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Abstract Lead (Pb) not only negatively alters plant growth
and yield but may also have potentially toxic risks to
human health. Nevertheless, the interaction between rice
(Oryza sativa L.) plants and the molecular cell dynamics
induced by lead-methyl jasmonate (MJ) remains unknown.
Here, plants were hydroponically exposed to Pb (150 and
300 pM) alone or in combination with 0.5 and 1 pM MJ.
The application of MJ modulated the expression of the
HMAs, PCSI, PCS2 and ABCCI genes, thereby immobi-
lizing the Pb in the roots and lessening its translocation to
the aerial parts of the rice plant. The supplementation of
MJ improved the growth and yield of Pb-stressed rice by
adjusting the proline and chlorophyll metabolism,
increasing the phytochelatins (PCs) accumulation and
diminishing the accumulation of Pb in the shoots. the
application of MJ alleviated the oxidative stress of rice
plants exposed to Pb toxicity by enhancing the activity of
antioxidant enzymes and enzymes of the glyoxalase system
(glyoxalase I and IT) and decreasing the endogenous levels
of malondialdehyde (MDA), hydrogen peroxide (H,O;)
and methylglyoxal (MG). Therefore, the results of the
present study could provide a molecular insight and cel-
lular interplay scheme for the development of a promising
strategy in Pb-contaminated areas to produce healthy food.
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Introduction

Due to various anthropogenic activities such as the burning
of fossil fuel, paints, discharge from batteries, smelting of
ores and automobile exhaust, lead (Pb) is found abundantly
as one of the environmental pollutants in various ecosys-
tems (Pourrut et al. 2011; Chenery et al. 2012). Pb toxicity
has been shown to reduce growth and germination rates,
respiration and photosynthesis processes, and changes in
cell division and development of chloroplasts (Gupta et al.
2010; Bharwana 2013). Pb has been reported to inhibit the
activity of enzymes involved in the biosynthesis of pho-
tosynthetic pigments, plastoquinone, and the Calvin cycle,
and to disrupt the electron transfer chain, leading to the
stomatal closure. Pb also induces oxidative stress and
damages the biomolecules structures, resulting in meta-
bolic dysfunction by increasing the production of reactive
oxygen species (ROS) (Sharma and Dubey 2005; Singh
et al. 2010).

Plants can counteract Pb toxicity in three ways: (a) in-
hibition of Pb uptake by roots (passive mechanisms),
(b) induction of antioxidant network to counteract ROS,
(c) excretion of Pb into the extracellular space or seques-
tration in vacuoles (inducible mechanisms) (Pourrut et al.
2011; Ashraf et al. 2015). The antioxidant network
involved in scavenging the accumulated ROS under heavy
metal toxicity includes enzymatic antioxidants such as
peroxidase (POX), catalase (CAT), glutathione reductase
(GR) and superoxide dismutase (SOD), and non-enzymatic
ones such as tocopherols, ascorbic acid and glutathione
(Mishra and Choudhary 1998; Mittler 2002). In addition to
the network of antioxidants, the accumulation of osmolytes
compounds such as proline improves plant tolerance under
stressful conditions by maintaining osmotic potential and
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protecting cellular structures (Ali et al. 2014; Ghorbani
et al. 2019b).

Recent studies have shown that Pig-type ATPases are
significantly involved in the absorption of heavy metals
and their transport to the shoots (Colangelo and Guerinot
2006; Kraemer et al. 2007). Nine and eight members of
type Pig-ATPases were identified in Oryza sativa L. and
Arabidopsis thaliana L., respectively, which are divided
into two subgroups based on distinct metal selectivity: a
lead (Pb)/cadmium (Cd)/cobalt (Co)/zinc (Zn) group
(D and a silver (Ag)/copper (Cu) group (II) (Axelsen and
Palmgren 2001; Williams and Mills 2005; Takahashi et al.
2012). Heavy Metal-transporting P;g ATPases 1 (HMA1)-
HMA3 and HMA4-HMAJ9 in rice and HMA1-HMA4 and
HMAS-HMAS in Arabidopsis belong to groups I and II,
respectively (Takahashi et al. 2012). HMA2 and HMA3
have been shown to play a role in cadmium transport in rice
(Shao et al. 2018; Tezuka et al. 2010; Ueno et al. 2010). It
has been indicated that HMA1 and HMAY9 are involved in
the transport of zinc in rice (Suzuki et al. 2012; Lee et al.
2007). Previous reports have also suggested that OsHMA4
and OsHMAS may be involved in copper loading and
detoxification (Huang et al. 2016; Deng et al. 2013).
However, the role of the HMAs transporter family in the
transport and detoxification of Pb in rice is not well
understood.

Phytohormones not only regulate plant growth and
development but also play an essential role in coping with
environmental stresses and improving plant adaptation
under stressful conditions. Jasmonates, as biosynthesized
compounds from the octadecanoic pathway, are one of the
important phytohormones involved in plant adaptation to
abiotic and biotic stresses (Wasternack 2014). Jasmonic
acid is involved in the physiological processes of root
growth, nutrient storage, tuber formation, seed germina-
tion, senescence and fruit ripening (Wasternack and Hause
2013; Wasternack 2014). Jasmonic acid, as a signaling
molecule, has recently been shown to protect plants from
salinity, desiccation, cold and heavy metals stress
(Wasternack and Hause 2013; Piotrowska et al. 2009; Bali
et al. 2018; Kamal and Komatsu 2016). Jasmonic acid has
been reported to improve photosynthetic pigments and
reduce the levels of malondialdehyde and hydrogen per-
oxide by improving the antioxidant network in Vicia faba
under Cd stress (Ahmad et al. 2017) and Chlorella vulgaris
under Pb stress (Piotrowska et al. 2009). Bali et al. (2018)
indicated that jasmonic acid enhanced the tolerance of
tomato under Pb phytotoxicity by decreasing Pb uptake,
increasing metal-chelating compounds and osmolytes
content, as well as modulating the ascorbate—glutathione
cycle. Therefore, in the current study, the role of methyl
jasmonate (MJ) in regulating the expression of genes
involved in the heavy metal sequestration network (HMAs,
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ABCCs and PCSs) as a novel target of Pb toxicity response
induced by phytohormone MJ in rice as a model crop was
investigated. The results were coupled with antioxidant
network response, proline and chlorophyll metabolism as
well as rice yield, which could help to better understand the
role of MJ in rice adaptation mechanism to Pb toxicity.

