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ARTICLE INFO ABSTRACT

Keywords: In this study, the effect of seed priming with sodium hydro sulfide (NaHS) and CaCl, as well as the possible
Ascorbate relationship between them in inducing post-germinative cross-adaptation in zucchini seedlings (cv Courgette
Cross-adaptation d’Ttalie) were investigated. Results showed that Ni toxicity reduced plant growth and photosynthetic pigments,
Glutathione

decreased the content of ascorbate (AsA) and total thiols, increased hydrogen peroxide (H,O,) content and
electrolyte leakage (EL), up-regulated the transcription levels of Ca?*-dependent protein kinase (CDPK) and
phytochelatin (PCs) genes and elevated H,S content in leaves of zucchini seedlings. Individual or combined seed
priming with Ca®>* and NaHS improved the content of photosynthetic pigments and seedling biomass, reduced
H,0, content and EL, increased the content of AsA and total thiols, decreased ascorbate peroxidase activity and
enhanced glutathione reductase activity in leaves. These findings suggest the last time effect of seed priming
with Ca®* and NaHS on inducing cross-adaptation in seedlings under Ni stress. H,S accumulation and other
responses induced with Ca®™ in leaves were weakened with hypotaurine (HT as H,S scavenger), denoting seed
priming with Ca®* established cross-adaptation in a H,S-dependent manner. Seed priming with NaHS amplified
CDPK transcripts in leaves of seedlings and seed priming with ethylene glycol tetraacetic acid (as Ca>* chelator),
lanthanum chloride and verapamil (as plasma membrane channel blockers) reduced transcript levels of CDPK
and PCs genes and reversed impacts of seed priming with NaHS. These results indicated that the cross-adaptation
induced with NaHS is mediated through Ca®* signaling. Overall our findings suggest that two-side cross-talk
between Ca?" and H,S is involved in the acquisition of a signal memory in seed embryo cells which can be
employed upon a later Ni-exposure and more strongly enhance AsA-GSH cycle, redox homeostasis and phy-
tochelatin transcripts in leaves of zucchini seedlings grown from primed seeds.

Ni toxicity
Redox homeostasis
Seed priming *

1. Introduction

Nickel as an essential microelement is needed for normal plant
growth and development and minor amounts of Ni (0.01-5pug/g dry
weight) are found in plants; but in most of the plant species, Ni beyond
the critical limit is toxic and acts as a heavy metal (Yusulf et al., 2011).
In Iran, agricultural soils nearby to the industrial establishments have
been contaminated with Ni. A report by Mohammadpour et al. (2016)
indicated that the mean concentration of Ni is up 60 mg kg ™! in the soil
of some zones that is higher than the background value of Ni con-
centration, that is, 35.2mgkg ™! (Rizwan et al., 2017).

Previous studies exhibited that Ni as a heavy metal reduces seed
germination and plant yield (Aziz et al., 2015; Asrar et al., 2014;
Siddiqui et al., 2011). The toxic level of Ni evokes reactive oxygen
species (ROS) generation and oxidative stress and causes symptoms
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such as retardation of growth, leaf chlorosis and necrosis in plants
(Rizwan et al., 2017; Aziz et al., 2015; Asrar et al., 2014; Siddiqui et al.,
2011). Moreover, a high dose of Ni disrupts photosynthesis and pre-
vents the activity of many enzymes and metabolic process in plants
including enzymes involved in N assimilation (Yusulf et al., 2011;
Rizwan et al., 2019).

To protect themselves against heavy metals such as Ni, plants em-
ploy many defense responses including: activation of ascorbate-glu-
tathione (AsA-GSH) cycle, modulating the content of AsA and GSH that
have central roles in the stability of the redox homeostasis (Asrar et al.,
2014; Siddiqui et al., 2011) and generation of metal chelators such as
metallothioneins and phytochelatins that are closely linked with the
improvement of metal tolerance in plants (Singh et al., 2016).

It has been demonstrated that, when plants experience moderate
stress, they become more tolerant to higher levels of the same stress via
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retaining a stress memory, a response referred to as priming or cross-
adaptation (Crisp et al., 2016). It is known that a complex signaling
system containing many signal mediators such as nitric oxide (NO),
calcium ions (Ca®™), hydrogen peroxide (H,0,) and hydrogen sulfide
(H,S) as well as their crosstalk is involved in triggering cross-adaptation
(Khodabakhsh et al., 2014; Amooaghaie et al., 2017; Amooaghaie and
Nikzad, 2013; Amooaghaie and Tabatabaie, 2017; Amooaghaie et al.,
2015; Li et al., 2016; Li et al., 2012; Savvides et al., 2016). Therefore,
Ca®*, H,0,, NO and H,S or their donors can be considered as pro-
mising signal molecules that priming of the plant with them initiates a
stress memory. This signal imprint enables the plant to produce
stronger and faster responses (e.g. enhancing antioxidant activities,
nutrition balance, osmolyte accumulation and redox state) in cells
under subsequent exposure to abiotic stresses.

Hydrogen sulfide (H,S) is known as an endogenous gaseous trans-
mitter in plants which is involved in modulating developmental pro-
cesses such as seed germination, root organogenesis and stomata
movement (Li et al., 2012; Guo et al., 2016). Moreover, there is in-
creasing evidence showing that the role of H,S in triggering anti-
oxidative responses against various abiotic stresses in plants (Guo et al.,
2016). For instance, it has been reported that pretreatment of seedlings
or mature plant with NaHS, as a H,S donor, can increase plant tolerance
upon subsequent exposure with Pb (Amooaghaie et al., 2017), Al (Zhu
et al., 2018) and Ni (Rizwan et al., 2019). Singh et al. (2015) also re-
ported that pre-exposure of pea seedlings with NaHS induces cross-
adaptation to arsenic stress via decreasing the arsenic content and in-
creasing the activity of AsA-GSH cycle in tissues. Moreover, pretreat-
ment with NaHS attenuated aluminium-induced growth retardation and
the dysfunction of organelles in leaf mesophyll and root tips cells and
enhanced antioxidant enzyme activities (APX, CAT, APX, SOD, POD,
and GR) in oilseed rape (Qian et al., 2013).

Numerous studies have also shown that pre-treatment of seedlings
or mature plant with Ca?* enhance plant tolerance against heavy me-
tals such as Cu and Cd (Ahmad et al., 2015; Gonzalez et al., 2012). Min
et al. (2013) reported pre-subjection with Ca>* enhanced Cu tolerance
by increasing the non-protein thiols, reduced glutathione and total
antioxidant capacity in Elodea canadensis plants. Aziz et al. (2015)
stated that application of Ca®*reduced the adverse effects of Ni stress
on chlorophyll content, the photosynthetic rate, shoot and root dry
weights, transpiration rate and stomatal conductance in rice plants. It is
well known that different environmental stimuli cause a transient Ca®*
burst in the cytosol, called “calcium signature”. Calcium signature is
recognized by calcium sensors such as Ca®*-dependent protein kinases
(CDPKs), calmodulin (CaM), and calcineurin B-like (CBL) proteins and
is translated to downstream defense responses (Wilkins et al., 2016;
Zeng et al., 2015a). For example, it has been reported that the ex-
pression of CDPK genes was induced by Cr (Huang et al., 2014) and
arsenic (Huang et al., 2012) in the rice seedlings. Vivek et al. (2013)
revealed that over-expression of ginger CDPK1 gene in tobacco con-
ferred tolerance to salinity and drought stress as reflected by the high
percentage of seed germination, higher relative water content (RWC),
expression of stress-responsive genes, higher leaf chlorophyll content,
increased photosynthetic efficiency and other photosynthetic para-
meters. Based on the dynamic changes in Ca®* concentration, the
specific CDPK isoforms are activated, which the extent and duration of
their activity are varied and are differentially expressed inside the plant
(Shi et al., 2018) and consequently regulate downstream responses
through phosphorylation of certain substrates (Shi et al., 2018; Asano
et al., 2012).

