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ABSTRACT

Drought stress is one of the most important factors limiting crop production in dry regions. In order to study the effects
of drought stress on antioxidant enzymes and physiological characteristics, thirty six bread wheat genotypes were
evaluated at the research station, School of Agriculture, Shiraz University, Iran during 2010-2011 and 2011-2012
growing seasons. The experiment was conducted as a split-plot design with irrigation treatments (well-irrigation and
non-irrigation) as main plots in three replications and genotypes as sub-plots. Water stress was applied when 50% of ears
emerged. Two weeks after applying stress, the youngest leaves were collected to extract enzymes. Results showed that
the activity of al enzymes increased under stress, with APX and proline showing the highest increase. Therefore, these
factors were considered suitable to screen drought tolerant genotypes. The genotypes KC4856, KC4848, KC4512,
K(C3893, KC3892 and KC4929 had high anti-oxidant activity and high yields but showed a low decrease in MS| and
hence were classified as tolerant. These results suggest that oxidative stress tolerance is closely associated with increase
in antioxidant enzymes and proline and decrease of MSI.

Keywords: anti-oxidant enzyme, crop production, hexaploid wheat, membrane stability index, proline.

Abbreviations: APX= ascorbate peroxidase, MSI= membrane stability index, ROS= reactive oxygen species, O,'=
superoxide radicals, H.O,= hydrogen peroxide, OH= hydroxyl radical, SOD= super oxide dismutase, CAT= catalase,
POD= peroxidase, RWC= relative water content, PVP= polyvinylpyrrolidone, NBT= nitroblue tetrazolium, EC=
electrical conductivity, PRO=proline, PCA= principal component analysis

INTRODUCTION molecules and consequently NADP* consumption for

receiving electrons is reduced. As a result, the oxygen

Drought stress is known to be the major limiting molecules act as altemative receptors of electron .in the

factor of crop production worldwide. This multi-  €lectron transport chain that leads to the formation of
dimensional  stress  affects plants at  different ~ reactive oxygen species (ROS) such as superoxide
organizational levels (Blum, 1996) and its effects are  radicals (Oz), hydrogen peroxide (H20,) and hydroxyl
expected to increase by the global climate change in  radical (OH) (Arora et al. 2002). Reactive oxygen
future (IPCC, 2013). The response of plants to drought ~ SPecies may cause damages such as lipid oxidation
stressis complex because it not only reflects stress effects ~ (Change in membrane structure), protein structure change
but also the corresponding responses at all organizational ~ @nd oxidization of sulfhydryl groups (-SH), inactivation
levels. Siddique et al. (1999) reported drought as the  Of enzymes, loss of chlorophyll and other pigments. ROS
most important factor affecting plants growth and yield. @S0 continually attack organic molecules such as DNA
Allen (1995) pointed to the reduction of plant growthand ~ @d consequently |ead to the impairment of DNA strands

productivity in response to water shortage and oxidative  (Mittler, 2002). N
damage. Wheat has developed an efficient defense

P : system (enzymatic and non-enzymatic) against oxidative
photosynlt_rzlés?,sw?jeécreageuﬂrier ;t]?; whsigﬁwcrz]ouldtht?é siress that can neutralize o desiroy free radic‘?'ls' This
explained by stomata closure and high concentrations of System consisis of enzymes suph as superoxide dismutase
CO; (Sairam and Saxena, 2000). Plant stomata become (SOD.)’ catalase (CAT), peroxidase (POD) and ascorbaf[e
closed when water is short, after which CO, peroxidase (_APX) (Idso_ et al. 1981). Non-enzymatic
concentration reduces in mesophyllic tissue. Therefore, compounds involve proline, ascorbate, tocopherol and

: : tenoids (Sheoran et al. 2015). These defensive
dark reactions of photosynthesis are confused and caro ; ) :
products of light reactions (ATP and NADPH) are not molecules are interconnected and disable radicals as fast

