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Abstract: In the era of global warming, heat stress, particularly at the seedling stage, is a major problem
that affects the production and productivity of crops such as mustard that are grown in cooler climates.
Nineteen mustard cultivars were exposed to contrasting temperature regimes—20 °C, 30 °C, 40 °C and
a variable range of 2540 °C—and evaluated for changes in physiological and biochemical parameters at
the seedling stage to study their role in heat-stress tolerance. Exposure to heat stress showed detrimental
effects on seedling growth as revealed by reduced vigor indices, survival percentages, antioxidant activity
and proline content. The cultivars were grouped into tolerant, moderately tolerant and susceptible based
on the survival percentage and biochemical parameters. All the conventional and three single-zero
cultivars were found to be tolerant and moderately tolerant, respectively, while double-zero cultivars
were reckoned to be susceptible except for two cultivars. Significant increases in proline content
and catalase and peroxidase activities were found associated with thermo-tolerant cultivars. More
efficient antioxidant system activity and proline accumulation were noticed in conventional along with
three single-zero (PM-21, PM-22, PM-30) and two double-zero (JC-21, JC-33) cultivars that might have
provided better protection to them under heat stress than the remaining one single- and nine double-zero
cultivars. Tolerant cultivars also resulted in significantly higher values of most of the yield attributing
traits. Heat-stress-tolerant cultivars could easily be selected based on the survival percentage, proline
and antioxidants at the seedling stage and included as efficient cultivars in breeding programs.

Keywords: antioxidant; heat/high-temperature stress; mustard cultivars; proline content; seedling
stage; survival percentage; thermo-tolerant

1. Introduction

Food production must be doubled before 2030 in order to feed the ever-increasing
world population. The food crisis has strongly been linked to the changes in global climate
which are negatively impacting agricultural productivity through higher temperatures
during crop production [1]. By 2050, the average temperature is expected to rise by 2 °C
to 4 °C [2]. With this background, it is of absolute necessity to improve the heat-stress
tolerance traits of staple crops for world food security.

High temperatures negatively impact grain development specifically after fertiliza-
tion [3]. Due to the increase in heat, the growth and development during the cropping
season of many of the crops are affected which results in a reduction in yields and a poor
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quality of seeds [4]. The most significant consequence of terminal heat stress is accelerated
seed development, which leads to smaller seeds [5]. Heat stress impacts a range of physio-
logical mechanisms involved in plant growth [6]. Stress induces inactivation of chloroplast
enzymes due to the disruption of thylakoid membranes leading to the inhibition of the
electron transport chain in chloroplasts and the ensuing decrease in the photosynthetic
activity of plants [7,8]. The losses in chlorophyll content have been observed in many
plant species under unfavorable temperature conditions [9-11]. Thus, the photosynthetic
pigment content could also be an essential criterion for evaluating the effect of temperature
stress on seed quality and yields [10]. Therefore, the examination of changes in photo-
synthetic activity is an important aspect to understand the consequences of heat stress in
plants.

Heat stress might uncouple enzymes and metabolic pathways which cause the accu-
mulation of unwanted and harmful reactive oxygen species (ROS) that are responsible for
oxidative stress [12]. Generally, ROS damage cellular components by the oxidation of vari-
ous biomolecules, e.g., DNA, lipids and proteins, which severely affect plant metabolism,
growth and yield [13]. Proline is an amino acid, known to be one of the most exten-
sively distributed amongst the compatible solutes [14], and its accumulation is positively
correlated with plant stress. It is involved in the osmotic adjustment of the cytoplasm,
the safeguarding of protein structures and enzyme activities against denaturation, the
scavenging of hydroxyl free radicals and stabilizing cell membranes by interacting with
phospholipids [15]. Thus, in order to protect themselves, plants have evolved enzymatic
(CAT, POD, SOD) and non-enzymatic (glutathione, tocopherol and ascorbate) detoxifica-
tion mechanisms that are widely used in the mitigation of various abiotic (heat, drought,
pesticides, heavy metals) and biotic (pathogens) stresses [16].

Mustard is one of the most important edible oilseed crops worldwide. After Canada
and China, India is the world’s third largest producer of mustard, accounting for about
11% of the global output [17]. It is mostly a cold-weather crop in tropical and subtrop-
ical regions [18]. More than 80% of the area in India is covered by Indian mustard
(Brassica juncea) because of its relative tolerance to biotic and abiotic stresses in comparison
with other Brassica species. The mustard crop requires an optimum average temperature of
around 25 °C for the proper germination and development of seedlings. It is more sensitive
to hot weather than warm-season crops [19]. High temperature (around 40 °C) severely
affects embryonic cells [20] which decreases seed germination and seedling survival in
the canola [21,22]. Moreover, heat has also been found to inhibit seedling development,
seedling length and vigor indices in canola [22].

In India, the mustard crop constitutes about 25% of the total oilseed production under
B. juncea species, and there is a presence of undesirable substances such as erucic acid
(835-50%) in mustard oil and glucosinolate (49.9-120.3 umol/g) in defatted seed meal which
can affect human health [23]. Because of the increased global consumer awareness about
the anti-nutritional factors, Indian breeders developed “canola-quality” mustard varieties:
single-zero having low erucic acid content (<2%) and double-zero having both low erucic
acid and glucosinolate content (<30 umol/g defatted meal). Even though these quality
mustard cultivars were nutritionally enriched, they have been reported to suffer from
low vigor [24,25]. Moreover, high-temperature stress can further impact crop growth and
production potential, particularly of nutritionally enriched varieties in any crops which
could result in the loss of agricultural productivity.

For a successful breeding program, it is crucial to understand the physiological and
biochemical processes involved in heat-stress tolerance. Although some agronomic and
genetic approaches for improving heat tolerance have been adapted in mustard, to the best
of our knowledge, there is no information available on how Indian quality mustard cultivars
will respond to increasing heat regimes, particularly at the early seedling stage. To the best
of over knowledge, this is the first study conducted to understand the physiological and
biochemical response of Indian quality mustard adaptation to heat stress during the seed
germination and early seedling stages. This study would not only help in the identification
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of heat-tolerant Indian quality mustard cultivars but also could be helpful to those involved
in the development of other field crop varieties to address the issue of hidden hunger in
the world.

2. Results
2.1. Survival (Percentage)

Analysis of variance revealed significant genotypic differences and temperature treat-
ment effects on the survival percentage. The cultivar x temperature treatment interactions
were also found significant. A significantly higher survival percentage was noticed in
Pusa Bold (75.7%), whereas significantly lower survival was observed in PDZ-7 (45.1%).
Depending upon the values obtained from the survival percentage, the cultivars were
grouped into tolerant, moderately tolerant and susceptible cultivars. The highest range of
the survival percentage (61-76%) was observed in tolerant cultivars followed by moderately
tolerant cultivars (55-60%), and the lowest survival percentage was found in susceptible
cultivars (45-50%).

Survival percentage differed with the application of heat/temperature treatments. It
was found that the highest survival percentage (32.3-75.1%) was recorded at 30 °C, while
it was found lowest (15.2-48.3%) at 40 °C. Among the interaction effects of temperature
treatments and groups of cultivars, Pusa Bold showed a maximum survival percentage
(75.1%) at 30 °C, while a minimum survival percentage was observed in PDZ-7 (32.3%) at
30 °C (Table 1).

Among the groups, the seedling survival percentage in tolerant cultivars was 46.3% at
40 °C, 55.5% at a variable temperature range of 25-40 °C and 65.0% at 30 °C. Meanwhile,
in moderately tolerant cultivars, it was 30.7% at 40 °C, 38.9% at a variable temperature
range of 2540 °C and 58.9% at 30 °C. The minimum survival was observed in the case of
susceptible cultivars, and it was 18.4% at 40 °C, 27.3% at a variable temperature range of
25-40 °C and 40.9% at 30 °C (Figure 1). Thus, it was recorded that the survival percentage
was higher in tolerant (group III) followed by moderately tolerant cultivars (group II)
compared to susceptible cultivars (group I).

Manhattan distance-based hierarchical clustering on biochemical parameters was also
found to organize the mustard cultivars into three major groups, i.e., groups I, Il and 1II,
similar to those indicated by the survival percentage (Figure 2). The maximum chlorophyll
content (661, 567 and 484 ng/g FW), catalase activity (35.6, 27.6 and 19.4umol/g FW),
peroxidase activity (603, 458 and 307pmol/g FW), superoxide dismutase (SOD) (375, 351
and 292 U/g FW) and proline content (9.5, 7.2 and 4.8 umol/g FW) in group III followed
by group II and minimum were found in group I, respectively, under different treatments
(Figure 3).
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Table 1. Interaction effects between cultivars and temperature treatments on mean survival percentage.

