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Abstract

Soil pollution with heavy metals has grown to be a big hassle, leading to the loss in farming production particu-

larly in developing countries like Pakistan, where no proper channel is present for irrigation and extraction of these
toxic heavy metals. The present study aims to ameliorate the damages caused by heavy metal ions (Hg-Mercury)

on rapeseed (Brassica napus L.) via a growth regulator (a-tocopherol 150 mg/L) and thermopriming technique at 4 °C
and 50 °C to maintain plant agronomical and physiological characteristics. In pot experiments, we designed total

of 11 treatments viz.(TO (control), TT (Hg4ppm), T2 (Hg8ppm), T3 (Hgdppm +4 °C), T4 (Hgdppm + 4 °C+tocoph-

erol (150 m/L)), T5 (Hg4ppm + 50 °C), T6 (Hg4ppm + 50 °C+tocopherol (150 mg/L)), T7 (Hg8ppm +4 °C), T8
(Hg8ppm+4 °C+tocopherol (150 mg/L)), T9 (Hg8ppm +50 °C), T10 (Hg8ppm + 50 °C+tocopherol (150 mg/L)

the results revealed that chlorophyll content at p < 0.05 with growth regulator and antioxidant enzymes such

as catalase, peroxidase, and malondialdehyde enhanced up to the maximum level at T5 =Hg4ppm + 50 °C (50 °C
thermopriming under 4 ppm mercuric chloride stress), suggesting that high temperature initiate the antioxidant
system to reduce photosystem damage. However, protein, proline, superoxide dismutase at p <0.05, and carotenoid,
soluble sugar, and ascorbate peroxidase were increased non-significantly (p > 0.05) 50 °C thermopriming under 8 ppm
high mercuric chloride stress (T9=Hg8ppm + 50 °C) representing the tolerance of selected specie by synthesizing
osmolytes to resist oxidation mechanism. Furthermore, reduction in % MC (moisture content) is easily improved

with foliar application of a-tocopherol and 50 °C thermopriming and 4 ppm heavy metal stress at T6=Hg4ppm +

50 °C+a-tocopherol (150 mg/L), with a remarkable increase in plant vigor and germination energy. It has resulted
that the inhibitory effect of only lower concentration (4 ppm) of heavy metal stress was ameliorated by exogenous
application of a-tocopherol and thermopriming technique by synthesizing high levels of proline and antioxidant
activities in maintaining seedling growth and development on heavy metal contaminated soil.
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Introduction

Climate change as well as rising temperatures are a big
concern in many parts of the globe [1, 2]. The main
environmental factor affecting vegetation worldwide
has been determined to be climate change [3, 4]. Plant
development and production are impacted by environ-
mental changes such as temperature rise, changes in
carbon dioxide (CO,) levels, patterns of precipitation,
and related abiotic stressors like heat, drought [5], salt
[6], and the state of the soil’s nutrients [7, 8]. Through an
examination of the results from the IPCC’s (Intergovern-
mental Panel for Climate Change) Assessment Report 4
(AR4) model ensemble, we are able to show that rising
temperatures in the Amazon and increased water stress
are both expected to occur in the twenty-first century [9—
11]. Similarly, an increase in temperature from 3 to 4 °C
will lead to a decrease in agricultural crop production of
up to 15-35% in Asia and Africa and 25-35% in the Mid-
dle East [1]. Minor temperature changes can lead to the
expression or suppression of hundreds of genes in plants
that lead to a decline in crop production [12]. Stress in
plants is formerly related to stress resistance, which is the
ability or fitness of a plant to live under unfavorable con-
ditions [13].

Due to uneven substance usage in the past ten years,
Pakistan has experienced extreme environmental stress
[14], particularly in the form of soil stress. As a result,
typically dormant stress-related genes are rapidly acti-
vated by environmental stress [15]. Plant interactions
with environmental stress factors are known to con-
tribute to the initiation of various defense mechanisms
[16, 17], resulting in qualitative and/or quantitative
improvements in the development of plant metabo-
lites, activation of hormone signaling pathways regu-
lated by abscisic acid (ABA), salicylic acid, jasmonic
acid, and ethylene, as well as reactive oxygen species
(ROS) signaling pathways [18]. Furthermore, Abiotic
stresses include cold, dryness, salt, and heavy metals
mostly affect plant development and agricultural yield
[16]. Plants can initiate a variety of genetic, cellular,
and physiological modifications in response to abiotic
stress. [19, 20]. Heavy metals are elements with a large
atomic mass and are at least five times denser than
water [21]. Heavy metal stress has become a major con-
cern in many terrestrial ecosystems across the world
[22]. By collecting heavy metals, modern industrializa-
tion has a negative impact on soil as well as crop yield.
Heavy metals including Zn, Cu, Mo, Mn, Co, Hg, and
Ni are required for critical biological activities and

developmental pathways [23-26]. Heavy metals have
a high ecological significance due to their persistence,
toxicity, and bioaccumulation capability, and an excess
of heavy metals in soil affects plant productivity and
yield greatly [27, 28]. Mercury (Hg) is an important
metal because of its use in multiple ways, e.g. Hg*",
HgS, HgO, and methyl-Hg, respectively. Mercury is
ubiquitous, being found in all ecospheres as well as
igneous rocks in trace quantities. Growing research has
shown that Hg?" can be stored freely in advanced and
aquatic plants [17].

Due to mercury’s high toxicity and frequent preva-
lence, mercury poisoning (Hg) has drawn particular
interest [29]. In the soil and water, the predominant
form of mercury is Hg?*. Because of its reactive char-
acteristics, mercury is particularly phytotoxic [30].
Reduced nutrient absorption is a further toxic result of
the accumulation of Hg?" in plants and reduced photo-
synthesis [31]. Soil and water polluted with radioactive
metals pose a significant danger to environmental wel-
fare and food safety. Lead (Pb), mercury (Hg), and cad-
mium (Cd) are examples of non-essential metals that
have no significant biological function. Rather, when
these metals are present in larger concentrations, they
interact with biological, systemic, and metabolic sys-
tems [32]. Soil ecosystems are contaminated with heavy
metals by human-induced activities [33]. A hazardous
concentration of heavy metals in agricultural soils is
unknown [34]. Heavy metal contamination is a severe
concern in Pakistan, rapidly depleting soil, water, and
food resources owing to inattention [35]. Therefore the
status of heavy metal in the study area district Pesha-
war, Pakistan was described by Amin and Ahmad,
[35]. They reported different heavy metal contents
showed ppm ranges of: Cr=0.06-3.2, Co=0.3-24,
Ni=0.17-5.97, Cu=0.88-8.8, Zn=0.81-17, Fe=3-57,
and Pb=2-25. Heavy metals, particularly mercury, are
environmental contaminants. Heavy metals that accu-
mulate to hazardous amounts in agricultural soils have
a negative impact on crop health and yield [36].