L A as they are formed and consequently reduce cell injury
consumed. In such situations, oxidation of NADPH and death (Sairam and Srivastava, 2002).
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Several reports have shown strong relationships
between tolerance to adverse conditions and increase in
concentrations of antioxidant enzymes in plants (Sairam
and Saxena, 2000; Sairam and Srivastava, 2001 and
2002). The activity of SOD, CAT, POD and APX
increased in tolerant wheat genotypes in response to
stress (Lascano et al. 2005; Sheoran et al. 2015). Johnson
et al. (1984) also reported that wheat genotypes with high
enzymatic activity showed higher relative water content
(RWC), concentrations of proline and soluble sugars and
less grain yield loss under stress condition. They also
expressed that these genotypes had high value of
membrane stability index (MSI) under both stress and
non-stress conditions. Similar results showed that tolerant
genotypes have high anti-oxidant enzymes (POD, CAT,
APX and SOD) activity, low concentration of free
radicals, high MSI and consequently lower cell death
(Renu and Devarshi, 2007). Increase in the activities of
these enzymes enables tolerant genotypes to endure
oxidative stress while too little increase is observed in
sensitive ones. Therefore, selecting and breeding wheat
genotypes with high antioxidants could be useful in
improving agronomic traits when associated with
enhanced quality and stability of wheat products (Martine
et al. 1993). Despite the importance of biochemical and
physiological indices in breeding for drought resistance,
researches have emphasized on their role in commercial
cultivars while wheat landraces have received little
attention. Therefore, this research was conducted to
evaluate the response of lranian wheat landraces to
drought stress using anti-oxidant and non-anti-oxidant
enzymes.
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MATERIALSAND METHODS

To study enzymes’ activity, 36 wheat genotypes
were evaluated at the research station, School of
Agriculture, Shiraz University (1810 m above sea level
with 52° 32" E longitude and 29° 36" N latitude), Iran
during 2010-2011 and 2011-2012 growing seasons. The
genotypes included thirty four landraces preceded with
KC (4567, 4630, 4538, 4606, 4608, 4580, 4862, 4856,
4920, 4848, 4575, 4577, 4508, 4565, 2195, 4512, 4623,
4642, 4847, 4860, 4595, 4564, 4687, 4633, 4545, 4557,
2177, 4562, 4535, 4619, 3893, 3892, 4929 and 4646) and
the commercial cultivars i.e., Shiraz and Cross Boolani,
as controls. An experiment was performed in the field as
split-plot design where irrigation (well-irrigation, non-
irrigation after anthesis) was used in main plots in a
randomized complete block design with three replications
and genotypes were allocated to sub-plots.

The genotypes were planted on 13" and 2™ of
November in 2010-2011 and 2011-2012, respectively, in
four rows of three meter length each at arate of 250 seeds
per sguare meter (the soil was fine mixed, Mesic
Calcixerpets, Xerochrepts). Nitrate fertilizer (@ 300 kg
ha') was split into two parts and applied at the planting
and ear-emerging stages. All plots were irrigated at 100%
field capacity until 50% ear emergence when stress was
applied. Weather information of the experimental site is
givenin Table 1.

Fifty cm on either side of each row was
considered as border and two weeks after applying stress,
flag leave samples were collected which were
immediately placed in liquid nitrogen and stored in
refrigerator for further analyses.

Table 1. Some weather parametersfor the experimental site during 2010-2011 and 2011-2012 gr owing seasons.

So011 Temperature (°C) UTRT Relative humidity (%) Pre‘é'rﬁ'r;")‘“on

Month Min Max Min 201011 201112 | 201011 201112
November - 6.94 18.20 2350 12.47 30.85 52.67 0.00 795
December  -5.79 12.30 _a11 12.88 4293 58.28 485 61.0
January -1.30 10.26 252 10.48 48.98 55.45 1075 1270
February 0.89 16.27 172 13.43 49.47 4282 76.8 27.0
March 332 20.31 317 19.06 50.02 4335 305 450
April 7.83 27.50 751 26,8 4827 35.05 0.00 0.00
May 12.39 34.10 11.58 31.43 24.47 26.15 0.00 0.00
June 15.30 35.77 14.08 35.23 20,92 2219 0.00 0.00