Susceptible Cultivars Moderately Tolerant Cultivars Tolerant Cultivars

Temperatures PDZ-1  PDZ-3 PDZ-4 PDZ5 PDZ7 PDZ8 PDZ11 PDZ-12 KaE;;ama Heera  JC-21 PM-21  PM-22  Navgold PM-30 g‘;fg ‘1;:;2; JC-33 31540 Mean
T1 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 (1;[)8_;)
T2 34.1 412 37.1 38.1 323 382 403 482 433 56.1 553 532 65.2 59.1 70.2 75.1 65.3 56.5 58.4 (52;;)
T3 30.0 282 264 273 28.1 321 223 29.1 223 27.1 421 37.2 411 35.1 65.1 742 492 481 412 (31388)
T4 24 215 19.2 15.2 20.1 19.3 18.3 16 17.1 15.3 353 282 313 28.1 532 535 39.1 382 483 (zi';‘:)
Mean 46680 4778 45.7h 451h 451h 4748 452N 483" 457h 496f 5827 54.7¢ 59.44 55.6¢ 72.1P 75.7 2 634°¢ 60.7 4 62,0 s411

(Temp.) (£67)  (£67)  (£6.9) (£7.3)  (£67)  (£67)  (£7.0) (£6.9) (£7.0) (£7.0)  (£5.4) (#£57)  (£52)  (£6.0)  (£37) (36)  @F1) (60 (50 :

CD(p=0.05);G=1.04**T=048*G x T=2.09*

where: T1 =20 °C; T2 = 30 °C; T3 = 25-40 °C; T4 = 40 °C. Different letters on mean values depict significant differences (p < 0.01), where cases of means are three (n = 3). The meaning of

** is significance at p < 0.01.
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Figure 1. Grouping of cultivars into tolerant, moderately tolerant and susceptible sets based on
survival percentage under different temperatures. Different letters on SEM (=) bars depict significant
differences (p < 0.05), where cases of means are three (1 = 3).
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Figure 2. UPGMA is based on biochemical parameters of 19 mustard cultivars grown under contrast-
ing temperatures of 20 °C, 30 °C, 25-40 °C and 40 °C.
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Figure 3. Grouping of cultivars based upon mean contents/activities of biochemical parame-
ters under different temperatures. Different letters on SEM (+) bars depict significant differences
(p < 0.05), where cases of means are three (11 = 3).

Group I contains ten cultivars which showed the lowest chlorophyll content, antioxi-
dant enzyme activities and proline content due to their susceptible behavior against heat
stress. Among the ten cultivars, nine cultivars (PDZ-1, PDZ-3, PDZ-4, PDZ-5, PDZ-7,
PDZ-8, PDZ-11, PDZ-12 and Heera) were double-zero quality mustard, and the remaining
one was the Pusa Karishma single-zero quality mustard cultivar. Group II demonstrated
a lower decrease in biochemical parameters at higher temperatures and thus was char-
acterized as moderately tolerant to heat stress. It comprised four cultivars (Figure 2):
JC-21 (double-zero quality mustard), PM-21 and PM-22 (single-zero quality mustard) and
Navgold (conventional cultivar).

Group III revealed a marked increase in chlorophyll content, antioxidant enzyme
activities and proline content under higher temperatures, and therefore, the cluster was
classified as extremely tolerant to heat stress. It comprises five cultivars (Figure 2), namely,
Pusa Bold, Pusa Vijay and BEC-144 (conventional type), PM-30 (single-zero quality mustard)
and JC-33 (double-zero quality mustard).

2.2. Germination Percentage and Mean Germination Time (Days)

The germination percentage was significantly influenced by the interaction between
temperature and groups of cultivars. Among the groups, the germination in tolerant cultivars
was 42.3% at 40 °C followed by 54.1% at a variable temperature range of 2540 °C, and the
highest germination was 62.9% found at 30 °C. Meanwhile, in the case of moderately tolerant
cultivars, the lowest germination was 38.6% found at 40 °C followed by 51.7% at a variable
temperature range of 25-40 °C, and the highest germination was 63.7% observed at 30 °C. In
the case of susceptible cultivars, the lowest germination was 33.1% recorded at 40 °C followed
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by 42.6% at a variable temperature range of 2540 °C, and the highest germination was 56.4%
found at 30 °C (Figure 4A).
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Figure 4. (A) Mean germination percentage and (B) mean germination time (d) of different groups of
cultivars under different treatments. Different letters on SEM (&) bars depict significant differences
(p < 0.05), where cases of means are three (n = 3).

Overall, the results revealed a decline in germination percentages among all the
groups during heat treatments as compared to control. The decline in the germination
percentage was more significant and prominent in susceptible cultivars (group I) followed
by moderately tolerant and tolerant cultivars (group II and III), respectively. It indicated
that there were cultivar differences in the germination percentage with respect to their
ability to tolerate heat stress.

Mean germination time (MGT) is regarded as a measure of the rate and time spread
of germination. Significant differences in MGT were also observed with respect to the
interaction effect of treatments and groups of cultivars. Among the three groups, tolerant
cultivars (group III) required a minimum of 3.65 days at 30 °C followed by 3.74 days when
exposed to a variable temperature range of 25-40 °C and 4.67 days at 40 °C, whereas
susceptible cultivars (group I) required a maximum of 3.67 days at 30 °C followed by
3.89 days at variable temperature and 4.87 days at 40 °C. The differences in mean germina-
tion time were found to be non-significant among the three cultivar groups (Figure 4B).

2.3. Seedling Vigor Index II (SVI-1I)

The result for SVI-II was computed based on the germination percentage and the
seedling’s dry matter. The seedling vigor index II showed significant differences in the
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Vigour Index II
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interaction effect of temperature treatments and groups of cultivars. Among the different
groups, tolerant cultivars (group III) recorded maximum SVI-II (1.55, 1.31 and 1.14), while
susceptible cultivars (group I) recorded minimum SVI-II (1.26, 1.08 and 0.86) at 30 °C, a
variable temperature range of 25-40 °C and 40 °C, respectively (Figure 5).

SCassUTISNE  eeees T2-30°C ——T3-25-40°C ——T4-40°C

Susceptible Moderatelv tolerant Tolerant

Figure 5. Mean seedling vigor index II of different groups of cultivars under different treatments.
Different letters on SEM (=) bars depict significant differences (p < 0.05), where cases of means are
three (n = 3).

2.4. Biochemical Parameters

Biochemical parameters such as chlorophyll content, antioxidant enzyme activity
and proline content showed significant differences in cultivars. Among the cultivars,
the highest significant chlorophyll content (636ug/g FW), catalase activity (33.4 pmol/g
FW), peroxidase activity (558 umol/g FW), superoxide dismutase activity (360 U/g FW)
and proline content (8.61 umol/g FW) were noticed in conventional mustard cultivars
followed by single-zero cultivars. Meanwhile, double-zero mustard cultivars had the
lowest significant chlorophyll content (489 pg/g FW), catalase activity (21.6 umol/g FW),
peroxidase activity (348 umol/g FW), superoxide dismutase activity (304 U/g FW) and
proline content (5.29 umol/g FW). Thus, the most efficient antioxidant system and proline
content were observed in conventional cultivars followed by single-zero cultivars in relation
to biochemical parameters compared to the double-zero mustard cultivars (Table 2).

Based on the analysis of variances, the main effect of individual cultivars with biochem-
ical parameters such as chlorophyll content, catalase, peroxidase, superoxide dismutase
activity and proline content were significantly influenced. Among the cultivars, the highest
significant chlorophyll content (749 ng/g FW) was observed in PM 30 (single-zero mus-
tard), which was at par with Pusa Bold (conventional mustard) (739 pg/g FW), and the
lowest chlorophyll content (395 pg/g FW) was found in PDZ-5 (double-zero mustard).
Significantly higher catalase (37.3 pmol/g FW) and peroxidase (633 umol/g FW) activities
were noticed in Pusa Bold (conventional mustard), whereas significantly lower catalase
activity (16.0 pmol/g FW) was observed in PDZ-7 (double-zero mustard) and peroxidase
activity (265 pmol/g FW) was found in the Heera cultivar (double-zero mustard). The
highest SOD (404 U/g FW) was recorded in Pusa Bold (conventional mustard), and the
lowest (276 U/g FW) was in PDZ-5 (double-zero mustard). The maximum proline content
(10.39 pmol/g FW) was observed in PM-30 (single-zero mustard), and the minimum was
observed in PDZ-4 (double-zero mustard) (4.45 pmol/g FW) (Table 2).
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Table 2. Biochemical parameters at seedling stage in different groups of mustard cultivars.