Material and methods
Plant material, treatments and growth conditions

Oryza sativa L. (variety Tarom hashemi) seeds were pro-
cured from the Iran Rice Research Institute (Amol), and
after germination, 12-day-old seedlings were shifted to
Hoagland pots. Hoagland solution (pH 6.0) was replaced
every 5 days. Rice plants were grown under the controlled
condition with 16 h photoperiod, 22/26 °C and 70-80%
humidity. Appropriate concentrations of Pb (Pb(NO3),, 0,
150 and 300 pM) and MJ (C;3H5003, 0, 0.5 and 1 uM)
were added to Hoagland solution after 10 days of seedlings
adaptation. Pb concentrations were standardized based on
the results of preliminary experiments. The treatments
applied were as follows: (1) Hoagland solution (control),
(2) MJ 0.5 uM, (3) MJ 1 uM, (4) Pb 150 uM, (5) Pb
150 uM + MJ 0.5 uM, (6) Pb 150 uM + MJ 1 pM, (7) Pb
300 pM, (8) Pb 300 uM + M1J 0.5, (9) Pb 300 pM + MJ
1 pM. Sampling was done at 60 and 90 days after trans-
planting in panicle heading (biochemical and molecular
attributes) and maturity (yield attributes) phases (Ghorbani
et al. 2011), respectively.

Photosynthetic pigments and chlorophyll
fluorescence

The carotenoids and chlorophyll a and b contents were
assessed based on Wellburn (1994) method and recording
the optical density at 470, 652 and 665 nm as mg/g fresh
weight. Using a PAM 2500 fluorimeter (Walz), chlorophyll
fluorescence yield (Fv/Fm) was determined after 20 min of
dark adaptation.

Pb concentration

After drying the root and shoot tissues and digestion with
HCl104:HNO3:H,SO4 mixture in 1:3:1 ratio, Pb concen-
trations were determined by ICP-MS (Agilent 7500 cx).
Proline content

Proline contents were measured by ninhydrin reagent

(acetic acid + orthophosphoric acid (6 mM) + 125 g
ninhydrin) according to Bates et al. (1973) method. After
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crushing the fresh leaves in sulfosalicylic acid and cen-
trifuging at 10,000 xg for 15 min, the supernatant was
mixed with ninhydrin reagent and incubated at 100 °C
(1 h). The samples were cooled and mixed with toluene
and read spectrophotometrically at 520 nm.

Lipid peroxidation and H,O, contents

The malondialdehyde (MDA) content of rice leaves was
measured according to Heath and Packer (1968) method
for estimating oxidized lipids. Fresh rice leaves were
extracted by trichloroacetic acid (10%) and 2-thiobarbituric
acid (0.65%). The absorbance of the supernatant after
centrifugation at 12,000 xg for 20 min was read spec-
trophotometrically at 532 and 600 nm.

For H,0, estimation in rice leaves, fresh tissues were
extracted using thiobarbituric acid (0.1%). After centrifu-
gation of the extract at 10,000 x g for 20 min, the super-
natant was mixed with 1 M potassium iodide and 10 mM
phosphate buffer (pH 7.0) and read spectrophotometrically
at 390 nm (Velikova et al. 2000).

Enzyme extraction assays

Extraction buffer containing 100 mM potassium phosphate
(pH 7.0), Triton X-100 (0.5%) and polyvinylpyrrolidone
(1%) was used to evaluate the activity of enzymes in fresh
leaves. To measure the activity of ascorbate peroxidase
(APX), 2 mM ascorbate was added to the extract. The
extract mixture was centrifuged at 12,000 xg for 15 min at
4 °C and the supernatant was employed as an enzyme
extract to measure enzyme activity and protein content.

The activity of catalase (CAT) enzyme was calculated
according to Aebi (1984) and recording the photochemical
reduction in the level of H>O, at 240 nm for 2 min. The
activity of the superoxide dismutase (SOD) enzyme was
measured according to the method earlier published by
Dhindsa and Matowe (1981) and determining the decline
of nitroblue tetrazolium. Glutathione reductase (GR)
activity was estimated by measuring the NADPH oxidation
induced by oxidized glutathione as per Foyer and Halliwell
(1976). The activity of ascorbate peroxidase (APX) was
measured by monitoring H,O,-induced ascorbate oxidation
at 290 nm for 2 min according to Nakano and Asada
(1981).

The activity of Glyoxalase (Gly) I enzyme was calcu-
lated by measuring the photochemical rise in the absor-
bance of the reaction solution containing the protein
extract, 15 mM magnesium sulfate, 1.7 mM GSH, 3.5 mM
MG, potassium phosphate buffer (100 mM. pH 7.0) at
240 nm for 1 min (Hasanuzzaman et al. 2011). Gly II
activity was calculated by determining the photochemical
increase in the absorbance of the reaction solution

containing the enzymatic extract, 5,5°-dithiobis (2-ni-
trobenzoic acid) (DTNB, 0.2 mM), Tris—HCl buffer
(100 mM pH 7.2) and S-D-lactoylglutathione (I mM) at
40 nm for 1 min as per Principato et al. (1987).

The activity of &-aminolevulinic acid dehydratase
enzyme was calculated by recording the difference in the
level of porphobilinogen at 550 nm for 1 min as per Jain
and Gadre (2004). The activities of chlorophyllase, Al-
pyrroline-5-carboxylate synthetase and proline dehydro-
genase enzymes were determined based on the methods
previously documented by Costa et al. (2005), Sumithra
et al. (2006) and Charest and Phan (1990), respectively.
Using bovine serum albumin as standard, the protein con-
tents were measured as per Bradford (1976).

Ascorbic acid, glutathione and phytochelatin
contents

Fresh tissue of rice leaves was extracted with the extract
mixture (metaphosphoric acid (5%) including 1 mM
EDTA) and centrifuged at 10,000 xg for 20 min. The
supernatant was utilized to estimate the contents of ascor-
bic acid (AsA) and glutathione (GSH).

After neutralizing the supernatant with 0.5 mM potas-
sium phosphate buffer (pH 7.0), dithiothreitol (0.1 M) was
added to the solution to reduce oxidized AsA. Then,
potassium phosphate buffer (100 mM, pH 7.5) and ascor-
bate oxidase (1 unit) were added to the solutions. The
reduced and total AsA content were calculated by deter-
mining the spectrophotometric absorbance at 265 nm. The
reduced AsA was measured as per Dutilleul et al. (2003)
and using the standard curve of AsA. Oxidized AsA (DHA)
was calculated by the following equation: DHA = total
AsA — AsA.

