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ABSTRACT. Identification of new sources of salt tolerance is 
particularly important to develop crop varieties suitable for saline 
soils. We evaluated 129 Pakistani and 58 exotic wheat landraces/
cultivars grown in Hoagland’s hydroponic nutrient solution, under 
control (tap water equivalent to 10 mM salt) and salt stress (200 
mM NaCl) conditions. Forty-four genotypes were also tested under 
250 mM NaCl stress. High heritability and positive correlations 
suggested that number of tillers per plant, root length, root fresh and 
dry weights, and shoot fresh and dry weights are associated with 
salt tolerance and could be used as selection criteria. SSR markers 
revealed high genetic variation in the wheat genotypes. Twelve SSR 
markers (cfd 1, cfd 9, cfd 18, cfd 46, cfd 49, cfd 183, wmc 11, wmc 
17, wmc 18, wmc 154, wmc 432, and wmc 503) were found to be 
associated with salt tolerance because they were amplified in tolerant 
genotypes only. Five markers, cfd 9, cfd 18, cfd 183, wmc 96, and 
wmc 405, were identified as most suitable to evaluate salt tolerance 
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because they were associated with four or more salt tolerance traits 
studied. Cultivars Pasban 90, accessions 10790, 10828, 10823, and 
4098805 from Pakistan and Sakha-92 from Egypt performed best at 
both stress levels.
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INTRODUCTION

Wheat (Triticum aestivum L.) is the major human consumable commodity in most areas 
of the world including Pakistan. It is a moderately salt-tolerant crop and its yield is substantially 
reduced as the soil salinity level rises to 100 mM NaCl (Munns et al., 2006). Over 800 million hect-
ares of land throughout the world (Munns, 2005) and about 6 million hectares in Pakistan (Chatrath 
et al., 2007) are salt affected. Salinity is a major obstacle to food production because it substantially 
reduces the average yield of major crops (Ashraf, 2004). Therefore, identification of new sources 
of salt tolerance may be important for developing saline agriculture. Salinity causes undesirable ef-
fects on plant growth, development, physiological, and biochemical activities, which is due to the 
low osmotic potential of soil solution (osmotic stress), specific ion effects (salt stress), nutritional 
imbalance, or a combination of these factors (Ashraf, 2004). The ability of plants to tolerate and 
flourish in saline soils is of great importance in agriculture, because it indicates that the affected 
plants have genetic potential for salt tolerance, which is a highly desirable trait.

Due to the tremendous heterogeneity of saline soils, screening in the field for salin-
ity tolerance is inefficient and almost impossible so such study should essentially be carried 
out under controlled conditions. Although all plant growth stages are sensitive to salinity, the 
seedling stage is considered to be more sensitive in most plant species (Munns, 2002; Cuartero 
et al., 2006). In addition, this stage is foretelling of plant growth responses to salinity (Cuartero 
et al., 2006). Therefore, almost all research on salt tolerance in different crop species reported 
previously (Meneguzzo et al., 2000; Sabir and Ashraf, 2007; El-Hendawy, 2009) had included 
plant evaluation at this stage. Ali et al. (2007) investigated 98 wheat accessions and found dif-
ferential growth reductions to increased salinity stress. El-Hendawy et al. (2005) evaluated 13 
wheat genotypes and found a significant reduction in number of tillers and dry weight/plant.

Morpho-physiological traits have been used previously to evaluate the genetic diver-
sity for salt tolerance in crop species as mentioned above. However, during the last decade 
microsatellites or SSR markers have been extensively used for genetic diversity study, genome 
mapping, varietal identification, etc. Utilization of these markers to investigate the genetic 
variations and QTL mapping for salt tolerance in different cultivars has been previously re-
ported by some researchers (Liu et al., 2001; Munns, 2002; Ma et al., 2007; Kurup et al., 
2009). The potential of these markers to investigate genetic diversity for salinity tolerance in 
Pakistani wheat landrace genotypes/cultivars is very limited. Pestsova and Roder (2002) used 
12 microsatellite markers to study the inheritance in 59 wheat cultivars. Prasad et al. (2000) 
reported that 12 primer pairs were sufficient to distinguish 48 wheat genotypes.

The present study was initiated to evaluate the performance of wheat landrace geno-
types under hydroponic salinity at control (tap water), 200 and 250 mM NaCl stress and by 
SSR markers so that these may be utilized to develop salt-tolerant cultivars either by conven-
tional or molecular approaches.
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MATERIAL AND METHODS

Seeds of 187 wheat landraces/cultivars (Table 2) including seven check cultivars/lines, 
namely, Shorawaki, Pasban 90, SARC III, SARC IV, SARC VII, LU 26S, and 22284 were ac-
quired from the gene bank of the Plant Genetic Resources Program (NARC), University of Agri-
culture Faisalabad and Ayyub Agricultural Research Institute, Faisalabad. The landraces/cultivars 
included 129 accessions from Pakistan, 24 from Iran, 14 from Syria, six from Egypt, seven from 
Italy, two from the USA, one from Brazil, and four from Mexico. In the first phase of the experi-
ment all the accessions were tested under two treatments, viz., control (tap water equivalent to 
10 mM salt) and 200 mM salt (NaCl) stress. Seeds were germinated in sand-filled steel trays. 
Ten-day-old uniformly germinated seedlings were wrapped in foam and transplanted to holes 
made in thin styrofoam sheets. Plants floated over the half strength Hoagland’s nutrient solution 
(Hoagland and Arnon, 1950) in a 200-L steel tank lined internally with polyethylene sheets. The 
pH of the culture solution was maintained daily between 5.5-6.0 with 1 N HCl or KOH. Culture 
solution was aerated for 24 h with air pumps throughout the growing period. Each treatment was 
replicated thrice following a completely randomized design. Salinity was developed in incre-
ments of 50 mM daily until it reached 200 mM with the addition of NaCl. Plants were harvested 
30 days after salt treatment. Data were recorded on shoot length, root length, No. of tillers/plant, 
shoot fresh and dry weights, and root fresh and dry weights. Salt tolerance trait index (STTI) at 
the seedling stage was calculated following Ali et al. (2007).