Groups Cultivars Chclg;(?::ty 1 Catalase Activity Peroxidase Activity ?)“ll; f;g:;‘:: Proline Content

(ug/g FW) (umol/g FW) (umol/g FW) Activity(U/g FW) (umol/g FW)

PDZ-1 437 ¢ (£3.7) 21.9 4 (£0.3) 3389 (£ 4.8) 297 ¢ (£2.8) 4.86 9 (40.05)

PDZ-3 483 © (43.0) 19.3 € (£0.1) 272 (4+1.9) 291 ¢ (£1.9) 4.51 ¢ (£0.05)

PDZ-4 399 f (£5.2) 19.6 € (+0.2) 3284 (+2.8) 284 <4 (£1.6) 4.45 f (40.05)

PDZ-5 395 f (£6.9) 17.3f(+0.2) 298 de (+4.3) 276 4 (+1.4) 4.55¢ (£0.07)

PDZ-7 496 ¢ (£7.0) 16.0 f (0.1) 3109 (+2.5) 285 <d( +1.8) 4.88 9 (+0.06)

Susceptible cultivars 7 7 o 5459 (£2.9) 20.04 (£0.1) 3469 (£3.5) 306 (+1.3) 5.04 4 (+£0.05)
PDZ-11 498 € (£5.3) 17.7 £ (£0.2) 266 € (£2.0) 277 4 (£1.9) 4.70 9¢ (40.04)

PDZ-12 565 °4 (£5.4) 2294 (40.2) 3334 (£2.7) 311 b¢ (41.8) 6.04 € (£0.05)

Pusa Karishma 493 ¢ (+4.4) 20.29 (+0.1) 318 ¢ (£3.8) 285 4 (£+1.5) 4.52¢ (+0.02)

Heera 530 ¢ (+£6.7) 19.4 € (£0.2) 265 ¢ (42.7) 312b¢ (41.8) 4.68 9 (£0.01)

jc-21 487 ¢ (£4.0) 29.7 € (£0.3) 469 © (£2.5) 3330 (£1.3) 5.06 € (£0.07)

Moderately tolerant PM-21 589 ¢ (£5.7) 28.5°¢ (+£0.3) 418 < (+4.5) 355 b (41.4) 6.89 € (+0.14)
cultivars PM-22 659" (+3.7) 26.7 <4 (+£0.4) 498 (+4.8) 3927 (42.5) 9.982 (£0.17)
Navgold 534 e (+4.6) 25.7 < (4 0.1) 449 © (+4.4) 324 b¢ (44.5) 6.79 € (+0.05)

PM-30 7492 (£5.9) 36.42 (£0.3) 6332 (£5.4) 3872 (£1.4) 10.39 2 (£0.10)
Pusa Bold 7392 (£10.5) 37.32 (£0.2) 6332 (£5.2) 4042 (£2.1) 10.122 (= 0.09)

Tolerant cultivars Pusa Vijay 689 (£5.9) 35.6 (4 0.1) 606 (+£4.2) 360° (£2.5) 9.14 2 (£0.16)
JC-33 544 9 (£5.8) 33.8P (£0.4) 603 2 (£3.6) 3742 (+1.9) 9.44 2 (40.08)

BEC-144 585 ¢ (£8.8) 35.12> (40.6) 543" (41.6) 352° (42.1) 8.40° (£0.07)

Grand Mean 548 254 417 327 6.55
CD (p =0.05) 7.97 ** 0.33 ** 4.08** 425 0.11*

Different letters superscripted on mean values depict significant differences (p < 0.01) among the cultivars, where
cases of means are three (n = 3). The meaning of ** is significance at p < 0.01.

2.4.1. Chlorophyll Content (ug/g FW)

Significant differences were observed in chlorophyll content for the interaction effect of
treatments and groups of cultivars. Among the three groups, tolerant cultivars showed the
highest chlorophyll content in all the treatments. Chlorophyll content of 749 pg/g FW was
found at 30 °C, 543 pg/g FW at a variable temperature range of 2540 °Cand 395 pg/g FW at
40 °C. On the other hand, susceptible cultivars observed the lowest chlorophyll content at
all treatments: 552 pug/g FW, 378 ug/g FW and 288 ug/g FW, respectively. Thus, the result
showed that tolerant cultivars (group III) maintained high chlorophyll content even at higher
heat-stress conditions (Figure 6).

----- T1-20°C  wesee T2-30°5C  —=—T3-25-40°C  —u—T4-40°C
1000 -

900 4
500 4
700 +
600
500 4

400 +

Chlorophyll content (ug™ g FW)

300 +
200 4

100 +

Susceptible Moderately tolerant Tolerant

Figure 6. Mean chlorophyll content (ug/g FW) of different groups of cultivars under different
treatments. Different letters on SEM(=) bars depict significant differences (p < 0.05), where cases of
means are three (1 = 3).
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2.4.2. Antioxidant Enzyme Activities
Catalase and Peroxidase Activity (umol/g FW)

Antioxidant enzymes play a very important role under stress conditions. The effect
of high temperature was evident in antioxidant enzymes which differed significantly for
the interaction between treatments and groups of cultivars. Catalase and peroxidase are
important enzymes to detoxify hydrogen peroxide (reactive oxygen species). Among the
different groups, tolerant cultivars recorded maximum activity of 30.6, 38.3 and 49.5 umol/g
FW by catalase enzyme and activity of 569, 671 and 725 pmol/g FW by peroxidase enzyme
at 30 °C, a variable temperature range of 25-40 °C and 40 °C, respectively. Susceptible
cultivars recorded lower activities of 15.4, 22.3 and 28.8 umol/g FW by catalase enzyme
and activity of 258,352 and 421 pmol/g FW by peroxidase enzymes at 30 °C, a variable
temperature range of 25—40 °C and 40 °C, respectively. The result revealed that tolerant
cultivars had maximum catalase and peroxidase activity compared to susceptible cultivars
during heat stress (Figure 7A,B).

T2-30%C --e-eeee T3-25-40°C --=-- T4-40°C

——T1-20"C
60 -

1
40
30 4
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8500 -
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Susceptible Moderatelv tolerant Tolerant

Figure 7. (A) Mean catalase activity (umol/g FW) and (B) mean peroxidase activity (umol/g FW)
of different groups of cultivars under different treatments. Different letters on SEM(=) bars depict
significant differences (p < 0.05), where cases of means are three (1 = 3).

Superoxide Dismutase Activity (U/g FW)

Among the different groups, group III containing tolerant cultivars recorded maximum
superoxide dismutase (SOD) activity of 380 U/g FW at 30 °C followed by 312 U/g FW ata
variable temperature range of 25-40 °C and 260 U/g FW at 40 °C, and minimum SOD of
320 U/g FW was observed in susceptible cultivars (group I) at 30 °C followed by 232 U/g
FW at a variable temperature range of 2540 °C and 179 U/g FW at 40 °C (Figure 8A).
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Figure 8. (A) Mean superoxide dismutase activity (U/g FW) and (B) mean proline content (umol/g
FW) of different groups of cultivars under different treatments. Different letters on SEM (+) bars
depict significant differences (p < 0.05), where cases of means are three (1 = 3).

2.4.3. Proline Content (umol/g FW)

Proline content can increase upon the exposure of plants to any type of stress. The
interaction between groups of cultivars and treatments showed significant differences
in proline content. Among the different groups of cultivars, tolerant cultivars recorded
maximum proline content of 9.1umol/g FW at 30 °C followed by 11.4 umol/g FW at a
variable temperature range of 2540 °C and 15.7 pmol/g FW at 40 °C, while minimum
proline content was recorded in susceptible cultivars at 30 °C (3.7 umol/g FW), followed
by the variable temperature range of 25-40 °C (5.9 umol/g FW) and 40 °C (8.4 umol/g
FW). Thus, the results suggested that among the three groups of cultivars, tolerant cultivars
showed the highest proline content, while it was lowest in susceptible cultivars under
heat-stress conditions (Figure 8B).

2.5. Correlation Analysis between Different Parameters

Correlation among the germination percentage, MGT, survival percentage, seedling
vigor index II, chlorophyll content, proline content, catalase, peroxidase and SOD activity
was measured in 19 mustard cultivars under contrasting temperatures of 20 °C, 30 °C, a
variable temperature range of 25—40 °C and 40 °C (Table 3). Both the positive and negative
correlations were found to be statistically significant at p <0.01. The germination percentage
showed a significant positive correlation with seedling vigor index II (r = 0.79). Since SVI-II
is the manifestation of germination and dry weight, it was an obvious positive relationship.
A significant negative correlation (r = —0.73) was observed between the germination
percentage and MGT and also between MGT and SVI-II (r = —0.66). These correlations
revealed that more time is required by the seedling to emerge and to overcome stress under
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high temperatures. In the present study, the levels of proline content measured showed
a strong negative correlation with the survival percentage of plants (r= —0.54), whereas
catalase and peroxidase activities showed a positive correlation with proline content and a
negative correlation with SVI-II, SOD and chlorophyll content. The superoxide dismutase
(SOD) enzyme protects cells from radical attacks. So, SOD activity was noticed positively
correlated to the survival percentage (r = 0.92) and chlorophyll content (r = 0.86).

Table 3. Correlation among the various physio-biochemical parameters measured in 19 mustard
cultivars under the contrasting temperature conditions.