Seed priming is a pre-sowing seed preparation that
allows seeds to be moderately hydrated in order to
ingest water and pass through the early stages of ger-
mination, allowing seeds to germinate more effectively
[37-39]. Seed priming has been successfully dem-
onstrated to enhance germination and emergence,
especially under stress conditions, in seeds of many
crops [40]. Seed priming involves pre-soaking seeds
in distilled water or osmotic solutions. Seed priming
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is a simple, cost-effective, and persuasive method for
improving seed germination, early seedling growth,
and production under normal and stressful condi-
tions [41, 42]. Thermopriming is a seed pre-treatment
method that involves exposing a seed to a given tem-
perature for a set period of time to evaluate the tem-
perature influence on the coat, physiology, and growth
of the seed [43, 44]. To accelerate the germination and
seedling development in crops under natural and saline
conditions, several seed priming treatments have been
used. Priming appears to be a feasible technology for
high vigor, followed by better yields in certain crops for
quick and uniform emergence [45]. This, together with
emergence synchronisation, reduces the time between
seed sowing and seedling emergence [46]. In terms of
plant development, yield quantity, and efficiency, the
use of antioxidants such as vitamins has received a lot
of attention in reducing the negative effects of water
and salinity stress on plants. Alpha-tocopherol (a-t),
so-called vitamin E, is a lipophilic antioxidant with a
low molecular weight that usually prevents plants from
cellular oxidation caused by stress. It is well known
that a-tocopherol is used exogenously to enhance plant
growth and production processes under unfavorable
environmental conditions [47-49].

After palm and soyabean oil, rapeseed (B. napus L.)
is the third largest oilseed crop in the world, account-
ing for nearly 16% of the entire supply of vegetable oil
worldwide. Currently, most commercial rapeseed cul-
tivars have brown to black seed color. Previous studies
have shown that B. napus has yellow seeds. B. napus has
a thinner seed coat, a reduced proportion of pigment
and hull, and a higher content of oil and protein than the
black seed form. With these superior characteristics, yel-
low seed is generally recognized as a premium attribute
and is a global subject of rapeseed science [50, 51].

The alpha-tocopherol and thermopriming will miti-
gate the effect of mercuric chloride toxicity in B. napus.
It is expected that the uptake of mercury by the Bras-
sica will be reduced in the presence of alpha-tocopherol
and that the plants will be less affected by the mercury
if they are thermoprimed. Looking into the current and
future expected environmental pollution with mercury,
the aim of the current research work has been planned
to assess mercury’s impact on canola crop growth
responses, osmo-protection capacities, and antioxidant
enzyme system under the effect of -tocopherol foliar
spray and thermopriming treatment. Such studies have
demonstrated its significance in the region, as Pakistan
is a developing country with no effective waste recy-
cling infrastructure to stabilise our agricultural growth
rate. There is also a need to adopt rapid adaptive steps
suggested by the latest and relevant results of other

Page 30f 18

researchers. Heavy metals, particularly mercury, are
environmental contaminants. Heavy metals that accu-
mulate to hazardous amounts in agricultural soils have
a negative impact on crop health and vyield. Therefore,
the present study was aimed to ameliorate the mitiga-
tion effect via different mitigation methods like priming
and thermo priming under mercuric chloride stress in B.
napus via a growth regulator and contributing to reduc-
ing environmental pollution, which reflects positively on
maintaining food security to avoid hunger and poverty in
the long term, and contributes to achieving sustainable
development goals and raising the quality of life.

Materials and methods

Experimental design, study site description, and climate
The certified and disease-free seeds of B. napus L. variety
(NIFA Gold) were procured from the Nuclear Institute of
Food and Agriculture Peshawar (NIFA). The experiment
was carried out in 2019 in the greenhouse at the University
of Peshawar, Peshawar (latitude, 34.01" N, longitude 71.48’
E, and altitude of 1199 feet) weather ranges between 5 °C
(in January) and 39 °C (in June) with a mean annual rainfall
of about 513 mm under natural conditions during the can-
ola growing season January 2019. Peshawar with its tropical
climate lies in the Iranian plateau area [24, 52]. With a semi-
arid climate, the district of Peshawar has very hot summers
and mild winters [53]. A total of 33 pots in which 3 pots
per treatment (n=11) were used. In total 11 treatments (T0
(control), T1 (Hgdppm), T2 (Hg8ppm), T3 (Hgdppm+4
°C), T4 (Hgdppm+4 °C+tocopherol (150 m/L)), T5
(Hgdppm+50 °C), T6 (Hgdppm+50 °C+tocopherol(150
mg/L)), T7 (Hg8ppm+4 °C), T8 (Hg8ppm+4 °C+ tocoph-
erol(150 mg/L)), T9 (Hg8ppm+50 °C), T10 (Hg8ppm+ 50
°C+tocopherol(150 mg/L))) were designed (in triplicate)
in a complete randomized block design (CRBD). Ten seeds
per pot were planted (18 cm lower inside diameter, 18 cm
upper inside diameter, 20 cm height, and 2 cm thickness)
having microelement soil and silt in a 2:1 ratio. Before
sowing, seeds were surface sterilized with 0.1% HgCl,
solution. Seeds were then rinsed, dried, and subjected to
thermopriming by keeping seeds in water at low tempera-
ture (4 °C) and high temperature (50 °C) for 1 h. 20 leaves
of 10 plants were used for the average sample per treat-
ment. Pots were arranged at 5 cm apart into the control
group and heavy metal stress treatment group. After ger-
mination, 15 days plants were subjected to foliar spray with
a-tocopherol (150 mg/L) solution whereas 10 mL HgCl,
solution at different concentrations viz 4 ppm and 8 ppm
were directly introduced to pots for imposing heavy metal
stress. For physiological and biochemical analyses, true leaf
samples were taken during the vegetative stage after 60 days
of sowing. For each treatment, three replicates were taken
via the method of Ali et al. [43]. Standard procedures for
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the pot experiments were practiced and during the experi-
ment, no insect or disease issues were noticed. The plant
was watered at 25% humidity in pots as needed. Agronomi-
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Final Germination Percentage (FGP)
The final germination percentage has been determined
by the proposed formula of Hakim et al. [58].