Salt tolerance index (STI) was calculated to be 39% as the mean of STTIs. The data 
were subjected to analysis of variance, heritability estimation and genotypic and phenotypic cor-
relation by using the SAS statistical software (SAS Institute, 2003). The means obtained were 
separated by standard error of differences of means. Based on STI, 187 genotypes were divided 
into four categories. Difference between the range of STI was divided into four equal groups 
(Table 1), namely, salt tolerant (STI = 39% and above), moderately salt tolerant (STI = 30-39%), 
moderately salt susceptible (STI = 21-30%), and salt susceptible (STI = 21% and below).

In the second phase of the experiment, 89 genotypes (47 salt tolerant and 42 sensitive) 
selected from the 187 genotypes on the basis of their relative performance were evaluated at 250 
mM salt stress. Only 44 genotypes survived at 250 mM NaCl stress. The same procedure for data 
collection and analysis was followed as mentioned for the first phase of the experiment. The STI 
data of 44 surviving genotypes were used to rank these genotypes. A total of 26 (18 salt tolerant 
and 8 sensitive) genotypes were selected for SSR studies (Table 2). These genotypes were selected 
from the evaluation at early germination stage under 200, 250 and 300 mM NaCl, evaluation at 
vegetative stage under 200 and 250 mM NaCl stress and field evaluation for two years at two 
salt-affected locations. One salt-susceptible genotype, ‘PBW 343’, was acquired from Dr. Mujeeb 
Kazi, Wheat Wide Crosses Program National Agricultural Research Center, Islamabad, Pakistan 
(Figure 1). DNA isolation, purification, and quantification were carried out following Shah et al. 
(2009). PCRs were carried out according to the method described by Shah et al. (2009), with 
some modification. A total of 240 SSR primer pairs were optimized with two bulked DNA of 
salt-tolerant and -susceptible genotypes. Only 45 SSR primers amplified polymorphic amplicons 
(Table 6). PCR products were separated on 1.5% agarose gel. PCR products were visualized under 

    Value of trait under stress condition
Value of trait under controlled condition

× 100STTI = 
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UV pro-transiluminator, photographed and scanned. For statistical analysis of SSR data the score-
able bands were considered as a single locus/allele. The loci were scored as present (1) or absent 
(0). Polymorphic information content (PIC) value of the SSR marker was calculated following the 
method developed by Anderson et al. (1993). Pairwise comparisons of the cultivars based on the 
proportion of amplification products (alleles) were used to measure the genetic similarity by Dice 
coefficients. The Dice coefficients were computed by using the Simqual subprogram in similarity 
routine of NTSYS-pc, version 2.2 (Rohlf, 2005). The resultant similarity matrix data were used to 
construct a dendrogram by using sequential agglomerative hierarchical nesting (SAHN) based on 
unweighted pair-group method with an arithmetic average (UPGMA) to infer genetic relationships 
and phylogeny among genotypes. Bivariate SSR data and STTI data recorded under 200 mM stress 
were subjected to analysis of variance by using MINITAB 13.

RESULTS

Plant growth was determined by number of tillers/plant, root and shoot lengths and 
fresh and dry weights. At 200 mM NaCl stress, STTI of shoot length ranged from 17.4 to 
61.5%. Under stress conditions, roots play an important role in plant survival. STTI for root 
length ranged from 23.4 to 74.3%. This wide range indicated that genotypes had broad genetic 
base for root length. Overall, salt-tolerant genotypes showed greater root growth than suscep-
tible genotypes. STTI of number of tillers/plant ranged from 9.5 to 80.0%. Fresh shoot and 
root weight were also adversely affected by 200 mM NaCl stress. STTI of fresh shoot weight 
ranged from 1.3 to 23.1% and that of fresh root weight from 3.3 to 49.6% (data not shown). 
STTI of dry shoot weight ranged from 0.9 to 35.3% and that of dry root weight ranged from 
4.0 to 61.4%. From the 187 genotypes only 5 accessions fell into the tolerant category, one 
from Iran and four from Pakistan. Fifty-nine accessions were moderately salt tolerant, 80 ac-
cessions were moderately salt susceptible and 34 accessions were salt susceptible (Table 1).

At 250 mM NaCl stress STTI for shoot length ranged from 27.5 to 77.5%. STTI for root 
length ranged from 22.6 to 52.1% (Table 2). Number of tillers/plant reduced significantly under 
250 mM NaCl stress as it ranged from 12.0 to 78.6%. STTI for shoot fresh weight ranged from 3.9 
to 35.2%. Fresh root weight was also adversely affected by 250 mM NaCl stress but the effect was 
less as compared to fresh shoot weight (Table 2). STTI for fresh root weight ranged from 9.2 to 
48.0%. Check cultivar Pasban 90 acquired 35.7% STTI for fresh root weight. STTI for dry shoot 
weight ranged from 5.1 to 43.1%. STTI for dry root weight ranged from 12.2 to 70.6% (Table 2).

Heritability estimates under stress conditions were found to be lower than under con-
trolled conditions during both phases of the experiment (Table 3). This indicated that heritabil-
ity is not constant and varies with changes in environment. Heritability estimates under 200 
mM NaCl were above 80% for shoot fresh and dry weights and root fresh weight. Under 250 
mM NaCl stress heritability estimates were above 60% for shoot length, tillers/plant, shoot 
fresh and dry weights and root fresh weight. Shoot length was positively and significantly (P 
< 0.05) correlated with root length, and shoot fresh and dry weight at control and 200 mM 
NaCl stress. However, shoot length and number of tillers were negatively correlated at con-
trol and both stress levels. Root length showed significant (P < 0.05) positive phenotypic and 
genotypic correlation under control conditions with No. of tillers/plant, shoot fresh and dry 
weights, and root fresh and dry weights. Phenotypic correlation was also significant (P < 0.05) 
with tillers/plant, shoot and root dry weight under 200 mM NaCl stress (Table 4).
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Salt tolerance category	 Range of STI	 No. of	 Accessions (Country of collection)
		  accessions