The reaction solution containing the supernatant, glu-
tathione reductase (10 U mL*l), 6 mM DTNB and 0.3 mM
NADPH was used to estimate total GSH. For oxidized
GSH (GSSG), the reaction solution containing the super-
natant, 2-vinylpyridine and triethanolamine (50%, v/v) was
incubated at 25 °C for 20 min and read spectrophotomet-
rically at 412 nm. The reduced glutathione (GSH) was
calculated by subtracting GSSG from the total glutathione
as per Gill et al. (2015).

The content of phytochelatins (PCs) was determined as
per De Vos et al. (1992) method and the extraction of non-
protein thiols. First, fresh leaves and roots were extracted
using the sulfosalicylic acid (3%) and centrifuged at
10,000 x g for 20 min at 4 °C. The reaction mixture con-
taining the supernatant, 120 mM phosphate buffer (pH
7.5), EDTA (5 mM) and 5,5-dithiobis (2-nitrobenzoic
acid) (0.6 mM) were used to measure PCs. After deducting
glutathione from non-protein thiols read at 410 nm, the
PCs content was calculated.
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Gene expression pattern

Using TRIzol reagent (Invitrogen, USA), total RNA was
extracted from the roots and leaves of rice according to the
manufacturer’s protocol. cDNA was synthesized by reverse
transcriptase, dNTPs (10 mM) and oligo (dT) primers
(Thermo Scientific, Germany). Maxima SYBR Green/ROX
gPCR Master Mix (Thermo Scientific) was employed to
conduct qPCR of the target genes by the C1000TM Ther-
mal Cycler device (BioRad). The 2722 method and Actin
gene were employed for the data analysis and the nor-
malization, respectively (Livak and Schmittgen 2001). The
primers (Table 1) were designed by online software (Pri-
mer3) and checked by OLIGOS analyzer software.

Yield and yield components

Rice panicles were separated manually after harvest and
spikelet per panicle and the percentage of filled grain were
determined. To estimate the 1000-grain weight, 1000 filled
grains (5 samples per replicate) were randomly weighed
(Ghorbani et al. 2009). The tillers containing panicles per
hill were counted at maturity to determine the number of
productive tillers. Harvest index was determined as: (grain
yield/total dry weight) x 100.

Statistical analysis

Five biological replicates were employed to calculate the
mean of morphological, biochemical and yield attributes,
while for the gene expression, three biological replicates
were used, each of which had three technical replications.
Statistical analysis was done by SAS 9.1.3 software. the
least significant difference (LSD) test was employed to
determine the difference between the means (p < 0.05).

Results
Growth and photosynthetic pigments

The height of rice seedlings was found to be reduced by
17.3 and 34.2% under 150 and 300 M Pb, respectively
than the control ones. Treatment of rice seedlings with 0.5
and 1 pM MJ significantly improved plant height in Pb-
stressed seedlings. Application of 0.5 and 1 puM MJ
increased plant height by 5.4 and 12.6% under 150 pM Pb,
and 16 and 33.1% under 300 uM Pb, respectively
(Table 2). Pb treatments (150 and 300 uM) significantly
declined the total dry weight the highest decline was
recorded under high Pb level. However, the MJ addition
improved the total dry weight of Pb-exposed seedlings
(Table 2).

Photosynthetic pigments (chlorophyll a, b and car-
otenoids) were significantly lowered in rice seedlings
exposed to Pb, with the largest decrease recorded at
300 uM Pb. At both Pb levels, MJ significantly restored the
content of photosynthetic pigments and the highest
increase was recorded under 1 pM MIJ (Table 2). A 12.5
and 36% decline in chlorophyll fluorescence (Fv/Fm) was
observed under 150 and 300 pM Pb treatments over to the
control. However, MJ application raised Fv/Fm at both Pb
levels compared to Pb exposure alone (Table 2).

Pb uptake and proline accumulation

The results showed that 150 and 300 pM Pb caused the
accumulation of 1.76 and 2.81 pmol (g DW)~' Pb in the
roots and 1.44 and 2.46 umol (g DW)~' Pb in the shoots.
In the roots, application of 0.5 and 1 pM MJ elevated Pb
uptake by 18.8 and 33.5% under 150 uM Pb and 23 and
35% under 300 uM lead treatment, respectively compared

Table 1 List of gene-specific

Forward primer (5'-3) Primer efficiency (%)

primers used for RT-PCR Gene name  Genbank accession
analysis OsHMA2 ~ AP004278
OsHMA3 AP005246
OsHMA4 AP004184
ABCCI NM_001036039
PCS1 LC192429
PCS2 LC192431
Actin XM_015774830

F: ACCAGCTGATTACAAACAAGCAT  98.6

R: CAGTCCTTTACTTCCTCGACCTC

F: CTTCTTTACTGGATTGCAAGCAT 98.8
R: GGTCAGCATAACCGACTTGATG

F: TGCTGGGGAAATATCTGGAG 98.4
R: CTTCTGAACTGGAGCCCTTG

F: TCGAACTGTGGCAGTCTTTG 98.4
R: AGTCCATTCAATGCCTCACC

F: TCGCTTCAAATACCCTCCTC 98.8
R: TTTACTTGGGCTGGATCCTC

F: CAGGGGGTTCATGCTTATCT 98.5
R: GGCAGGAAGGGATTTCACTA

F: TCCTCCGTGGAGAAGAGCTA 98.8
R: GCAATGCCAGGGAACATAGT
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Table 2 Effects of lead (Pb, 150 and 300 pM) alone or in combination with methyl jasmonate (MJ, 0.5 and 1 pM) on height, total dry weight,

photosynthetic pigments and chlorophyll florescence in rice plants

Treatments Height (cm) TDW (g) Chlorophyll a Chlorophyll b Carotenoids Fv/Fm
(mg g~ fw)