Germination Survival MGT Vigor Index Chlorophyll Catalase Peroxidase SOD Proline
% Percentage 11 Content Activity Activity Activity Content
Germination %  1.000
Survival 0.836 ** 1.000
percentage
MGT —0.734 ** ~0.575 ** 1.000
Vigorindex I 0.837 ** 0.756 ** —0.665*  1.000
Chlorophyll 0.800 ** 0.858 ** —0636*  0.816* 1.000
content
Catalase —0.499 ** —0.402 ** 0.598 ** —0.291 * —0.430 ** 1.000
activity
Peroxidase ~0.363 ** —0.226* 0.448 ** ~0.100 ** ~0.198 ** 0.905 ** 1.000
activity
SOD activity 0.848 ** 0.923 ** —0.666**  0.832** 0.925 ** —0.428 % —0.212 % 1.000
Proline content ~ —0.590 ** —0.544 " 0.647 ** ~0.439 ** ~0.559 ** 0.909 ** 0.824" ~0.576 1.000
** indicates a correlation significant at 1%.
2.6. Seed Yield Attributing Traits
Seed yield attributing characteristics, such as the number of primary as well as sec-
ondary branches, main shoot length, number of siliquae on the main shoot, siliqua length
and seed yield per plant, showed significant differences among groups of cultivars (Table 4),
whereas the number of seeds per siliqua and siliqua density on the main shoot showed no
significant differences. Among the groups of cultivars, the highest significant number of
primary (10.8) as well as secondary branches (8.5), main shoot length (69.5 cm), number of
siliquae on the main shoot (39.3), siliqua length (5.01 cm) and seed yield per plant (40.9 g)
were observed in tolerant cultivars, whereas susceptible cultivars had the lowest significant
number of primary (8.5) as well as secondary branches (22.8), main shoot length (50.6 cm),
number of siliquae on the main shoot (31.6), siliqua length (3.37 cm) and seed yield per
plant (31.9 g). Thus, tolerant cultivars (group III) were found to be better performers with
respect to the above-mentioned parameters than the susceptible cultivars (group I).
Table 4. Mean seed yield attributing traits of different groups of cultivars.
No. of No. of . No. of - No. of Siliqua .
Cultivars Primary Secondary ]IY: ::nt}? l;:)n(:t) Siliquae on Leill:l?l:jm) Seeds per Density on Seelcj:llale:l(d)per
Branches Branches 8 Main Shoot 8 Siliqua Main Shoot 8
Susceptible 8.5¢(£026)  22.8°(x467)  50.6°(£106)  31.6°(¥262)  337°(X019)  137°(X037)  074°(x0.04)  319°(x131)
?gﬁ‘r{jﬁmly 9.1% (+0.09) 2425 (£120)  57.1%(£222)  33.6° (£1.13)  3.87P(£026)  135° (+£1.65)  0.62° (£0.08)  34.8° (£1.66)
Tolerant 1082 (£0.26)  29.0° (£0.88) 6957 (£2.83)  39.3° (£0.75)  5.01°(X0.11) 1377 (£161)  0.682 (£0.06) 4097 (£2.39)
Mean 9.5 253 59.1 3458 4.08 13.6 0.68 358
CD (p =0.05) 0.54 6.88* 5.28 415 0.48 NS NS 449+

NS = non-significant; different letters superscripted on mean values depict significant differences (* and ** p < 0.05
and p < 0.01, respectively) among the cultivars, where cases of means are three (1 = 3).

3. Discussion

Indian mustard is widely grown under different agro-ecological conditions [26]. The
seedling as well as flowering stages are the most sensitive to heat stress [27]. Moreover, the
increasing global air temperature at the rate of 0.2 °C per decade is raising apprehension
regarding crop productivity and food security [28]. This global hike in temperature is
becoming the critical limiting factor for plant growth, development and yield attributes.
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Impediment to seed germination and field emergence is the first effect of heat stress which
is observed in many crops [29,30].

Seed germination and early seedling growth are the most sensitive stages for plant
stand establishment under extreme environmental stresses [31]. Increased temperature
stress has been found to have a strong negative effect on seed germination potential result-
ing in poor germination [32]. The germination percentage of all the groups of cultivars was
significantly reduced with increasing heat stress. The reduction in germination percentage
was more prominent in susceptible cultivars. Hence, the results suggested that there were
genotypic differences in germination with respect to their ability to tolerate high tempera-
tures. Zhang et al. [22] also reported significant differences in the germination percentage
of different canola varieties.

Efficient seed germination and early, rapid and uniform seedling emergence are
determinants of effective plant stand in the field [33]. Mean germination time is one of
the physiological indicators of seed vigor [34]. An increase of 2.2% in MGT was found at
30 °C, 8.4% at a variable temperature range of 25-40 °C and 34.7% at 40 °C over the control.
The increase in MGT during heat stress, therefore, results in lower and non-uniform seed
germination and seedling establishment. The suppression of seed germination under heat
stress could be due to an increase in ABA levels or a decrease in GA biosynthesis as reported
by Toh et al. [35] in Arabidopsis.

Seed vigor is a complex physiological trait that determines duration and successful
seedling establishment under a wide range of environmental conditions. It encompasses
germination speed, seedling growth, early stress tolerance and seed longevity. Variable
detrimental effects on seedling vigor index II were observed under various treatments.
The reduction in vigor could be due to the enhanced accumulation of stress-induced toxic
compounds such as reactive oxygen species (ROS) in cells [36]. Elevated temperatures
have also been shown to influence seed germinability, in terms of vigor in rice [37]. Cel-
lular homeostasis is essential for the normal physiological and biochemical functioning
of the cell. However, under heat stress, this co-ordination between multiple pathways
occurring in different organelles is disrupted because of the accumulation of toxic com-
pounds such as ROS. Such disruptions could severely affect the function and structure of
chlorophyll resulting in membrane damage with reduced photosynthesis [38]. Hu et al. [39]
reported that a dramatic increase in chlorophyllase and chlorophyll-degrading peroxidase
resulted in a serious depletion of chlorophyll levels at high temperatures. A similar de-
cline in chlorophyll content was observed in canola [22] and alfalfa [40] upon exposure
to heat stresses. However, tolerant cultivars seem to have better protective mechanisms
against photo-oxidation by heat stress; hence, tolerant cultivars show higher chlorophyll
content than their sensitive counterparts. Similar results have been reported in rice and
sorghum [41,42]. The most damaging consequence of these perturbations is the overpro-
duction of deleterious ROS damaging the macromolecules and subcellular components [43].
The seedlings, on other hand, have evolved a protective antioxidative enzymatic, as well as
non-enzymatic, antioxidant defense system including POD, SOD and CAT to lessen the
harm caused by ROS [44,45]. The ameliorating effects of antioxidants on heat stress were
also reported in moth beans [46] and wheat crops [47]. Higher CAT and POD activity at
high-temperature regimes suggests their higher capacity to neutralize deleterious hydrogen
peroxide, thereby minimizing damage to cells and resulting in enhanced tolerance of high
temperature [48,49]. Thus, higher activities of antioxidant enzymes in tolerant cultivars
under heat-stress conditions might have helped mustard seedlings to cope with oxidative
damage. To manage the challenges due to heat stress, plants have evolved many mech-
anisms. One of them is the accumulation of osmolytes such as proline in the cytoplasm
to maintain the plant water potential during heat stress. It also plays the role of molecu-
lar chaperons which preserve the structure of proteins, stabilize sub-cellular membrane
structures [50], scavenge free radicals and maintain cell redox status [51]. Proline has
been reported to increase due to high temperatures in different plant species [52-54]. The
heat-tolerant cultivars possessed greater proline content than heat-sensitive cultivars. This
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indicates that high temperature showed many more adverse effects on seedlings; hence,
proline acts as a reliable indicator of the environmental stress imposed on the plants by
heat stress [15]. The study also revealed that tolerant cultivars had significantly higher
values for most of the yield attributing characteristics that could be attributed to the genetic
makeup of these cultivars and their higher capacity to utilize the photosynthates. The
efficient utilization of reserves could result in a higher number of branches/plants leading
to elevated dry matter production and ultimately resulting in better yields [53].

Overall, susceptible cultivars showed a drastic reduction in germination percentage
and vigor. They were also found to have high MGT and lower antioxidant, chlorophyll and
proline content. Thus, the reduced antioxidant defense, proline content and chlorophyll
content indicate that these seedlings have undergone considerable oxidative damage during
heat stress. It is due to this early damage that the seedlings are unable to recover in phase
II of seed germination. Therefore, high temperature prevailing at the time of sowing
reduces seed germination and causes seedling mortality in Indian quality mustard and
could cause similar reductions in the germination of other crops. This results in poor crop
stand establishment, leading to reduced yields [55].

However, to accelerate the breeding program for heat-stress tolerance, “early selection”
of heat-tolerant cultivars is essential. This will not only reduce the workload but also save
time for the selection process. The grouping of cultivars based on the survival percentage
is a rapid and inexpensive method for screening cultivars for heat tolerance. Under
optimum conditions (20 °C), all groups of cultivars showed 100% survival, but as the
temperature was increased, the survival percentage decreased. Under high temperature,
higher survival was recorded in tolerant and moderately tolerant cultivars (all conventional,
single-zero, except for Pusa Karishma and two double-zero cultivars, JC-21 and JC-33)
as compared to susceptible cultivars (nine double-zero cultivars). The higher survival
percentage of seedlings reflects the recovery potential within the cultivars under heat-
stress conditions. The tolerance capacity of cultivars is the outcome of physiological and
biochemical changes under stress conditions [56]. These results revealed the limited ability
of susceptible cultivars to adapt to heat-stress conditions during the germination stage. The
susceptible cultivars have been reported sensitive to high temperature and require more
ideal temperatures for cultivation [27].