FPG = The total seeds germinated at the end of the trial /Number of initial seeds used x100

cal studies included root, stem, and leaf while physiologi-
cal parameters were evaluated for leaves that were kept and
preserved in a refrigerator at 4 °C for the analysis of osmo-
protectants, biochemical and antioxidant enzymes.

Agronomic characteristics

Germination Index (Gl)

The germination Index has been computed by the formula
described by [44].

GI = (10Xnl) + (9xn2) + - - - 4+ (1xn10)

Hence nl, n2... n10 represented the number of seeds ger-
minated on day first, second till the last day 10th whereas;
10, 9... and 1 are values given to the number of sprouted
seeds on day first, second, and the until day the last 10th.

Coefficient of Velocity of Germination (CVG)

The coefficient of the velocity of germination indicates the
speed of germination. The less time it takes to germinate,
the higher the CVG value. For such determination, the for-
mula proposed by [54—56] has been followed.

CVGNI1 + N2+ - - 4+ Nx/100 x N1T1 + - - - + NxTx

where “N” is the number of germinants per day and “T”
is the time counted in days from sowing corresponding to
seed geminated N.

Mean Emergence Time (MET)
Mean emergence time has been determined by the pro-
posed formula of Javed et al. [57].

¥Dn
> n

where D denotes the number of days since the start of
emergence and n denotes the number of seeds that had
emerged on day D.

MET =

Emergence Index (El)
The emergence index has been determined by the pro-
posed formula of Javed et al. [57].

Timson Germination Index (TGl)
Timson germination index has been determined by the
proposed formula of Al-Ansari et al. [59].

2.G
TGl = S
T

where G is the percentage of seed germinated per day,
and T is the germination period.

Mean Germination Time (MGT)

The mean germination time was computed by the
method of Saeed et al. [54]. Mean germination time
indicates seed germination rate. The smaller the
meantime of germination,the greater the rate of
germination.

fx
MGT = —
>f

where "f" refers to the amount of germinated seeds on
day x.

Leaf Area Index (LAI) and Leaf Area Ratio (LAR)
The following equation specified the leaf area index and
area ratio suggested by Shah et al. [60].

LAI = Leaf area (cm2)/ Land area (cm2)

LAR = Leaf area (cm?2)/Final plant dry weight

The leaf area was measured by taking the length and
width of a leaf and using weighted regression equations
for each species to get the leaf area.

Root-Shoot Ratio (RSR)
The root-shoot ratio has been determined by the pro-
posed formula of Chuyong and Acidri, [61].

RSR = Root dry mass/Shoot dry mass

EI = No of emerged seeds / Day of first the count+..4+ No of emerged seeds/ Day of the final count
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Seedling Vigor Index (SVI)

SVI has been calculated using themethod and cal-
culation described by Hatami, [62]; Ullah et al. [63]
expressed by means of number and standard deviation.

SVI = Root length 4 Shoot length /Germination Percentage

Percent Moisture Content (PMC)
Percent moisture content has been determined by the
proposed formula by Ali et al. [43].
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(chlorophyll b), 645 nm (chlorophyll a), and 470 nm
(carotenoid).

Determination of soluble protein content of leaves (SPC)

Protein content was studied using the recommended
method of Kim et al. [66] 0.2 g fresh foliar material was
ground in phosphate buffer (pH 7.5). 0.1 mL with 3.0 mL
of reagent having CuSO,.5H,0 (0.125 g), (25 mL) and
Na—K tartrate (1.5 g), (150 mL) and (3 g) sodium carbon-
ate (Na,CO;) NaOH (0.4 g), (100 mL) was added. Folin

%MC = Wet weight of the sample — Dry weight of sample/Dry weight of the sample

Relative Growth Rate (RGR)
The relative growth rate has been determined by the pro-
posed formula of Shah et al. [60].

RGR = (logeW2 — logeW1)/t2 — t1

where, W1=Weight of dry matter at time t1,W2 = Weight
of dry matter at time t2, t2-t1=the interval in days,
loge=Natural logarithms (Logarithms to the base of
2.3026).

Absolute Growth Rate (AGR)
The absolute growth rate has been determined by the
proposed formula of Shah et al. [64].

AGR =H2 - H1/t2-tl

where H1,and H2 refer to the plant height at the time t1
and t2, respectively.

Net Assimilation Rate (NAR)
The net assimilation rate has been determined by the
proposed formula of Shah et al. [64].

NAR = W2 — W1/t2 — t1X(logeA2 — logeA1)/A2 — Al

where, A1l and A2 are the leaf areas and W1 and W2 are
total dry matter,recorded at times t1 and t2.

Crop Growth Rate (CGR)
The crop growth rate has been determined by the pro-
posed formula of Ahmadi et al. [65].

Cropgrowthrate = W2 — W1/t2 —tl

Physiological and biochemical attributes

Determination of total chlorophyll content of leaves (TCC)
The chlorophyll content of fresh leaves is determined by
the standard method of Ma et al. [28]. 0.5 g foliar mate-
rial crushed in 80% acetone. The suspension was centri-
fuged for 5 min at 2000 rpm. OD was recorded at 663 nm

phenol (0.1 mL) reagent has been added after shaking for
10 min. The absorbance for each sample was observed at
650 nm after 30 min incubation.

Determination of total proline content of leaves (TPC)

Zhang and Huang’s, [67], method was used for pro-
line estimation in fresh foliar material. In 10 mL of 3%
aqueous sulphosalicylic acid, 0.5 g of foliar material was
crushed and filtered and 2 mL of filtrate was taken added
with 2.0 mL of acid ninhydrin, 2 mL of glacial acetic acid
in a test tube and warm it for 1 h at 100 °C in water. The
mixture was extracted with 4 mL toluene, and OD was
read at 520 nm.

Determination of soluble sugar content (SSC)

Sugar content measurements of fresh leaves are obtained
using the Marcinska et al. [68] method. With 10 mL of
distilled water, fresh foliar materials (0.5 gm) are homog-
enized and centrifuged for 5 min at 3000 rpm. Adding
1 mL of 30 percent (w/v) phenol to 0.1 mL of superna-
tant and adding 5 mL of concentrated sulphuric acid after
room temperature incubation. The sample was incubated
for 4 h and absorbance was recorded at 420 nm.