Control 45.18 + 1.03a 429 + 014ab  2.44 £ 0.12a 1.83 &£ 0.11bc ~ 0.272 £ 0.017abc  0.656 % 0.013a
0.5 pM MJ 4395 £ 1.32ab  4.40 = 0.14ab  2.42 £ 0.13a 2.04 £+ 0.08a 0.293 & 0.016ab 0.646 &+ 0.014a
1 M MJ 44.84 + 1.70a 447 £ 0.22a 2.39 + 0.22a 2.00 £ 0.14ab  0.298 £ 0.017a 0.655 + 0.013a
150 uM Pb 37.37 £ 1.58d 3.83 £ 0.08c 1.74 £ 0.13d 1.63 £+ 0.10d 0.223 £ 0.011d 0.574 + 0.014c
150 ypM Pb + 0.5 pM MJ 39.37 £ 1.0lcd  4.19 £ 0.16b 2.08 & 0.11bc 1.66 = 0.14 cd  0.263 £ 0.022¢ 0.614 £ 0.009b
150 yM Pb + 1 uyM MJ 42.06 + 1.49b 4.17 £ 0.12b 2.26 £ 0.06ab 1.91 £ 0.07ab  0.268 & 0.021bc 0.619 £ 0.009b
300 uM Pb 29.71 & 0.76f 321 £0.11d 1.25 £+ 0.09% 0.92 & 0.10f 0.165 & 0.016e 0.420 & 0.010f
300 pM Pb + 0.5 upM MJ 34.45 £ 0.89% 3.65 £ 0.13c 1.84 £+ 0.12d 1.36 & 0.11e 0.225 + 0.009d 0.484 + 0.013e
300 uM Pb + 1 uM MJ 39.55 £ 0.95¢ 3.74 £ 0.15¢ 1.90 £ 0.18 cd 143 £ 0.11e 0.256 % 0.007¢ 0.530 + 0.013d

Values (means £ SD, n = 5) followed by the same letter are not significantly different (P < 0.05; LSD test)

to Pb treatments alone (Table 3). MJ supplementation
lessened the accumulation of Pb in the shoots of Pb-treated
plants (Table 3). Seedlings exposed to 150 and 300 uM Pb
accumulated average 3.2 and 5.27 pmol (g DW)™' Pb,
respectively at the whole-plant level. However, MJ had no
significant effect on Pb content in the whole plant (except
for 1 uM MIJ which reduced Pb accumulation in 300 pM
Pb-exposed plants) (Table 3).

Proline content in leaves increased 4- and 5.7-fold in
150 and 300 uM Pb exposure, respectively over the con-
trol. However, MJ supplementation enhanced the proline
content by 17.8 and 11% in 100 uM Pb-treated plants and
21.4 and 48.9% in 300 pM Pb-treated plants, respectively
compared to Pb treatments alone (Table 3).

Proline and chlorophyll metabolism

The data indicated that Pb phytotoxicity significantly
lessened the activity of proline dehydrogenase (PDH)
enzyme and the highest decrease was achieved in 150 uM
Pb by 27.7% over the nontreated plants. In control treat-
ment (non-Pb treatment), MJ had no significant effect on
PDH activity, however, at both Pb levels, MJ application
reduced PDH activity but there was no significant differ-
ence between MJ levels (Fig. 1a). 1-pyrroline-5-carboxy-
late synthetase (P5CS) activity significantly enhanced
under 150 and 300 uM Pb toxicity and the highest increase
was obtained at 300 uM Pb. However, MJ further elevated
P5CS activity in Pb-stressed rice seedlings (Fig. 1b).

Pb in a concentration-dependent manner enhanced
chlorophyllase (Chlase) activity over the non-treated
plants. At both levels of Pb, the supplementation of MJ
meaningfully declined Chlase activity and was most

Table 3 Effects of lead (Pb, 150 and 300 pM) alone or in combination with methyl jasmonate (MJ, 0.5 and 1 pM) on lead (Pb) accumulation

and proline content in rice plants

Treatments (mmol g’ldw) Pb in root (umol g’ldw) Pb in shoot (umol g’ldw) Pb in whole plant (pmol g’ldw) Proline

Control n.d n.d n.d 2.09 £ 0.15¢
0.5 yM MJ n.d n.d n.d 2.30 + 0.17f
1 uM MJ n.d n.d n.d 1.99 + 0.16f
150 uM Pb 1.76 £ 0.12f 1.44 £ 0.13c 3.20 £ 0.25¢ 8.28 £ 0.40e
150 uM Pb + 0.5 uM MJ 2.09 £ 0.13e 097 £0.11d 3.07 £ 0.10c 9.75 £ 0.49d
150 uM Pb + 1 uM MJ 2.35 £ 0.14d 0.64 £+ 0.11e 2.99 + 0.04c 9.19 £ 0.37d
300 uM Pb 2.81 £ 0.18¢ 2.46 £ 0.16a 5.27 £ 0.06a 11.85 £ 0.62¢
300 uM Pb + 0.5 pM MJ 3.28 + 0.16b 1.77 £ 0.12b 5.05 £ 0.05a 14.38 £ 0.69b
300 uyM Pb + 1 uyM MJ 3.52 £ 0.17a 0.92 £+ 0.17d 4.44 £ 0.33b 17.64 £ 0.76a

Values (means £ SD, n = 5) followed by the same letter are not significantly different (P < 0.05; LSD test)
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Fig. 1 Effects of lead (Pb, 150 and 300 uM) alone or in combination
with methyl jasmonate (MJ, 0.5 and 1 pM) on the activity of proline
dehydrogenase (PDH, A), 1-pyrroline-5-carboxylate synthetase
(P5CS, B), chlorophyllase (Chlase, C) and d-aminolevulinic acid

pronounced at 1 uM MJ (Fig. 1c). The addition of 150 and
300 uM Pb resulted in an 18.1% and 46.8% decline in &-
aminolevulinic acid dehydratase (8-ALAD) activity,
respectively over to the control. However, 0.5 and
1 pM MIJ up-regulated 5-ALAD activity by 9.7 and 14.5%
in 150 uM Pb-exposed plants and 18.9 and 49.1% in
300 uM Pb-exposed plants, respectively compared to Pb
treatments alone (Fig. 1d).

ROS and MG metabolism

Application of Pb at concentrations of 150 and 300 pM
induced oxidative stress and enhanced the contents of
MDA, H,O, and MG in rice seedling leaves, with the
largest increase recorded at high concentrations of Pb. MJ
supplementation in a dose-dependent manner significantly
reduced the level of MDA, H,0O, and MG in both Pb levels
over to Pb treatments alone (Fig. 2a—c).

Pb toxicity upregulated the activity of SOD, CAT, APX
and GR enzymes in the leaves than the untreated plants and
the highest activity of antioxidant enzymes was observed at
300 uM Pb. Application of both concentrations of MJ (0.5
and 1 pM) caused a further rise in the activity of antioxi-
dant enzymes in Pb-stress rice seedlings, the highest
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dehydratase (3-ALAD, D) in rice leaves. Values (means & SD,
n =5) followed by the same letter are not significantly different
(P < 0.05; LSD test)

increase was related to the concentration of 1 pM MJ
(Fig. 3).