Tolerant	 39% and above	 5	 Sakha 92 (Egypt), 10793 (Pak), 10790 (Pak), 10821 (Pak) and 11526 (Pak)
Moderately tolerant	 39-30%	 59	 Local white (Pak), Parula (Mexico), Karaj-II (Iran), 10828 (Pak), 10806 (Pak),
			   10824 (Pak), 10810 (Pak), 4098775 (Pak), 10841 (Pak), 10812 (Pak), 
			   Pasban 90 (Pak), Omid (Iran), 4098785 (Pak), Shorawaki (Pak),
			   Roushan (Iran), 10823 (Pak), 10805 (Pak), 10833 (Pak), 11242 (Pak),
			   10789 (Pak), 10839 (Pak), 10831 (Pak), 11214 (Pak), 10771 (Pak),
			   10832 (Pak), 11383 (Pak), 10826 (Pak), 10840 (Pak), 11195 (Pak), 10807 (Pak),
			   11290 (Pak), Pavon (Mexico), Maroon (Iran) 10795 (Pak), 11373 (Italy),
			   Sakha 61 (Egypt), 10770 (Pak), 11454 (Pak), 11221 (Pak), 11466 (Pak),
			   10850 (Pak), 10851 (Pak), 10829 (Pak), 11406 (Pak) Chakwal 86 (Pak),
			   10809 (Pak), 11244 (Pak), India (Iran), 11133 (Pak), 10859 (Pak),
			   11193 (Pak), 10835 (Pak), 10843 (Pak), 10792 (Pak), Giza-163 (Egypt),
			   11186 (Pak), 10849 (Pak), 11901 (Italy) and LU26S (Pak),
Moderately susceptible	 30-21%	 80	 11401 (Pak), Azadi (Iran), 10819 (Pak), Giza-155 (Egypt), 10861 (Pak),
			   11478 (Italy), 10772 (Pak), 10815 (Pak), Golestan (Iran), 10791 (Pak),
			   11299 (Pak), 10775 (Pak), 10830 (Pak), 10783 (Pak), 11453 (Syria),
			   4098795 (Pak), 11372 (Italy), 11289 (Pak), 4098825 (Pak), 10862 (Pak),
			   10786 (Pak),Yecora-70 (Pak), 11465 (Syria), 11369 (Italy), Barrei (Canada),
			   11460 (Syria), 10811 (Pak), 11522 (Pak), 11240 (Pak), 10813 (Pak),
			   4098815 (Pak), 11171 (Pak), 10853 (Pak), 11461 (Syria), 11387 (Pak),
			   Darab (Iran), Bezostaya (Iran), Kohistan-97 (Pak), 10801 (Pak), 11416 (Pak),
			   11374 (Italy), 11555 (Pak), 10784 (Pak), Arvand (Iran), SARC-V (Pak),
			   SARC-III (Pak), Falat (Iran), 11379 (Pak), 11419 (Pak), 11370 (Italy),
			   Adl (Iran), 11380 (Pak), Sardari (Iran), 11407 (Pak), Moghan-I (Iran),
			   SARC-I (Pak), SARC VII (Pak), Rasool (Iran), 10777 (Pak), Tabasi (Iran),
			   11287 (Pak), 10798 (Pak), 4098835 (Pak), Alborz (Iran), Hirmand (Iran),
			   11467 (Syria), 11248 (Pak), Era (USA),10803 (Pak), 11302 (Pak),
			   Sakha-69 (Egypt), 11417 (Pak), Sabalan (Iran), 11403 (Pak), 11384 (Pak),
			   11546 (Pak), 11386 (Pak), 11415 (Pak), Bule silver (Pak), and 11399 (Pak)
Susceptible	 21% and below	 34	 11459 (Pak), 11408 (Pak), 11414 (Pak), Frontana (Brazil), Chakwal 97 (Pak),
			   11388 (Pak), 11385 (Pak), 11462 (Pak), 11456 (Pak), 10854 (Pak),
			   Tobari 66 (Mexico), 11464 (Pak), Bayat (Iran), Chenab (Iran), LU-26 (Pak),
			   10767 (Pak), 4098855 (Pak), 11402 (Pak), 11418 (Pak), 11409 (Pak),
			   11378 (Pak), SARC-IV (Pak), Cutler (Mexico), Chods (Iran), 4098865 (Pak),
			   11463 (Syria), 4098875 (Pak), 11400 (Pak), 11382 (Pak), 11371 (Italy),
			   11381 (Pak), 11457 (Syria), 11458 (Syria), and 22284 (Pak)

Table 1. Salt tolerance categories of wheat genotypes on the basis of salt tolerance index (STI) at 200 mM salt stress.

In the second phase of the experiment, root length exhibited positive correlation at 
the genotypic and phenotypic level with all the traits studied under control and 250 mM NaCl 
stress (Table 5). Number of tillers/plant exhibited positive correlation with all the traits under 
control conditions, 200 and 250 mM NaCl stress except shoot length. However, genotypic 
correlation was significant (P < 0.05) only with root fresh and dry weights under control con-
ditions. Shoot fresh weight significantly (P < 0.05) and positively correlated with shoot dry 
weight and root fresh and dry weights under control and 200 mM NaCl at both genotypic and 
phenotypic level. However, in the second phase of the experiment shoot fresh weight, although 
exhibiting positive genotypic and phenotypic correlation with all traits, was significantly (P < 
0.05) correlated with shoot dry weight at control and 250 mM NaCl stress. Root fresh weight 
showed significantly (P < 0.05) positive correlation at both genotypic and phenotypic levels 
with shoot dry weight and root dry weight under control and 200 mM NaCl stress. However, 
at 250 mM NaCl stress phenotypic correlation with root dry weight was significant (P < 0.05). 
Shoot dry weight positively correlated with all the traits studied but significantly (P < 0.05) 
correlated with root dry weight under control and 200 mM NaCl stress.
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Sr. No.	 Accession No.	 Area of	 Shoot	 Root	 Tillers/	 Fresh shoot	 Fresh root	 Dry shoot	 Dry root	 STI	 Rank
		  collection	 length	 length	 plant	 weight	 weight	 weight	 weight