Determination of peroxidase activity (POD)

Ma et al. [28] method was used for POD estimation.
Fresh foliar material (0.5 g) was homogenized with 2 mL
solution including 0.2 mL phosphate buffer solution (pH
7.0), 12.5 g PVP and 4.6 g (EDTA) in 125 mL distilled
water and centrifuged for 20 min. The reaction mixture
(3 mL) contained 1.3 mL MES buffer, 0.1 mL phenyl
diamine, a drop of 0.3% H,O, and 0.1 mL supernatant.
Absorbance was registered at 485 nm for 3 min.

Determination of superoxide dismutase activity (SOD)

SOD content wasmeasured in fresh foliar material
through the standard method of Ma et al. [46]. The reac-
tion mixture (3 mL) contained 0.72 mL methionine,
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0.72 mL NBT, EDTA, 0.1 mL supernatant, and 0.72 mL
riboflavin followed by a 30 min incubation period in the
dark and then in light, and readings were recorded at
560 nm.

Determination of malondialdehyde activity (MDA)
Malondialdehyde activity was calculated by the method
of Zhang and Huang, [67]. 1 g fresh foliar material was
groundwith 1 mL, 0.1% (w/v) Trichloroacetic acid (TCA)
and centrifugated for 10 min. 4 mL of 20% Trichloro-
acetic acid (TCA) containing 0.5% thiobarbituric acid
(TBA) has been added to the supernatant. The mixture
was boiled for 15 min at 95 °C and cooled on ice. Each
sample absorbance was recorded at 532 nm.

Determination of catalase activity (CAT)

The activity of catalase was estimated using the method
of Ma et al. [28]. Fresh foliar material (0.5 g) was ground
and homogenized with buffer in a mortar. 0.2 mL of
enzyme extract, 0.4 mL of 30% H,O,, and 0.4 mL of
100 mM potassium phosphate buffer (pH 7.0) made up
the reaction mixture (1 mL). The decrease in absorbance
at 240 nm was used to calculate how much H,0, was
decomposed over a 3-min period.

Determination of ascorbate peroxidase (APX)

The activity of ascorbate peroxidase was estimated by
the method of Ma et al. [46]. Fresh leaves of 0.5 g were
groundand homogenized with 5.0 mL of phosphate
buffer. 3.0 mL of the reaction mixture consisting of
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1.5 mL phosphate, ascorbate 300 pL, and enzyme extract
600 pL and H,O, was taken and absorbance decreases at
290 nm has been recorded.

Statistical analysis

Statistics 10 and SPSS Statistics 25 were used for statis-
tical analyses. One-way variance analysis (ANOVA) was
conducted for variations between three or more means.
For Mean separation, Tukey’s multiple comparison test
(Tukey’s HSD), was conducted using Statistics 10. Analy-
sis of correlation was used to test the positive and nega-
tive dependency of two variables. Mean and standard
deviation was calculated for agronomic characteristic to
test the difference.

Results and discussion

Determination of agronomic characteristics

Results of agronomic characteristics mentioned in
Table 1 and 2 estimated that the minimum values of EI,
CVG@G, SVI, CGR, NAR,and TGI recorded under 4 ppm
concentration of HgCl, indicating the high toxicity of
mercury to growth of plants whereas; under 8 ppm
results of the mentioned parameters were non-significant
with 4 ppm indicated adverse effect of induced mercu-
ric chloride stress forecasting the future yield loss of the
crop as a consequence of the soil pollution with heavy
metals ahead in the world. The highest was LAI reported
at low concentration (Hg 4 ppm) with a-T spray and 4C
temperature; which is the direct indication of the growth
responses in the selected cultivar under induced heavy
metal stress, reflecting the second domain of the present

Table 1 Mitigation effect of thermopriming and a-tocopherol on the absolute growth rate, leaf area index, root shoot ratio, percent
moisture content, emergence index, coefficient of the velocity of germination, final germination percentage,and mean germination
time of B. napus under mercuric chloride stress

Treatment Germination Coefficient Mean Emergence Final Timson Mean Leaf area index
index (GI) of velocity of ~ Emergence index (El) germination germination  germination  (LAI)
germination time (MET) percentage index (TGI) time (MGT)
(CVG) (FGP)
Control 763+126° 1115+316% 567+0.16°  3558+638% 8400486  1853+161° 585+0.31° 238+04°
Hg4ppm 545+ 58¢ 606+163° 578+0.26%° 24.34+2.40° 6533+114%  1013+127°  578+026™ 2.28+05%
Hg8ppm 568+ 69" 613+ 144¢ 557+0.09°°  2540+3.03>  6267+75° 13904209 56740097  213+02%
Hg4ppm +4 °C 5914128 7184193 585+031° 2652+773°  7067+82°%  11.03+1759 5674016  193+0.1%
Hg4ppm+4°C+tocoph-  728+118 9334202 555+021°%9  3431+691°  7600+56°%  1293+1657 555+021%°¢ 2394077
erol (150 m/L)
Hg4ppm +50 °C 104241222 1900+ 265° 55240.19°°¢  4883+6.97° 9867+1.8° 1033£122% 55240199  207+09%
Hg4ppm +50 °C+tocoph- 1080+ 67° 1888+229° 536+001 51.52+2.99° 96.00+3.2° 18734114 536+001% 1.98+05%
erol(150 mg/L)
Hg8ppm +4c 619+405 723117 566+007°°4  2870+1.16°  6933+6.8%  1127+087°% 566+007°C  204+0.1%
Hg8ppm +4 °C+tocoph-  761+72° 10214192 55240089 3600+348° 80.00+86°¢  1353+129%  552+008%¢  195+06%°
erol(150 mg/L)
Hg8ppm +50 °C 986+ 109° 15324 274% 53140109 4756+557° 8400465  1693+168° 5310109  203+02%
Hg8ppm +50 °C+tocophe 1006+ 1372 1695 +362° 543+0.13% 4796+7.76° 90,67 +6.8%° 17604206° 54340139 122+07°

rol150mg/L)
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Table 2 Mitigation effect of thermopriming and a-tocopherol on leaf area ratio, seed vigor index, crop growth rate, net assimilation
rate, final emergence percentage relative growth rate timson germination index,and germination index of B. napus under mercuric

chloride stress

Treatment Leaf arearatio  Root shoot Seed vigor Percent Relative Absolute Net Crop growth

(LAR) ratio (RSR) index (SVI) moisture growth rate growth rate assimilation rate (CGR)
content (PMC)  (RGR) (AGR) rate (NAR)

Control 0.037+0022%  0.29+0.03%® 154142869 23.23+07° 003740005  027+0.09° 0.16+0009°  0.28+0.034°