The activities of Gly I decreased by 18% under 150 pM
Pb and increased by 11.8% under 300 uM Pb over
untreated plants. At both levels of Pb toxicity, MJ appli-
cation significantly up-regulated the Gly I activity in a
concentration-dependent manner compared to Pb treat-
ments alone (Fig. 4a). Toxicity of 150 and 300 uM Pb
resulted in a 35.8 and 29.3% raise in Gly II activity,
respectively over the control plants. However, at both Pb
levels, the application of MJ significantly elevated the Gly
II activity compared to the Pb treatments alone (Fig. 4b).

Phytochelatins and AsA-GSH cycle

The content of phytochelatins (PCs) in rice roots signifi-
cantly enhanced in the presence of Pb (52.1 and 55.2%
with 150 and 300 uM Pb, respectively compared to the
control ones). Application of 0.5 and 1 M MIJ enhanced
root PCs by 24.3 and 27.1% in 150 uM Pb-treated plants
and 45.6 and 48.5% in 300 uM Pb-treated plants, respec-
tively over the Pb treatments alone (Fig. 4c). Pb toxicity
raised the accumulation of PCs in rice seedling leaves over
the control and the highest accumulation of PCs was
recorded in 300 uM Pb. However, further increase by 24.9
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and 26.3% in 150 pM Pb-treated plants and 30.9 and 57%
in 300 pM Pb-treated plants was recorded by the MJ sup-
plementation (Fig. 4d).

Pb toxicity significantly declined AsA content in rice
seedling leaves, however, the addition of MJ improved
AsA content in both Pb levels (Fig. 5a). DHA content
enhanced by 2.1- and 2.4-fold in 150 and 300 uM Pb-
stressed seedlings, respectively over the control ones. MJ
supplementation to Pb-stressed rice seedlings declined
DHA content over the seedlings exposed with Pb alone
(Fig. 5b). Concentrations of 150 and 300 uM Pb elevated
the accumulation of GSH in the leaves. At both levels of
Pb, MJ enhanced GSH accumulation further than seedlings
treated with Pb alone (Fig. 5c). An increasing trend was
observed with increasing Pb concentration in leaves GSH
accumulation that supplementation of MJ to Pb-stressed
plants caused a further enhancement in GSH content,
which was the highest increase at 1 uM MIJ (Fig. 5d). Pb
toxicity significantly reduced the ratio of AsA/DHA com-
pared to non-stress conditions; however, no significant
difference was observed between 150 and 300 pM Pb. The
use of MJ in a concentration-dependent manner improved
the ratio of AsA/DHA in plants stressed with Pb (Fig. Se).
Adding 150 and 300 pM Pb reduced the GSH/GSSG ratio,
although there was no significant difference between them.
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In non-treated (control) and 150 uM Pb-treated plants, the
use of MJ had no significant effect on the GSH/GSSG ratio,
but in 300 uM Pb toxicity, MJ significantly enhanced the
GSH/GSSG ratio (Fig. 51).

Expression of genes involved in Pb transport
and sequestration

The results of gene expression showed that the Pb toxicity
upregulated the expression of HMA2 gene in roots and
leaves and the highest level of HMA2 expression was
recorded under 300 uM Pb. At the root, exogenous appli-
cation of MJ downregulated HMA2 expression at both Pb
levels compared to Pb treatment alone, but there was no
significant difference between the two MJ levels. In leaves,
0.5 uM MJ had no significant effect on HMA2 gene
expression; however, 1 pM MJ downregulated HMA2
expression in Pb-stressed rice seedlings (Fig. 6a, b).
Application of Pb in a concentration-dependent manner
upregulated the expression of HMA3 and HMA4 in the
roots and leaves. However, MJ supplementation further
increased the expression of HMA3 and HMA4 in the roots
and leaves of Pb-stressed rice (Fig. 6¢—f).

In roots and leaves, Pb toxicity upregulated the
expression levels of the PCSI and PCS2 over the control,
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glutathione (GSH, C) and oxidized glutathione (GSSG, D) and the

with the highest increase observed at 300 pM Pb. At both
150 and 300 puM Pb stress, the application of MJ further
increased the expression of PCSI and PCS2 in the roots
and leaves (Fig. 7a—d). Expression of ABCCI was signifi-
cantly enhanced in roots and leaves under Pb toxicity, with
the highest increase recorded at high Pb level. In both root
and leaf tissues, application of MJ in a dose-dependent
manner upregulated the expression of ABCCI gene in Pb-
stressed seedlings (Fig. 7e, f).

Yield and yield components

Pb stress at a concentration of 300 pM resulted in a 15.8%
decline in tiller than the control. The MJ application did not

ratios of AsSA/DHA (E) and GSH/GSSG (F) in rice leaves. Values
(means + SD, n = 5) followed by the same letter are not significantly
different (P < 0.05; LSD test)

have a considerable effect on tiller in non-stressed and
150 puM Pb-stressed plants. However, 0.5 and 1 pM MJ
treatments enhanced tiller by 9.4% and 8.1%, respectively
in comparison to rice subjected to Pb alone (Table 4). Pb
toxicity significantly reduced the grains per panicle and the
percentage of filled grains in comparison to untreated
plants. The highest decrease in the grains per panicle and
the percentage of filled grains was related to the toxicity of
300 uM Pb. Exogenous application of MJ improved the
filled grains percentage and grains per panicle at both
levels of Pb toxicity compared to Pb treatment alone
(Table 4). Compared to the control treatment, 150 uM Pb
stress did not have a significant effect on 1000-grain
weight, but 300 pM Pb stress remarkably declined

@ Springer



1098

Physiol Mol Biol Plants (May 2021) 27(5):1089-1104

Root Leaf
5 3
BOMJ B0.5MI Ol MI a
~ T ~ DOMJ @0.5MJ O1MJ
SAr [T] N a
S = aLlD
B 2t ¢ b [T
23 b 2 T
E z ] [T
g E 1]
= [ cd T cd =
g d 7 T g1t
2 e e © 2
s1r £ k|
& &
A0 BO
7 3 7
b 2
Q6T _I_ § 6 a
§ b I b _I_
<5 | b 2 S5 | —
] °
: * g
24t =4 F
g, | £4 0 c
£3 d g3 < d
= z T
) P e
22t 22t
3 e o © 3 £ f
W
&
m N ’_—_‘_X—’_X—‘ g +‘
D
C, 0
8 5 a
> ~ -
~ 7 F a N
g B Sat b [T]
6l b . S
3 + z
g 5t c ] c c
2 23 rF
54t d d d E d
=3 g
) @ e e
22 s €
i e & ¢ L
E° F°
Control (0) 150 Pb 300 Pb Control (0) 150 Pb 300 Pb
Pb (uM) Pb (uM)