Total 26238 3395

Methods of extracting and measuring biochemical
traits. To extract enzymes, 0.5 g of frozen tissue was
homogenized using 2 ml buffer (pH=7.8) which consisted
of 0.607 g Tris, 0.05 g PVP (polyvinylpyrrolidone) and
50 ml water. Then the homogenate was transferred to a
new tube and centrifuged at 13000 rpm for 15 min at 4°C.
Finally, transparent phase was kept as enzyme extract
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(Sairam and Srivastava, 2001; Sairam and Saxena, 2000).
The concentration of ascorbate peroxidase was measured
using the method of Nakano and Asada (1981).
Peroxidase activity was measured based on guaiacol
oxidation as described by Chance and Maehly (1995).
The method of CAT enzyme measurement was similar to
that of POD with the exception that it is based on the
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demoalition speed of H,O, (Chance and Maehly, 1995).
Superoxide dismutase (SOD) activity was measured
based on its ability to stop light reviving of NBT in the
presence of riboflavin and light using Beauchamp and
Fridovich (1971) method.

To measure proline concentration, the following
formula (Bates et al. 1973) was used.

Proline (UM g* fresh wt) = MxTxW/115.5

Where M is the value for each sample shown by
the spectrophotometer, T istoluene volume (ml) and W is
tissue weight (g).

MSI was calculated as [1- (5 )] 100 based on

the method of Sairam (2000), where C; and C; represent

EC at 40 and 100 °C, respectively.

Statistical analysis for each year (under
combined conditions of both stress and non-stress) and
combined years (both of 2010-2011 and 2011-2012) were
performed using EXCEL and SAS 9.2 (SAS, 2004)
softwares. Genotypes were clustered and least significant
difference (LSD) at 5% probability level was used to
compare means.

RESULTSAND DISCUSSION

Anaysis of variance indicated that both
irrigation treatments and genotypes were significantly
different in both years for APX, POD, SOD and CAT and
proline but the interaction of these factors was only
significant for CAT and POD in one year and proline for
both years (Table 2). The effects of irrigation, genotypes
and their interaction was significant for MSI in one year.

Drought stress increased the activity of APX
(Figure 1-1, further details for each year could be found
in supplementary data). The highest and lowest APX

activity belonged to genotypes number 17 (834.0 U g *
FWY and 3 (377.4 U g * FW), for 2010-2011 under
combined conditions of stress and non-stress,

respectively (Table 3). Genotypes number 33, 8, 34 and
35 with 697.2, 623.4, 562.9 and 546 U g ! FW aso
produced high APX in this year. However, they did not

differ significantly from genotype number 17 that showed
the highest activity. For 2011-2012, the highest and
lowest APX activity belonged to genotypes number 27
(576.2 U g * FW) and 23 (342.7 U g ' FW) under
combined conditions, respectively. The high-yielding
tolerant genotypes (based on drought tolerance indices
and yield loss; data not shown), 33, 17, 35, 34 and 8 with
561.9, 535.7, 530.4, 517.9 and 430.3 U g ! FW did not
significantly differ from genotype number 27 (Table 3).
APX activity in 2011-2012 was lower than that of 2010-
2011 which is due to differential response of genotypesto

L Unit/gram Fresh Weight
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year effect or their different potential or stability. Thus,
genotypes with high enzyme activities in different
environments could be used in breeding programmes.

Mean of two-year data revealed that the tolerant
genotypes 17 (684.8 U g* FW) and 33 (629.5 U g* FW)
had higher APX concentrations (Table 3). These
genotypes withstood detrimental effects of drought and
produced acceptable yields (5328 and 4824 kg ha?,
respectively) most likely due to APX increase. This
enzyme removes free oxygen radicals (Hus and Kao,
2007) and protects cells against their destructive effects.
On the other hand, this enzyme can create a balance
between formation and remova of reactive oxygen
radicals and keep H>O in a balanced level (Munns and
Tester, 2008).

As genotypes with higher APX have higher
yield stability and sustain less injury under stress
condition, this enzyme can be beneficial in screening
tolerant genotypes under drought and oxidative stresses.
Amjad et al. (2011) highlighted the role of APX in
scavenging ROS and cell protection from injury under
stress conditions. Similarly, Renu and Devarshi (2007)
reported higher APX activity in tolerant wheat cultivars
under drought stress.