Heat stress greatly reduced the germination of seeds of Indian mustard. Based on
the survival percentage, it was observed that not only conventional cultivars but also
some quality mustard cultivars also showed resistance to heat-stress (high-temperature)
conditions. The survival percentage has also been reported as a selection criterion for
thermal stress in rice [57]. Among the quality mustards, double-zero quality mustard, i.e.,
JC-33 was found tolerant, and JC-21 was moderately tolerant, while single-zero quality
mustard cultivars PM-22 and PM-30 were found tolerant, and the PM-21 cultivar was
found moderately tolerant. Thus, these quality mustard cultivars, which otherwise suffer
from low seeding vigor, can be successfully grown in any area having relatively high
temperatures. The present study is the first report on the effect of heat stress on quality
Indian mustard, and the survival percentage can be used as a reliable trait to evaluate the
heat tolerance of Brassica spp.

4. Materials and Methods
4.1. Experimental Materials

Pure seeds of 19 Indian mustard cultivars including conventional and quality mustard
were collected from the Division of Genetics, Indian Council of Agricultural Research
(ICAR)—Indian Agricultural Research Institute (IARI), New Delhi (India). The procured
cultivars belong to the following categories: 4 conventional (Pusa Vijay, Pusa Bold, Navgold
and BEC-144), 4single-zero (PM-21, PM-22, PM-30 and Pusa Karishma) and 11 double-zero
(Heera, JC-21, JC-33, PDZ-1, PDZ-3, PDZ-4, PDZ-5, PDZ-7, PDZ-8, PDZ-11 and PDZ-12).
Among the quality mustard cultivars, single-zero mustard has low erucic acid content
(<2%), and double-zero mustard has both low erucic acid and low glucosinolate content
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(approximately <30 pmol/g defatted meal), in contrast to conventional mustard, which has
both non-nutritional factors in high quantities. Uniform-sized seeds were selected, and 200
g of each cultivar was surface-sterilized with 1.0% (w/v) sodium hypochlorite for 15 min
and subsequently rinsed six times with distilled water before germination. The sterilized
seeds were first wiped with blotter paper and placed in 15 cm Petri dishes to dry at ambient
temperature under a fan in shade.

Completely dried seeds of all the cultivars were used for further experiments under
four different temperature regimes. The trials for heat stress were conducted in four sets
of temperatures: T1, the control set, was kept at an ambient temperature of 20 °C with a
relative humidity of 95% (walk-in germinator). The other two sets were kept in the growth
chamber at the Division. The T2 set was kept at a constant temperature of 30 °C with a
relative humidity of 75%, and the T4set was kept at a constant temperature of 40 °C with a
relative humidity of 65%. The remaining set (T3) was kept in the growth chamber with a
sequence of specific temperatures along with durations similar to those that are experienced
in actual field conditions during the seedling establishment of Indian mustard as shown
in (Figure 9). Optimal conditions with respect to light and moisture were maintained
for proper germination and development of seedlings. The photoperiod was set at 12 h
a day, and the minimum photosynthetic photon flux density (PPFD) was maintained at
440 pmol m~2 s~ ! during the daytime. The germination percentage and survival percentage
of seedlings were determined. The chlorophyll content, free proline concentration and
activities of superoxide dismutase (SOD), catalase (CAT) and peroxidase (POD) enzymes
were also measured to evaluate the physiological and biochemical responses to high-
temperature stress.

25°C for 6h (10pm — 4am) |

[ Gradual increase to 32°C in

1h (9pm — 10pm)

1h (8am — 9am) ] [ Gradual decrease to 25°C in ]

T— e

[ Gradual increase to 40°C in

1h (10am — 11am) ] [ Gradual decrease to 27°C in ]

1h (5pm — 6pm)

Gradual increase to 32°C in
1h (3pm — 4pm)

Figure 9. Flow chart shows the specific temperatures and durations maintained for T3 treatment in
growth chamber to mimic actual field conditions.



Plants 2023, 12, 1400

16 of 21

4.2. Methodology
4.2.1. Survival Percentage

Evaluation of heat-stress tolerance of mustard cultivars was undertaken in terms of
survival percentage after exposure to various temperature treatments. Six seedling/plug
trays with 50 wells for each treatment combination were filled with sandy loam soil and
farm yard manure (6:1 ratio) for sowing the seeds, and to each well, measured amount
of water was added to bring the moisture levels to field capacity. On the third day of
germination, 5 mL/well of water was sprayed, and each subsequent day after that, the
seedlings received the same amount of water. Once the sterilized seed of each cultivar was
sown in each well of the six trays, it was subjected to four temperature stresses as mentioned
above, thus making three replications of 100 seeds in each treatment combination. The
recording of observations for survival percentage started after 5th day (the day of first
count) and continued until9th day from the date of sowing, and survival percentage was
calculated using the following formula:

. Number of seedlings survived after 9th days
1 (%) = 1 1
Survival (%) Total number of seedlings germinated after 5th day X 100 @

4.2.2. Germination Percentage and Mean Germination Time (d)

The seedlings germinated in the plug trays put in walk-in germinator were categorized
into normal and abnormal seedlings. A seedling that possessed all the essential structures
that indicate its ability to develop into mature plant under favorable field conditions
was considered to be normal seedling, whereas a seedling that didnot have all essential
structures or was damaged, deformed or decayed, which prevents normal development,
was considered an abnormal seedling [58]. The number of normal seedlings was counted
on the 7th day of sowing in three replications of all treatment combinations. The average of
the number of normal seedlings germinated gave final germination and was expressed as a
percentage. The number of seeds germinated in the plug trays put in walk-in germinator
and growth chambers was counted daily in all 3 replications for all treatment combinations.
The mean germination time (MGT) was calculated following the method of Nicholas and
Heydecker [59]. The number of seeds germinated each day was recorded up to the final day
(7th) of the count. Results were calculated with the mean of replicates using the following

formula:
Y Dn

Yn
where 1 = number of seeds, germinated on day D, and D = number of days counted from
the beginning of germination.

MGT =

@)

4.2.3. Seedling Dry Weight (g)

For recording seedling dry weight, the fresh weight (FW) (g) of 10 seedlings was taken.
After recording the FW, the seedlings were placed on wax paper and allowed to dry in a
hot-air oven at 70 4= 1 °C for 48 h. The seedling dry weights (SDW) were measured after
cooling for 30 min in a desiccator with silica gel. The values of SDW expressed in grams
(g per 10 seedlings) were used for calculations of seedling vigor index (SVI) II.

4.2.4. Seedling Vigor Index II

Seedling vigor index II was calculated using the formula below, following the method
of Abdul-Baki and Anderson [60]:

Seedling vigor index-II (SVI-II) = Germination (%) x Seedling dry weight (g).

4.2.5. Chlorophyll Content (ug/g FW)

Chlorophyll content was determined using 100-150 mg of seedlings from all the treatments
in three replications. Chlorophyll content was extracted with 10 mL of 80% (v/v) chilled acetone,
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and the absorbance for Chl-a and Chl-b was recorded at 645 nm and 663 nm, respectively, using
a spectrophotometer (UV-1800, Shimadzu Corporation, Kyoto, Japan), and the chlorophyll
content (ng/g FW) was calculated using the formula [(20.2 x A645) + (8.02 x A663)]/1000 x
W x V, where W is the seedling weight, and V is the extraction volume [61].

4.2.6. Antioxidant Enzyme Activities

Fresh whole seedlings were ground in an ice-cold mortar with 8 mL of 50 mM cold
phosphate buffer (pH 7) and centrifuged at 15,000 rpm for 20 min at 4 °C. A supernatant
was used for the determining activities of the following enzymes [62].

Catalase (CAT) Assay (ymol/g FW)

CAT activity was determined spectrophotometrically by its ability to catalyze the de-
composition of HyO, at 240 nm. The reaction was initiated by the addition of the above
supernatant to the reaction mixture containing 50 mM phosphate buffer (pH 7.0) with 10 mM
H,0O;. The changes in absorbance were estimated at 240 nm at15 s intervals for 3 min [63].

Peroxidase (POD) Assay (umol/g FW)

POD activity was determined by its ability to oxidize guaiacol at 470 nm. The reaction
was performed in a 3 mL solution. The above supernatant was added to phosphate buffer
(100 mM, pH 6.0) containing 96 mM guaiacol and 12 mM H,O; to start the reaction. Finally,
the changes in absorbance were recorded at 470 nm at 15 s intervals for 3 min [64].

Superoxide Dismutase Activity (SOD) Assay (U/g FW)

SOD activity was assayed by inhibition of the photochemical reduction of nitro blue
tetrazolium (NBT) as described by Donahue et al. [65]. Three-milliliter reaction buffer
contained 50 mM phosphate buffer (pH 7.8), 0.1 mM EDTA, 13 mM methionine, 75 pm
NBT, 2 uM riboflavin and 50 puL of the above supernatant. Riboflavin was added last, and
reaction was initiated by placing the tubes under 15-watt fluorescent lamps. The reaction
was terminated after 10 min by switching off the light when the tubes were covered with
a black cloth. Non-illuminated and illuminated reactions without supernatant served as
calibration standards. The reaction product was measured at 560 nm. SOD activity was
expressed as U/g FW, where one unit of SOD activity was defined as the amount of enzyme
that caused 50% inhibition of the photochemical reduction of NBT.

