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Protection against salinity stress in black cumin involves
karrikin and calcium by improving gas exchange attributes,
ascorbate—glutathione cycle and fatty acid compositions
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Abstract

The present study assessed the effect of karrikin (KAR) and calcium (CaCl,) to increase salt tolerance in black cumin.
Salinity stress induced oxidative stress by enhancing electrolyte leakage (EL), malondialdehyde (MDA) and hydrogen
peroxide (H,0,) content while having a negative effect on seed yield, fatty acid content and composition, total chlorophyll
content, chlorophyll fluorescence and leaf gas exchange parameters of black cumin. The activity of antioxidant enzymes
involved in the ascorbate-glutathione cycle was also affected by salt stress. Black cumin seed trimming with karrikin
when followed with calcium foliar application mitigated the harmful effects of salinity by improving chlorophyll content,
chlorophyll fluorescence and leaf gas exchange parameters while reducing the H,0, generation, MDA accumulation and
EL. Calcium application in karrikin pretreated seedlings also reversed salinity-induced changes by enhancing the activities
of enzymes in the ascorbate—glutathione cycle, other antioxidants (superoxide dismutase, catalase) and osmoprotectant
(proline). The ability of black cumin seedlings to cope with salt stress after pretreatment with KARs when followed by
external application of calcium can be attributed to increased levels of polyunsaturated fatty acids and modification of
enzymatic and nonenzymatic antioxidants as well as enhanced osmolyte accumulation.
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1 Introduction antihypertensive, anti-inflammatory, antitumor and insect

repellent has also made the plant more valuable [3, 4].

Black cumin (Nigella sativa L.) is an important oilseed crop
of the Ranunculaceae family, native to the semiarid regions
of Mediterranean, which are the highest areas of cultiva-
tion in South Europe, Syria, Saudi Arabia, Iran, Pakistan,
India and Turkey [1]. It is a rich source of antioxidant, oil
and protein and therefore cultivated in many countries for
both nutritional and medicinal value [2]. In addition to the
fact that the amount of unsaturated fatty acids in black
cumin seeds is 69.7-73.5% and its saturated fatty acid is
much lower (24.8-29.2%), the presence of some impor-
tant medicinal effects such as antiseptic, antihistamine,

Since salinity damages the agricultural production bil-
lions of dollars annually, it is a serious constraint for crop
yields and sustainable agricultural productivity, especially
in arid and semiarid regions [5, 6]. Improper irrigation
practices in arid and semiarid regions and the use of saline
and alkaline water for irrigation have made salinity stress
one of the major challenges facing crop yields [7]. High
salinity concentrations have caused about 7% of the total
land area to be destroyed and uncultivated [8, 9]. Salin-
ity may negatively affect the physiological processes of
plant crops, one of which is the enhanced oxidative stress
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leading to the formation of reactive oxygen species (ROS)
[10,11].

Karrikinolide is an active chemical compound of
3-methyl-2H-furo [2, 3-c] pyran-2-one called karrikins
(KARs) [10, 12-15]. Karrikins, caused by smoke from the
combustion of plant materials, are among the newly dis-
covered groups of plant growth regulators [16]. Recent
findings have provided evidence that KARs have a poten-
tial role in enhancing abiotic stress tolerance in plants [13,
17-19]. Calcium plays a very positive role in moderating
the destructive effects of salinity and reducing the tox-
icity of NaCl in plants [20]. Results from previous studies
show that calcium increases the activity of antioxidant
enzymes, decreases lipid peroxidation and regulates the
osmotic pressure of plant cells under salinity stress [21,
22]. When applied Ca®* is taken up, it consequently modi-
fies plant responses to several abiotic stresses by involving
directly or indirectly in defense systems. Calcium-applied
alleviation of salinity-induced damage has been expressed
in several plants such as Calligonum mongolicum [23],
Tomato [24], Cakile maritime [22], Nitraria tangutorum [25].

The defensive role of both Ca* and karrikins in oxi-
dative stress has been reported to be connected with
the elevated activities of antioxidant enzymes, thereby
regulating redox homeostasis under salt stress [26, 27].
This has led to the hypothesis in our minds that calcium
application in karrikin pretreated black cumin may alle-
viate salinity stress. Therefore, it is very important to fol-
low the responses of black cumin at physiological level
to salinity stress and inquire how physiological processes
are affected by KARs and calcium applications to alleviate
the decrease in photosynthesis attributes, reduce oxida-
tive stress and improve lipids and fatty acid compositions
under salt stress. It was hypothesized that KARs and cal-
cium additions in this study can overcome the harmful
effects of NaCl stress on the medicinal plant Nigella sativa.