Hg4ppm 0030+0.190°  024+0.12%° 1072+686° 1683+07% 003040014  0.18+006™ 0.14+0040°  026+0.101°

Hg8ppm 003240023%  023+0.11° 1493+£103%%  1968+24% 0034+0012°  0.14+006° 0.15+0034°  025+0033°

Hg4ppm +4 °C 0.034+0.002°°  0.19+0.04° 16214399 1497 +4.7%° 0034+0020°  0.13+0.04° 025+0.135°  043+0.260°

Hg4ppm +4°C+tocoph-  0.025+0.026™°  0.16+0.07%° 23124717 15.86+1.4% 0025+0003°  0.13+001° 0.18+0030°  039+0.192°

erol(150 m/L)

Hg4ppm +50 °C 0.034+0071%°  0.24+0.09° 1169+418% 17.63+1.7% 0034+0011*  0.15+0.04° 0.16+0017°  029+0.137°

Hg4ppm +50 °C+tocoph- 002240025  0.15+0.01%° 2131£760%°¢  1287+7.2%° 0022+0003°  0.18+001%° 0.25+0084°  040+0017°

erol(150 mg/L)

Hg8ppm +4 °C 0.034+0013%°  0.18+0.03° 1185+276% 14.70+04% 0034+0011%  0.14+0.02° 023+0061°  041+0.113?

Hg8ppm +4°C+tocoph-  0.034+0055%°  0.13+001%° 2761 +697%° 16.42+62% 0034+0008°  0.16+003° 028+0094°  042+0020°

erol(150 mg/L)

Hg8ppm +50 °C 0.037+0.006°  0.23+0.03%° 2028+266°%  14.98+0.8% 0.037+0004°  0.16+0.01° 0.28+0.039° 049+0.125°

Hg8ppm+50 °C+tocoph- 003240029 0.11+0.03° 312241947 802+161° 003240002°  0.13+003" 0.62+0.297° 0.49+0,083?

erol(150 mg/L)

study and proposes the idea of using growth regulators
to deal with the future situation of soil pollution with
heavy metals. Nonetheless, the maximum range for all
agronomic characters has been reported after the foliar
application of a-T as a growth regulator is an initiative
towards the development of heavy metal resistant crops
and phytoremediators will be considered the best option
to reduce the negative impact of heavy metal pollution in
the world.

According to the results of variance analysis (Table 3),
the maximum effect of treatment was recorded on CVG
(1900) for 4 ppm and 50 °C thermopriming at a sig-
nificant level of p<0.05. EI maximum for 4 ppm, 50 °C
thermopriming, and o-T (150 m/L) at a high significant
level (p<0.01). FGP was recorded in the treatment of
4 ppm 50 °C at a significant level of p<0.05, whereas;
NAR maximum effect for 8 ppm mercuric chloride,
50 °C thermopriming, and a-T (150 m/L) at a significant
level (p<0.05). SVI showed significance at p<0.05 for
8 ppm, 50 °C thermopriming,and a-T (150 m/L). The TGI
maximum effect for treatment was recorded for mer-
curic chloride (8 ppm), 50 °C thermopriming, and o-T
(150 mg/L) at a significant level of p <0.01.

Aggregation of heavy metals in B. napus has been sug-
gested for use to clean up soil from heavy metals. Germi-
nation assay is a basic means of limiting the toxic problem
of heavy metals. As we found that the growth of B. napus
was adversely impacted by higher amounts of Hg (8 ppm)
relative to the corresponding controls. Previously, the tol-
erance of seedling growth was well explained in cotton
by Igbal et al. [69] and barley by Qadir et al. [70]. Heavy

metal stress affects several plant species [71]; some plant
species can bear heavy metal stress. For example, this
investigation examined the effects of metal stress on
growth, physiological and biochemical performance, and
the mitigation of metal-induced damages in B. napus
using alpha-tocopherol which eventually impacts crop
health. Results of agronomic characteristics (AGR, PMC,
and MGT) recorded minimum under high mercuric
chloride concentration (8 ppm) treatment indicating the
adverse effect of induced mercuric chloride stress fore-
casting the future yield loss of the crop as a consequence
of the soil pollution with heavy metals ahead in the
world. However, high heavy metal stress of 8 ppm con-
centration affected plant growth negatively both in the
existence as well as an absence of a-T and temperature.
An rise in mercury content up to 7 mm resulted in the
greatest percentage of seed germination reduction (42%),
seedling length (70%), root length (66%), and seedling dry
weight (47%) concerning control by Daud et al. [72].

Physiological and biochemical attributes analysis

Estimation of photosynthetic pigment in leaves is a key
technique for correctly monitoring plant stress levels,
which vary between species and are mostly reliant on
soil water content, CO, in the air, sunshine intensity,
and temperature. The results shown in Fig. 1 demon-
strated that Chl "a" rise under generated mercuric chlo-
ride stress of 4 ppm concentration and thermopriming
therapy (50 °C) at T5=Hgdppm+50 °C, however
Chl "b" increased non-significantly under the same
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Table 3 Analysis of variance of the measured agronomic traits under mercuric chloride stress

Trait Source of variation SS Df MS F p

AGR Treatment 0.0513 10 0.00513 1.77 0.1264
Error 0.06367 22 0.00289 - -

CGR Treatment 0.21567 10 0.02157 0.92 0.534
Error 0.51633 22 0.02347 - -

VG Treatment 7704592 10 770459 9.31 0
Error 1821086 22 82777 - -

El Treatment 319847 10 319.847 721 0.0001
Error 975.87 22 44358 - -

FGP Treatment 4446.06 10 444.606 5.56 0.0004
Error 1760 22 80 - -

Gl Treatment 1249800 10 124980 8.17 0
Error 336479 22 15,294 - -

LAI Treatment 3.0254 10 0.30254 0.66 0.7446
Error 10.0216 22 045553 - -

LAR Treatment 0.08587 10 0.00859 1.32 0.28
Error 0.14307 22 0.0065 - -

MET Treatment 0.85902 10 0.0859 2.01 0.0835
Error 0.94233 22 0.04283 - -

MGT Treatment 0.85902 10 0.0859 2.01 0.0835
Error 0.94233 22 0.04283 - -

NAR Treatment 0.55893 10 0.05589 3 0.0127
Error 0.39557 22 0.01798 - -

PMC Treatment 439.74 10 43,9738 0.58 0.8162
Error 1680.54 22 76.3883

RGR Treatment 0.00081 10 8.094 0.53 0.8528
Error 0.00338 22 1.536

RSR Treatment 0.08147 10 0.00815 1.2 0.3407
Error 0.14883 22 0.00677

SV Treatment 1.389 10 1389326 382 0.0042
Error 7994145 22 363370

TGl Treatment 331422 10 33.1422 9.1 0
Error 80.08 22 3.64

* AGR Absolute growth rate, LA/ Leaf area index, RSR Root shoot ratio, PMC Percent moisture content, El Emergence index, CVG Coefficient of velocity of germination,
FGP Final germination percentage, MGT Mean germination time, LAR Leaf area ratio, SV/ Seed vigor index, CGR Crop growth rate, NAR Net assimilation rate, RGR
Relative growth rate, TG/ Timson germination index, G/ Germination index, MET Mean emergence time