4.2.7. Proline Content (umol/g FW)

The whole seedlings of weight 150-200 mg were taken for determination of proline
content by adopting the method of Bates [66] with some modifications. Samples were
extracted with sulphosalicylic acid (3%). In the extract, an equal volume of glacial acetic
acid and ninhydrin solutions were added. Thereafter, they were kept in a boiling water
bath set at 100 °C for 1 h, and the reaction was ended by putting them in an ice bath.
Then, 5 mL of toluene was added to the reaction mixture and mixed vigorously with
the vortex for 15-20 s. After the mixture was warmed back to room temperature, the
supernatant was collected to read the absorbance at 520 nm using a spectrophotometer
(UV-1800, Shimadzu Corporation, Kyoto, Japan). The proline content was estimated using
a standard concentration curve and calculated on a fresh weight basis (umol/g FW).

4.2.8. Yield Parameters

The nineteen cultivars were evaluated for performance in field during the rabi seasons
of 2020-2021 and 2021-2022. Fifty seeds of each cultivar were sown in the plot size of 2.4 m
x 3 m with three replications each, and recommended package of practices was followed to
raise healthy crops. The mean weather data (Table 5) of the entire crop growth periods were
collected from agro-met observatory of the Division of Agricultural Physics, ICAR-IARI,
New Delhi (India).
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Table 5. Mean weather data throughout the growing periods in rabi seasons of 2020-2021 and
2021-2022.

Relative Rainfall Sunshine
Months Tmax (°C) Tmin (°C) Humidity

%) (mm) (Hrs)
October 32.3 19.3 74.1 42 7.5
November 27.12 10.59 71.78 0 4.5
December 21.88 7.3 77 .4 6 3.73
January 17.37 7.45 84 0 2.45
February 22.82 8.54 71.61 0 6.5
March 31.62 14.97 61.21 0 8.1

The observations were recorded in 5 individual plants from each cultivar for the
following attributes.

No. of Primary Branches per Plant

The number of primary branches emerging directly from the main shoot of the plant
was recorded in 5 individual plants from each type of cultivar.

No. of Secondary Branches per Plant

The number of siliquae bearing branches emerging from the primary branches was-
counted at maturity and was recorded in 5 individual plants from each cultivar.

Main Shoot Length (cm)

The main shoot length from all five individual plants from each type of cultivar was
measured.

Siliqua Length (cm)

Five siliquae from the main raceme of 5 individual plants from each type of cultivar
were taken randomly, and after that, the siliqua length was measured and averaged.

Number of Siliquae on the Main Shoot

Number of siliquae present on the main shoot of the selected plants was counted and
averaged.

Siliqua Density on Main Shoot

Siliqua density was worked out by dividing the number of siliquae on main shoot
with main shoot length in all five individual plants of each type of cultivar and averaged.

The Number of Seeds per Siliqua

Five siliquae from main raceme of each plant were taken randomly, and after that, the
number of seeds was counted and averaged.

Seed Yield per Plant (g)

Five tagged plants of each type of cultivar were threshed separately, cleaned, weighed
and averaged.

4.3. Experimental Design and Statistical Analyses

The lab and field data of the experiments were collected and arranged in a factorial
completely randomized design with four levels of Factor 1 (temperature) and 19 levels
of Factor 2 (cultivars) and a factorial randomized block design. Three replications for
all the treatment combinations were applied in which 100 seeds per replication were
used. Significant differences between means of treatments, cultivars and interactions were
calculated using the least significant difference to compare the means using Tukey’s test at
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p < 0.05, and correlation coefficients (r) were also determined using SPSS 16.0, Chicago, IL,
USA. Analysis of variance (ANOVA) from the data was employed to compute the variable
effects of the factors and their interaction. To estimate similarities among cultivars for
survival under heat stress and biochemical parameters, cluster analysis was performed
using Numerical Taxonomy and Multivariate Analysis System (NTSYS). The dissimilarity
matrix was used to construct the dendrogram by the unweighted pair group method for the
arithmetic mean (UPGMA) based on Sequential Agglomerative Hierarchical and Nested
(SAHN) clustering [67].

5. Conclusions

The present study on nineteen mustard cultivars revealed that high-temperature
stress caused some level of injuries at the seedling stage as well as triggered some defense
mechanisms to prevent those injuries. The mustard cultivars responded differently to
different temperature conditions. The tolerant cultivars showed high antioxidant enzyme
activity and proline content to counteract the deleterious effect of heat stress thus resulting
in better field performance. On the other hand, susceptible cultivars in group I showed
fewer protective mechanisms under heat stress. The present study thus provides a simple,
efficient and cost-effective method for screening, based on the survival percentage of
cultivars, to help early selection of heat-tolerant cultivars.

Author Contributions: Conceptualization, S.Y. and S.K.Y.; methodology, A.S., S.K.Y. and S.Y.; soft-
ware, SK.Y. and R.C,; validation, S.K.Y. and S.Y.; formal analysis, S.K.Y., S.Y. and R.C.; investigation,
AS., SKY, SV, SY. and R.C; data curation, A.S., S.Y., SK.Y. and R.C.; writing—original draft
preparation, A.S., S.Y. and S.K.Y.; writing—review and editing, R.C., N.S.,, D.K.Y,, S.E.,, R AM. and
S.K.Y;; visualization, A.S., S.Y. and S.K.Y.; supervision, S.Y., SK.Y.,, S.V,, N.S.,, D.K.Y. and R.C. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to thank ICAR—Indian Agricultural Research Institute, New
Delhi (India), for providing the required necessary facilities to conduct the studies.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Tomlinson, I. Doubling food production to feed the 9 billion: A critical perspective on a key discourse of food security in the UK.
J. Rural Stud. 2013, 29, 81-90. [CrossRef]

2. Stocher, T.F; Plattner, G.K,; Tignor, M.M.B.; Allen, S.K.; Boschung, J.; Nauel, A.; Xia, Y.; Bex, V.; Midgley, P. Climate Change 2013:
The Physical Science Basis: Working Group I Contribution to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change;
Cambridge University Press: Cambridge, UK, 2013.

3. Begcy, K; Dresselhaus, T. Epigenetic responses to abiotic stresses during reproductive development in cereals. Plant Reprod. 2018,
31, 343-355. [CrossRef] [PubMed]

4. Sehgal, A.; Kumari, S.; Siddique, K.H.M.; Kumar, R.; Bhogireddy, S.; Varshney, RK.; Rao, B.H.; Nair, RM.; Prasad, P.V.V,;
Nayyar, H. Drought or/and heat-stress effects on seed filling in food crops: Impacts on functional biochemistry, seed yields, and
nutritional quality. Front. Plant Sci. 2018, 9, 1705. [CrossRef] [PubMed]

5. Folsom, ].].; Begcy, K.; Hao, X.; Wang, D.; Walia, H. Rice fertilization-Independent Endosperm1 regulates seed size under high
temperature stress by controlling early endosperm development. Plant Physiol. 2014, 165, 238-248. [CrossRef] [PubMed]

6. Hameed, A.; Goher, M.; Igbal, N. Heat stress-induced cell death, changes in antioxidants, lipid peroxidation, and protease activity
in wheat leaves. J. Plant Growth Regul. 2012, 31, 283-291. [CrossRef]

7. Ainsworth, E.A.; Ort, D.R. How do we improve crop production in a warming world? Plant Physiol. 2010, 154, 526-530. [CrossRef]

8. Biswal, B.; Joshi, P.N.; Raval, M.K,; Biswal, U.C. Photosynthesis, a global sensor of environmental stress in green plants: Stress
signalling and adaptation. Curr. Sci. 2011, 101, 47-56.