Although many studies have assessed the positive effect of pre-
treatment of seedlings or mature plants with H,S and Ca®>* on enhan-
cing plant tolerance, few studies have employed H,S and Ca®* as
agents for seed priming. Sun and Luo (2013) revealed that treatment of
pumpkin seeds with exogenous NaHS significantly resulted in the al-
leviation of adverse effects salinity on germination rate, hypocotyl and
radicle lengths, and soluble sugar concentrations, and enhanced
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amylase, SOD and POD activities. Zanganeh et al. (2018) found that
seed priming with H,S reduced proline, arginine and methionine ac-
cumulation and increased nitric oxide and glycine betaine contents
under lead stress. Kaczmarek et al. (2017) reported that seed priming
with CaCl, improved RWC, gas exchange parameters, and photo-
synthetic pigments concentration in stress-tolerant as well as drought-
susceptible barley cultivars under drought stress. Talukdar (2012) also
demonstrated that seed priming with calcium enables Lens culinaris
seedlings to endure the adverse impacts of Cd treatment by modulating
the antioxidant enzyme activity and reducing the Cd accumulation. In
spite of the fact that seed priming is a simpler, cheaper and more
practical method than priming of seedlings or mature plants, little at-
tention has been paid yet to the application of signal molecules in seed
priming.

In more studies, seed priming with various compounds such as
water, hormones, osmolytes, and inorganic salts has been done and the
beneficial effects of it on seed germination and plant growth has been
documented not only in normal condition but also under abiotic
stresses (Khodabakhsh et al., 2014; Amooaghaie and Nikzad, 2013;
Amooaghaie and Tabatabaie, 2017; Alcantara et al., 2015; Batista et al.,
2016). The formation of a ‘molecular stress memory’ in cells for en-
hancing acclimation responses and the acquisition of cross-adaptation is
suggested as the superficial mechanism of seed priming (Abid et al.,
2018; Chen and Arora, 2013). The mechanism of action of seed priming
for the acquisition of stress memory has remained unclear. However,
previous studies due to tomato (Amooaghaie and Nikzad, 2013) and
wheat (Amooaghaie and Tabatabaie, 2017) seed priming, demonstrated
the role of NO and H,0, in the effects of seed priming on tolerance of
cold and salinity stress respectively. Therefore it is possible that Ca®*
and H,S also support the establishment of stress memory during seed
priming in plants.

Zucchini (Cucurbita pepo L.) is one of the most economical members
of the Cucurbitaceae family and is an important vegetable food source
for many of the world's population (Knapp and Osborne, 2017). How-
ever, heavy metals such as Ni may restrict the production of this crop.
Thus, finding efficient approaches are important for increasing heavy
metal tolerance in this plant. To date, a few literatures are available on
the harmful effects of Ni in zucchini. Furthermore, there is no report
about the effect of seed priming with H,S and Ca®* on Ni tolerance in
zucchini. In addition, to the best of our knowledge, effect of combined
seed priming with H,S and Ca®?" hasn't been investigated in plant
species and there is no convincing information about whether seed
priming with H,S and Ca®* changes the level of CDPKs transcripts,
upon subsequent exposure of seedlings with abiotic stresses. Thus, the
aim of our study was to investigate the significance of the interplay
between Ca®* and H,S in the initiation of a signal memory during seed
priming and the role of CDPKs for the acquisition of cross-adaptation in
C. pepo seedlings under subsequent exposure with Ni stress.

2. Materials and methods
2.1. Plants treatments

2.1.1. Effects of Ni on seed germination and seedling growth

First, the effect of various concentrations of Ni(NOs), (0, 25, 50,
100, 150, 200 and 250 ppm) was evaluated on seed germination and
seedling growth. Germination tests were conducted using 25 healthy
and sterilized zucchini seeds (Cucurbita pepo L. var. pepo, cv Courgette
d’Italie) in 15 cm Petri dishes (four replicates). Petri dishes were placed
in a culture room with 65% relative humidity, under a thermo period
28/23°C and photoperiod 14/10h in day/night (a light intensity of
150 umolm~2s™') for ten days. Seed germination was counted daily
for 10 days and the final germination percentages were calculated.
After 10 days, relative seed germination (RSG), root tolerance index
(RTI) and germination tolerance index (GTI) were calculated as de-
scribed by Amooaghaie et al. (2015):
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RSG (%) = (Seeds germinated in treatment/Seeds germinated in
control) x 100

RTI (%) = (Mean root length in treatment/Mean root length in
control) X 100

GTI (%) = (RSG x RTI)/100

Toxicity level (%) in roots was calculated using the following for-
mula:

Toxicity level (%) = (Root length of control - Root length of
treatment/Root length of control) x 100.

2.1.2. Effects of seed priming with NaHS or CaCl, on seed germination and
seedling growth

During the preliminary experiments, seeds were primed with var-
ious concentrations of NaHS (0, 50, 100, 200 and 400 uM) and CacCl, (O,
10, 15, 20 and 25 mM) for 24 h. Then seeds were washed and finally,
seeds from each treatment were divided into 2 groups and exposed to Ni
(NOs3), solution (selected concentration 50 ppm) and distillated water.
Afterwards, laboratory seed germination tests were performed under
the same condition mentioned above and final germination tolerance
index was determined for each treatment after 10 days.

After selecting the best concentration of NaHS and CaCl,, the effects
of seed priming with 100 uM NaHS and 200 uM hypotaurine (HT), as a
H,S scavenger and also impacts of seed priming with 15 mM CacCl, and
5mM ethylene glycol tetra-acetic acid (EGTA) as a Ca®* chelator,
50 uM verapamil (VPL) and 100pM LaCl; (La®*) as Ca®*channel
blockers, were investigated on seed germination and growth para-
meters of C. pepo seedlings. For this purpose, the surface sterilized seeds
were soaked separately for 24 h in darkness in the following solutions:
(1) distillated water; (2) NaHS; (3) NaHS + HT; (4) CaCly; (5)
EGTA + CaCl,; (6) LaCls + CaCl,; (7) VPL + CaCl,. Seeds from each
treatment were divided into 2 groups and exposed to 50 ppm Ni(NO3),
solution and distillated water. The final seed germination percentage
was calculated after 10 days. In addition, length and mean dry weight
of ten seedlings were measured per each treatment. Lipid peroxidation
in leaves was measured as is described in the following sections and
seed vigour index has been calculated through the formula given by
Abdulbaki and Anderson (1973).

