 Dendrogram illustrating the genetic relationships of the 44
Aegilops cylindrica genotypes based on 26 SSR and EST-SSR
markers (10 most salinity-tolerant genotypes marked by a circle)



Acta Physiol Plant (2014) 36:2243-2251

2249

tolerance of wheat x Lophopyrum elongatum amphiploid
plants. On the other hand, overexpression of the gene
responsible for proline biosynthesis (P5CS) in wheat led to
salinity tolerance enhancement (Sawahel and Hassan
2002). The results of the present study and the one men-
tioned above on the interspecific salinity-tolerant hybrids
may indicate the non-significant role of proline in salinity
tolerance of the grass species with the highest salinity
tolerance. These results may shed light on the contradictory
reports on the role of proline in salinity tolerance indicating
that the level of proline contribution depends on the genetic
background of the plant species (Ashraf and Harris 2004).
Complementarily, it could be hypothesized that the role of
proline content may be conceived to be very limited or
even irrelevant in such hyper-salinity-tolerant grasses as
Ae. cylindrica.

Ten most salinity-tolerant genotypes of Ae. cylindrica
were identified based on their ability to survive the whole
experimental period and to produce the highest dry weight
under 400 mM NaCl salinity stress. Survival rate and
biomass production are considered as the most important
criteria to discriminate salinity tolerance in crop plants
(Munns and James 2003). Only 10 out of the 20 genotypes
collected from inside the Salt Lake were found to be most
salinity tolerant. This may suggest that the combined
effects of waterlogging and salinity under such conditions
may exclude some of the genotypes from being able to
tolerate the hyper-saline conditions. Although no direct
comparison can be made between our results and those of
other workers due to environmental differences, the level
of salinity tolerance in the Ae. cylindrica genotypes origi-
nating from the hyper-saline shore areas of Uremia Lake
exceeded that previously reported by Farooq et al. (1989).
They reported that 15 % of the accessions, belonging to the
Ae. cylindrica species obtained overseas, survived at an EC
level of 30dS m™! (~300 mM NaCl). These results
highlight the impact of natural selection on the adaptation
of such important key grass species to its natural hyper-
saline habitat and on the enrichment of salinity-tolerance
gene pool of this wild relative of wheat.

The ten most salinity-tolerant genotypes also possessed
the least leaf Na® concentration under salinity stress
among the 44 genotypes used in this study. This result is
not surprising as these most salinity-tolerant genotypes had
been collected from inside Uremia Lake according to GPS
information. Uremia Lake has been shrinking in recent
years. Thus, it can be justified that natural selection readily
produces genotypes with increased NaCl tolerance in Ae.
cylindrica, the species having been recorded from a num-
ber of saline habitats which support NaCl-tolerant geno-
types. Given the consistency of results presented here, it
can also be explained that most salinity-tolerant genotypes
have well developed salinity tolerance mechanisms to cope

with saline environments. The tolerance mechanisms to
salinity stress include: (1) salt reduction within the plant
such as exclusion (from root and leaf), excretion (salt
glands, bladder hairs and re-translocation); (2) impeding
the harmful effects of salt within plant cells via compart-
mentalization, and succulence; and (3) osmotic adjustment.
It is interesting to note that the excretion of salt crystal on
the leaves of the above-mentioned genotypes were
observed in the 400 Mm NaCl treatment (data not shown).
In the most salinity-tolerant genotypes grown under high
salinity (400 mM NaCl), salt excretion, which was recog-
nizable by the salt crystal deposits on stem hairs and leaf
surfaces, could be observed with the naked eye. Further
botanical work on the salt excretion and glandular structure
of these genotypes is underway in our laboratory. Within a
species, Na™ concentration in leaves has been known as an
index for estimating Nat exclusion (Colmer et al. 2006).
Plants with the ability to maintain low Na™ and high K*
concentrations (high K*/Na™ ratio) in leaves have report-
edly exhibited a greater salinity tolerance within the spe-
cies studied (Garthwaite et al. 2005; Poustini and
Siosemardeh 2004). Despite the existing reports on Na™
exclusion in wheat and some of its wild relative as well as
the halophytic species of Triticeae (Colmer et al. 2000), the
present study is the first to report both salt excretion and
exclusion in Ae. cylindrica.