9. Gupta, NK,; Agarwal, S.; Agarwal, V.P.; Nathawat, N.S.; Gupta, S.; Singh, G. Effect of short-term high temperature stress on
growth, physiology and antioxidative defence system in wheat seedlings. Acta Physiol. Plant. 2013, 35, 1837-1842. [CrossRef]

10. Erdal, S. Androsterone-induced molecular and physiological changes in maize seedlings in response to chilling stress. Plant

Physiol. Biochem. 2012, 57, 1-7. [CrossRef]


http://doi.org/10.1016/j.jrurstud.2011.09.001
http://doi.org/10.1007/s00497-018-0343-4
http://www.ncbi.nlm.nih.gov/pubmed/29943158
http://doi.org/10.3389/fpls.2018.01705
http://www.ncbi.nlm.nih.gov/pubmed/30542357
http://doi.org/10.1104/pp.113.232413
http://www.ncbi.nlm.nih.gov/pubmed/24590858
http://doi.org/10.1007/s00344-011-9238-4
http://doi.org/10.1104/pp.110.161349
http://doi.org/10.1007/s11738-013-1221-1
http://doi.org/10.1016/j.plaphy.2012.04.016

Plants 2023, 12, 1400 20 of 21

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Balestrasse, K.B.; Tomaro, M.L.; Batlle, A.; Noriega, G.O. The role of 5-aminolevulinic acid in the response to cold stress in soybean
plants. Phytochemistry 2010, 71, 2038-2045. [CrossRef]

Sharma, P; Jha, A.B.; Dubey, R.S.; Pessarakli, M. Reactive oxygen species, oxidative damage, and antioxidative defense mechanism
in plants under stressful conditions. J. Bot. 2012, 2012, 217037. [CrossRef]

Bhuyan, M.B.; Hasanuzzaman, M.; Parvin, K.; Mohsin, S.M.; Al Mahmud, J.; Nahar, K.; Fujita, M. Nitric oxide and hydrogen sulfide:
Two intimate collaborators regulating plant defense against abiotic stress. Plant Growth Regul. 2020, 90, 409-424. [CrossRef]

Szepesi, A.; Sz6116si, R. Mechanism of proline biosynthesis and role of proline metabolism enzymes under environmental stress
in plants. In Plant Metabolites and Regulation under Environmental Stress; Academic Press: Cambridge, MA, USA, 2018; pp. 337-353.
Slama, I.; Abdelly, C.; Bouchereau, A.; Flowers, T.; Savouré, A. Diversity, distribution and roles of osmoprotective compounds
accumulated in halophytes under abiotic stress. Ann. Bot. 2015, 115, 433-447. [CrossRef]

Iwaniuk, P.; Lozowicka, B. Biochemical compounds and stress markers in lettuce upon exposure to pathogenic Botrytis cinerea
and fungicides inhibiting oxidative phosphorylation. Planta 2022, 255, 61. [CrossRef]

DAFW Department of Agriculture & Farmers Welfare Ministry of Agriculture & Farmers Welfare, Government of India. 2020.
Available online: https://agricoop.nic.in/en (accessed on 23 December 2020).

Shekhawat, K.; Rathore, S.S.; Premi, O.P.; Kandpal, B.K.; Chauhan, ].S. Advances in agronomic management of Indian mustard
(Brassica juncea (L.) Czern&Coss): An overview. Int. ]. Agron. 2012, 2012, 408284.

Niwas, R.; Khichar, M.L. Managing impact of climatic vagaries on the productivity of wheat and mustard in India. Mausam 2016,
67,205-222. [CrossRef]

Katetina, M.; Prabhullachandran, U.; Stefkova, M.; Spyroglou, L; Péncik, A.; Endlova, L.; Novak, O.; Robert, H.S. Long-term
high-temperature stress impacts on embryo and seed development in Brassica napus. Front. Plant Sci. 2022, 13, 844292.
Azharudheen, TPM.; Yadava, D.K; Singh, N.; Vasudev, S.; Singh, R.; Prabhu, K.V. A study on the thermo-tolerance at germination
and seedling stage in Indian mustard [Brassica juncea (L.) Czern&Coss]. Int. J. Agric. Food Sci. 2013, 4, 589-594.

Zhang, J.; Jiang, F; Yang, P,; Li, J.; Yan, G.; Hu, L. Responses of canola (Brassica napus L.) cultivars under contrasting temperature
regimes during early seedling growth stage as revealed by multiple physiological criteria. Acta Physiol. Plant. 2015, 37, 7. [CrossRef]
Lietzow, J. Biologically active compounds in mustard seeds: A toxicological perspective. Foods 2021, 10, 2089. [CrossRef]
Swami, S.; Yadav, S.; Yadav, S.K.; Dahuja, A.; Yadava, D.K. Imbibition behaviour and germination response in conventional and
quality of Indian mustard (Brassica juncea) seeds. Indian J. Agric. Sci. 2016, 86, 1625-1629.

Biswas, N.; Yadav, S.; Yadav, S.; Choudhary, R.; Saini, N.; Dahuja, A.; Yadav, D.K. Vigor difference during storage and germination
in Indian mustard explained by reactive oxygen species and antioxidant enzymes. Turk. J. Agric. 2020, 44, 577-588. [CrossRef]
Singh, V.; Pant, U.; Bhajan, R. Physiological traits versus seed yield derived parameters based high temperature stress study in
Indian mustard. SABRAO |. Anim. Breed. Genet. 2016, 48, 127-135.

Liu, Y,; Li, J.; Zhu, Y.; Jones, A.; Rose, R.J.; Song, Y. Heat stress in legume seed setting: Effects, causes, and future prospects. Front.
Plant Sci. 2019, 10, 938. [CrossRef] [PubMed]

IPCC. Climate Change 2007: Impacts, Adaptation and Vulnerability. In Contribution of Working Group II to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change; Parry, M.L., Canziani, O.F,, Palutikof, J.P,, van der Linden, PJ., Hanson,
C.E., Eds.; Cambridge University Press: Cambridge, UK, 2007; 976p.

Raza, A.; Razzaq, A.; Mehmood, S.S.; Zou, X.; Zhang, X.; Lv, Y.; Xu, J. Impact of climate change on crops adaptation and strategies
to tackle its outcome: A review. Plants 2019, 8, 34. [CrossRef]

Hossain, A.; Sarker, M.A.Z.; Saifuzzaman, M.; Teixeira da Silva, J.A.; Lozovskaya, M.V.; Akhter, M.M. Evaluation of growth, yield,
relative performance and heat susceptibility of eight wheat (Triticum aestivum L.) cultivars grown under heat stress. Int. J. Plant
Prod. 2013, 7, 615-636.

Sharma, S.; Singh, V.; Tanwar, H.; Mor, V.S.; Kumar, M.; Punia, R.C.; Singh, J. Impact of high temperature on germination, seedling
growth and enzymatic activity of wheat. Agriculture 2022, 12, 1500. [CrossRef]

Fahad, S.; Bajwa, A.A.; Nazir, U.; Anjum, S.A.; Farooq, A.; Zohaib, A.; Sadia, S.; Nasim, W.; Adkins, S.; Saud, S.; et al. Crop
production under drought and heat stress: Plant responses and management options. Front. Plant Sci. 2017, 8, 1147. [CrossRef]
Mondal, S.; Bose, B. Seed priming: An interlinking technology between seeds, seed germination and seedling establishment. In
Plant Reproductive Ecology-Recent Advances; IntechOpen: London, UK, 2021. [CrossRef]

Soltani, E.; Ghaderi-Far, F.; Baskin, C.C.; Baskin, ].M. Problems with using mean germination time to calculate rate of seed
germination. Aust. J. Bot. 2015, 63, 631-635. [CrossRef]

Toh, S.; Imamura, A.; Watanabe, A.; Nakabayashi, K.; Okamoto, M.; Jikumaru, Y. High temperature-induced abscisic acid
biosynthesis and its role in the inhibition of gibberellin action in Arabidopsis seeds. Plant Physiol. 2008, 146, 1368-1385. [CrossRef]
Suzuki, N.; Mittler, R. Reactive oxygen species and temperature stresses: A delicate balance between signalling and destruction.
Physiol. Plant. 2006, 126, 45-51. [CrossRef]

Han, F; Chen, H,; Li, X.J.; Yang, M.F; Liu, G.S.; Shen, S.H. A comparative proteomic analysis of rice seedlings under various
high-temperature stresses. BiochimBiophys Acta 2009, 1794, 1625-1634. [CrossRef] [PubMed]

Hasanuzzaman, M.; Nahar, K.; Alam, M.M.; Roychowdhury, R.; Fujita, M. Physiological, biochemical, and molecular mechanisms
of heat stress tolerance in plants. Int. J. Mol. Sci. 2013, 14, 9643-9684. [CrossRef] [PubMed]

Hu, S,; Ding, Y.; Zhu, C. Sensitivity and responses of chloroplasts to high temperature stress in plants. Front. Plant Sci. 2020, 11, 375.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.phytochem.2010.07.012
http://doi.org/10.1155/2012/217037
http://doi.org/10.1007/s10725-020-00594-4
http://doi.org/10.1093/aob/mcu239
http://doi.org/10.1007/s00425-022-03838-x
https://agricoop.nic.in/en
http://doi.org/10.54302/mausam.v67i1.1179
http://doi.org/10.1007/s11738-014-1748-9
http://doi.org/10.3390/foods10092089
http://doi.org/10.3906/tar-1909-48
http://doi.org/10.3389/fpls.2019.00938
http://www.ncbi.nlm.nih.gov/pubmed/31417579
http://doi.org/10.3390/plants8020034
http://doi.org/10.3390/agriculture12091500
http://doi.org/10.3389/fpls.2017.01147
http://doi.org/10.5772/intechopen.100804
http://doi.org/10.1071/BT15133
http://doi.org/10.1104/pp.107.113738
http://doi.org/10.1111/j.0031-9317.2005.00582.x
http://doi.org/10.1016/j.bbapap.2009.07.013
http://www.ncbi.nlm.nih.gov/pubmed/19635594
http://doi.org/10.3390/ijms14059643
http://www.ncbi.nlm.nih.gov/pubmed/23644891
http://doi.org/10.3389/fpls.2020.00375
http://www.ncbi.nlm.nih.gov/pubmed/32300353

Plants 2023, 12, 1400 21 of 21

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

Wassie, M.; Zhang, W.; Zhang, Q.; Ji, K.; Chen, L. Effect of heat stress on growth and physiological traits of alfalfa (Medicago sativa
L.) and a comprehensive evaluation for heat tolerance. Agronomy 2019, 9, 597. [CrossRef]

Kumar, S.; Gupta, D.; Nayyar, H. Comparative response of maize and rice cultivars to heat stress: Status of oxidative stress and
antioxidants. Acta Physiol. Plant. 2012, 34, 75-86. [CrossRef]

Gosavi, G.U,; Jadhav, A.S.; Kale, A.A.; Gadakh, S.R.; Pawar, B.D.; Chimote, V.P. Effect of heat stress on proline, chlorophyll
content, heat shock proteins and antioxidant enzyme activity in sorghum (Sorghum bicolor) at seedlings stage. Indian J. Biotechnol.
2014, 13, 356-363.