For 2010-2011, the highest and lowest POD
belonged to genotypes number 23 (476.6 U g FW) and
13 (129.0 U g ' FW) in combined conditions (Table 3).
In this year, genotypes 25, 33, 27, 21, 15 and 17 with
441.4, 401.2, 397.1, 368.9, 358.0 and 348.6 U g 1 FW
ranked second to fifth, respectively. However these
genotypes did not significantly differ from genotype 23
that had the highest POD. For 2011-2012, genotypes 16
and 24 with 507.3 and 223.3 U g ** FW had the highest
and lowest POD activity, respectively in combined
conditions of stress and non-stress. This enzyme
increased in all genotypes under drought (Figure 1-2)
because under such conditions, plants use their full
capacity to combat or escape drought and survive its
harsh conditions (Shao et al. 2005). Kim et al. (2005)
indicated that increase in this enzyme could protect plants
from stress effects, thus, maintaining their high
performance. POD reduces oxidative damage through
decomposing H2O; consequently leading to lower
decrease in MSI. These results are in agreement with the
findings of McDonald (2004) who observed higher POD
concentration in tolerant genotypes and reported its role
in defense against oxidative stress. Similar results were
also reported by Bailly (2004) in crops under stress.

For 2010-2011, the highest and lowest CAT
belonged to genotypes number 25 (91.1 U g ** FW) and
26 (34.1 U gt FW) in combined conditions. Genotypes
number 23, 10, 33, 16, 21, 28, 27, 17 and 11 with 89.2,
84.8, 80.7, 80.5, 80.0, 75.8, 74.1, 71.8 and 71.8 U g 1 FW
ranked second to ninth, respectively. However their
difference was not significant from genotype 25 that had
the highest CAT concentration (Table 3). For 2011-2012,
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genotypes number 7 and 17 with 95.3 and 54.40 U g *
FW had the highest and lowest CAT activity, respectively
(Table 3). CAT concentration in genotypes differed in
both years which refers to either the significant year
effect and/or its sensitivity to light or temperature under
stress condition which causes fluctuation in different
genotypes.

Results for 2010-2011 showed the highest and
lowest SOD belonged to genotypes number 33 (145.2 U
g! FW) and 5 (16 U g* FW), respectively and for 2011-
2012, genotypes number 20 and 11 with 120.9 and 53.61
U g * FW showed the highest and lowest SOD in
combined conditions of stress and non-stress,
respectively (Table 3). The year effect was significant
which means different genotypes performed differently
every year. SOD accumulation in the tolerant genotype
eg. 33 (145.2 and 82.3 U g! FW in 2010-2011 and 2011-
2012, respectively, under combined conditions of stress
and non-stress) was higher compared to sensitive ones
(e.g. 25 with 51.5 and 73.7 U g* FW in 2010-2011 and
2011-2012, respectively, under the same conditions)
which refers to SOD efficiency in reducing destructive
free oxygen radicals and oxidizing lipids (Alscher et al.
2002). This enzyme converts superoxide radicals (Oy) to
hydrogen peroxide in chloroplasts, mitochondria,
cytoplasm and peroxisome, and has been regarded as one
of the best defense systems (Mittler, 2002).

Means over years showed that genotypes 25 and
10 with 83.5 and 80.4 U g ' FW had the highest CAT
activities (Table 3). However, these genotypes were
sensitive to drought and had yield losses of 42.5 and
48.1%, respectively (Suppl. 1). Therefore, they are not
suitable for stress condition. The lowest CAT activity
belonged to genotypes 35 and 24 with 52.5 and 50.1 U g~
L FW. Genotype 24 had high grain yield loss along with
lower enzyme activity under stress which makes it only
suitable for non-stress conditions. Genotype 35 had a
high yield of 7,493 and 4,893 kg ha' under combined
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conditions of stress and non-stress in 2010-2011 and
2011-2012, respectively, while the difference between
genotypes 35 and 24 in terms of CAT activity was not
significant (Table 3). Based on these results, CAT
enzyme is not suitable in identifying tolerant genotypes
because no specia pattern was detected among tolerant
and sensitive genotypes.