Seed vigour index (%) = Percentage germination X Mean dry
weight.

2.1.3. Effect of seed priming with NaHS and CaCl, on biochemical
parameters

In the main experiment, we examined the effect of cross-talk be-
tween calcium (Ca®*) and hydrogen sulfide (H,S) during seed priming
on subsequent tolerance of zucchini seedlings against Ni stress. The
surface sterilized seeds were primed for 24 h in darkness according to
the following treatments:

(1) 0 (control); (2) 100uM NaHS; (3) 15mM CaCl,; (4) 15mM
CaCl, + 100 pM NaHS; (5) 5 mM (EGTA) + 100 uM NaHS; (6) 100 uM
LaCl; + 100 uM NaHS; (7) 50 uM VPL + 100 pM NaHS; (8) 200 uM
HT + 15 mM CaCl,.

After 24 h, seeds were washed in de-ionized water and germinated
in petri dishes containing 20 ml distillated water for 10 days. Then
seedlings were transferred to quarter-strength Hoagland's medium (Li
and Cheng, 2014) with pH 5.8. After 3 days of acclimatization, when
seedlings were 13-days-old, nickel at 50 ppm Ni(NO3), was added to
Hoagland's medium. The grown seedlings in quarter-strength Hoa-
gland's solutions without nickel were used as the control group.

Leaf samples were collected at 12 and 24 h after Ni exposure, and
immediately were transferred to —80 °C freezer for gene expression
analysis. The biomass of seedlings per plant was determined after laying
the samples in an air oven for 48 h at 80 °C. Biochemical traits were
measured on the true leaves of seedlings after 3 days of Ni exposure.
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2.2. Determination of lipid peroxidation

The malondialdehyde (MDA) content was evaluated by the thio-
barbituric acid (TBA) reaction (Heath and Packer, 1968). The leaf
samples (0.25g) were extracted in 2ml of 0.5% trichloroacetic acid
(TCA). After centrifugation at 12000 rpm for 10 min, 1 ml supernatant
was mixed with 5ml of 0.5% TBA dissolved in 20% TCA. The mixture
was boiled for 30 min and then was cooled. After centrifugation at
10,000 rpm for 5min, the MDA content was computed by determining
the optical density of the supernatant at 532nm and 600 nm and
through the following formula it was expressed as nmol/g.FW.

MDA = (A532-A600) / 155 x 1000

2.3. Determination of pigments photosynthetic

Fresh leaf (0.25 g) samples were extracted with 10 ml acetone (80%,
v/v). The filtrates were prepared and absorbance values at 663, 645 and
470 nm were read, to determine the contents of chlorophyll (Chl) and
carotenoids (Car) in the extracts using the method of Lichtenthaler
(1987).

2.4. H,0, concentration and electrolyte leakage assay

The hydrogen peroxide (H»O,) concentration was extracted and
determined after reaction with potassium iodide (KI) following the
method of Amooaghaie et al. (2017)

Electrolyte leakage (EL) was evaluated according to methods de-
scribed by Lutts et al. (1995) using small pieces from leaves dipped in
15 ml of deionized water and was determined as:

E.L (%) = EC; / EC2 X 100

where EC; and EC, were the electrical conductivity of the solution after
standing at room for 24 h and after heating at 75 °C respectively.

2.5. Evaluation of GR and APX activities

The antioxidant enzyme extract was prepared by homogenizing
0.25 g of leaf tissue in 750 pl extraction buffer containing 1 mM ethy-
lene diamine tetra-acetic acid (EDTA) and 1% polyvinyl pyrrolidone
(PVP) in 50 mM potassium phosphate buffer (pH 7.0) The homogenate
was centrifuged at 10000 x g at 4 °C for 20 min. The supernatant was
used for the enzymatic assays.

The APX (EC 1.11.1.11) activity was measured following the
method of Nakano and Asada (1981). The reaction mixture contained
50 ul enzyme extract and 2.95ml 50 mM potassium phosphate buffer
(pH 7.0) containing 0.5 mM ascorbate, 0.1 mM hydrogen peroxide and
0.1 mM EDTA. The hydrogen peroxide-dependent oxidation of ascor-
bate was followed by a decrease in the absorbance at 290 nm and was
quantified using the extinction coefficient of 2.8 mM ' cm ™! at 25 °C.

The GR (EC: 1.6.4.2) activity was measured according to the method
of Foyer and Halliwell (1976). The reaction mixture contained 100 pl
enzyme extract and 900 pul 0.1 M potassium phosphate buffer (pH 7.0)
containing 1 mM EDTA, 1 mM GSSG and 0.2 mM NADPH. The decrease
in absorbance at 340 nm was recorded for 1min. The activity was
calculated using an extinction coefficient of 6.2mM ™' ecm ™! at 25 °C.

2.6. Determination of H,S production and total thiols content

The H,S content in leaves was measured spectrophotometrically at
670nm using N,N- dimethyl-pphenylenediamine dihydrochloride
(DMPD) reagent, as described by Li (2015). The assay mixture con-
tained 1 ml leaf extract supernatant in extraction buffer (20 mM Tris-
HCI buffer (pH 8.0) containing 20 mM Zn(OAc), and 10 mM EDTA),
1 ml of 30 mM FeCl; dissolved in 1.2 M HCI and 1 ml of 20 mM DMPD
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dissolved in 7.2M HCI mix respectively. The amount of H,S was de-
termined using an extinction coefficient of 15 x 10°M~'cm ™! and
expressed as nmol/g.FW.

The total thiols concentration in leaves was determined through the
DTNB reagent (Moron et al.,, 1979). The frozen leaf samples (0.5 g)
were homogenized in 2.5ml of 5% TCA. After centrifugation at
1000 rpm for 10 min, 0.1 ml supernatant was added to 0.9 ml sodium
phosphate buffer (0.2 M, pH 8.0) and 2 ml of freshly prepared 0.6 mM
DTNB solution in 0.2 M phosphate buffer. The absorbance of this mix-
ture was determined at 412nm and the total thiols content was cal-
culated via standard curve prepared with known concentrations of
GSH.

2.7. Determination of ascorbate and dehydro ascorbat concentrations

The measurement of total AsA (AsA + DHA) and AsA concentra-
tions was done by the spectrophotometric method described by Roe and
Kuether (1943) with some modifications. Leaf sample (0.5g) was
homogenized with 10 ml of 5% metaphosphoric acid-acetic acid solu-
tion and centrifuged at 8000 x g at 4 °C for 20 min. To determine the
total AsA (AsA + DHA) concentration, 0.5 ml of 3 mM 2, 6-di-
chlorophenolindophenol (DCIP) was added to 4 ml supernatant and
shaken and filtrated. The mixture of 1.5 ml of the filtrated solution,
1 ml of 1% thiourea solution and 1 ml of 10 mM 2, 4-dini-
trophenylhydrazine (DNPH) solution were kept in a thermostatic bath
at 50 °C temperature for 1 h. After cooling, chilled H,SO, was added
and shaken. The absorbance was read at 520 nm. To determine AsA
concentrations, the chemicals and procedure were the same as above,
except that the DCIP was replaced by distilled water. Total AsA and AsA
concentrations were estimated from the standard curve of 0-100 ppm L-
AsA. Concentrations of DHA were calculated by the subtraction of AsA
from total AsA.