  1	 10767	 Faisalabad	 50.3	 52.1	 50.0	 11.0	 27.4	   9.7	 20.5	 31.6	 16
  2	 10775	 Faisalabad	 41.6	 28.8	 43.8	   8.9	 28.0	 12.8	 36.8	 28.7	 21
  3	 10783	 Faisalabad	 49.1	 35.9	 29.0	   7.9	 27.2	 14.3	 17.8	 25.9	 26
  4	 10786	 Faisalabad	 52.1	 22.6	 50.0	 11.7	 42.9	 22.0	 42.2	 34.8	 10
  5	 10790	 Faisalabad	 41.4	 37.0	 65.7	   8.9	 30.1	 19.2	 28.1	 32.9	 13
  6	 10793	 Faisalabad	 33.9	 25.2	 43.6	   6.5	 15.4	 11.0	 21.6	 22.5	 36
  7	 10795	 Faisalabad	 36.4	 26.8	 32.4	   7.6	 21.4	 14.9	 26.9	 23.8	 33
  8	 10806	 Faisalabad	 42.4	 36.2	 13.2	   3.9	   9.7	   6.9	 20.6	 19.0	 42
  9	 10807	 Faisalabad	 44.0	 31.1	 55.0	 16.8	 19.8	 18.1	 29.4	 30.6	 18
10	 10811	 Faisalabad	 48.2	 39.8	 29.0	 11.1	 22.9	 17.4	 26.5	 27.8	 23
11	 10812	 Faisalabad	 48.6	 34.1	 19.4	   7.5	 11.5	   7.6	 16.7	 20.8	 39
12	 10813	 Faisalabad	 34.1	 37.6	 41.4	   7.3	 19.8	 13.5	 24.1	 25.4	 27
13	 10823	 Faisalabad	 42.1	 28.2	 50.0	 12.9	 33.2	 21.4	 49.5	 33.9	 11
14	 10826	 Faisalabad	 35.9	 24.3	 25.0	   7.1	 20.4	   9.1	 23.9	 20.8	 38
15	 10828	 Faisalabad	 44.7	 42.6	 48.3	 15.4	 37.9	 12.9	 34.3	 33.7	 12
16	 10831	 Faisalabad	 44.0	 36.2	 12.0	   6.2	   9.2	   6.1	 13.0	 18.1	 44
17	 10849	 Faisalabad	 39.5	 39.3	 38.5	 12.6	 31.6	 18.1	 45.1	 32.1	 14
18	 10851	 Faisalabad	 47.3	 22.7	 21.3	   4.2	 13.8	   5.1	 14.6	 18.4	 43
19	 10859	 Faisalabad	 41.0	 29.7	 23.5	   6.1	 14.8	 10.0	 12.2	 19.6	 41
20	 11186	 Kharan	 50.8	 41.6	 38.2	 13.6	 24.3	 19.5	 31.1	 31.3	 17
21	 11214	 Loralai	 77.5	 37.6	 27.3	 35.2	 26.1	 43.1	 28.2	 39.3	   5
22	 11299	 Chagai	 51.3	 34.1	 78.6	 18.6	 46.3	 26.8	 70.6	 46.6	   1
23	 11335	 Chagai	 46.3	 39.6	 51.7	 27.1	 48.0	 30.5	 38.7	 40.3	   2
24	 11369	 Italy	 52.5	 29.0	 27.8	   6.7	 17.9	 12.1	 25.2	 24.4	 29
25	 11370	 Italy	 47.3	 41.1	 47.1	 24.1	 46.3	 22.3	 50.5	 39.8	   3
26	 11371	 Italy	 35.0	 31.1	 38.1	 11.1	 24.1	   8.9	 43.5	 27.4	 24
27	 11373	 Italy	 46.5	 34.5	 46.7	 21.2	 37.8	 26.1	 35.6	 35.5	   9
28	 11403	 Larkana	 40.4	 29.1	 30.0	   6.0	 10.9	   5.8	 21.1	 20.5	 40
29	 11417	 Bhakkar	 44.6	 34.9	 29.2	 11.0	 15.0	 11.0	 22.5	 24.0	 31
30	 11454	 Syria	 42.0	 46.4	 36.0	   8.7	 20.9	 11.5	 33.5	 28.4	 22
31	 11464	 Syria	 42.5	 41.3	 26.7	 13.3	 17.3	 15.6	 32.7	 27.1	 25
32	 11466	 Egypt	 44.9	 30.0	 23.8	   7.3	 17.2	   8.4	 18.5	 21.4	 37
33	 4098775	 Faisalabad	 48.2	 33.7	 38.5	 12.4	 31.3	 18.0	 32.1	 30.6	 19
34	 4098805	 Faisalabad	 52.1	 45.7	 46.7	 15.6	 33.5	 18.5	 46.2	 36.9	   8
35	 Bayat	 IRAN	 47.8	 37.5	 50.0	 10.8	 31.7	 11.4	 32.8	 31.7	 15
36	 Karaj-II	 IRAN	 47.0	 30.9	 21.7	 10.1	 18.3	 13.3	 25.8	 23.9	 32
37	 Maroon	 IRAN	 48.8	 32.0	 45.5	 21.3	 42.9	 24.2	 52.8	 38.2	   6
38	 Omid	 IRAN	 27.5	 35.6	 30.0	 10.6	 31.5	 26.7	 40.7	 28.9	 20
39	 Pasban 90	 Pakistan	 56.3	 43.5	 28.0	 26.6	 35.7	 33.4	 53.1	 39.5	   4
40	 Roushan	 IRAN	 37.8	 27.5	 27.6	   8.6	 20.8	   9.9	 32.1	 23.5	 35
41	 22284	 Faisalabad	 45.1	 32.5	 18.8	   8.6	 14.9	 11.6	 34.2	 23.7	 34
42	 Sakha 92	 Egypt	 55.8	 35.6	 44.4	 15.6	 44.1	 19.0	 46.5	 37.3	   7
43	 SARC IV	 Pakistan	 54.8	 34.7	 16.1	 12.1	 20.6	   9.9	 27.6	 25.1	 28
44	 Shorawaki	 Pakistan	 35.2	 45.4	 22.7	   8.9	 23.1	   9.0	 24.1	 24.1	 30
SEdiff			       1.22	     1.00	     2.13	     0.99	     1.62	     1.22	     1.87	     1.06

SEdiff =
 standard error of the difference between STTI/STI.

Table 2. Salt tolerance trait indices (STTIs) and salt tolerance indices (STI) of 44 wheat landrace genotypes at 
250 mM NaCl stress.