2 Materials and methods

This research was carried out in pots in the research green-
houses of Urmia University, Urmia, Iran, during the year 2018.
Healthy and uniform seeds of black cumin (Nigella sativa)
purchased from Isfahan Pakan Bazr Co., Iran, were surface-
sterilized for 5 min with 5% sodium hypochlorite (NaCIO)
and then washed carefully with double-distilled water. The
seeds were primed with karrikin (10 umol) for 16 h before
sowing and then planted in plastic pots (30 cm diameter
and 50 cm height) filled with 10 kg of oven-dried soil (sandy
soil). The experimental pots were arranged in a completely
randomized design in the greenhouse with average day/
night temperatures of 24/18 °C, relative humidity of 70-75%,
light intensity of 3700 umol m™2s™" and photoperiod of 18 h
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light/6 h dark, according to Khalid [28]. Three weeks after
the seeds were sown, seedlings obtained were thinned to
three uniform plants per pot. Calcium solution prepared in
the form of calcium chloride dihydrate [CaCl,.2H,0O] (Sigma-
Aldrich, USA) was employed at different levels (0, 50 and
100 mmol) containing 0.1% tween-20 as surfactant. Spray-
ing was carried out four times throughout the experiment,
including 3, 6, 9 and 12 weeks of sowing date. To ensure a
uniform distribution of the Ca®* solution on all leaves in each
plant, a compressor sprayer of 1 L capacity was employed.
Distilled water of equal volume of calcium solutions was
used as foliar spray for noncalcium treatment (control). Salin-
ity treatments (0, 50, 100 and 150 mmol NaCl) were started
6 weeks after germination and continued until the end of
the experiment which lasted for 15 weeks. Seedlings were
irrigated with saline treatments every 7 days. In order to
avoid excessive salt accumulation in the pots, all pots were
drained once every 28 days by distilled water. Each treat-
ment had three replications (pots), so that three seedlings
were planted in each pot. At the end of the tests which lasted
for 15 weeks, seeds were harvested at the fruiting stage and
weight and seed yield (g plant™") were then recorded.

2.1 Chlorophyll content and Fv/Fm measurement

Relative leaf chlorophyll content was measured using
spectrophotometry (Model Apel PD-303S, Apel Co. Ltd,
Japan) on the fully developed upper leaves at full flower-
ing stage, according to the method described by Aaron
[29]. The maximum photochemical efficiency of photosys-
tem Il (Fv/Fm) was measured using a fluorometer (Model
0OS-30P).

2.2 Leaf gas exchange attributes

Gas exchange factors such as net photosynthetic rate
(P\), transpiration rate (E) and stomatal conductance (g,)
were measured using a calibrated portable gas exchange
device (HCM-1000, Walz). Measurements were accom-
plished employing the youngest fully expanded leaf sam-
ples under full sunlight during midday between 11:00 and
13:00. All measurements were made at the leaf tempera-
ture of 28 +2 °C, CO, concentration of 370-390 mg kg™
and photosynthetic photon flux density (PPFD) of
350-500 pmol m=2s7",

2.3 Electrolyte leakage (EL), malondialdehyde
(MDA), hydrogen peroxide (H,0,) and proline
concentrations (oxidative stress biomarkers)

Measuring electrolyte leakage (EL %) was performed
applying a conductivity meter according to Ozden
et al. [30]. The content of MDA was assessed by the
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thiobarbituric acid (TBA) according to Wang et al. [23] and
was calculated on a fresh weight basis, using the following
formula:

(nmolMDAg™") = 6.54(0D532 — OD600) — 0.56(0D450) x 1000

H,0O, was measured according to the method described
by Velikova and Loreto [31]. Proline content was measured
in fully expanded upper leaves using the method of Bates
et al. [32]. The proline content was determined from a
standard curve and expressed as umol proline g~ FW.

2.4 Estimation of enzymatic antioxidant activities
and the ascorbate-glutathione cycle

Fresh leaf samples of black cumin seedlings were homog-
enized with 1 mL of ice-cold 100 mmol potassium phos-
phate buffer (pH 7.0) containing 1% of polyvinylpyrro-
lidone. The homogenate was centrifuged at 11,500 x g for
30 min at 4 °C, and its supernatant was used to measure
different enzyme activities. CAT (CAT: 1.11.1.6) activity was
measured according to the method described by Hasanuz-
zaman et al. [33]. Superoxide dismutase (SOD, EC1.15.1.1)
activity was estimated by recording the reduction in
absorbance of superoxide-nitroblue tetrazolium complex
by the enzyme [34]. Ascorbate peroxidase (APX, 1.11.1.11)
activity was measured according to Nakano and Asada
[35]. Glutathione reductase (GR, 1.6.4.2) activity was meas-
ured according to Hasanuzzaman et al. [33]. Glutathione
peroxidase (QE 1.11.1.9) activity was determined accord-
ing to the method described by Lopez-Vargas et al. [36].
Glutathione (GSH) contents were measured according to
Hasanuzzaman et al. [33].

2.5 Extraction of total lipids
2.5.1 Fatty acids content

The seeds (10 g) were powdered by electric milling and
mixed with 50 mL petroleum-ether solvents (40-60 °C) for
8 hin a Soxhlet apparatus according to the experimental
method of Khalid [30] with little modification. To obtain
the total lipid contents (%) and lipid yield (g plant™), oil
was then removed after mixture filtration and solvent
evaporation under reduced pressure and temperature.

2.5.2 Fatty acid composition

For detection of fatty acids composition, the gas chro-
matography was accomplished. Fatty acids methyl esters
were prepared by adding 100 pl of CH;NaO (0.5 mol)
to 50 pl of seed-extracted oil and dissolved in 1 ml of
n-hexane, and the mixture was shaken for 15 min at room

temperature. The final solution was added by sodium sul-
fate according to Goli et al. [37]. A 100 m capillary column
(HP-88) was used to separate fatty acids methyl esters. The
temperature schedule for this investigation was 175 °C
(1 min) as initial temperature following with 2.5 °C min~'
increasing to 240 °C which lasted 26 min; 250 °C was con-
sidered for both the flame ionization detector and injector
temperature. The carrier gas was nitrogen, and samples
were injected with a 50:1 split ratio.