2.8. Total RNA extraction and qRT-PCR

Total RNA isolation was done using the LiCl protocol by the method
of Channuntapipat et al. (2001). One microgram of the total RNA was
used for reverse transcription using the ViVantis, 2 steps RT-PCR Kkit-
RTPL12 (cat. no. 0201010048) following the manufacturer's instruc-
tions. The gene-specific primers for qRT-PCR are shown in Table 1 and
Actin gene was used as an internal standard. The qRT-PCR assay was
performed via an applied Biosystems (The StepOne Real-Time PCR
system). PCR products were amplified using the SYBR Premix Ex TaqlIl
(TaKaRa, cat. no. RR820Q). The PCR conditions followed by 40 cycles
of denaturation at 95 °C for 20 s, annealing at 95 °C for 3 s and extension
at 60°C for 30s. The quantification of mRNA levels was calculated
according to the 2724t methods.

2.9. Statistical analysis

The first experiment was conducted in a completely randomized
design with 4 replicates. The next experiments were performed as
factorial with a completely randomized design with 3 replicates. After

Table 1
Characteristics of primers for Real-time PCR.
Gene Primer sequence Size
Actin F: 5"- ACGGATATCTCGGCTCTCGC -3" 131 bp
R: 5’- GACGTACCCTCGGCCAGAAG -3’
CDPK F: 5- TTGGAGTTATGCACCGTGACC -3’ 106 bp
R: 5- AAGACTTCAGGGGCAACATAG -3’
PCS1 F: 5”- GTTTCAAGTATCCTCCTCATTG -3” 108 bp
R: 5- GTCTAGATATGAGCATGAACCC -3"
PCS2 F: 5- AATATCCTCCTCACTGGGTTCC -3’ 112 bp
R: 5- GCAATCCATGTGATGAACTCTCTC-3’
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ANOVA analysis, the comparison between the control and treatment's
means was carried out by Duncan's Multiple Range test at p < 0.05
significance level using SPSS 19 software.

3. Results

3.1. Effects of various concentrations of Ni on seed germination and
seedling growth

Results related to the first experiment showed that there was no
significant difference between control and various concentrations of Ni
(NO3), on parameters of seed germination and RSG. However, the ex-
posure of zucchini seedlings to Ni(NO3), at concentrations of > 25 ppm
for 10 days markedly inhibited root elongation (Fig. 1) and significantly
reduced root tolerance index (RTI), germination tolerance index (GTI)
of roots and increased toxicity level of roots compared with the control
(Table 2).

3.2. Selection of the best concentration of NaHS and CaCl; for seed priming

As shown in Fig. 2 seed priming with lower dose of NaHS (50 uM
and 100uM) significantly increased germination tolerance index
whereas, higher concentrations (200 and 400 uM) reduced germination
tolerance index under both control and Ni stress conditions. Thus,
100 uM NaHS was the best concentration, which was then applied in
later experiments. Similarly, seed priming with Ca?* improved ger-
mination tolerance index in lower dose, and 15 mM Ca?* was the best
concentration which was then used in subsequent tests. However, high
concentrations (20 and 25mM Ca?") reduced germination tolerance
index under both Ni stress and control conditions.

3.3. Effects of seed priming with NaHS and CaCl, on seed germination and
seedling growth

As shown in Table 3 seed priming with NaHS and Ca** significantly
enhanced seed germination compared with the control in normal and
stress conditions. Nickel stress remarkably decreased the seedling
length and the seed vigour index and increased the MDA content in
leaves in comparison to control. Seed priming with Ca®* significantly
improved all attributes except the seed vigour index and the MDA
content at normal condition. Seed priming with NaHS also significantly
improved all parameters except the MDA content at normal condition
(Table 3).

Under Ni stress, NaHS priming increased all parameters especially
the seed vigour index and lowered the MDA content in leaves when was
compared to the treatment of Ni stress alone. Seed priming with Ca®*
also significantly increased germination, length of seedling, seedling
vigour index in Ni-stressed seedlings and lowered the MDA content in
leaves when was compared to the treatment of Ni stress alone (Table 3).

The effects conferred by seed priming with Ca®** on above men-
tioned parameters was repressed by EGTA, La®** and VPL. The re-
sponses induced by seed priming with NaHS were also reversed by the
addition of HT as a scavenger of H,S under Ni stress and normal con-
ditions (Table 3).

3.4. Effects of seed priming with NaHS and CaCl; on biomass and
photosynthetic pigments

Nickel stress decreased the content of chlorophyll a, chlorophyll b,
carotenoids and biomass of seedlings 26.38%, 34.09%, 29.50% and
25.34% respectively (Fig. 4). Individual or combined seed priming with
Ca®* or NaHS restored Ni -induced inhibition of the content of chlor-
ophyll a, chlorophyll b, carotenoids and biomass of seedlings. Existence
of HT during seed priming inhibited the positive effect of seed priming
with Ca®* on photosynthetic pigments and biomass. The recovery of
pigments and seedling biomass induced by seed priming with NaHS
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Ni(250)

Fig. 1. The effects of various concentrations of Ni(NO3), (0, 25, 50, 100, 150, 200 and 250 ppm) on ten-day-old zucchini seedlings.

Table 2

The effects of various concentrations of Ni(NOs)- (0, 25, 50, 100, 150, 200 and 250 ppm) on germination, relative seed germination (RSG), root tolerance index (RTI),
germination tolerance index (GTI) and toxicity level in roots of 10 day-old zucchini seedlings.

Treatments Germination (%) RSG (%) RTI (%) GTI (%) Toxicity level (%)
Control 70.0 + 29" 100 = 0™ 100 + 02 100 + 02 0+ 09

25 67.8 £ 5.0 97.3 + 95" 97.4 £ 1.0? 949 + 972 2.6 + 1.09

50 66.7 + 3.5 95.8 + 8.0 ™ 329 + 3.2° 31.0 + 0.2° 67.1 + 3.2°¢
100 66.1 * 6.6 95.5 + 13.0 ™ 30.9 + 29" 28.9 + 2.0° 69.1 + 29°¢
150 639 + 39" 91.4 + 56 26.5 + 2.6° 243 + 3.1°¢ 735 * 26°¢
200 58.9 + 11.5™ 84.6 = 16.8™ 16.4 = 1.0°¢ 13.5 + 1.8 83.6 = 1.0°
250 55.5 + 4.0 ™ 79.3 + 4.0 ™ 8.8 + 1.3¢ 7.1 + 1.44 91.2 + 1.3%

+

Data in the table represent the mean

Non-significant differences at p < 0.05 based on Duncan's multiple range tests.

SE (n = 4) and same letters per each column indicate.