Results showed that the highest and lowest SOD
belonged to genotypes number 33 (113.8 U g FW) and 5
(50.8 U g* FW), respectively. Genotype 34 did not show
asignificant difference from genotype 33 (Table 3) which
has been classified as tolerant in previous findings (data
not shown). These two genotypes could be used in
breeding programmes because lower SOD activity
correlates with higher amounts of superoxide radicals.
These radicals synthesize hydrogen peroxide and create
hydroxyl which is an extremely dangerous radical that
destroys bio-molecules (Asada, 2000). Similar results
have been also reported by Hidalgo et al. (2006) in wheat

who concluded that tolerant genotypes had higher SOD
amounts associated with less free radicals compared to
sensitive ones under stress condition. Also, Stepien and
Klobus (2005) reported that antioxidant defense plays an
important role in both C; and C4 plants tolerance to
environmental stresses.

Anaysis of variance for proline showed
irrigation regime, genotype and their interaction were
significantly different in 2010-2011 and 2011-2012
(Table 2). The highest and lowest amount of proline
belonged to genotypes number 33 (156.8 umol g FW)
and 13 (33.3 umol g** FW) under combined conditions of
well irrigation and non-irrigation regimes, respectively, in
2010-2011 (Table 3). Genotypes number 12, 35, 34, 5
and 7 with 131.5, 122.5, 120, 118.8 and 114.8 umol g*
FW aso showed high proline content which were
significantly different from genotype 33.

Table 2. Analysis of variance for enzymes, proline amino acid and M S| of 36 hexaploid wheat genotypes under
two irrigation regimes as main plot with three replicationsin combined years.

S0V df APX POD CAT SOD Proline MS

Y 1 886179.9” 953390.6™ 18617.6™ 30202.4™ 1199335" 31306.3”
Rep (Year) 4 495772.7 250905 1341.5 5551.7 2093.8 654.3

I 1 2195004.2"" 16274550 95480.6™ 106388.7" 72182.7" 10005.6™
Y x| 1 876694.2" 1437375 34642.8™ 526.7 22933.5™ 2854
Error 4 129509.6 292081.9 2128.8 613.5 882.9 1703.0
G 35 44403.2 34859.6" 879.3 2814.3" 2787.8" 160.9”
YxG 35 42415.0° 39019.4" 994.3" 3461.9° 2548.0" 145.7"
IxG 35 33806.3" 49260.7" 568.5 1221.4 1311.1" 921

Y xIxG 35 19980.2"" 61224.1" 783.3 1551.7 1070.8" 835
Erorr 280 36895.9 24771.7 560.9 1663.8 237.2 74.3

B: block, I: irrigation, G: genotype, Y: year, Rep (Replication), MS: mean square
df; degrees of freedom, APX; ascorbate peroxidase, POD; peroxidase, CAT; catalase, SOD; super oxide dismutase, MSI; membrane

stability index. ™ and means  significant

differences a 1 and 5%

levels of probability, respectively.
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Figure 1. Activities of APX (1-1), POX (1-2) and proline (1-3) in 36 wheat genotypes under both stress (S) and non-stress (NS) conditionsin 2010-2011 and 2011-
2012 growing seasons. APX; ascor bate peroxidase, POD; peroxidase. Different lettersindicate significant differences.

Table 3. Average of APX, POD, CAT and SOD (U g* FW) and proline (u mol g * FW) and MSI (%) of 36 common wheat genotypes in 2010-2011 and 2011-
2012 growing seasons and two-year average.