2.6 Statistical analysis

All the data were processed using analysis of variance
(ANOVA), and means were then separated by the LSD
test using SAS (version 8.2; SAS Institute, Cary, NC, USA)
software.

3 Results

3.1 Seed and oil yield of karrikin- and CaCl,-treated
black cumin plants under salt stress

When no salinity stress was imposed and without foliar
application of calcium, seed yield was 14.43% higher in
plants grown with karrikin-treated black cumin plants than
those not receiving the karrikin pretreatment (controls),
although changes of oil content and oil yield under the
same conditions were not significant (Table 1). The seed
yield showed a significant decline with increasing NaCl
concentration (Table 1). The oil content and oil yield were
initially elevated with increasing NaCl level up to 50 mmol
but higher increase in salt concentration (above 50 mmol)
was associated with significant decrease (Table 1).
Although calcium foliar application in nonstressed plants
did not result in a significant alteration of seed yield, oil
content and oil yield, by imposing salinity stress, calcium
application significantly alleviated the negative effects of
NaCl toxicity on the above-mentioned traits (Table 1).

3.2 Changes in unsaturated and saturated fatty
acids in karrikin- and CaCl,-treated black cumin
plants under salt stress

A higher proportion of unsaturated fatty acids (UFAs)
(65.25%) than saturated fatty acids (SFAs) (29.48%) was
observed in the seeds of black cumin plants grown under
nonsaline conditions in the absence of karrikin and cal-
cium treatments (Tables 2 and 3). When no salinity stress
was imposed and in the absence of karrikin and calcium
treatments, the most important saturated fatty acid com-
ponent of black cumin plants was characterized by palmitic
acid (29.51%) (Table 2) and unsaturated fatty acid reigned
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Table 1 Seed yield (g plant™),

oil contg?t (%) and oil yiel_d Karrikin (10 pmol) NaCl (mmol)  CaCl, (mmol) (S:Z?a),lqlf-lg Oil content (%) (C;Hgllaer:(tj_1)
(g plant™') means comparison
against salinity, as affected Karrikin pretreatment 0 0 3.95° 17.85%% 2.62¢¢
by.karrikin. prgtreatment and 50 4.60° 19.38¢ 2.89¢
foliar application of CaCl,
100 4732 19.59¢ 2.81¢
50 0 3.55¢de 22.90° 3.77%
50 3.87%¢ 25.78? 4.18°
100 3.84%¢ 25.80° 4.00%°
100 0 2.57M 15.98°f 2.25%
50 3.13% 16.55%f 2.58«
100 3.07 16.68%f 2.66%
150 0 1.62' 11.29" 1.53f9
50 2.360 12.929" 1.94¢f
100 2.65" 13.259" 2.33¢de
Nonkarrikin pretreatment 0 0 3.38d%f 18.53 2.83¢
50 3.91b¢ 18.61¢< 2.78<
100 3.74b< 19.26¢ 2.59¢
50 0 2.899" 21.86° 3.54°
50 3.16/ 23.08° 3.89%°
100 3.37¢ 23.43° 3.99%°
100 0 2,13k 14.69 174
50 2.69" 16.56%f 2.65%
100 2.68" 16.68%f 2.92¢
150 0 1.19M 10.16' 1.099
50 1.794 12.20M 1,517
100 1.814 12.42" 1.449
LSDo.05) 0.37 2.21 0.59

Values (means of three replicates) with different superscripts are significantly different by the LSD multi-

ple range test at P<0.05

by petroselinic acid (47.16%) and linoleic acid (12.94%)
(Table 3). However, under salinity stress, total saturated fatty
acids (Table 2) and total unsaturated fatty acids (Table 3)
increased and decreased, respectively, in plants that were
not under salt stress. It is interesting to note that karrikin
pretreatment of black cumin seeds resulted in a decrease
in the total amount of saturated fatty acids (Table 2) and
increase in total unsaturated fatty acids (Table 3) compared
to plants that were only under salinity stress. However, foliar-
applied calcium in karrikin-pretreated plants under salinity
stress resulted in greater reduction of saturated fatty acids
and greater increase in unsaturated fatty acids compared to
NaCl alone (Tables 2 and 3).

3.3 Chlorophyll content, Fv/Fm ratio
and photosynthesis parameters of karrikin-
and CaCl2-treated black cumin plants under salt
stress

Total chlorophyll content, Fv/Fm ratio, net photosynthetic
rate (Py), transpiration rate (E) and stomatal conductance
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(g,) of NaCl-treated plants were decreased compared to
control (Table 4). Karrikin pretreatment followed by cal-
cium foliar application improved all above-mentioned
traits of NaCl-treated black cumin plants compared to NaCl
alone (Table 4).