Berjak, P.; Pammenter, N. Implications of the lack of desiccation tolerance in recalcitrant seeds. Front. Plant Sci. 2013, 4, 478. [CrossRef]
Hasanuzzaman, M.; Bhuyan, M.H.M.; Zulfiqgar, F,; Raza, A.; Mohsin, S.M.; Mahmud, J.A.; Fotopoulos, V. Reactive oxygen species
and antioxidant defense in plants under abiotic stress: Revisiting the crucial role of a universal defense regulator. Antioxidants
2020, 9, 681. [CrossRef]

Iwaniuk, P; Borusiewicz, A.; Lozowicka, B. Fluazinam and its mixtures induce diversified changes of crucial biochemical and
antioxidant profile in leafy vegetable. Sci. Hortic. 2022, 298, 110988. [CrossRef]

Harsh, A.; Sharma, YK; Joshi, U.; Rampuria, S.; Singh, G.; Kumar, S.; Sharma, R. Effect of short-term high temperature stress on
total sugars, proline and some antioxidant enzymes in moth bean (Vigna aconitifolia). Ann. Agric. Sci. 2016, 61, 57-64. [CrossRef]
Caverzan, A.; Casassola, A.; Brammer, S.P. Antioxidant responses of wheat plants under stress. Genet. Mol. Biol. 2016, 39, 1-6.
[CrossRef] [PubMed]

Kibinza, S.; Vinel, D.; Come, D.; Bailly, C.; Corbineau, F. Sunflower seed deterioration as related to moisture content during
ageing, energy metabolism and active oxygen species scavenging. Physiol. Plant 2006, 128, 496-506. [CrossRef]

Tabatabaei, S.; Ehsanzadeh, P. Photosynthetic pigments, ionic and antioxidative behaviour of hulled tetraploid wheat in response
to NaCl. Photosynthetic 2016, 54, 340-350. [CrossRef]

Dar, M.I,; Naikoo, M.I.; Rehman, F.; Naushin, F.; Khan, EA. Proline accumulation in plants: Roles in stress tolerance and plant de-
velopment. In Osmolytes and Plants Acclimation to Changing Environment: Emerging Omics Technologies; Springer: Berlin/Heidelberg,
Germany, 2016; pp. 155-166.

Siddique, A.; Kandpal, G.; Kumar, P. Proline accumulation and its defensive role under diverse stress condition in plants: An
overview. J. Pure Appl. Microbiol. 2018, 12, 1655-1659. [CrossRef]

Kishor, PK.; Suravajhala, P.; Rathnagiri, P.; Sreenivasulu, N. Intriguing role of proline in redox potential conferring high
temperature stress tolerance. Front. Plant Sci. 2022, 13, 867531. [CrossRef] [PubMed]

Chaplot, P.C.; Vandeep, A.; Kumar, R. Effect of balanced fertilization and agrochemical on growth, yield attributes and yields of
mustard varieties. Ext. Summ. 2012, 3, 26-30.

Amutha, R.S.; Muthulaksmi, W.; Baby Rani, K.; Mareeswari, PI. Studies on biochemical basis of heat tolerance in sunflower
(Helianthus annuus L.). J. Agric. Biol. Sci. 2007, 3, 234-238.

Saxena, M.C.; Saxena, N.P; Mohamed, A.K. High temperature stress. In World Crops: Cool Season Food Legumes, Current Plant
Science and Biotechnology in Agriculture; Summerfeld, R.J., Ed.; Springer: Dordrecht, The Netherlands, 1988; Volume 5.

Bita, C.E.; Gerats, T. Plant tolerance to high temperature in a changing environment: Scientific fundamentals and production of
heat stress-tolerant crops. Front. Plant Sci. 2013, 4, 273. [CrossRef]

Sarsu, F. Screening protocols for heat tolerance in rice at the seedling and reproductive stages. In Pre-Field Screening Protocols for
Heat-Tolerant Mutants in Rice; Springer: Berlin/Heidelberg, Germany, 2018; pp. 9-24. [CrossRef]

ISTA. International Rules for Seed Testing; International Seed Testing Association: Bassersdorf, Switzerland, 2020.

Nicholas, M.A.; Heydecker, W. Two approaches to the study of germination data. Proc. Int. Seed Test. Assoc. 1968, 33, 531-540.
Abdul-Baki, A.A.; Anderson, J.D. Vigour determination in soybean seed by multiple criteria. Crop Sci. 1973, 13, 630-633. [CrossRef]
Arnon, D. Copper enzymes isolated chloroplasts, polyphenol oxidase in Beta vulgaris. Plant Physiol. 1949, 24, 1-15. [CrossRef]
[PubMed]

Raza, S.H.; Athar, H.R.; Ashraf, M.; Hameed, A. Glycine betaine induced modulation of antioxidant enzymes activities and ion
accumulation in two wheat cultivars differing in salt tolerance. Environ. Exp. Bot. 2007, 60, 368-376. [CrossRef]

Aebi, H.E. Catalase. In Methods of Enzymatic Analysis, 3rd ed.; Bergmeyer, H.U., Ed.; Verlag Chemie: Weinheim, Germany, 1983;
pp- 273-286.

Gao, J.; Xiao, Q.; Ding, L.; Chen, M.; Yin, L.; Li, J.; Zhou, S.; He, G. Differential responses of lipid peroxidation and antioxidants in
Alternanthera philoxeroides and Oryza sativa subjected to drought stress. Plant Growth Regul. 2008, 56, 89-95. [CrossRef]
Donahue, J.L.; Okpodu, C.M.; Cramer, C.; Grabau, E.A.; Alscher, R.G. Responses of antioxidants to paraquat in pea leaves
(relationships to resistance). Plant Physiol. 1997, 113, 249-257. [CrossRef]

Bates, L.S. Rapid determination of free proline for water-stress studies. Plant Soil. 1973, 39, 205-207. [CrossRef]

Rohlf, EJ. NTSYS 2.1: Numerical Taxonomic and Multivariate Analysis System; Exeter Software: New York, NY, USA, 2000.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/agronomy9100597
http://doi.org/10.1007/s11738-011-0806-9
http://doi.org/10.3389/fpls.2013.00478
http://doi.org/10.3390/antiox9080681
http://doi.org/10.1016/j.scienta.2022.110988
http://doi.org/10.1016/j.aoas.2016.02.001
http://doi.org/10.1590/1678-4685-GMB-2015-0109
http://www.ncbi.nlm.nih.gov/pubmed/27007891
http://doi.org/10.1111/j.1399-3054.2006.00771.x
http://doi.org/10.1007/s11099-016-0083-3
http://doi.org/10.22207/JPAM.12.3.73
http://doi.org/10.3389/fpls.2022.867531
http://www.ncbi.nlm.nih.gov/pubmed/35795343
http://doi.org/10.3389/fpls.2013.00273
http://doi.org/10.1007/978-3-319-77338-4
http://doi.org/10.2135/cropsci1973.0011183X001300060013x
http://doi.org/10.1104/pp.24.1.1
http://www.ncbi.nlm.nih.gov/pubmed/16654194
http://doi.org/10.1016/j.envexpbot.2006.12.009
http://doi.org/10.1007/s10725-008-9291-6
http://doi.org/10.1104/pp.113.1.249
http://doi.org/10.1007/BF00018060

	Introduction 
	Results 
	Survival (Percentage) 
	Germination Percentage and Mean Germination Time (Days) 
	Seedling Vigor Index II (SVI-II) 
	Biochemical Parameters 
	Chlorophyll Content (g/g FW) 
	Antioxidant Enzyme Activities 
	Proline Content (mol/g FW) 

	Correlation Analysis between Different Parameters 
	Seed Yield Attributing Traits 

	Discussion 
	Materials and Methods 
	Experimental Materials 
	Methodology 
	Survival Percentage 
	Germination Percentage and Mean Germination Time (d) 
	Seedling Dry Weight (g) 
	Seedling Vigor Index II 
	Chlorophyll Content (g/g FW) 
	Antioxidant Enzyme Activities 
	Proline Content (mol/g FW) 
	Yield Parameters 

	Experimental Design and Statistical Analyses 

	Conclusions 
	References