Fig. 2. The impacts of seed priming with NaHS (0,
A 140 - a B 160 - 50, 100, 200 and 400 pM) (A) and CaCl, (0, 10, 15,
20 and 25 mM) (B) on germination tolerance index
120 4 140 4 (GTD) under control condition and 50ppm Ni
100 - 120 A (NO3),.
100 | Data in the figure represent the mean *+ SE and
. 80 1 — same letters on bars indicate non-significant differ-
£ 60 ii il ences. at p < 0.05 based on Duncan's multiple
5 40 | b 801 range tests.
—e—Control 40 —e—Control
09 Ni 20 1 Ni
0 0
0 50 100 200 400 0 10 15 20 25
NaHS (uM) caCl. (mM)

were also inverted by seed priming in the presence of EGTA, La®>* and
VPL (Fig. 4).

3.5. Effects of seed priming with NaHS and CaCl; on electrolyte leakage
and H,0, accumulation

Under Ni stress, a drastic rise was observed in the H,O, content and
electrolyte leakage level in leaves as compared with the control (Fig. 5A
and B). Individual seed priming with NaHS and Ca®* significantly
lowered the electrolyte leakage level and H,O, content in leaves of Ni-
stressed zucchini plants. Interestingly, simultaneous application of H,S
and Ca®* further reduced the damages induced by Ni on the membrane
integrity. On the other hand, when seed priming with NaHS was done in
the presence of EGTA and La®™ or VPL, the inhibitory impact of H,S on
the electrolyte leakage and H,O, accumulation in leaves was weakened.
Similarly, concurrent seed priming with HT and Ca2™ could reverse the
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alleviating effect of Ca®™ on the electrolyte leakage level and H,0,
contents in the leaves of seedlings (Fig. 5A and B).

3.6. Effects of seed priming with NaHS and CaCl, on APX and GR enzymes
activity

Ni-exposure significantly increased the activities of APX and GR by
58.06% and 17.75% respectively in zucchini leaves compared to the
control (Fig. 6). Individual and combined seed priming with Ca®* or
NaHS significantly decreased the APX activity but enhanced the GR
activity under Ni stress.

However, H,S-induced impacts on the activities of APX and GR were
reversed in the leaves of seedlings grown from seeds primed with EGTA,
La®* and VPL together with NaHS. The effect of seed priming with
Ca®™ on the activities of APX and GR was also reversed in the leaves of
seedlings grown from seeds primed with HT + CaCl, (Fig. 6).
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Table 3

Plant Physiology and Biochemistry 143 (2019) 286-298

The effects of NaHS (100 uM) singly or in combination with 200 uM hypotaurine (HT), CaCl, (15 mM) alone or together with 5mM EGTA, 100 uM LaCl; and 50 pM
verapamil (VPL) on germination, length of seedling, seedling vigour index and malondialdehyde (MDA) content in leaves of zucchini seedlings under both normal

and Ni stress conditions.

Treatments Germination (%) Length of seedling (cm) Seed vigour index (%) MDA (nmol/g.FW)
Control 65.3 + 2.4 19.0 = 0.6¢ 6046.7 = 240.9 "¢ 46 + 05"
NaHS 78.7 + 1.32 24.3 + 0.3 % 7273.3 + 48852 5.5 + 0.38"
NaHS + HT 57.3 = 1.3 9 19.3 = 0.9¢ 4200.0 = 78.8 f 10.7 = 0.3%f
Ca 747 + 132 253 + 1.7 2 6805.3 = 392.6 P 4.3 + 04"
Ca + EGTA 60.0 = 2.3° 223 + 0.7 4760.0 = 117.8 4¢ 8.1 +047%
Ca + LaCls 58.7 = 0.7 9¢ 223 + 0.3 4524.0 = 103.6 © 83 + 02
Ca + VPL 57.3 = 1.8 9 21.7 + 0.7 ¢ 3985.3 + 100.8 °f& 9.3 + 0.4
Ni 60 + 3.5° 147 = 0.7 ¢ 3392.0 + 98.9 & 28 + 22

Ni + NaHS 66.7 = 1.7° 19.3 = 0.3¢ 5657.3 = 271.9 © 13.5 = 0.3°
Ni + NaHS + HT 53.3 + 1.8° 147 = 03¢ 3650.7 + 329.3 & 21.7 + 0.9°
Ni + Ca 66.7 = 0.7° 18.7 = 0.7¢ 5489.3 + 515.5 9 12.5 = 0.3°
Ni + Ca + EGTA 54 + 1.29¢ 16.3 = 0.3°¢ 3220.0 + 131.18 17.7 = 0.9¢
Ni + Ca + LaClg 60.0 = 2.3° 157 = 0.3 °¢ 3385.3 + 261.1 8 25 + 0.6°
Ni + Ca + VPL 57.3 = 1.8 9 153 = 0.3°¢ 3490.7 + 5.8 252 + 1.2°

Data in the table represent the mean

+ SE and same letters per each column indicate non-significant differences at p < 0.05 based on Duncan's multiple range tests.

3.7. Effects of seed priming with NaHS and CaCl, on content of H,S and

total thiols

Our finding indicated that under Ni stress, H,S level increased
42.49% in the leaves of zucchini seedlings (Fig. 7A). Individual seed
priming with Ca®* and NaHS elevated the H,S content 50.33% and

Control

Ni

Ni+NaHS

NaHS + HT

Ni+NaHS+HT  Ni+Ca

Ca

98.43% in leaves respectively compared with the control. Seed priming
with NaHS + Ca®™ also enhanced the endogenous level of H,S 87.66%
in the leaves. In contrast, the accumulation of H,S was significantly
weakened in the leaves of seedlings grown from seeds primed with
EGTA, La®* and VPL together with NaHS. In addition, the presence of
HT during seed priming decreased the stimulatory impact of seed

Ca+ EGTA Ca+ LaCls Ca+ VPL

(B)

Ni+Ca+EGTA Ni+Ca+LaCls Ni+Ca+VPL

Fig. 3. The impacts of seed priming with NaHS (100 uM) and CaCl, (15mM) and antagonists of Ca®>* and H,S on ten-day-old zucchini seedlings under control
condition (A) and 50 ppm Ni(NO3), (B). Hypotaurine (HT), as a H,S scavenger, 5mM ethylene glycol tetraacetic acid (EGTA) as a Ca®" chelator, 50 uM verapamil
(VPL) and 100 uM LaCl as a known Ca®* channel blockers were used during seed priming.
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priming with Ca®* on the H,S level in the leaves of Ni-exposed seed-
lings (Fig. 7A).

The results denoted that under Ni stress, the total thiols content in
the leaves decreased 40.35% in comparison with the untreated control.
Seed priming with Ca®>* and NaHS alone or in combination could en-
hance the total thiols content in the leaves in comparison with Ni
treatment alone. However, total thiols content declined in leaves of
seedlings grown from seeds primed with EGTA, La®>* and VPL together
with NaHS and in the leaves of seedlings which rose from seeds primed
with HT together with CaCl, (Fig. 7B).