3.4 Electrolyte leakage, proline content,
H,0, and MDA accumulation in karrikin-
and CaCl,-treated black cumin plants under salt
stress

Exposure to salt stress was associated with increased elec-
trolyte leakage, proline content, H,O, production and
MDA accumulation. However, pretreatment with karrikin
further enhanced proline accumulation while lowered EL,
MDA accumulation and H,0, production in NaCl-stressed
black cumin plants relative to NaCl alone. And interest-
ingly, complementing karrikin trimmed seeds with cal-
cium spraying exacerbated the positive effects of karrikin
(Table 5).
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Table 2 Saturated fatty acid compositions (%) and total saturated fatty acids (TSFAs) (%) means comparison against salinity, as affected by
karrikin pretreatment and foliar application of CaCl,

Karrikin NaCl (mmol) CaCl, (mmol) Caprylic acid Capric acid Lauric acid Myristic acid Palmitic ~ TSFA (%)
(10 umol) (C8:0) (C10:0) (C12:0) (C14:0) acid
(C16:0)
(%)
Karrikin pre- 0 0 1.17fhi 1.44fhi 0.74Km 0.181 25.94h 2948
treatment 50 0.979Mi 1.12 0.32" 011 21.96 24.49%
100 0.95M 1.10 0.33™ 0.147 21.94 24.46"
50 0 0.821k 2.18bcde 1.42 0.57¢cf 33.11f 38.10"
50 0.56 1.50¢fan 1.15k 0.31fahi 30419 33.92
100 0.42¢ 1.22M 0.95/ 0.289Mi 29.359 32.24
100 0 1.46% 2.69%° 2.74f9h 0.83% 38.62¢ 46.33¢
50 1.28fh 2.272bd 244N 0.64<¢¢ 3522 41.85%
100 1.24f9h 2.050cdefg 2.23N 0.55¢defg 3505 41,139
150 0 2.00¢ 2.35%¢ 3.23¢%f 1172 4308®  51.83°
50 1.44%f9h 1.99bcdefo 2.609" 1.0120 38.35¢ 45.39%
100 1.28fM 1.97¢defgh 2.34N 0.77b<¢ 38.01¢ 44,319
Nonkarrikinpre- 0 0 1.13fh 1.58defohi 0.89% 0.32fahi 29.519 33.42
treatment 50 0.821k 1.14 0.654™ 0.23M 26.33" 29.17
100 0.941 1.210 0.52'm 0.19¥ 25.36" 28.22
50 0 1.49¢f 1.97¢defoh 2.659" 0.509foh 36.679  43.22¢
50 0.989hi 1.419N 2370 0.32f9h 33.31f 38.39"
100 11179 1.379N 2120 0.30f9h 33.08f 37.99"
100 0 2.51% 2.242bcd 3.84%¢ 0.57¢df 41.90° 51.07°
50 1.78% 2.16P¢def 3.39¢de 0.41°fohi 3896  46.69%
100 1.52¢f 1.83¢defohi 3.10¢f 0.39¢fghi 36.619  43.45°%
150 0 2.952 2,972 458° 0.98%° 45.13? 56.612
50 2165 1.68defohi 3.99° 0.49dfah 41.39° 49.71°
100 213 1.57¢efohi 3.75°d 0.64¢d 4119 4928
LSDo.0s5) 0.49 0.73 0.54 0.28 242 2.73

Values (means of three replicates) with different superscripts are significantly different by the LSD multiple range test at P<0.05

3.5 Changes in enzymatic and nonenzymatic
antioxidant defense system of karrikin-
and CaCl,-treated black cumin plants under salt
stress

Salinity stress had different effects on the activity of the
five enzymes investigated in this. The activities of CAT, APX
and SOD in salt-affected black cumin plants were higher
than nonsalt-affected plants (Table 6). Interestingly, kar-
rikin pretreatment resulted in further enhanced CAT, APX
and SOD activities of NaCl-stressed plants compared to
NaCl alone (Table 6) and supplementation of karrikin pre-
treatment with calcium further increased CAT, APX and
SOD activities (Table 6). Salinity exposure resulted in an
enhanced GPX activity which declined with karrikin and
calcium treatments compared to NaCl alone (Table 6).
Salt stress also reduced the activity of GR compared to
control plants. However, pretreatment with karrikin sig-
nificantly enhanced the activity of GR in NaCl-stressed

plants compared to NaCl alone (Table 6). Supplementa-
tion of calcium to NaCl-stressed black cumin plants further
increased the activity of GR relative to NaCl alone (Table 6).
Salt stress reduced GSH content and GSH/GSSG ratio while
increased GSSG content compared to the control (Table 7).
However, GSH content increased with karrikin pretreat-
ment and with calcium supplementation in NaCl-stressed
seedlings compared to NaCl alone. The content of GSSG
in NaCl-stressed plants declined with karrikin and calcium
foliar application compared to NaCl alone (Table 7).