	 Shoot length	 Root length	 Tillers/plant	 Shoot fresh	 Root fresh	 Shoot dry	 Root dry
				    weight	 weight	 weight	 weight

h2 N (control) (first phase)	 0.81 ± 0.02	 0.67 ± 0.03	 0.91 ± 0.01	 0.97 ± 0.00	 0.98 ± 0.00	 0.75 ± 0.02	 0.87 ± 0.02
h2 N (200 mM NaCl) (first phase)	 0.56 ± 0.04	 0.40 ± 0.04	 0.40 ± 0.04	 0.83 ± 0.02	 0.85 ± 0.02	 0.81 ± 0.02	 0.51 ± 0.40
h2 N (control) (second phase)	 0.85 ± 0.04	 0.72 ± 0.06	 0.92 ± 0.02	 0.94 ± 0.02	 0.85 ± 0.03	 0.94 ± 0.02	 0.79 ± 0.05
h2 N (250 mM NaCl) (second phase)	 0.60 ± 0.08	 0.21 ± 0.09	 0.78 ± 0.04	 0.67 ± 0.07	 0.67 ± 0.07	 0.73 ± 0.06	 0.59 ± 0.07

Table 3. Heritability (h2) narrow (N) sense ± SE of seven agronomic traits under 200 and 250 mM NaCl stress.
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			                        Control						                      200 mM NaCl stress

	 Root	 No. of tillers/	 Shoot fresh	 Root fresh	 Shoot dry	 Root dry	 Root	 No. of tillers/	 Shoot fresh	 Root fresh	 Shoot dry	 Root dry
	 length	 plant	 weight	 weight	 weight	 weight	 length	 plant	 weight	 weight	 weight	 weight

Shoot length	   p 0.22*	 p -0.07	   p 0.37*	 p 0.17	   p 0.31*	 p 0.11	   p 0.29*	  p -0.04	     p 0.12*	   p 0.19	    p 0.28*	    p 0.18*
	 g 0.23	 g -0.09	 g 0.40	 g 0.19	 g 0.35	 g 0.11	 g 0.31	     g 0.09*	   g 0.04	  g -0.08	  g 0.30	  g 0.14
Root length		      p 0.36*	   p 0.44*	   p 0.47*	   p 0.51*	   p 0.48*		      p 0.13*	   p 0.06	  p -0.08	    p 0.08*	    p 0.04*
		    g 0.43	   g 0.54*	   g 0.58*	   g 0.64*	   g 0.58*		    g 0.20	  g -0.18	  g -0.19	  g 0.06	 g -0.07
No. of tillers/plant			     p 0.66*	   p 0.73*	   p 0.62*	   p 0.66*			       p 0.37*	     p 0.33*	    p 0.44*	    p 0.27*
			   g 0.70	   g 0.77*	 g 0.72	   g 0.72*			     g 0.53	   g 0.42	  g 0.60	  g 0.38
Shoot fresh weight				      p 0.86*	   p 0.81*	   p 0.76*				        p 0.72*	    p 0.67*	    p 0.49*
				      g 0.88*	   g 0.93*	    g 0.82 *				        g 0.83*	     g 0.79*	    g 0.75*
Root fresh weight					       p 0.80*	     p 0.90**					        p 0.62*	    p 0.58*
					       g 0.91*	     g 0.95**					        g 0.68*	    g 0.78*
Shoot dry weight						        p 0.77*						         p 0.52*
						        g 0.89*						         g 0.70*

Table 4. Phenotypic (p) and genotypic (g) correlation coefficient among 7 agronomic traits in wheat at 200 
mM salt stress.

			                         Control						                          250 mM NaCl stress

	 Root	 No. of tillers/	 Shoot fresh	 Root fresh	 Shoot dry	 Root dry	 Root	 No. of tillers/	 Shoot fresh	 Root fresh	 Shoot dry	 Root dry
	 length	 plant	 weight	 weight	 weight	 weight	 length	 plant	 weight	 weight	 weight	 weight

Shoot length	 p 0.26	   p -0.003	 p 0.48	 p 0.16	 p 0.41	 p 0.20	  p 0.16	 p -0.17	 p 0.44	 p 0.40	 p 0.40	 p 0.24
	 g 0.28	 g -0.03	 g 0.51	 g 0.13	 g 0.44	 g 0.21	 g -0.14	 g -0.32	 g 0.35	 g 0.32	 g 0.38	 g 0.17
Root length		    p 0.44	 p 0.36	 p 0.25	 p 0.24	 p 0.30		   p 0.27	 p 0.38	 p 0.33	     p 0.35**	 p 0.32
		    g 0.52	 g 0.41	 g 0.27	 g 0.27	 g 0.31		   g 0.44	 g 0.55	 g 0.53	     g 0.55**	 g 0.45
No. of tillers/plant			   p 0.62	 p 0.70	 p 0.45	 p 0.68			   p 0.45	 p 0.61	 p 0.51	 p 0.52
			   g 0.64	 g 0.74	 g 0.46	 g 0.74			   g 0.45	 g 0.63	 g 0.53	 g 0.55
Shoot fresh weight				    p 0.70	   p 0.87*	 p 0.79				      p 0.82*	   p 0.81*	 p 0.78
				    g 0.73	   g 0.89*	 g 0.86				    g 0.86	   g 0.83*	 g 0.86
Root fresh weight					     p 0.76	   p 0.85*					       p 0.84*	   p 0.73*
					     g 0.81	   g 0.95*					       g 0.89*	 g 0.79
Shoot dry weight						      p 0.75						      p 0.71
						      g 0.81						      g 0.74

Table 5. Phenotypic (p) and genotypic (g) correlation coefficient among 7 agronomic traits in wheat at 250 mM 
salt stress.

*Significant at 5% probability level. **Significant at 1% probability level.

*Significant at 5% probability level. **Significant at 1% probability level.

The 45 primers used provided uniform coverage of all three wheat genomes (A, B 
and D) and detected 94 polymorphic alleles (Table 6). Number of alleles ranged from one to 
three per SSR locus with an average of 2.1 alleles. Salt-tolerant accession 10851 amplified 
maximum (63) alleles followed by 4098805 (62), SARC VII and Sakha 92 (61) and 11545 
and Pasban 90 (60). It was observed that salt-tolerant genotypes amplified a greater number 
of alleles as compared to susceptible genotypes. Twelve SSR primers (cfd 1, cfd 9, cfd 18, cfd 
46, cfd 49, cfd 183, wmc 11, wmc 17, wmc 18, wmc 154, wmc 432, and wmc 503) detected 
specific alleles in salt-tolerant genotypes only. The level of polymorphism among the 26 geno-
types was evaluated by calculating PIC values for each of the 45 SSR loci. The PIC values 
varied greatly for all the SSR loci tested. The number of alleles per primer ranged from one to 
three with an average of 2.07. Seven primers detected a single allele and their PIC value was 
0. PIC value of the remaining 38 primers ranged from 0.13 (wmc 17) to 0.66 (wmc 24, wmc 
96). Pairwise estimates of similarity ranged from 0.53 (Shorawaki and 11402) to 0.95 (11186 
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and 11299) and the average similarity among all 26 genotypes was 0.75. Average genetic 
similarity among the salt-susceptible genotypes was 78%, among the tolerant it was 76% and 
between the tolerant and susceptible genotypes it was 72%.