Fig. 6 Effects of lead (Pb, 150 and 300 pM) alone or in combination
with methyl jasmonate (MJ, 0.5 and 1 pM) on the expression of
HMA?2 (A, B), HMA3 (C & D), HMA4 (E & F) genes in rice roots and

1000-seed weight by 9.3%. In 300 uM Pb-stressed plants,
exogenous supplementation of 0.5 and 1 pM MJ improved
1000-grain weight by 4.5 and 5%, respectively, compared
to 300 uM Pb treatment alone (Table 4). Pb toxicity sig-
nificantly reduced the harvest index over the control.
However, at both levels of Pb toxicity, MJ improved the
harvest index in comparison to Pb stress alone (Table 4).
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leaves. Values (means + SD, n = 5) followed by the same letter are
not significantly different (P < 0.05; LSD test)

Discussion

Pb, as one of the most important heavy metals in polluting
ecosystems, can have negative effects on essential plant
processes such as water balance, respiration, nutrient
uptake, photosynthesis, root growth and the activity of
essential enzymes and thus inhibit plant growth (Cenkci
et al. 2010; Pourrut et al. 2011). The results showed that Pb
at concentrations of 150 and 300 uM reduced the height
and total dry weight of rice and the highest growth
reduction was recorded in seedlings subjected to 300 uM
Pb. Similar findings of Pb phytotoxicity on Oryza sativa



Physiol Mol Biol Plants (May 2021) 27(5):1089-1104 1099
Root Leaf
9 6
ooMJ@osMIol M) a @oMJ ©0.5MI] Ol1MI
g o | oast :
<7t 2 T
s « ]
36 | <4t b b
2 b : *_T_ .
£S5 7 S < | ]
a4t ]
S 2t b d d d
& e e e g1t T
LT
A Bo
7 6
L a I
’% 6 T Bs t
2 b | S 1
55 — s
— @
2 o ]
z g
s 4T g
% % 3 r c cd
E‘ 3 F % d 1
e 2+ : d £ ¢
= =3
= e ol fof ¢
E g ’i‘_x—’_i—‘ m | ’_‘_X—’_X—‘
Co Do
9 6
~ 8 | a s a
§ | b s | @oM] B0.5MJ O1MJ _I_—T—
< Em =
%6 | c sS4t
3 < L
5 | =2 b
= =
g 4t d § 3 r c
% d g d
23t E2t e
@
22t 2 f f ¥
£ e e © =1 |
<11 @l :
&
0 0
E Control (0) 150 Pb 300 Pb F Control (0) 150 Pb 300 Pb
Pb (uM) Pb (uM)
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with methyl jasmonate (MJ, 0.5 and 1 uM) on the expression of PCS]
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(Ashraf et al. 2017a, b), Brassica napus L. (Shakoor et al.
2014) and Lycopersicon esculentum (Bali et al. 2018)
growth have been previously reported. Ali et al. (2014)
revealed that Pb stress, by damaging the roots and inter-
fering with nutrients uptake, disrupts metabolic processes
and, as a result, reduces plant growth and biomass. Bali
et al. (2018) showed that Pb toxicity negatively affected
tomato plant growth by inducing oxidative stress and
diminishing stomatal conductance and photosynthetic pig-
ments. However, our findings showed that the application
of MJ (0.5 and 1 pM) effectively improved the height and
biomass production of Pb-stressed rice plants, which is in
accordance with the reports of Piotrowska et al. (2009),Bali

Values (means = SD, n =5) followed by the same letter are not
significantly different (P < 0.05; LSD test)

et al. (2018). Jasmonic acid has been reported to increase
tomato tolerance under Pb toxicity by improving the AsA-
GSH cycle and the activity of antioxidant enzymes, as well
as increasing the content of metal chelating and osmolyte
compounds (Bali et al. 2018). Improved plant growth by
MJ application under arsenic (Farooq et al. 2016; Mousavi
et al. 2020) and cadmium (Ali et al. 2018) toxicity has also
been reported, which may indicate the role of this phyto-
hormone in protecting plants against heavy metal toxicity.

Our findings showed that Pb stress declined the photo-
synthetic pigment and the 8-ALAD activity, and increased
the Chlase activity. Decreased photosynthetic pigments and
Fv/Fm ratio can be caused by disruption of photosynthetic
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Table 4 Effects of lead (Pb, 150 and 300 pM) alone or in combination with methyl jasmonate (MJ, 0.5 and 1 uM) on yield and yield-related

attributes in rice plants

Treatments Tiller/hill Grains/panicle Filled grain percentage (%)  1000-grain weight (g)  Harvest Index
Control 10.33 £ 0.23a 149.9 £+ 6.15ab 86.73 £ 2.96a 25.87 £ 0.45ab 73.18 £+ 0.61ab
0.5 pM MJ 10.52 £ 0.18a  147.8 £ 7.15ab 84.72 £ 3.51a 26.24 £ 0.28a 73.95 + 0.43a

1 uM MJ 10.55 + 0.28a  153.8 £ 7.05a 85.47 £ 4.50a 24.93 & 0.72cde 72.69 % 0.64bc
150 uM Pb 10.65 4+ 0.41a  132.0 £ 6.66¢ 73.63 &+ 2.90c 25.31 £ 0.46bcd 69.39 & 0.46e
150 yM Pb + 0.5 uM MJ 1058 £ 0.34a  143.9 = 4.90bcd  75.29 &+ 2.51c 25.61 & 0.38abc 70.91 & 0.69d
150 uM Pb + 1 uM MJ 10.49 £ 0.35a  146.2 & 3.65abc ~ 81.72 £ 3.31ab 25.51 & 0.43abc 71.97 + 0.63 cd
300 uM Pb 8.70 £ 0.44c  115.8 £ 5.93f 5495 £3.91d 23.46 £ 0.33f 56.25 £ 0.64 g
300 uM Pb + 0.5 pM MJ 9.52 £ 029  138.0 & 4.08cde  71.59 +£ 3.46¢ 24.51 £ 0.31e 65.19 £ 0.66f
300 uM Pb + 1 uM MJ 9.40 £ 0.21b  136.2 &+ 4.56de 76.04 £+ 2.41bc 24.63 £ 0.38de 65.24 + 1.02f