3.6 Pearson correlation matrix of traits measured
in karrikin- and CaCl,-treated black cumin
plants under salt stress

Pearson’s correlation coefficients in Table 8 show the posi-
tive relationship between seed yield with total saturated
fatty acids, chlorophyll content, Fv/Fm, net photosynthetic
rate, transpiration rate, stomatal conductance, glutathione
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Table 3 Unsaturated fatty acid compositions (%) and total unsaturated fatty acids (TUFAs) (%) means comparison against salinity, as

affected by karrikin pretreatment and foliar application of CaCl,

Karrikin (10 umol) NaCl (mmol)  CaCl, (mmol)  Oleic acid Linoleicacid  Linolenicacid Petroselinic acid TUFA (%)
(C18:1n-9)  (C18:2n-6) (C18:3n-3) (C18:1n-12)
(%)
Karrikin pretreatment 0 0 1.77°¢ 12.94%¢ 0.62° 49.92° 65.25°
50 1.96%° 14.26%° 0.75° 54,552 71.52
100 2.06° 14.96° 0.76 55.142 72.93?
50 0 1.419€ 8.289 0.50b 43.37¢ 53.56°
50 1.75%¢ 11.23% 0.59¢ 49.40%° 62.97"°
100 2.08° 11.61°% 0.61° 47.08%¢ 61.39<
100 0 0.60Mk 5.80k 0.38¢%f 36.75" 43.54"
50 0.799" 7.559" 0.449%f 38.889N 47.67%
100 0.86" 7.829" 0.47¢% 39.329 48.47°
150 0 0.62"ik 3.93™" 0.17M 33.82k 38.54'
50 0.859" 5.18Km 0.23%9" 36.221 4247"
100 0.829" 5501 0.23%9" 37170 4373"
Nonkarrikin pretreatment 0 0 1.28¢f 10.13¢f 0.321 47.16° 58.89¢
50 1,63 11.53 0.36% 49.58° 63.10°°
100 1.72°¢ 11.70< 0.37¢ 49.71b¢ 63.50°c
50 0 0.849" 7.189M 0.38%f 40.80 49.20f
50 1.009 8.651 0.40%f 44.05° 54.10°
100 1.25¢f 8.559 0.41%f 44,829 55.03¢
100 0 0.511k 4,73Km 017" 33,104 38.50'
50 0.66" 6.54M 0.219" 36.431 43.83"
100 0.84%" 647 0.23%" 37.18" 44719
150 0 0.21' 2.81" 0.05' 27.307 30.38
50 0374 3.73™ 0.13" 29.64™" 33.86
100 0.48 4.24'™ 0.13" 3047 35.331
LSD(g05) 0.28 1.53 0.13 2.82 3.28

Values (means of three replicates) with different superscripts are significantly different by the LSD multiple range test at P<0.05

reductase and reduced glutathione/oxidized glutathione
ratio (0.91, 0.91, 0.93, 0.91, 0.90, 0.93, 0.92 and 0.86, respec-
tively, P-value=0.0001) and also oil yield with total saturated
fatty acids, chlorophyll content, Fv/Fm, net photosynthetic
rate, transpiration rate, stomatal conductance, glutathione
reductase and reduced glutathione/oxidized glutathione
ratio (0.91, 0.50, 0.63, 0.51, 0.90, 0.93, 0.71 and 0.86, respec-
tively, P-value=0.001), while they show the negative corre-
lation between seed yield and electrolyte leakage, proline
content, H,O, generation, MDA accumulation, CAT, APX,
SOD and GPX activities (—0.92,—0.93,-0.71,—-0.92,-0.88, -
0.70,—0.80 and —0.74, respectively, P value=0.001) as well
as oil yield with electrolyte leakage, proline content, H,0,
generation, MDA accumulation, CAT, APX, SOD and GPX
activities (—0.92,-0.93,-0.71,-0.91,-0.88,-0.32,-0.50,—
0.47, respectively, P value=0.001). A very interesting point
in this study was that there was a significant negative cor-
relation between seed yield and oil yield with total saturated
fatty acids (—0.94 and —0.54, respectively, P value=0.001),
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while the relationship between seed yield and oil yield with
total unsaturated fatty acids (0.91 and 0.91, respectively P
value=0.001) was significantly positive. Totally, the results
showed a greater increase in seed and oil yield of kar-
rikin- and CaCl,-treated black cumin and the beginning of
an increasing trend, as the CaCl, concentration increased
(Table 1) which further justified this correlation (Table 8). A
statistically significant correlation in the opposite direction
was also found related to chlorophyll content, Fv/Fm ratio
and photosynthetic parameters with electrolyte leakage,
H,O, generation and MDA accumulation (Table 8).
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Table 4 Chlorophyll content, Fv/Fm ratio, net photosynthetic rate (Py), transpiration rate (E) and stomatal conductance (g,) means compari-
son against salinity, as affected by karrikin pretreatment and foliar application of CaCl,