Sr. No.	 Primer	 TA	 Size (bp)	 Locus	 Polymorphic allele	   PIC value

  1	 barc 12	 52	 150-200	 3A	 2	  0.56
  2	 barc 20	 53	 150-190	 4B/7B	 3	  0.38
  3	 barc 45	 52	 180-220	 3A/2B	 2	  0.74
  4	 barc 124	 52	 220-250	 2A/2D	 2	  0.53
  5	 cfd 1	 60	 150-230	 6A/6B/6D	 2	  0.54
  6	 cfd 4	 60	 220-270	 3B	 2	  0.50
  7	 cfd 5	 60	   15-200	 6D/5B	 2	  0.51
  8	 cfd 9	 60	 150-250	 3D	 3	  0.36
  9	 cfd 13	 60	 180-254	 6B	 2	  0.64
10	 cfd 18	 60	 150-200	 5D	 2	  0.50
11	 cfd 46	 60	 150-175	 7D	 2	  0.79
12	 cfd 49	 60	 150-214	 6D	 2	  0.69
13	 cfd 54	 60	 170-200	 4B/4D	 2	  0.50
14	 cfd 57	 60	 291	 5D	 1	       0.0
15	 cfd 61	 60	 218-250	 1D	 2	  0.61
16	 cfd 66	 60	 202-250	 7D	 2	  0.57
17	 cfd 183	 60	 150-179	 5D	 2	  0.82
18	 wmc1	 55	 148-170	 3B	 2	  0.65
19	 wmc 3	 55	 250-300	 -	 2	  0.69
20	 wmc 5	 55	 200-250	 -	 2	  0.50
21	 wmc 7	 51	 203	 3B	 1	       0.0
22	 wmc 9	 55	 100-250	 -	 3	  0.42
23	 wmc 10	 61	 267-300	 7B	 2	  0.54
24	 wmc 11	 61	 130-250	 3A	 3	  0.42
25	 wmc 17	 51	 150-200	 7A/7B	 2	  0.87
26	 wmc 18	 61	 230	 2D	 2	  0.80
27	 wmc 24	 51	 150-200	 1A	 3	  0.34
28	 wmc 28	 51	 188	 5B	 1	      0.0
29	 wmc 96	 61	 250-300	 3A/4A/5A/7A/5D	 3	 0.34
30	 wmc 97	 51	 150-184	 5DL	 2	 0.51
31	 wmc 110	 61	 170-200	 5A	 2	 0.57
32	 wmc 149	 61	 200-250	 2A/2B/5B/2D	 2	 0.51
33	 wmc 154	 61	 147-200	 2B	 2	 0.68
34	 wmc 258	 61	 293	 4A/5B	 1	       0.0
35	 wmc 312	 61	 227-260	 1A	 2	  0.50
36	 wmc 318	 61	 202	 5D	 1	       0.0
37	 wmc 334	 61	 117	 3B	 1	       0.0
38	 wmc 346	 61	 203-250	 7A	 2	  0.53
39	 wmc 405	 61	 218-250	 7A/5B/1D/7D	 3	  0.36
40	 wmc 406	 61	 217-250	 1B	 2	  0.50
41	 wmc 428	 51	 257	 3B	 1	       0.0
42	 wmc 432	 51	 189	 1D	 3	  0.41
43	 wmc 492	 51	 146-250	 3A/5A/3D	 2	  0.50
44	 wmc 503	 51	 237-300	 2D	 3	  0.35
45	 wmc 506	 61	 216-250	 7D	 3	  0.39

Table 6. Details of SSR markers used, indicating their annealing temperature (TA), allele size, location on 
wheat genome, number of polymorphic alleles detected, and polymorphism information content (PIC).

A dendrogram (Figure 1) was constructed based on cluster analysis of dice similar-
ity coefficients of SSR markers. Cluster analysis grouped the 26 genotypes into four clusters. 
All the salt-tolerant genotypes were grouped into two clusters, A and B. All the susceptible 
genotypes were grouped into two clusters, C and D. Cluster A consisted of six salt-tolerant 
genotypes from Pakistan, one from Egypt and one from Iran. Cluster B consisted of eight salt-
tolerant genotypes from Pakistan, one from Iran and one from Syria. Cluster C included two 
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salt-susceptible genotypes from Italy and two from Pakistan. Cluster D consisted of two salt-
susceptible genotypes from Pakistan and one from Iran. Accession 11289 was not included in 
any cluster (Figure 1).

Figure 1. SSR-based genetic relationship between 26 wheat genotypes shown by UPGMA cluster analysis based 
on Dice similarity coefficient.

Analysis of variance of bivariate SSR data and STTI revealed that 35 SSR marker al-
leles significantly differentiated the salt-tolerant and -susceptible genotypes (Table 7). Shoot 
length, root length, number of tillers/plant, fresh shoot weight, and STI were found to be the 
most suitable traits to evaluate salt tolerance in wheat at vegetative stage because most of the 
SSR markers, which showed differences between salt-tolerant and -susceptible genotypes, 
showed differences with respect to these traits (Table 7). SSR markers cfd 9, cfd 18, cfd 183, 
wmc 96, and wmc 405 were identified as the best suited to evaluate salt tolerance because they 
differentiated the salt-tolerant and -susceptible genotypes on the basis of four or more traits 
studied (Table 7).
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Sr. No.	 Allele	 SL	 RL	 TPP	 FSW	 FRW	 DSW	 DRW	 STI	 Sr. No.	 Allele	 SL	 RL	 TPP	 FSW	 FRW	 DSW	 DRW	 STI