3.8. Effects of seed priming with NaHS and CaCl; on AsA and DHA
concentrations

The results related to the amounts of AsA, DHA and the ratio of
AsA/DHA are shown in Table 4. The lowest value for the AsA content
was recorded under Ni stress while the highest values for the AsA
content were obtained in the leaves of seedlings grown from seed
primed with NaHS and Ca®* alone or together. Moreover, Ni stress
increased the DHA content and reduced the AsA/DHA ratio. Seed
priming with Ca?®™ and NaHS alone or in combination had no
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Fig. 4. The impacts of seed priming with NaHS
(100uM) and CaCl, (15mM) and antagonists of
Ca?* and H,S on chlorophyll a, b (A, B), carotenoids
(C) in leaves and biomass of zucchini seedlings (D).
exposed to 50 ppm Ni(NO3),,

Hypotaurine (HT), as a H,S scavenger, 5mM ethy-
lene glycol tetraacetic acid (EGTA) as a Ca?™ che-
lator, 50 uM verapamil (VPL) and 100 uM LaCl; as a
known Ca?* channel blockers were used during seed
priming. Data in the figure represent the
mean * SE and same letters on bars indicate non-
significant differences at p < 0.05 based on
Duncan's multiple range tests.

significant effect on the DHA content but considerably increased the
AsA/DHA ratio. In the leaves of seedlings grown from seed primed with
EGTA, La®* and VPL together with NaHS and in the leaves of seedlings
which rose from seed primed with HT together with CaCl, the DHA
content increased but the AsA content and the ratio of the AsA/DHA
reduced when compared to the treatments of Ni + NaHS and
Ni + Ca®” respectively. These results suggest that the positive effects of
seed priming with NaHS and Ca®>* on the content of AsA and DHA and
the ratio of AsA/DHA were reversed by these antagonists (Table 4).

3.9. Effects of seed priming with NaHS and CaCl; on CDPK and PCS genes

The level of CDPK transcripts in leaves was up-regulated at 12 h and
then decreased at 24 h after the Ni exposure. Seed priming with Ca®*
NaHS individually or in combination significantly increased CDPK gene
expression after 12 h and 24 h of the Ni exposure. The use of HT, EGTA,
La®* and VPL during seed priming inhibited the stimulatory effect of
seed priming with Ca®*
under the Ni stress (Fig. 8).

The transcript levels of PCS1 and PCS2 genes were significantly

and NaHS on CDPK transcripts in the leaves

Fig. 5. The impacts of seed priming with NaHS
(100uM) and CaCl, (15mM) and antagonists of
Ca?" and H,S on H,0, accumulation (A) and elec-
trolyte leakage (B) in leaves of zucchini seedlings
exposed to 50 ppm Ni(NO3),,

Hypotaurine (HT), as a H,S scavenger, 5mM ethy-
lene glycol tetraacetic acid (EGTA) as a Ca®* che-
lator, 50 M verapamil (VPL) and 100 uM LaCl; as a
known Ca®* channel blockers were used during seed
priming. Data in the figure represent the
mean *+ SE and same letters on bars indicate non-
significant differences at p < 0.05 based on
Duncan's multiple range tests.
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Fig. 6. The impacts of seed priming with NaHS
(100uM) and CaCl, (15mM) and antagonists of
Ca®*and H,S on the activities of APX (A) and GR
(B) in leaves of zucchini seedlings exposed to
50 ppm Ni(NO3)a.

Hypotaurine (HT), as a H,S scavenger, 5mM ethy-
lene glycol tetraacetic acid (EGTA) as a Ca?™ che-
lator, 50 uM verapamil (VPL) and 100 uM LaCl; as a
known Ca?* channel blockers were used during seed
priming. Data in the figure represent the
mean * SE and same letters on bars indicate non-
significant differences at p < 0.05 based on
Duncan's multiple range tests.

increased at 12h the after exposure to Ni stress (Fig. 8C, E). The tran-
script level of PCS2 gene had no significant difference with its level in
the control at 24 h after the Ni exposure (Fig. 8F). Seed priming with
Ca®* or NaHS alone or in combination also significantly increased the
transcript level of PCS1 gene in the leaves of Ni-stressed seedlings at 12
and 24 h after the Ni exposure; while the transcript level of PCS2 gene
was significantly increased only at 24h after being subjected to the Ni
stress (Fig. 8F). The application of HT and EGTA, La®** and VPL often
reversed the effect of Ca®* and H,S on the expression of PCS1 and PCS2
genes at 12 and 24 h after the Ni exposure (Fig. 8C-F).

4. Discussion

In the present study, increasing Ni concentration had no significant
impact on seed germination and relative seed germination (RSG) but
severely reduced root elongation and root tolerance index (RTI) (Fig. 1,
Table 2). It is likely because of this seed coat protected seeds against Ni
toxicity but roots were directly exposed to Ni stress (Fig. 1). Germina-
tion tolerance index (GTI) combines root growth and seed germination
thus, providing a more perfect quantity of toxicity (Amooaghaie et al.,
2015). Hence, it was better to use GTI as an indicator of phytotoxicity.

Results of the next two experiments clearly confirmed that in-
dividual seed priming with low levels of H,S and Ca®* conferred a
protective effect on GTI while high concentrations caused a detrimental
effect (Fig. 2).These results support reports of other authors about a
dual role of H,S and Ca®™, as a toxic molecule at high doses and a signal
messenger at lower doses under biotic and abiotic stress conditions.
Baudouin et al. (2016) stated that NaHS had stimulatory and inhibitory
effects on Arabidopsis seed germination at low and high concentrations
respectively. The phytotoxicity of H,S can be attributed to its high af-
finity to the Fe?* - containing proteins such as cytochrome oxidase and
hemoglobin (Guo et al., 2016). White and Broadley (2003) also pointed
to the dual role of calcium, at optimal concentrations improved growth
and at excessive concentrations in the rhizosphere solution acted as an

inhibitory factor that reduced plant growth rates and prevented the
germination of seeds. Calcium can simply interfere with membranes
and macromolecules because of its high tendency to create various
bonds. For this reason, calcium can be considered as a toxic cell com-
ponent at higher concentrations since it can form insoluble compounds
with phosphate derivatives, accumulate nucleic acids and proteins, and
can disrupt the integrity of the lipid membrane (Zeng et al., 2015b).
However, the present study confirmed that seed priming with ap-
propriate doses of Ca®>* and H,S increased seed germination percen-
tage, seedling length, seed vigour index and reduced malondialdehyde
(MDA) under Ni stress (Table 3). In agreement to our finding, it has
been demonstrated that seed priming with NaHS exaggerated radicle
and hypocotyl lengths and sustained lower MDA levels in sodium bi-
carbonate-treated Cucumis sativus seeds (Sun and Luo, 2014) and in Pb-
stressed cauliflower seedlings (Chen et al., 2018). Seed priming with
Ca®™ had also positive effects on seedling growth of faba bean plants
under cadmium stress (Nouairi et al., 2019) and Brachiaria brizantha
under high humidity and temperature (Batista et al., 2016). The addi-
tion of the H,S scavenger HT, during seed priming completely abro-
gated the effect of HoS on seed germination, seedling length, seed
vigour index and MDA content. The stimulatory effect conferred by
seed priming with Ca®* on the above parameters was also reversed by
EGTA, La®" and VPL (Table 3, Fig. 3). These results suggest that seed
priming with H,S or Ca* probably caused a memory in embryo cells of
seeds that in turn enhanced Ni tolerance in seedlings; as seed priming
with antagonists of H,S or Ca®>* negated this memory and the effects of
H,S or Ca%* during the subsequent seedling growth under Ni stress.
As Asrar et al. (2014) reported on tomato, Ni stress reduced the
content of chlorophylls and carotenoids in zucchini leaves (Fig. 4).
Carotenoids play a vital role in the photoprotection of chlorophylls
against photo-oxidative damage by quenching ROS and reacting with
excited chlorophyll molecules (Ramel et al., 2012). Thus a decrease in
the carotenoids content of Ni-exposed zucchini leaves, led to the
overproduction of H,O, content and increased the electrolyte leakage
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Fig. 7. The impacts of seed priming with NaHS
(100uM) and CaCl, (15mM) and antagonists of
Ca?* and H,S on H,S (A) and total thiols (B) con-
tents in leaves of zucchini seedlings exposed to
50 ppm Ni(NOs).