Values (means £+ SD, n = 5) followed by the same letter are not significantly different (P < 0.05; LSD test)

apparatus, protein complex, and chloroplasts in plants
stressed by Pb (Vassilev et al. 1995; Ali et al. 2013).
Hegedus et al. (2001) reported that the decrease in
chlorophyll content could be due to the induction of Chlase
activity in heavy metals-stressed plants, which is consistent
with the results of the current study. Therefore, the results
indicated that Pb toxicity had a negative effect on the
photosynthetic apparatus and, consequently, plant growth
by altering chlorophyll metabolism and reducing photo-
synthetic pigments. However, the supplementation of MJ
was found to restore chlorophyll content and Fv/Fm in Pb-
stressed plants by increasing 8-ALAD activity and
decreasing Chlase activity. Similar results of the effects of
MJ on photosynthetic pigments under Pb (Piotrowska et al.
2009; Bali et al. 2018), As (Mousavi et al. 2020), Cd
(Keramat et al. 2010) and salinity (Rezai et al. 2013) stress
have been reported, indicating the protecting effects of MJ
on photosynthetic pigments. MJ has been shown to
upregulate the expression of genes that regulate chloro-
phyll biosynthesis by increasing 5-aminolevulinic acid
production (Ueda and Saniewski 2006). Therefore, MJ
increased the photosynthetic pigments and the efficiency of
the photosynthetic apparatus by modulating the chlorophyll
metabolism and, consequently, increased the tolerance of
plants under Pb toxicity.

Proline under stressful conditions plays an important
role in ROS scavenging, maintaining cellular osmolarity,
improving redox homeostasis and protein functions
(Ghorbani et al. 2018a; Ghasemi-Omran et al. 2021). Here,
we found that the Pb toxicity downregulated the PDH
activity and upregulated P5CS activity and consequently,
enhanced proline levels in the leaves, which could be due
to water stress induced by heavy metal toxicity (Ahmad
et al. 2020). Increased proline accumulation in wheat
(Lamhamdi et al. 2011) and tomato (Bali et al. 2018) under
Pb toxicity had already been documented. Sharma and
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Dubey (2005) indicated that proline, as a protein stabilizer
and metal chelator, improves plant tolerance under heavy
metal toxicity. Therefore, increasing proline accumulation
in Pb-stressed plants can indicate the induction of the plant
defense mechanism to adapt to stressful conditions. How-
ever, by modulating the activity of enzymes involved in
proline metabolism, MJ further increased proline in the
leaves of Pb-stressed rice, which is similar to the results
documented in Lycopersicon esculentum (Bali et al. 2018)
and Solanum nigrum (Yan et al. 2015) under the toxicity of
Pb and Cd, respectively. Therefore, our findings confirmed
that MJ by modulating the activity of enzymes involved in
proline metabolism increased proline accumulation, which
can play an effective role in improving rice tolerance to Pb
toxicity.

The results showed that although MJ had no significant
effect on Pb uptake in the whole plant (except for 1 uM MJ
in 300 pM Pb-stressed plants), MJ reduced the Pb accu-
mulation in the shoots, indicates that MJ declined the Pb
translocation to the above-ground organs by immobilizing
the Pb in the root. Similar results of reduced uptake of Pb
(Bali et al. 2018; Piotrowska et al. 2009), Cd (Ahmad et al.
2017) and As (Farooq et al. 2018; Mousavi et al. 2020) by
MIJ treatment have been previously reported. As a signaling
molecule, MJ may downregulate the transcription level of
heavy metal transporter genes or increase PCs biosynthesis,
which in turn may reduce the uptake and transport of metal
to shoots (Bali et al. 2018). Increased synthesis of PCs in
roots and decreased translocation of heavy metal to shoots
in plants treated with MJ by Maksymiec et al. (2007) and
Bali et al. (2018) have also been reported. Therefore, MJ
prevented damage to photosynthetic organs by accumu-
lating Pb in the roots and reducing its translocation to the
shoot.

Levels of H,O,, MG and MDA indicate oxidative stress-
induced damage under stressful environmental conditions.
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(Ghorbani et al. 2018b). Our findings revealed that the Pb
toxicity enhanced the accumulation of H,O,, MG and
MDA in the leaves, indicating the induction of oxidative
stress and damage to biological membranes. Similar results
of MDA and H,O, accumulation in Carthamus tinctorius
(Namdjoyan et al. 2020) and Brassica napus (Shakoor
et al. 2014) under Pb stress have also been documented.
Accumulation of ROS induced by stressful conditions
causes damages to cellular physiological processes that, by
provoking the Haber—Weiss cycle, resulting in the perox-
idation of lipids and pigments as well as the production of
hydroxyl radicals, which impairs membrane permeability
and function (Mittler et al. 2012; Ghorbani et al. 2019a).
Correspondingly, MJ supplementation induced the activity
of CAT, SOD, GR, APX, Gly I and Gly II, as a result,
reduced MDA, Mg and H,0, levels in the Pb-stressed rice,
which is consistent with the results of Bali et al. (2018). MJ
may protect against damage to cellular organelles such as
chloroplasts by stimulating the antioxidant defense system
and scavenging toxic free radicals. Similar findings of MJ-
induced oxidative stress alleviation in Wolffia arrhiza and
Lycopersicon esculentum under Pb toxicity have been
previously shown (Piotrowska et al. 2009; Bali et al. 2018).
Farooq et al. (2016) indicated that MJ enhanced the
expression of antioxidant enzymes and, as a result, induced
the activity of antioxidant enzymes, which effectively
improved the tolerance of plant under heavy metal toxicity.
Therefore, MJ may upregulate the de novo synthesis and
activity of antioxidant enzymes by inducing alterations in
the post-transcriptional and translational levels of antioxi-
dant enzymes as well as enzymes included in the glyox-
alase system, thereby improving the efficiency of the
plant’s defense system under Pb toxicity. Improving the
activity of enzymes involved in the AsA-GSH cycle by MJ
greatly helps to maintain redox homeostasis, H,O, reduc-
tion and thus protect the photosynthetic apparatus (Mou-
savi et al. 2020). Therefore, balancing the GSH and AsA
contents induced by modulating the GR and APX activity
could improve cellular functioning under Pb stress by
reducing the level of toxic hydroxyl radicals and protecting
the function and structure of proteins (Ghorbani et al.
2020). The results showed that MJ ameliorated glutathione
and ascorbate levels and the ratios AsA/DHA and GSH/
GSSG in Pb-stressed seedlings, which is consistent with the
results reported in tomato (Bali et al. 2018) and rice
(Mousavi et al. 2020) grown under Pb and As toxicity,
respectively. MJ has been shown to activate heavy metal-
response signaling pathways that enhance the GSH content
and induce the antioxidant machinery (Farooq et al. 2016).
Therefore, MJ reduced ROS and lipid peroxidation by
improving the redox status of the AsA-GSH cycle and the
activity of antioxidant enzymes, thereby improving the rice
growth under Pb toxicity.