  1	 cfd1	 ns	 ns	 ns	 ns	 *	 ns	 ns	 *	 19	 wmc10	 ns	 ns	 *	 ns	 ns	 ns	 ns	 ns
  2	 cfd4	 ns	 ns	 ns	 *	 ns	 ns	 ns	 *	 20	 wmc10	 ns	 ns	 ns	 *	 ns	 *	 ns	 ns
  3	 cfd9	 ns	 ns	 *	 ns	 ns	 ns	 ns	 ns	 21	 wmc11	 ns	 ns	 ns	 ns	 *	 ns	 ns	 ns
  4	 cfd9	 *	 **	 *	 *	 ns	 *	 *	 **	 22	 wmc17	 ns	 ns	 ns	 ns	 *	 ns	 ns	 ns
  5	 cfd18	 ns	 ns	 ns	 *	 ns	 ns	 ns	 ns	 23	 wmc24	 ns	 ns	 ns	 *	 ns	 *	 ns	 ns
  6	 cfd18	 **	 ns	 *	 *	 ns	 ns	 ns	 *	 24	 wmc96	 **	 ns	 **	 **	 *	 **	 **	 **
  7	 cfd49	 ns	 *	 ns	 ns	 ns	 ns	 ns	 ns	 25	 wmc110	 ns	 ns	 ns	 ns	 ns	 ns	 **	 ns
  8	 cfd54	 *	 ns	 ns	 ns	 ns	 ns	 ns	 ns	 26	 wmc149	 **	 ns	 ns	 ns	 *	 ns	 ns	 ns
  9	 cfd54	 *	 ns	 ns	 ns	 ns	 ns	 ns	 ns	 27	 wmc154	 ns	 ns	 *	 ns	 ns	 ns	 ns	 ns
10	 cfd57	 ns	 *	 ns	 ns	 ns	 ns	 ns	 ns	 28	 wmc258	 ns	 ns	 *	 ns	 ns	 ns	 ns	 ns
11	 cfd66	 ns	 ns	 ns	 ns	 **	 ns	 ns	 ns	 29	 wmc346	 ns	 ns	 ns	 *	 ns	 ns	 ns	 ns
12	 cfd183	 ns	 **	 *	 *	 ns	 ns	 ns	 *	 30	 wmc346	 ns	 ns	 ns	 *	 ns	 ns	 ns	 ns
13	 wmc1	 ns	 ns	 *	 ns	 *	 ns	 ns	 *	 31	 wmc405	 ns	 ns	 ns	 ns	 ns	 *	 ns	 ns
14	 wmc1	 ns	 ns	 ns	 ns	 *	 ns	 ns	 ns	 32	 wmc405	 ns	 ns	 *	 ns	 ns	 ns	 ns	 ns
15	 wmc3	 ns	 ns	 *	 ns	 ns	 ns	 ns	 ns	 33	 wmc405	 **	 **	 **	 *	 ns	 **	 ns	 **
16	 wmc5	 **	 ns	 ns	 *	 ns	 ns	 ns	 *	 34	 wmc432	 ns	 ns	 ns	 *	 ns	 *	 ns	 ns
17	 wmc9	 ns	 **	 ns	 ns	 ns	 ns	 ns	 *	 35	 wmc503	 ns	 ns	 *	 ns	 ns	 ns	 ns	 ns
18	 wmc9	 ns	 **	 ns	 ns	 ns	 ns	 ns	 ns										        

Table 7. Analysis of variance for SSR data and STI under 200 mM NaCl stress.

RL = root length; SL = shoot length, TPP = tillers/plant; FSW = fresh shoot weight; FRW = fresh root weight; 
DSW = dry shoot weight; DRW = dry root weight; STI = salt tolerance index. *Significant at 5% probability level. 
**Significant at 1% probability level. 

DISCUSSION

It is evident from the results that NaCl treatment had a significant inhibitory effect on 
all the growth attributes of wheat accessions. However, accessions differed in their response to 
NaCl stress. Salt-susceptible genotypes showed more reduction in their biomass as compared 
to tolerant genotypes. This was largely due to the genetic makeup of the plant, environment 
and genotype environment interaction. Plants are salt-sensitive at the seedling stage. It is well 
established that crop plants with better germination and seedling growth under salt stress will 
be more stress-tolerant at later stages and will produce better growth and productivity (Ah-
madi and Arkedani, 2006).

Number of tillers/plant decreased with increasing NaCl salt stress. However, salt-
sensitive genotypes showed greater reduction in tillers per plant than tolerant ones. Salt stress 
at tiller emergence can inhibit their formation and can cause their death at later stages (Nico-
las et al., 1994). This may indicate that tillers/plant and their behavior under salinity can be 
used to evaluate wheat genotypes in breeding programs. At 250 mM NaCl stress, most of the 
secondary tillers of moderately tolerant genotypes were dried, and the numbers of primary 
tillers of salt-sensitive genotypes were greatly reduced. Our results supported the findings of 
El-Hendawy (2005). High narrow sense heritability (78%) of number of tillers/plant under 250 
mM NaCl stress and positive correlation with root fresh and dry weights and shoot fresh and 
dry weights made this a valuable trait as selection criteria under salt stress conditions.

Root length is the most significant trait for salinity tolerance because roots have direct 
contact with soil and absorb water and nutrients from soil. Therefore, root length provides 
important evidence of plant salinity tolerance. Greater reduction in root length under salinity 
stress compared to controlled condition and positive correlation at both genotypic and pheno-
typic levels with number of tillers/plant, shoot and root dry weights indicated that this trait was 
strongly associated with salinity tolerance of the plant. Therefore, root length may be poten-
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tially a good selection criterion under salt stress conditions as reported by Ashraf et al. (1986).
Our results indicated that shoot growth was affected more by NaCl salinity than root 

growth. Zerihun et al. (2000) also reported that under imposed osmotic stress shoot growth in-
hibited more than root growth. The possible reason for the greater growth of root compared to 
shoot may be the fact that salt stress induces physiological drought, and plants tend to prolifer-
ate roots more at high stress levels in order to absorb more water under stress conditions. High 
heritability estimates (Table 3) and positive correlation (Tables 4 and 5) with all the growth 
parameters studied at both salinity levels supported the findings of Ashraf et al. (1999) that 
root and shoot dry weights could be used as selection criteria for salt tolerance. Dry biomass 
is often used as an indicator of salinity tolerance under controlled environmental conditions 
(Meneguzzo et al., 2000). Reduction in shoot weight of the wheat genotypes was ascribed to 
decreased water potential of rooting medium and growth inhibition related to osmotic effects 
under saline conditions (Munns et al., 1995). The ability of any genotype to maintain agro-
nomic parameters at near control levels therefore confers salt tolerance. Dry matter production 
is a good criterion to evaluate the performance of plants for salt tolerance because it permits 
direct estimations of economic return under saline conditions (Mass, 1986). Plant traits like 
shoot and root fresh and dry weights are more associated with crop salt tolerance at early 
growth stages and can be used as selection criteria for salt tolerance (Ashraf et al., 1999).