Karrikin (10 pmol) NaCl (mmol)  CaCl, (mmol)  Chl(mgg™'FW) Fv/fm Py (umol E (mmol Gg (molm™2s7")
Co,m2s7") H,0m?2s™!
Karrikin pretreatment 0 0 2.72¢ 0.81%®  10.93° 0.60° 3.91°¢
50 3.32% 0.88? 14.29 0.68° 4.87°
100 3.79° 0.87° 14.42° 0.67° 473>
50 0 1.66' 0.61¢ 9.32¢ 0.5320cd 2.849
50 2.25% 0.71¢ 10.90° 0.61%° 3.75¢
100 2.30% 0.73 11.85° 0.63% 3.89
100 0 0.821k 0.44 7.13f9 0.399f9 1.88
50 1.50f" 0.51¢f 8.44%f 0.48°< 2.26'
100 1.54% 0.54% 8.89¢de 0.50°< 242"
150 0 0.44" 0.24% 6.089" 0.27%h 1.16™
50 0.87'k 0.34M" 7.33f9 0.419¢f9 1.89
100 0.921k 0.379" 7.32 0.42¢def 1.91)
Nonkarrikin pretreatment 0 0 1.96°f 0.73% 8.25%f 0.50< 3.24
50 2.82¢ 0.77% 1042 0.582b¢ 3.75¢
100 2.94%¢ 0.77° 1042 0.612° 3.81%
50 0 1.109M 0.49¢f 7.27% 0.419<f0 1.79%
50 1.81¢f 0.62¢ 7.820¢f 0.47bcde 231
100 1.81°¢f 0.62¢ 8.17%f 0.49b< 2.45h
100 0 0.57M 0.26% 551N 0.259" 0.86"
50 0.881k 0.32M 7.40%f 0.31¢foh 1.30'
100 1.01" 0.34M 7.73¢f 0.31¢foh 131"
150 0 0.17' 0.14' 439 0.16" 0.35P
50 0.52M 0.21¢ 5.48M 0.28fd" 0.72°
100 0.54M 0.23 5.859" 0.26f" 0.76°
LSDo.05) 0.49 0.09 1.56 0.16 0.09

Values (means of three replicates) with different superscripts are significantly different by the LSD multiple range test at P<0.05

4 Discussion

4.1 Treatment of black cumin with karrikin
and CaCl, ameliorates salinity by enhancing
seed and oil yield

This study aimed to understand the physiological pro-
cesses involved in black cumin salt tolerance and to induce
such processes using karrikin pretreatment and foliar-
applied calcium to soothe the damage caused by salinity
in photosynthesis and its oxidative stress. Increasing salin-
ity levels caused a noticeable inhibitory impact on seed
yield per plant of black cumin, and this decline was more
pronounced in the higher levels (100 and 150 mmol NaCl)
compared to the controls. The negative effect of salt stress
on seed yield has been reported earlier in several plants
such as cumin [38], Foeniculum vulgare [39] and Trachysper-
mum ammi [40] which further supported our results. Ineffi-
cient photosynthesis is one of the reasons for the decrease
in seed yield under the conditions of salinity due to the

closure of stomata that limit carbon dioxide capture [41].
Our results showed that both karrikin and calcium, either
alone or in combination, improved seed yield and seed
oil content of black cumin. Calcium application has also
alleviated the harmful effects of NaCl toxicity in species
such as Linum usitatissimum [20], rice [42], pistachio [43]
and cumin [38]. The decrease in seed oil yield due to salin-
ity could be attributed to inhibition of lipid biosynthesis
or stimulation of lipolytic activity and peroxidation [44].

4.1.1 Treatment of black cumin with karrikin and CaCl,
ameliorates salinity stress by improving the oil
quality

Fatty acids, which are key components of plasma mem-
brane lipids, result in an enhanced salinity tolerance
in plants by maintaining membrane fluidity [45]. The
effective variations of fatty acids of black cumin seeds in
our experiment were also consistent with the results in
another cumin seeds [38], further supporting these results.
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Table 5 Electrolyte leakage, proline content, H,0, generation and MDA accumulation means comparison against salinity, as affected by kar-

rikin pretreatment and foliar application of CaCl,

Karrikin (10 umol) NaCl (mmol) CaCl, (mmol) EL (%) Proline H,0, MDA
(umol g~' FW) (nmol g~' FW) (nmol g™ FW)
Karrikin pretreatment 0 0 13.80 41.81' 2.734 1.91Km
50 12,72 4234 245 1.45M
100 12.04 42.58' 2.53' 1.48™
50 0 23.77" 86.44" 5.46M 2.44M
50 18.77' 90.589" 4497k 1.91Km
100 18.57' 90.679" 4551 1.79'™
100 0 43.26° 122.73f 8.73¢f 4.28%
50 37.28f 140.41° 8.071 3.25M
100 34,579 140.56° 8.89¢f 3.37M
150 0 74.27% 170.16° 12.41°¢ 6.020<d
50 69.23¢ 191.08° 10.37% 4.94¢f
100 68.40° 196.54 9.23¢ 4.82
Nonkarrikin pretreatment 0 0 15.45" 42,53 331K 2,68
50 15.450 41.21' 2.77M 1.95Km
100 15.671 41.81' 2.754 1.96Km
50 0 30.809 65.37 6.669" 3.919
50 24.87" 79.67 5.39M 3.679"
100 25.03" 82.501 5.59M 3.709
100 0 54,299 91.679 11.62¢ 5.84<
50 43.56° 117.86f 10.35% 5.54de
100 44.36° 118.39f 10.42¢% 5.37de
150 0 78.32° 119.84f 15.532 7.19°
50 70.72¢ 153.02¢ 13.40°¢ 6.452°¢
100 70.865¢ 153.92¢ 13.43° 6.73%
LSDo.0s5) 424 493 1.78 0.84

Values (means of three replicates) with different superscripts are significantly different by the LSD multiple range test at P<0.05

In addition, salinity also lowered the percentage of unsatu-
rated fatty acids so that the degree of this decrease was
strongly in accordance with the intensity of salinity. How-
ever, knowledge on the role of KARs and calcium both
in combination and separately in the composition and
amount of fatty acids due is still incomplete.