Analysis of microsatellite markers detected relatively
low PIC that referred to small genetic diversity in the 44
genotypes of Ae. cylindrica studied. Bordbar et al. (2011)
reported that Ae. cylindrica had the smallest PIC value
(0.24) among the eight Aegilops and Triticum species,
which is consistent with our results. Using C-banding and
FISH analysis, Badaeva et al. (2002) hypothesized that the
small intraspecific polymorphism of Ae. cylindrica might
represent a recent origin of this species. Furthermore, using
chloroplast and nuclear microsatellites, Gandhi et al.
(2005) suggested that Ae. cylindrica displayed very low
levels of genetic diversity and, further, that this allotetra-
ploid must have originated only recently. Results of clus-
tering analysis of Ae. cylindrica genotypes using 26
microsatellite markers divided the genotypes into two
groups which precisely correspond to their saline and non-
saline geographical locations.

Molecular markers associated with salinity tolerance

Results of cluster analysis based on microsatellite data
showed that the ten most salinity-tolerant genotypes were
located in close proximity to each other in the same cluster
but not clearly separated from the remaining 30 genotypes,
all of which had been collected from the saline-habitat
(Fig. 3, highlighted with a circle). Therefore, additional
markers associated with salinity tolerance need to be used
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to discriminate clearly the ten most salinity-tolerant
genotypes from the remaining ones. The most salinity-
tolerant group of genotypes shared the same haplotype at
the four markers Xwmcl70, Xgwm291, Xgwm312 and
Xgwm410. Two of these markers (Xgwm291 and
Xgwm410) have been previously reported to be co-segre-
gated with Nax2, which removes Na*t from the xylem in
roots, and mapped to the distal end of chromosome SAL in
wheat (Byrt et al. 2007). The Nax2 locus on SAL corre-
sponds to the locus for a putative Na™ transporter, HKTI;5.
The Nax2 region on SAL chromosome is homoeologous to
the region on chromosome 4DL containing the major gene
for Nat exclusion in common wheat, Knal (Byrt et al.
2007; James et al. 2011).The Ae. cylindrica species share a
common genome with wheat (D genome) and this supports
the presence of the Na® exclusion gene to which the
Xgwm291 and Xgwm410 microsatellite markers are linked.
Na* exclusion in the most salinity-tolerant grass, Ae. cyl-
indrica, is not only associated with the D genome but
should have also be enhanced by the C genome as sug-
gested by Colmer et al. (2006).

The other two markers (Xgwm3I12 and Xwmcl70)
associated with salinity tolerance in the present study was
found to be located on 2AL and closely linked to the Nax!
locus (HKTI;4 gene) (Lindsay et al. 2004). The HKTI;4
gene confers a reduced Na* transport rate from roots to
shoots and a reduced Na™ retention in leaf sheaths, which
leads to a higher sheath-to-blade Na* concentration ratio
(Byrt et al. 2007). It may be speculated that the CC and or
DD genome of Ae. cylindrica possess a region which is
orthologous to the 2AL mapped Nax! locus in wheat.

Marker-assisted selection (MAS) is the process of using
morphological, biochemical, or DNA markers as indirect
selection criteria for selecting agriculturally important traits
such as salinity tolerance in crop breeding. This process is
used to improve the effectiveness or efficiency of selection
for the traits of interest in breeding programs. Nevertheless,
the four SSR markers strongly associated with Na™ exclu-
sion have been further verified by their association with
salinity tolerance in the Ae. cylindrica species. However, the
efficiency of the three SSR markers Xgwm410, Xgwm291
and Xgwm312 has been previously confirmed in MAS for
salinity tolerance in hexaploid wheat (James et al. 2011).

Conclusions

Our observations revealed the importance of saline-habitat
species collection as an objective measure in sampling
genetic resources to improve crops for withstanding
salinity tolerance. The results of the present study indicate
that Na* exclusion is one of the most important physio-
logical attributes of Ae. cylindrica with respect to salinity
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tolerance. Microsatellite markers used in the present study
differentiated the genotypes originating from saline and
non-saline geographical areas. The microsatellite markers
(Xgwm312, Xwmcl70, Xgwm291 and Xgwm410), associ-
ated with salinity tolerance, supported previous reports on
their linkage with Na® exclusion genes (HKTI;5 and
HKTI;4) in wheat, and hence provided further evidence of
usefulness of both the genes and the markers in the salt
tolerance trait of the most salinity-tolerant grass family
species. Taken overall, the results suggest that the species
possessing the ability to colonize natural saline-habitat and
containing variability in salinity tolerance in their normal
populations are always to be found exploiting saline hab-
itats by forming salinity-tolerant ecotypes. It is also
important to indicate that variability in salinity tolerance is
generally available in plant species that could be selected
for in plant breeding programs.
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