PCs have an outstanding role in the reduction of the
phytotoxicity induced by heavy metals by chelating the
metal ions (Hall 2002). Our findings showed that Pb toxi-
city increased PCs accumulation in roots and leaves, which
were further enhanced with MJ application. Bali et al.
(2018) reported that the MJ application increased the tol-
erance of Pb-exposed tomato by regulating the contents of
non-protein and protein thiol. By PCs complexation, plants
can accumulate higher concentrations of heavy metals in
the above-ground parts (Souri et al. 2017). Although MJ
lessened the Pb accumulation in the leaves of Pb-exposed
plants, however, the accumulation of Pb in Pb-exposed
plants treated with MJ was higher than control plants.
Therefore, MJ can effectively reduce the toxic effects of Pb
accumulated in leaves by increasing PCs content. MJ here
upregulated the PCSI and PCS2 gene transcript abun-
dances in the roots and leaves of the Pb-stressed rice, which
correspond to the increase in PCs accumulation as expec-
ted. It has been suggested that upregulating the transcrip-
tion of genes associated with heavy metal sequestration
effectively increases the rapid tolerance of plants under
heavy metal toxicity (Hasan et al. 2015). Two transporters
of ABCC1 and ABCC2 were identified in Arabidopsis
thaliana that have an outstanding role in the transfer of the
heavy metal-PCs complexes into the vacuoles and, conse-
quently, their sequestration and detoxification (Song et al.
2010). Song et al. (2014) showed that ABCC1 transporters
in rice, which have a similar function to AtABCCI and
AtABCC2 transporters, play an important role in detoxi-
fying heavy metals as well as reducing their translocation
to the shoots, especially rice grains. In the present study,
the MJ supplementation enhanced the transcription level of
ABCCI gene, especially in the roots of Pb-stressed plants,
which could play an effective role in detoxification of Pb
and improving plant tolerance. Upregulation ABCCI gene
expression is consistent with the upregulated expression of
PCSI and PCS2 and enhanced accumulation of PCs to
form the PCs-heavy metal complex and vacuole seques-
tration. The results revealed that higher expression levels of
PCS1, PCS2 and ABCCI were observed in the roots than
that of the leaves. Thus, MJ upregulated the expression of
genes implicated in Pb sequestration (PCSI, PCS2 and
ABCCI) and increased GSH and PCs levels, thereby
immobilizing Pb at the roots and protecting the sensitive
photosynthetic organs from Pb phytotoxicity.

It is accepted that HMAs transporters are implicated in
the transport of heavy metals in various plant tissues.
Takahashi et al. (2012) reported that OsHMA2 is impli-
cated in the loading of heavy metals, especially Cd and Zn,
to the xylem and their translocation to the shoot. The
results showed that the expression of HMA2 gene in the
roots displayed a significant upregulation in Pb-stressed
plants that corresponds to the increase in Pb accumulation
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in the shoots. However, MJ downregulated HMA2
expression at both levels of Pb toxicity, which was con-
sistent with reduced Pb translocation to the shoot, which
may indicate the role of this transporter in Pb translocation.
OsHMA3 and OsHMA4 transporters are other identified
members of the HMAs family in rice plants that are
implicated in the transport of Cd and Cu into the vacuole,
respectively (Sasaki et al. 2014; Huang et al. 2016). The
results revealed that although Pb toxicity upregulated the
expression of HMA3 and HMA4 genes, however, MJ
caused a further increase in the expression of these genes in
Pb-stressed plants. The MJ-induced upregulation in the
expression of HMA3 and HMA4 in the roots was greater
than that in the leaves, which is consistent with increased
root Pb accumulation and decreased translocation to the
shoots. Therefore, MJ prevented Pb translocation to shoots
and damage to photosynthetic organs by regulating the
expression level of HMA3 and HMA4 genes and seques-
tering Pb into vacuoles in the roots.

The inhibitory effects induced by heavy metal toxicity
on yield components may ultimately reduce plant yield.
According to the results, Pb toxicity, especially 300 uM,
reduced the yield components and yield of rice, which is
according to the results documented by Ashraf et al.
(2017a, b). Ashraf and Tang (2017) indicated that Pb
toxicity negatively affected the growth and biomass of rice
by reducing the contents of photosynthetic pigments and
inducing oxidative stress, which in turn decreased rice
yield. However, the application of MJ improved the rice
yield under Pb stress, which is consistent with the results
obtained by Mousavi et al. (2020) under stress. Mousavi
et al. (2020) revealed that MJ restored the chlorophylls
content and improved the rice yield under as phytotoxicity
by reducing as uptake and improving Fe translocation to
the shoots. Therefore, the supplementation of MJ enhanced
the rice yield under Pb toxicity, which could be due to the
immobilization of Pb in the roots and reduce its translo-
cation to the shoots, as well as strengthening the antioxi-
dant defense system in Pb-stressed plants.

Conclusion

In environments contaminated with toxic metals, the ability
to sequester and/detoxify or heavy metals has played an
outstanding role in plant survival. MJ revealed the complex
and protective impacts on the proline and photosynthetic
pigments metabolism, antioxidant redox status, MG and
ROS scavenging, PCs biosynthesis and, as a result, Pb
sequestration in the vacuoles. Furthermore, MJ protected
the photosynthetic organs from toxic Pb by modulating the
expression of genes implicated in Pb transport to shoots
(HMA2) and sequestering Pb into vacuoles (HMA3, HMA4,
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PCS1, PCS2 and ABCC1), thereby improving the growth
and yield of rice plants under Pb toxicity. Our findings
could provide molecular insights and cellular interplay
scheme to produce effective strategies for healthy food
farming, particularly in Pb-contaminated environments.
However, more research at the molecular levels is required
to confirm the role of MJ in Pb detoxification as well as to
recognize subsequent signaling cascades.
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