Heritability is an important parameter for the selection of an efficient population im-
provement method. Single plant selection in the earlier generations may be much more effec-
tive for a character that is highly heritable as compared to one which is less heritable. Further-
more, environment may also interact with the genotypic constitution to influence heritability. 
Narrow sense heritability is more useful because it measures the relative importance of ad-
ditive variance of genetic components that can be transmitted to offspring. High heritability 
estimates (above 80%) of shoot length, tillers/plant, shoot fresh and dry weights and root fresh 
and dry weights under control conditions suggested that more than 80% of genetic variance 
transferred to offsprings was additive in nature. Therefore, selection for these traits may be 
proven useful during early generations. However, under stress conditions moderate heritabil-
ity estimates for shoot and root length and shoot and root fresh and dry weights as compared 
to control conditions indicated that selection should be delayed for a few lateral generations 
in order to get better results.

In general, the genotypic correlation coefficients were greater than phenotypic coeffi-
cients indicating the inherent association of the traits (Tables 4 and 5). Results reported earlier 
by Mohammad et al. (2008) support our results. A positive association between shoot and root 
growth parameters indicated that for a salt-tolerant variety it is important to have healthy and 
long roots, which can absorb more water from deeper soils under stress condition. Healthy 
shoots perform photosynthesis more efficiently and contribute to root growth. A negative as-
sociation between shoot length and number of tillers/plant (Tables 4 and 5) indicated that the 
number of tillers increases at the cost of shoot growth. Therefore, a genotype having maxi-
mum tillers and dry weight could be a better choice under salt stress conditions.

SSR markers revealed higher genetic variation in wheat genotypes, which confirmed 
the hydroponic evaluation. A higher level of polymorphism was observed in the landraces than 
in the cultivars revealed by the average allelic richness indicating that modern plant breeding 
has caused considerable genetic erosion in commercial wheat cultivars. Therefore, the landra-
ces still provide a largely unexplored gene pool with great potential for broadening the genetic 
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base of modern wheat cultivars. Salt-tolerant genotypes produced more alleles than sensitive 
ones. Generally, the salt-tolerant genotypes tend to cluster together indicating the efficiency of 
SSR markers to differentiate between tolerant and susceptible genotypes based on their simi-
larity matrix. The number of alleles per primer ranged from one to three with an average of 
2.07. PIC value ranged from 0.13 to 0.66 with an average of 0.40. Coefficient of similarity ma-
trix ranged from 0.53 to 0.95 with an average of 0.75. Almanza-Pinzón et al. (2003) reported 2 
to 4 alleles per locus in 70 wheat genotypes with 37 SSR markers and a PIC value that ranged 
from 0.13 to 0.74 with an average of 0.45. Bányai et al. (2006) reported an average 0.60 PIC 
value in 96 wheat genotypes using 15 SSR markers. Ijaz and Khan (2009) reported maximum 
95% and minimum 41% similarity in 63 wheat genotypes. Our results revealed that the D ge-
nome was the richest in identified SSR-based polymorphisms because D genome-based SSR 
markers produced maximum alleles followed by B and A genomes (Table 6). In the present 
study, genotypes were selected on the basis of salt tolerance, which is largely controlled by 
the D genome in hexaploid wheat (Gorham et al., 1987; Dvorak and Gorham, 1992). SSR 
markers also confirmed the phenotypic evaluation of genotypes. Twelve markers (cfd 1, cfd 
9, cfd 18, cfd 46, cfd 49, cfd 183, wmc 11, wmc 17, wmc 18, wmc 154, wmc 432, and wmc 
503) were found to be specific because they were amplified in salt-tolerant genotypes only. 
Nine of them located on the D genome supporting the findings of Gorham et al. (1987) who 
reported that salinity tolerance is controlled by the D genome. Analysis of variance of the 
SSR data and plant traits studied revealed that five SSR markers (cfd 9, cfd 18, cfd 183, wmc 
96, and wmc 405) and tillers/plant, fresh shoot weight and STI were best suited to evaluate 
salt tolerance in wheat. SSR markers cfd 9, cfd 18 and cfd 183 also produced specific alleles 
in salt-tolerant genotypes only. Therefore, these primers are of great importance and may be 
used to screen large wheat population for salt tolerance.

Accessions were classified as tolerant, moderately tolerant, moderately sensitive, and 
sensitive to salt stress on the basis of the relative performance of growth parameters like shoot 
and root length, No. of tillers/plant, and shoot and root fresh and dry biomass production. 
These accessions, which acquired high STI values for the above-mentioned parameters, were 
salt tolerant, while those that produced less were salt sensitive. Based on STI at 200 mM NaCl 
stress Sakha 92 (Egypt) was the most salt tolerant followed by accessions 10793 (Pak), 10790 
(Pak), 10821(Pak), and 11526 (Pak). At 250 mM NaCl stress, accession 11299 (Pak) was the 
most salt tolerant followed by accessions 11335 (Pak), 11370 (Italy), check cultivar Pasban 
90 (Pak), 11214 (Pak), Maroon (Iran), and Sakha 92 (Egypt). Sakha 92, Pasban 90, accessions 
10790, 10828, 10823, and 4098805 performed better at both 200 and 250 mM NaCl stress. 
High heritability estimates (above 50%), under 200 and 250 mM NaCl stress for shoot length, 
shoot fresh and dry weights and root fresh and dry weights, indicate that selection may be 
useful in early generation. High heritability and positive correlation suggested that number 
of tillers/plant, root length, root fresh and dry weights and shoot fresh and dry weights are 
associated with salt tolerance and could be used as selection criteria under salt stress condi-
tions. SSR markers revealed higher genetic variation in wheat genotypes, which confirmed the 
hydroponic evaluation. Generally, the salt-tolerant genotypes tend to cluster together indicat-
ing the efficiency of SSR markers to differentiate between tolerant and susceptible genotypes 
based on their similarity matrix. Twelve SSR markers were found to be specific because they 
were present in salt-tolerant genotypes only. These markers could be used to screen large 
populations for salt tolerance. The salt-tolerant genotypes will be further investigated at the 
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reproductive stage and maturity in salt-affected field conditions for their confirmation as new 
sources of salt tolerance.
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