Hypotaurine (HT), as a H,S scavenger, 5mM ethy-
lene glycol tetraacetic acid (EGTA) as a Ca%™ che-
lator, 50 uM verapamil (VPL) and 100 uM LaCl; as a
known Ca?* channel blockers were used during seed
priming. Data in the figure represent the
mean * SE and same letters on bars indicate non-
significant differences at p < 0.05 based on
Duncan's multiple range tests.
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Table 4
The impacts of seed priming with NaHS (100 uM) and CaCl, (15 mM) and antagonists of Ca and H,S on the AsA and DHA concentrations and the ratio of AsA/DHA
in the leaves of zucchini seedlings exposed to 50

ppm Ni(NOs), Hypotaurine (HT), as a H,S scavenger, 5 mM ethylene glycol tetraacetic acid (EGTA) as a Ca>* chelator, 50 uM verapamil (VPL) and 100 uM LaCl;
as a known Ca®* channel blockers were used during seed priming.

Treatments AsA (nmol/g.FW) DHA (nmol/g.FW) AsA/DHA (nmol/g.FW)
Control 2329.35 + 45.89 © 1004.35 + 140.22¢ 241 + 032

Ni 1163.35 + 115.51¢ 1401.85 + 115.15 ¢ 0.83 + 0.06¢

Ni + NaHS 6913.85 + 591.45 2 1083.85 + 132,59 6.41 + 0.25°

Ni + Ca 5509.35 + 596.13° 871.85 * 26.59 6.29 + 1.02°

Ni + NaHS + Ca 6251.35 + 260.99° 898.35 + 45.89¢ 7 + 0.54°

Ni + NaHS + EGTA 6198.35 * 159.75 b¢ 1852.35 + 159° 3.44 = 0.27°

Ni + NaHS + LaCl, 5853.85 + 260.99 © 2620.85 * 338.32 2 2.28 + 0.09 b°

Ni + NaHS + VPL 4422.85 + 413.94¢ 2408.85 + 183.59 @ 1.87 = 0.28 ¢

Ni + Ca + HT 4184.35 + 606.03¢ 2302.85 * 226.41 2P 1.86 = 0.33 ¢

Data in the table represent the mean + SE and same letters per each column indicate non-significant differences at p < 0.05 based on Duncan's multiple range
tests.
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Fig. 8. The impacts of seed priming with NaHS (100 uM) and CaCl, (15 mM) and antagonists of Ca and H,S on CDPK and PCs genes expression in leaves after 12 h (A,
C, E) and 24 h (B, D, F) in leaves of zucchini seedlings exposed to 50 ppm Ni(NO3),.

Hypotaurine (HT), as a H,S scavenger, 5mM ethylene glycol tetraacetic acid (EGTA) as a Ca>* chelator, 50 uM verapamil (VPL) and 100 uM LaCl; as a known
Ca®* channel blockers were used during seed priming. Data in the figure represent the mean * SE and same letters on bars indicate non-significant differences at
p < 0.05 based on Duncan's multiple range tests.
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level in the leaves (Fig. 5) that further disturbed photosynthetic appa-
ratus and consequently inhibited plant growth. Seed priming with Ca®*
and H,S improved the content of photosynthetic pigments in Ni-
stressed zucchini seedlings (Fig. 4) and likely allowed for maintaining a
greater carbon gain thereby, increasing the biomass of seedlings under
Ni stress. Similarly, it has been found that the content of chlorophyll
and carotenoids was enhanced by NaHS in Spinacia oleracea leaves
(Chen et al., 2011) and in Ni-challenged rice (Rizwan et al., 2019) and
by Ca?" in Cr-stressed rice (Mukta et al., 2019). It has been reported
that seed priming with Ca®* increased the chlorophyll content in
sunflower plants under drought stress (Madany and Khalil, 2017). Ca%*
protects the chloroplasts membrane and helps the maintenance of suf-
ficient photochemical efficiency of PSII because enhances H,O oxida-
tion and electron flow (Huang et al., 2017).

Ni stress increased the H,O5 content and electrolyte leakage level in
zucchini leaves (Fig. 5). These results are in line with findings Rizwan
et al. (2017) who reported Ni induced oxidative stress and increased the
content of H,O, and MDA in roots and shoots of rice. Our results
showed that seed priming with H,S and Ca®* singly or in combination
decreased the H,O, content and electrolyte leakage level in zucchini
leaves (Fig. 5). Ben Massoud et al. (2017) also showed that seed
priming with Ca®* alleviated growth inhibition and oxidative stress
injury and reduced contents of carbonyl groups, H,O5 and MDA in pea
under Cu stress. Ca®* ion reduces electrolyte leakage and provides
structural integrity to cellular membranes by binding to phospholipids
that stabilize the structure and function of lipid bilayers (Siddiqui et al.,
2011).

Our results depicted that Ni stress altered the redox status of the
cells because the content of total thiols, AsA and AsA/DHA ratio dra-
matically decreased in Ni-stressed zucchini seedlings (Fig. 7, Table 4).
Seed priming with H,S and Ca®* alleviated Ni-caused oxidative stress
in the leaves that were closely associated with increasing the GR ac-
tivity (Fig. 6). This in turn, resulted in increase in the content of total
thiols (Fig. 7) such as glutathione and decrease in the activity of APX
(Fig. 6) in zucchini seedlings under Ni stress that ultimately led to
maintaining the ASA content. These impacts enhanced the redox po-
tential in primed seedlings as compared to non-primed seedlings under
Ni stress. Shan et al. (2012) reported that pretreatment with sodium
hydrosulfide (NaHS), enhanced the activities of GR and APX in the AsA-
GSH cycle and restored oxidative damage by modulating the levels of
glutathione and ascorbate metabolism in leaves of wheat seedlings
under Cu stress. Asrar et al. (2014) stated that Ni increased EL in to-
mato leaves and decreased the leaf GSH and DHA content, the GR ac-
tivity and application of Ca®>* ameliorated these effects and raised the
GSH and DHA content and the GR activity in tomato leaves.