APX POD CAT SOD Proline MS
Genotype 2010-  2011- Mean 2010- 2011- Mean 2010- 2011- Mean 2010- 2011- Mean 2010- 2011- Mean 2010- 2011- Mean
11 12 11 12 11 12 11 12 11 12 11 12

1K C 4567 4759 4300 4529 2774 2816 2795 645 557 601 271 816 544 784 757 770 364 151 257
2K C 4630, 5034 4629 4831 1709 3769 2739 449 716 582 340 949 645 683 659 671 278 219 248
3KC 4538 3774 4058 3916 2273 4146 3209 474 753 614 975 932 954 82 794 808 310 191 251
4K C 4606, 476.2 3980 4371 3085 3671 3378 631 754 693 649 560 605 3387 321 329 391 179 285
5K C 4608 5722 4891 5306 2945 3996 3471 597 653 625 160 8.6 508 1188 1151 1169 361 332 346
6K C 4580 576.7 4219 4993 1434 2936 2185 465 740 602 511 666 589 662 657 649 352 184 268
7K C 4862 399.2 5452 4722 2476 4908 3692 569 953 761 659 1047 853 1148 1112 1129 336 194 265
8K C 4856, 6234 4303 5268 1300 3898 2599 610 815 712 568 1170 869 1075 1041 1057 386 137 261
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9CrossBoolaniy 387.2 439.7 4134 2529 4024 3277 573 828 70.0 481 1042 762 749 745 747 339 156 248
10K C 4920, 493.6 4187 4561 1813 3620 2717 848 760 804 306 8.2 599 772 723 745 436 174 305
11K C 4848, 599.7 4071 5034 2861 4383 3622 718 80 799 650 536 593 1013 980 996 429 195 312
12K C 4575, 640.7 460.2 5504 2612 3429 3021 549 692 621 630 743 687 1315 1274 1294 370 186 27.8
13K C 4577, 6288 3805 5046 1290 3809 2550 472 688 580 938 746 842 333 318 325 318 210 264
14K C 4508, 467.7 4213 4445 2117 4191 3154 461 762 611 591 865 728 482 463 472 298 152 225
15K C 4565 5040 391.0 4475 3580 4871 4226 697 704 700 1081 745 913 650 626 638 406 187 296
16K C 2195, 666.5 4401 5533 3079 5073 4076 805 709 757 341 965 653 609 587 598 392 6.5 229
17K C 4512 8340 5357 6848 3486 2387 2936 718 544 632 570 588 579 627 604 615 355 132 243
18K C 4623 5889 3832 4860 2638 3990 3314 521 744 633 636 1015 826 681 638 654 389 164 27.7
19K C 4642 6074 3737 4905 1826 4604 3215 431 753 592 701 581 641 8.1 822 836 399 180 289
20K C 4847, 6254 5149 5701 2988 3325 3157 537 621 579 823 1209 1016 921 890 905 205 115 160
21K C 4860, 6196 3924 5060 3689 3137 3413 800 632 716 1402 608 1005 467 448 455 328 157 242
22K C 4595 5995 3773 4884 2626 2722 2674 551 716 633 720 824 772 544 523 533 394 177 285
23K C 4564 4504 3427 3965 4767 2915 3841 892 651 771 782 885 834 580 558 568 320 224 272
24K C 4687, 525.7 4039 4648 1779 2233 2006 383 619 501 701 1092 897 454 435 444 322 110 216
25K C 4633 466.8 4744 4706 4415 2965 3690 911 758 835 515 737 626 658 635 646 379 157 268
26K C 4545, 5143 4171 4657 1843 2980 2411 341 807 574 842 925 884 522 502 511 393 184 288
27K C 4557, 5276 5762 5519 3972 2999 3486 741 662 701 504 807 656 444 425 438 299 252 276
28K C 2177 5864 4814 5339 3139 3347 3243 758 785 771 623 797 710 376 360 3678 368 131 249

29Shiraz 7017 4713 5865 2479 3201 2840 474 675 574 921 771 846 455 436 445 309 161 235
30K C 4562 4454 569.1 5072 2478 3138 2808 581 656 618 639 721 680 559 537 548 360 173 26.6
31K C 4535 4706 536.0 5033 1770 3410 2590 393 812 602 578 734 656 601 578 589 37 315 336
32K C 4619 3787 5634 4710 2646 3200 2923 576 778 677 684 8.7 751 670 658 658 321 129 225
33K C 3893 697.1 5619 6295 4012 4499 4256 807 756 782 1452 823 1138 1568 1521 1544 415 245 330
34K C 3892 5629 5179 5404 2801 3963 3382 471 716 594 813 8.7 835 1200 1187 1193 361 274 317
35K C 4929, 546.0 5305 5382 2146 2570 2508 379 671 525 309 782 546 1225 1163 1194 368 195 281
36K C 4646 5938 5124 5531 2289 4064 3177 456 694 575 474 728 601 943 912 927 339 218 279