conditions. The maximum Chl a/b ratio was deter-
mined at 4 ppm treatment, whereas carotenoid content
(CC) increased under high-stress conditions, indi-
cating the lowest growth response in selected varie-
ties, reflecting susceptibility at the highest level of
induced mercuric chloride stress under natural condi-
tions as well as with the application of growth regula-
tors (Fig. 2). Similarly, TPC increased significantly at
p<0.05, and SSC increased at the maximum mercu-
ric chloride stress of 8 ppm, demonstrating that sugar
and proline act as osmoprotectants fast and effectively
when plants are exposed to harsh stress conditions, as

shown in Fig. 3. All plants have detoxification processes
for reactive oxygen species, which can be classified as
non-enzymatic or enzymatic.

Under metal stress conditions, there is a great reduc-
tion in the activity of antioxidant enzymes with a net
increase in free amino acids due to the degradation
of protein and depression in its synthesis in plants.
In Fig. 4 results indicated that SPC has a maximum
value at p<0.05 significant for 8 ppm stress under
50 °C thermopriming with o-T spray while MDA at
4 ppm mercury concentration under the same prim-
ing condition reflecting that the lowest metal stress was
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Fig. 1 Mitigation effect of a-tocopherol on chlorophyll a (Chl a) and chlorophyll b (Chl b) of B. napus under mercuric chloride and temperature
stress
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Fig. 2 Mitigation effect of a-tocopherol on chlorophyll a/b (Chl a/b) and Carotenoid (CC) of B. napus under mercuric chloride and temperature
stress

quenched through priming treatment indicating no net Antioxidant mechanisms exist in all plant species
decrease in protein content showed an association with by protecting themselves from the harsh environmen-
antioxidant enzymes that possibly increased. tal condition that produces ROS species through their
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Fig. 3 Mitigation effect of a-tocopherol on total proline content (TPC) and soluble sugar content (SSC) of B. napus under mercuric chloride
and temperature stress

BSPC #MDA

Protein and MDA {ug/g)

Fig. 4 Mitigation effect of a-tocopherol on soluble protein content (SPC) and malondialdehyde (MDA) of B. napus under mercuric chloride
and temperature stress

antioxidant system either non-enzymatic or enzymatic (4 °C) under 4 pmm and 8 ppm concentrations signifi-
[73, 74]. Results in Fig. 5 revealed the maximum value for  cantly at p<0.05. Similarly, the lowermost of CAT and
CAT and APX by thermopriming at chilling temperature =~ APX activities have been reported in treatment with
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Fig. 5 Mitigation effect of a-tocopherol on ascorbate peroxidase (APX) and catalase (CAT) of B. napus under mercuric chloride and temperature
stress

03 BSOD #POD

SOD and POD (mg/g)

Fig. 6 Mitigation effect of a-tocopherol on superoxide dismutase (SOD) and peroxidase (POD) of B. napus under mercuric chloride
and temperature stress
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4 ppm and 8 ppm mercury representing that pre-sowing
temperature initiated some metabolic processes in the
plant that reduce the negative impacts caused by low
metal stress and can be resistant by this specie respec-
tively. Nonetheless, results in Fig. 6 described that SOD
has a maximum value for 8 ppm mercury concentra-
tion, and POD under 4 ppm stress condition via 50 °C
thermopriming treatment. Results indicated an increase
in SOD and POD enzyme activity that might represent a
high level of H,0, synthesis and consumption in the pro-
posed specie under stress conditions.

The ability of metal stress on the concentration of
chlorophyll, carotenoid content,and formation of reac-
tive oxygen species (ROS) in the thylakoid’s membrane
adversely affects plant growth response [75, 76]. The
findings of the present study demonstrated a mini-
mum of Chl “b” and CC reported in the treatment (Hg
8 ppm+50 °C+a-T) suggested that heavy metal stress
resulted in decrease in CC due to the poor absorption of
mineral ions necessary for maintaining optimum osmotic
potential in plants that have been disturbed by mercury
cations. Rendering to the evaluation, Ali et al. [43] analyze
the agronomical, physiological, and biochemical mecha-
nisms accompanying the acquisition of Vigna radiata
L. variety ‘Ramzan’ using seed osmo- and thermoprim-
ing in the presence of PEG-4000 and 4 °C. Similar tech-
niques in the experiment were also described by [61].
They reported the effect of thermopriming on physi-
ological, biochemical, and antioxidant activities in staple
food crop (Triticum aestivum L.). Our results are also
in agreement with the work of Alsherif et al. [77]. They
also stated the antioxidant defense molecules including
alpha and beta tocopherols Sesuvium portulacastrum
L.) against heavy metal toxicity. Physiological attributes
like chlorophyll, carotenoid, proline, total soluble sug-
ars, and antioxidant enzymes were also studied by Zhang
et al. [78] in duckweed and supported our results, only
chlorophyll content (mg g~!) studied by Skudra and Ruza
[79], in winter wheat, while Zhang and Huang, [67], stud-
ied chlorophyll proline and soluble sugar in Arabidopsis
seedling, chlorophyll a/b at seedling stage and total chlo-
rophyll content at anthesis stage also done by Rehman
et al. [80] in T. aestivum, similarly the work of Arjenaki
et al. [81] also supported our results and determined
chlorophyll content, relative water content, and minerals
content in T. aestivum under drought stress. A bit change
in an increased level of total soluble sugar (SSC) and total
proline content (TPC) under metal stress (8 ppm) was
significant in represented species evaluated that plant
initiates osmoprotective mechanism for the production
of osmolytes e.g. sugar and proline etc. against severe
damages caused by oxidation of biomolecules under
stress situation. Oxidative stress created in stress blocks
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the growth and development by disturbing the cell cycle
(cell division), and physiology, hence defense from such
oxidative stress is serious for the germination of the seed
[82, 83]. Increased level of SOD and POD under high
mercury concentration (8 ppm) whereas the maximum
value of CAT at treatment (Hg 4 ppm+ 50 °C+a-T) and
APX at 8 ppm and 4 °C thermopriming suggesting the
large formation of oxidants and its consumption under
metal stress.