When zucchini seedlings were upon Ni exposure, the total thiols
content was substantially dropped; whereas the expression of PCS1 and
PCS2 increased in leaves, likely due to the fact that thiols such as glu-
tathione are consumed by C. pepo for the synthesis of phytochelatins
(Fig. 8). Glutathione maintains the redox status in the cells and phy-
tochelatins (PCs) play a major role in metal sequestration (Lopez-
Climent et al., 2014). Seed priming with Ca®>* or H,S enhanced the
total thiols content in zucchini leaves (Fig. 7). Similarly, increasing the
GSH level has earlier been reported by Ca®* treatment in citrus plants
under Cd stress conditions (Lopez-Climent et al., 2014) and by NaHS
supplementation in pea seedlings (Singh et al., 2015).

Seed priming with Ca?* or H,S amplified the expression of PCS1
and PCS2 in the leaves 24 h after the Ni exposure (Fig. 8D, F), that likely
leading to the generation of metal chelators such as phytochelatins in
plant cells and avoiding from heavy metal toxicity. Further, the appli-
cation of Ca®* alleviated Cd accumulation and growth retardation in
Lactuca sativa by increasing the expression of PC synthase gene (He
et al., 2005). Mukta et al. (2019) denoted that Ca®™ treatment en-
hanced the accumulation of phytochelatin and glutathione and in-
creased activity of catalase, peroxidase, and glutathione reductase in
rice roots under Cr stress. Fang et al. (2014) also pointed to the

Plant Physiology and Biochemistry 143 (2019) 286-298

alleviatory effect of H,S and Ca?* on Cr toxicity in Setaria italica by the
reduction of the Cr uptake and enhancing the PC expression and the
activity of antioxidant enzymes.

In this study, Ni stress increased the H,S content in the leaves
(Fig. 7) and increased the CDPK gene expression in zucchini leaves
(Fig. 8). These results suggest that H,S and Ca®" signaling are involved
in triggering Ni tolerance in zucchini seedlings. Likewise, the elevation
of the endogenous H,S has been reported in rice under Cd (Mostofa
et al., 2015) and Ni (Rizwan et al., 2019) stresses and in sesame under
Pb stress (Amooaghaie et al., 2017). Upregulation of CDPKs gene ex-
pression has also been reported in Ulva compressa under copper
(Gonzalez et al., 2012) and in foxtail millet seedlings under Cré" stress
(Fang et al., 2014).

Interestingly seed priming with NaHS increased the CDPK gene
expression and the application of Ca®* chelator, (EGTA) and channel
blockers (lanthanum chloride and verapamil) down-regulated the CDPK
gene expression in zucchini leaves (Fig. 8). Furthermore, seed priming
with NaHS, enhanced components of the AsA-GSH cycle (Fig. 7,
Table 4), redox homeostasis (Fig. 7), and PC transcripts (Fig. 8) in
leaves under Ni stress and seed priming with EGTA, lanthanum chloride
and verapamil reversed these impacts. These findings indirectly pro-
posed that seed priming with H,S may trigger increases in cytosolic free
Ca®* ([Ca®*]cyt) in embryo cells through the entry of extracellular
Ca®* into cells via the plasma membrane and this Ca®>* wave might
share a pathway that led to forming stress memory in cells. It is possible
that during subsequent seedling growth, this memory be activated and
provoked Ca®" signaling via accelerating the CDPK gene expression in
leaves; therefore primed seedlings up-regulate defense reactions more
efficiently than unprimed seedlings under later exposure with Ni stress.
Kolupaev et al. (2017) also found that 100 uM NaHS increased the heat
tolerance of wheat coleoptile cells in a Ca®>*-dependent manner; since
the treatment with EGTA as calcium chelator suppressed the impacts of
H,S on the heat tolerance of wheat. However, by virtue of technical
restrictions, we did not directly display raising ([Ca®* ]cyt) in seeds or
leaves and next studies should assess it to address this hypothesis.

On the other hand, seed priming with Ca®" elevated the en-
dogenous H,S level in leaves and this effect was weakened by seed
priming in the presence of HT, as H,S scavenger. Although we did not
address the source of H,S generation, it is conceivable that Ca* be up-
regulated enzymes or genes implicated in H,S biosynthesis. Fang et al.
(2014) have also stated that in foxtail millet seedlings, the Crét stress
elevated the internal H,S synthesis via inducing gene expression of L-
DES, which was enhanced by the exogenous Ca®>* and suppressed by
the Ca%* chelator, EGTA. In addition, seed priming with Ca?* im-
proved growth and defense responses and seed priming with Ca + HT
substantially reversed the effects induced by seed priming with Ca®* on
the biomass and Chl content (Fig. 4), the activities of APX and GR
(Fig. 6), the content of total thiols and AsA (Fig. 7, Table 4) and the PC
transcripts (Fig. 8) in the leaves. These findings indicated that perfor-
mances of H,S are downstream of Ca®* for the establishment of stress
memory during seed priming and the initiation of cross-adaptation in
zucchini seedlings under Ni toxicity.

As shown in Fig. 9, on the basis our findings in this study, it could be
concluded that seed priming with Ca?* and H,S likely trigger Ca®*
signature and internal H,S biosynthesis in seeds and two-side crosstalk
between H,S and Ca®" during seed priming may expand a signal im-
print in embryo cells. This signal memory could induce cross-adapta-
tion against Ni stress during the post-germinative growth stages, as the
seedlings grown from primed seeds exhibited stronger Ca®* signature
(CDPK gene expression) and greater H,S content than the seedlings
raised from unprimed seeds. These more efficient signaling cascades
could induce further adaptation to Ni stress through enhancing the AsA-
GSH cycle activity, the redox homeostasis and the expression of PCs
genes in the seedlings grown from primed seeds. However, by virtue of
technical restrictions, we could not directly display raising ([Ca®*]cyt)
in seeds or leaves. In addition, we did not assay the enzymatic activities
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Fig. 9. Seed priming with H,S and Ca®* trigger signaling pathways which resulting in the systemic accumulation of dormant stress memory in embryo cells in seeds.
Upon subsequent exposure to Ni stress, stress memory is activated and primed plants enables to show enhanced tolerance-related responses e.g., enhancing the AsA-

GSH cycle activity, the redox homeostasis and the expression of PCs genes.

or gene expression levels involved in H,S biosynthesis in primed seeds
and in leaves of Ni-exposed seedlings. Furthermore, tolerance-related
responses are at least partly regulated by different molecular mechan-
isms (e.g., transcriptional regulation, post-translational modifications)
that should investigate in next studies. Further studies using progressive
techniques, mutant analyses and molecular approaches are essential for
better understanding the detailed mechanisms of stress memory/im-
print acquisition by seed priming with H,S and Ca** and its activation
under subsequent exposure with abiotic stresses such as Ni toxicity.

In sum, our results help to confirm of the theory of stress memory/
imprint acquisition by seed priming and offer the strategies to enhance
heavy metal tolerance in plants.
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