Average 5482 4577 5029 2657 359.7 3127 591 752 656 662 828 745 749 723 735 3541 183 269

LSD (5%) 27527 14272 1968 1609 1966 128.61 31.85 21.14 1913 63.02 19.07 3278 2151 20.97 1237 1317 447 746

APX: ascorbate peroxidase, POD: peroxidase, CAT: catalase, SOD: super oxide dismutase, MSI: membrane stability index, LSD; least significant differences.

1745



Dorostkar €t al.,

Similarly, the highest and lowest amounts of
proline for 2011-2012 belonged to genotypes number 33
(152.1 pmol g* FW) and 13 (31.8 pumol g* FW) under
combined conditions, respectively. The same genotypes,
i.e, 12, 34, 35, 5 and 7 with 127.4, 118.7, 116.3, 115.1
and 111.2 umol g* FW were significantly different from
genotype number 33 (which had the highest proline
concentration) and ranked second to sixth, respectively.
The control genotypes, 9 and 29 showed the lowest
amount of proline and were not significantly different
from genotype 13. These results showed all genotypes
except tolerant ones had similar concentration of proline
in two years (Figure 1-3). Drought stress reduces cell’s
water and in turn, plants react by increasing proline
concentration to reduce its effects (Bhaskaran et al.
1985). Therefore, proline increase causes osmotic
adjustments in plants (Hanson et al. 1997) which leads to
more water absorption and consequently results in yield
improvement in tolerant genotypes.

These results are similar to those reported by
Pierivatolum et al. (2010) where they found tolerant
wheat genotypes produced higher amounts of proline that
can reiterate this amino acid’s role for screening
genotypes under drought stress. Some studies have used
proline as a control for biochemical characteristics
because of its biosynthesis via an integrative mechanism

and its role in osmotic adjustment. Therefore, proline
increase can be considered an effective and feasible
approach to improve plant’s tolerance to multiple abiotic
stresses without causing phenotypic defects (Bhaskaran et
al. 1985; Sarvajeet and Narendra, 2010).

Results showed that genotypes were
significantly different for MSI in 2011-2012 (Table 2).
The highest and lowest MSI belonged to genotypes
number 5 and 16 with 33.2% and 6.5%, respectively
(Table 3). Means over years showed genotypes 5 (34.6%)
and 31 (33.6%) had the highest MSI and genotypes 20
(16.0%) and 24 (21.6%) had the lowest M S, respectively
(Table 3). Genotypes number 33, 34 and 11 with 33.0,
31.7 and 31.2 % showed no significant difference from
genotype number 5 that had highest MSI. The tolerant
genotypes 11 (KC4848), 33 (KC3893) and 34 (KC3892)
had a dlight decrease in MSI, higher anti-oxidant enzyme
and proline activities under drought. The activity of
enzymes decreases the destructive effects of O, radicals
and lipid oxidation using H>O, decomposition and leads
to lower MSI reduction and consequently yield stability.
Therefore, genotypes 33 and 34 are suitable for arid and
semi-arid regions. Genotypes with higher anti-oxidant
enzymes reduce free radical effects and adjust osmotic
pressure through increasing proline and soluble sugars.
Consequently, this leads to less MSI reduction and yield
improvement which are defense systems against stress.
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These results are similar to those reported by Amjad et al.
(2011) in wheat who stated free oxygen radicas, cell
death and M S| are appropriate indices to screen sensitive
and tolerant wheat genotypes. Similar results were also
obtained by Bajii et al. (2001) and Renu and Devarshi,
(2007) who showed proline and soluble sugars increased
under stress condition and had a positive correlation with
antioxidant enzymes activities.