Analysis of variance of the measured traits

According to the results of variance analysis (Table 4),
the maximum effect of treatment was recorded on MDA
(4.22) and showed no significance followed by SPC, treat-
ment (1.265) at a high significant level (»p<0.01). TCC
was recorded in treatment (0.88) at the significant level
of p<0.05, whereas; carotenoid content (CC) and TPC
(0.745, 0.526) under mercuric chloride stress at a signifi-
cant level (p<0.01).

Principal component analysis of the biological components
Table 5 and Fig. 7 represent principal component analysis.
The results were based on 13 characters and represented
that the first PC1 explained 27.877% of the complete vari-
ance, which was significantly correlated with TCC, Chl
“b’, CC, and SOD particularly associated with growth
responses. However, the second PC2 explained 19.938%
of the complete variance and correlated with Chl ab ratio,
Chl a, SPC, APX, and CAT corresponded to plant growth
regulator. Similarly, PC3 accounted for 14.317% of entire
variations with important variables being POD, MDA,
sugar, and proline, hence particularly related toantioxi-
dant enzymes.

Correlation analysis of physiological parameters

Analysis of correlation Table 6 estimated the positive
correlation of chl “a” with Chl “a/b” ratio and TCC and
Chl “a” at significant level (p=0.01). Chl b is positively
correlated with the ratio of Chl “a/b’; CC, and SOD at a
significant level (p=0.05) and Chl a/b ratio is positively
correlated with TCC at a significant level (p=0.01). TCC
is negatively correlated with TPC, CAT, and APX at a
significant level (p=0.05) and CC is negatively corre-
lated with CAT at a significant level (p=0.05) and with
APX at a significant level (p=0.01) while positively cor-
related with SOD at a significant level (p=0.01). TPC is
positively correlated with CAT and APX at a significant
level (p=0.05), CAT is positively correlated with APX
and negative correlated with SOD at a significant level
(p=0.01) and MDA is positively correlated with SOD
at a significant level (p=0.05). Recent trends in agricul-
ture have validated the use of plant growth regulators,
to surge the growth and yield of crop plants [84]. Today
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Table 4 Analysis of variance of the measured traits under mercuric chloride stress

Trait Source of variation SS Df MS F p
Chl"a" Treatment 0.230 1 0.23 2.163 0.151
Error 3.293 31 0.106 - -
Chl"b" Treatment 0210 1 0.21 4.125 0.051
Error 1.581 31 0.051 - -
Chla/b ratio Treatment 0.050 1 0.05 0.136 0.715
Error 11417 31 0.368 - -
TCC Treatment 0.880 1 0.88 6.034 0.02
Error 4521 31 0.146 - -
CcC Treatment 0.745 1 0.745 32.826 0
Error 0.704 31 0.023 - -
SSC Treatment 0.169 1 0.169 2218 0.147
Error 2.358 31 0.076 - -
SPC Treatment 1.265 1 1.265 12.781 0.001
Error 3.069 31 0.099 - -
TPC Treatment 0.526 1 0.526 11.099 0.002
Error 147 31 0.047 - -
POD Treatment 0.034 1 0.034 3.58 0.068
Error 0.298 31 0.01 - -
SOD Treatment 0.087 1 0.087 3.583 0.068
Error 0.753 31 0.024 - -
CAT Treatment 0.049 1 0.049 10971 0.002
Error 0.14 31 0.005 - -
APX Treatment 1.004 1 1.004 53.864 0
Error 0.578 31 0.019 - -
MDA Treatment 022 1 022 0.007 0.932
Error 0.177 31 0.006

" Chl“a” Chlorophyll “a’, Chl “b” Chlorophyll “b", Chi a/b ratio Chlorophyll a/b ratio, TCC Total chlorophyll content, CC Carotenoid content, SSC Soluble sugar content, SPC
Soluble protein content, TPC Total proline content, POD Peroxidase, SOD Superoxide dismutase, CAT Catalase, APX Ascorbate peroxidase, MDA Malondialdehyde

Table 5 Eigenvalues, variation explained (%), cumulative variance (%), coefficients of determination of the first three principal
components based on the correlation matrix of biological components

Traits Eigen values Variance (%) Components
Individuals Cumulative PC1 PC2 PC3

Chl'a 3903 27.877 27.877 0.524 0.728 -0.288
Chl'p' 2.791 19.938 47815 0.550 -0.238 0.486
Chlab 2.004 14.317 62.133 0.220 0.779 -0.463
TCC 1.506 10.760 72.893 0.741 0451 0.047
CcC 1.038 7414 80.307 0.738 -0.190 0.092
SPC 0.813 5.805 86.112 -0.387 0.007 -0.004
TPC 0.686 4.904 91.015 -0.496 -0.250 0.149
SSC 0451 3218 94.234 -0.208 -0.042 0.129
CAT 0372 2654 96.888 -0.760 0.026 -0.092
APX 0.211 1.505 98.393 -0.691 -0.224 -0.228
MDA 0.151 1.079 99.471 -0.201 0494 0.775
SOD 0.043 0.309 99.780 0.548 -0.693 0.058
POD 031 220 100.000 -0.139 0.385 0.870

" Chl “a” Chlorophyll “a", Chl “b” Chlorophyll “b", Chl ab Chlorophyll a/b ratio, TCC Total chlorophyll content, CC Carotenoid content, SPC Soluble protein content, TPC
Total proline content, SSC Soluble sugar content, POD Peroxidase, APX Ascorbate peroxidase, MDA Malondialdehyde, SOD Superoxide dismutase, CAT Catalase
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Fig. 7 Loading plots of PC1, PC2 and PC3 in rotated space

mankind has the highest priority in facing climate change
problems that influence agricultural growth with water
scarcity, so plants expected difficulties to grow and sur-
vive worldwide in such a situation. The pollution of heavy
metal ions in the atmosphere will adversely impact ben-
eficial soil microbial communities and interrupt the nitri-
fication, denitrification, and decomposition of organic
matter. Protecting water and soil from heavy metal con-
taminants and thereby protecting human health and
other habitats around the planet [85]. Mercury (Hg) con-
tamination has gained particular interest due to Hg’s high