Treatment of black cumin with karrikin and CaCl2 ame-
liorates salinity stress by improving the physiobiochemical
attributes of black cumin under salinity stress.

The enhanced photosynthesis and seed yield with
calcium application under salt stress with synchronous
increase in stomatal conductance and intercellular CO,
concentration demonstrate that the efficiency of CO, uti-
lization is optimized by using calcium treatment under the
conditions of salinity stress [46]. The reduction in leaf gas
exchange parameters due to NaCl toxicity in the present
study agrees with similar studies on maize [47], cucumber
[16] and tomato plants [24], which further supported our
results in black cumin. There is also a concordant report
[48] with our results on the positive impact of calcium
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on improvement in gas exchange parameters in Zoysia
japonica under water stress. In support of our results,
previous investigation showed that calcium application
resulted in an enhanced salinity stress tolerance of Cakile
maritima [22] and Nitraria tangutorum [25]. When plants
are exposed to salinity stress, they counteract a significant
increase in some smolite salts such as proline against the
damaging effects of salinity [16]. Proline has also been
reported to reduce oxidative stress by counteracting the
negative effects of free radicals and increasing the activ-
ity of enzymes involved in ROS scavenging [49]. Strigo-
lactones (SLs) and karrikins (KARs) are both a chemical
structure of butenolide family whose application in plants
improves growth especially under stress conditions [50,
51]. Smith [52] was managed to refine KARs from burnt
plant materials and reported that it improved seed ger-
mination. Based on the findings of this researcher, we pre-
treated black cumin seeds with KARs before salinity treat-
ment and then foliar-applied calcium to improve salinity
resistance of black cumin plants. When black cumin seeds
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Table 6 Catalase (CAT), ascorbate peroxidase (APX), superoxide dismutase (SOD), guaiacol peroxidase (GPX) and glutathione reductase (GR)
activities means comparison against salinity, as affected by karrikin pretreatment and foliar application of CaCl,

Karrikin NaCl CaCl, CAT activity APX activity SOD activity GPX activity GR activity
(10 umol)  (mmol) (mmol) (umol min”" mg™  (umolmin™" mg™ (umolmin”"mg™" (umol min™" mg™"  (umol min™' mg™!
protein) protein) protein) protein) protein)
Karrikin 0 0 0.35 0.53% 452" 0.56' 30.63%
pretreat- 50 043 0.62¢ 473" 0.50' 31.86°
ment 100 043 0.64% 479" 0.52 31.66
50 0 1.03! 1.86" 8.299 2.24" 26.48%¢f
50 1.229N 2.54¢f9 10.03 1.84" 30.71%
100 1.36%9N 2.45¢fah 9.60/ 1.86" 31.04
100 0 1.15M 2.819%f 12.15¢ 4.09%f 20.69"
50 1.57¢f9 3.01% 13.19< 3.16/ 24.03f9
100 1.75%f 3.39« 13.31< 3.21¢f 25.02¢f0
150 0 2.03b< 413 15.47° 5.95% 13.90'
50 24120 4.75° 17.46° 4,59 19.451
100 2.56° 4.78° 18.16° 5.21b¢ 19.481
Nonkar- 0 0 0.34 0.55% 4.89" 0.58' 27.63%%
rikin 50 0.47) 0.53k 5.29" 0.60' 29.62%¢
ﬁ:::teat' 100 045 0.59" 5.30" 061 3031%
50 0 0.97' 1.13k 8.309 2379 22.829"
50 1.47¢fh 1.76" 10.29¢f 1.83" 28.46°<
100 1.84% 2.089" 12.08% 1.88" 28.75°<
100 0 1.64%¢f 2.31foN 13.29< 4.64% 14.96'
50 2.35% 3.03% 14.36> 4.07% 18177
100 2.41%b 3.29¢ 14.61°¢ 3.45¢f 18.75Y
150 0 2.233b¢ 3.75%¢ 15.48° 6.27° 10.83™
50 2.33% 453° 19.00° 5.22 15.26"
100 2.173b¢ 437 19.30° 5.08> 17.78%
LSD(o05) 0.40 0.68 1.84 0.90 2.64

Values (means of three replicates) with different superscripts are significantly different by the LSD multiple range test at P<0.05

were pretreated with karrikin followed by calcium foliar
application during seedling growth, photosynthetic effi-
ciency under both control and salt stress conditions was
observed. Previous researches have provided evidences
that show SLs and KARs are involved in the regulation of
the plant responses to various abiotic stresses such as
salinity and oxidative stresses [53-55]. Application of KARs
to NaCl-stressed black cumin plants improved chlorophyll
synthesis and gas exchange factors which is perhaps due
to its positive role in mitigating salinity stress. These find-
ings are in line with previous reports of Jamil et al. [51]
who reported that KARs improved photosynthesis factors
of rice plants under the conditions of salinity stress.