Genotypes were classified into four groups
under both non-stress and stress condition based on
average linkage and Pearson distance using enzymes
activity, proline and MSl index under stress and non-
stress conditions (Figures 2-1 and 2-2). Under stress
condition, the first two groups consisted of genotypes 33
and 17 which were highly tolerant and tolerant,
respectively. The third group included nine genotypes
that showed high enzymatic activity, MSI and proline and
therefore, were named semi-tolerant. Of them, genotypes
8, 11, and 35 produced high yield. The fourth group
which composed of the remaining 23 genotypes was
named stress sensitive group because they showed low
enzymatic activity, proline and MSI (Figure 2-2). Under
non-stress conditions, the four groups composed of 14, 4,
13 and 5 genotypes. Similar to stress conditions, the
genotypes 33 and 17 were placed in different groups.
However, their corresponding groups composed of 13
and 14 genotypes, respectively.

Principal component analysis (PCA) was
performed using correlation matrix to compare different
genotypes by different anti-oxidant enzymes, proline and
MSI index. The PC1 and PC2 explained 32.1% and 23.0
% of variations, respectively (Table 4) and were named
as the first and second remover of H»O, component
(Figure 3). These indices can separate tolerant and
sensitive genotypes. The genotypes 8, 10, 11, 12, 17, 33,
34 and 35 with 6290, 5987, 5255, 5254, 5328, 48246,
5121 and 5566 kg ha?, respectively, had high yield in
combined analysis of 2010-2011 and 2011-2012. These
genotypes also had high anti-oxidant enzymes and
proline (Table 3) and less grain yield loss under stress
and therefore are appropriate for both stress and non-
stress conditions. Genotypes 3, 4, 13, 14, 20, 24, 26 and
32 with both low PC1 and PC2 are suitable neither in
stress nor non-stress conditions because they are sensitive
to end-season drought. Therefore, their cultivation is not
recommended. Genotypes number 1, 2, 6, 19, 22, 29, 30,
31 and 36 with low PC1 and high PC2 and genotypes
number 5, 7, 9, 15, 16, 18, 21, 23, 25, 27 and 28 with low
PC1 and high PC2 were semi-sensitive to drought
condition (Figure 3) and can be used in breeding
programms or crossing nurseries to improve their
undesirable traits.
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Figure 2. Tree dendrogram of 36 wheat genotypes using different enzymatic and non-enzymatic characteristics
(2) non-stress and (2) stress conditionsin 2010-2011 and 2011-2012 growing seasons.

Table 4. Principal component loading for anti-oxidant enzymes (APX, POD, CAT, SOD), proline content and
M SI in 2010-2011 and 2011-2012 gr owing seasons.

Component  Froportion of total Cumulative  \py  pop  CAT SOD proline MS
variation (%) per cent

PC1 321 21 011 060 053 008 041 038

pPC2 230 55.1 047 028 -036 -041 046 041

APX: ascorbate peroxidase, POD: peroxidase, CAT: cataase, SOD: super oxide dismutase, MSI: membrane stability index.
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Figure 3. Biplot for anti-oxidant enzymes, proline and

M SI index. APX: ascorbate peroxidase, POD: peroxidase,

SOD: superoxide dismutase, CAT: catalase, PRO: proline and M SI: membrane stability index.

Conclusion: Drought stress with associated oxidative
stress leads to enhanced accumulation of ROS, Oyand
H20, in chloroplasts, mitochondria and peroxisomes.
Therefore, plants induce anti-oxidant activity to
overcome stresses (Alscher et al. 2002). Antioxidants
prevent production of free radicals which occur by
decomposition of peroxides and consequently, lead to
drought tolerance (Rice-Evans and Burdon, 1994).
Results of present study showed the activities of CAT,
POD, APX and SOD and proline content increased
significantly (P < 0.01) while MSI decreased
significantly. Based on the results, the high yielding
genotypes KC4848, KC3893 and KC3892 were
categorized as tolerant. These genotypes are of great
value for potential use in breeding programs. Also, it
would be of interest to screen them using anti-oxidants
such as malondiadehyde, glutathione, glutathione
reductase, glutathione peroxidase and non-anti-oxidant
enzymes such as carotenoid because of their important
role in protection against stress. Additionally, genes
responsible for these mechanisms can be identified in
future studies which are likely to help breeders to
increase plant resistance to stress.
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