Table 6 Correlation analysis of physiological components
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toxicity and frequent occurrence described by Zhang
et al. [78]. Between the pollution-producing metals Mer-
cury (Hg) and cadmium (Cd) are considered nonessen-
tial with no documented physiological functions. These
are greatly toxic to organisms such as plants and animals
have a prolonged half-life and are tenacious in a num-
ber of ecosystems [49]. Accordingly, Mwamba et al. [86]
examined the accumulation of heavy metals in mustard
and their effects on plant growth, biomass, and physi-
ological processes in the plant. Lead heavy metal toxicity
led to changes in plant growth and antioxidative enzyme
levels in the water. Lead is neither a necessary nor a help-
ful component for plant growth [87]. However, because
heavy metals have detrimental effects on plant develop-
ment and growth, their temporal ccumulation at higher
concentrations in waste-amended agricultural soils can
be harmful for plant growth [53]. The detrimental effects
of heavy metals on plant growth and development pro-
vide an explanation for this. Enzymatic reactions like
POD, CAT, APX, GR, and SOD indicate both the level
of toxicity and the ability of plants to tolerate toxic stress
described by Elbaz et al. [88]. Although the outcomes
pertaining to biochemical activities are associated with
Zhang et al. [78] and Pravisya and Jayaram, [89]. Some
study also revealed the agronomic activities, thermo and
osmopriming on mung bean under mercuric chloride
stress tolerance also reported by Ahmad et al. [49] whose
study in line with our findings. Plant photosynthetic pig-
ments are responsible for the crop’s growth percentage.
Similarly, Javed et al. [90] conducted a study that showed
that when APX antioxidants were applied to the seed-
lings, it helped increase the cell division rate and seedling

Chl“a”  Chl“b” Chla/b TCC CcC SPC TPC SSC CAT APOX MDA POD SOD
chl"a” 1.0
Chl"b" 0.017 1.0
Chla/bratio  0.866**  0405* 1.0
TCC 0.963**  0.288 0.720" 1.0
CcC 0.239 0.358* -0.005 0.326 1.0
SPC -0.107 -0.32 0.064 -0.189 -0.251 1.0
TPC -0.326 -0.164 -0.222 -0.356*  -0.154 0.265 1.0
SSC -0.086 0.076 -0.145 -0.062 -0.19 -0.283  0.188 1.0
CAT -0.29 -0.29 -0.154 -0.356%  -0421* 0.233 0.360*  0.203 1.0
APOX -0.331 -0.263 -0.2 -0.388*  -0.556**  0.299 0.368*  0.185 0.585** 1.0
MDA 0.034 0.016 0.035 0.037 -0.123 0.157 0.061 -0026 0072 -0.121 1.0
POD -0.019 0.158 -0.065 0.025 -0.103 0.175 0.127 0.09 -0.026 -0.16 0.919** 1.0
SOD -0.165 0.380* -0.323 -0.055 0.535** -0.012  0.003 -0.11 -0475**  -0.18 -0.325 -0226 10

" Chl “a” Chlorophyll “a”, Chl “b” Chlorophyll “b, Chl a/b ratio Chlorophyll a/b ratio, TCC Total chlorophyll content, CC Carotenoid content, SSC Soluble sugar content, SPC
Soluble protein content, TPC Total proline content, CAT Catalase, APOX Ascorbate peroxidase, MDA Malondialdehyde, POD Peroxidase, SOD Superoxide dismutase

" Correlation is significant at the 0.01 level (2-tailed). *correlation is significant at the 0.05 level (2-tailed)
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growth rate under stressful environmental conditions.
This suggests that APX antioxidants can help protect
against environmental stress and help improve seedling
growth [6, 14, 91-93]. Zhang et al. [78] also agree with
our results and proved that mercury can induce oxida-
tive stress and can activate an anti-oxidative system in
duckweed. Elbaz et al. [88] also support our results and
studied the impact on antioxidant enzymes in Chla-
mydomonas reinhardtii under Mercury-induced oxida-
tive stress, while Kim et al. [66] determined the effect of
mercury on seed germination and seedling growth of V.
radiata. Our results are consistent with the findings of
Zhai et al. [51], who observed that the activities of CAT,
SOD, PPO (polyphenol oxidase), and APX improved in
micropropagated plants while POX (peroxidase) and
ASO (ascorbate oxidase) decreased. The growth and
physiology of B. napus plants are negatively impacted by
high concentrations of mercuric chloride, which is con-
trolled by o-T spray in test species.

Conclusion

Pakistan is an agricultural and developing country that is
facing scarcity of nutritional food supply due to poor irri-
gation systems and contamination of agricultural land by
toxic metal supply from industries that cannot sustain ade-
quate food production for a growing and increasingly afflu-
ent population. The goal of the current study is to reduce
the harm done to rapeseed (B. napus L.) by heavy metal
ions (Mercury) using a growth regulator (a-tocopherol
150 mg/L) and thermopriming technique at 4 °C and 50 °C
to preserve plant agronomic and physiological features.
Results showed that under 4 ppm mercuric chloride stress,
the antioxidant system was initiated by high temperature,
reducing photosystem damage. Chlorophyll content was
enhanced up to the maximum level at 50 °C thermoprim-
ing with growth regulator and antioxidant enzymes like
catalase, peroxidase, and malondialdehyde. Under high
mercuric chloride stress (8 ppm), however, protein, pro-
line, superoxide dismutase, and ascorbate peroxidase
increased non-significantly (p>0.05), indicating the toler-
ance of selected specie by synthesising osmolytes to resist
oxidation mechanism. Additionally, foliar application of
a-tocopherol, 50 °C thermopriming, and 4 ppm heavy
metal stress can easily improve the reduction in % MC
with a notable rise in plant vigour and germination energy.
Therefore the findings concluded that the exogenous
application of a-tocopherol and thermopriming technique,
which synthesises high levels of proline and antioxidant
activities to maintain seedling growth and development on
heavy metal-contaminated land, can ameliorate the inhibi-
tory effect of even lower concentrations of heavy metal
stress (4 ppm).
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Abbreviations

Gl Germination index

CVG  Coefficient of velocity of germination
MET ~ Mean Emergence time

El Emergence index

FGP  Final germination percentage
TGl Timson germination index
MGT  Mean germination time

LAl Leaf area index

LAR  Leafarea ratio

RSR Root shoot ratio

SvI Seed vigor index

PMC  Percent moisture content
RGR  Relative growth rate

AGR  Absolute growth rate
NAR  Net assimilation rate

CGR  Crop growth rate
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