4.1.2 Treatment of black cumin with karrikin and CaCl,
ameliorates salinity by regulating oxidative stress
and activating antioxidant defense system

However, calcium treatment after KARs pretreatment of
black cumin seeds enhanced chlorophyll content and the

presence of calcium also further enhanced the activity of
antioxidant enzymes such as CAT, SOD, APX and GRin black
cumin plants, which mitigated the oxidative stress caused by
NaCl toxicity. These results are in accordance with Sunmonu
etal. [56] who reported that KARs lowered lipid peroxidation
and oxidative stress, thereby improving plant growth under
environmental stresses. Similarly, Ha et al. [57] reported
that exogenous SL treatment enhanced drought tolerance
of Arabidopsis. In accordance with our findings, KARs have
been reported to have a positive impact on declining the
accumulation of toxic ions by increasing the accumulation
of useful ions such as calcium [51]. Salt stress by exerting
osmotic effects on plant causes oxidative stress and pro-
duction of reactive oxygen species (ROS). These ROS are
very harmful for cell membrane permeability and change
enzymes activities and the plant photosynthetic system [42].
Our results showed that foliar-applied calcium resulted in
the protection of black cumin plants against salinity stress
by alleviating the oxidative stress, which was in line with
the finding of Xu et al. [46] regarding the positive effect of
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Table 7 Reduced glutathione (GSH), oxidized glutathione (GSSG) and GSH/GSSG ratio means comparison against salinity, as affected by kar-

rikin pretreatment and foliar application of CaCl,

Karrikin (10 pmol) NaCl (mmol) CaCl, (mmol) GSH (nmol g™' FW) GSSG (nmol g~' FW) GSH/GSSG
Karrikin pretreatment 0 0 122,77 35.71 3.44¢
50 122.44¢ 36.40" 3.36
100 122.74%¢ 35.99' 3.42¢
50 0 100.90° 41.45% 2459
50 127.06%° 30.77 4.15°
100 130.56° 28.17 467°
100 0 80.62" 50.26"¢ 1.610
50 99.25¢f 41.89% 2.38%"
100 101.73¢ 40.429¢f 2.539
150 0 60.62) 55.59° 1,09
50 80.38" 50.73°¢ 1.591
100 79.40" 47.39¢ 1.68Y
Nonkarrikin pretreatment 0 0 121.24° 39.68°" 3.06%
50 122.58° 37.52f9 3.27¢def
100 124.02°° 37.339N 3,33¢de
50 0 95.56' 43.71¢ 2.19"
50 113.65¢ 37.76f" 3.01f
100 114.59¢ 37.119N 3.09%f
100 0 73.06' 52.08° 141
50 87.099 48755 1.78'
100 90.449 41.05%f 221"
150 0 53.41K 56.82° 0.94%
50 70.54 50.145¢ 1.40
100 70.90' 47.62° 149
LSD (005, 446 3.54 0.28

Values (means of three replicates) with different superscripts are significantly different by the LSD multiple range test at P<0.05

calcium on oxidative stress in Calligonum mongolicum. Our
results also indicated that calcium treatments increased SOD
activity under salt stress. This means that calcium boosts
SOD activity of plant to protect from superoxide radicals
leading to protection against cellular oxidative damage
[22]. The application of calcium to salt-stressed black cumin
plants also promoted APX activity. Our results agree with
those described by other authors who have proposed that
calcium application to salt-stressed plants induces increases
in antioxidant enzyme activities and GSH content [22, 24].
GSH has an important role in maintaining the GSH/GSSG
ratio in the conversion of GSSG to GSH. Karrikin pretreat-
ment of black cumin seeds before salinity treatment and
then foliar-applied calcium increased GSH production,
thereby converting more GSSG to its reduced form which
improved salt stress tolerance of black cumin. These inter-
esting results of presented study were in accordance with
the finding of Chan and Lam [58]. Our results indicated that
the salt-stressed black cumin cells were negatively affected
by accumulating more MDA than those of controls. Foliar-
applied calcium to salt-stressed black cumin plants resulted
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in a reduced content of MDA which was associated with an
elevated SOD activity leading to plant protection from oxi-
dative damage. It has been shown that calcium ions relieved
cellmembrane injury and reduced electrolyte leakage under
abiotic stresses [59]. This is in accordance with our results
regarding the positive effects of calcium on reducing elec-
trolyte leakage of NaCl-treated black cumin plant cells. The
positive correlations between seed and oil yield with GHS as
nonenzymatic antioxidant defense system well justify the
positive impact of karrikin and CaCl, on increasing salinity
stress resistance by activating antioxidant defense system,
heightening the seed and oil production as well as improv-
ing oil quality.

5 Conclusion

Our results demonstrated the detrimental effects of salin-
ity on seed oil yield and photosynthetic parameters of
black cumin plants. It also enhanced the production of ROS
and electrolyte leakage. The present findings supported
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the view that karrikin pretreatment of black cumin seeds
followed by calcium foliar application during seedling
growth protected Nigella sativa against salinity stress by
alleviating the oxidative stress and improved oil yield and
composition of seeds. Pretreatment with KARs followed by
foliar-applied calcium on NaCl-grown black cumin plants
further increased the content of proline, reduced the pro-
duction of H,0, and MDA accumulation and increased the
activity of antioxidant enzymes such as CAT, SOD, APX and
GR. The results of this experiment showed that pretreat-
ment with KARs followed by calcium foliar application dur-
ing seedling growth harnessed salt stress and paved the
way forward to boost salt-stress tolerance which is vital to
future crop productivity.
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