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Extended abstract

Introduction

Heavy metals (HMs) pose a serious threat to corn (Zea mays L.), a key crop for global food security.
Melatonin (MT) enhances tolerance to abiotic stresses by.regulating antioxidant enzyme activities and
reducing oxidative damage. Similarly, sodium nitroprusside (SNP) has been reported to alleviate heavy
metal toxicity and enhance stress tolerance in various:€rops by modulating nitric oxide signaling
pathways. Therefore, this study aimed to: (i)‘evaluate the effects of lead (Pb) and cadmium (Cd)
accumulation on corn growth and biomass production, (ii)<4nvestigate the physiological responses of
corn to heavy metal stress, including changes in dry matter partitioning among plant organs, and (iii)
examine the interactive effects of heavy metals with MT and SNP on stress tolerance mechanisms and
the phytoremediation potential of ecorn.

Materials and methods

This pot experiment was conducted in 2024 at the research farm of Payame Noor University, Gandoman,
Borujan County, Chaharmahal and Bakhtiari Province, Iran, under controlled conditions in a rain-
protected shelter: The corn cultivar used in this experiment was Single Cross 704. The experiment was
arranged as)a factorial experiment based on a randomized complete block design (RCBD) with four
replications: Treatments consisted of four levels of heavy metals as the first factor: (i) control (no heavy
metals), (ii) lead (Pb); (iii) cadmium (Cd), and (iv) combined Pb + Cd; and seven levels of melatonin and
sodium nitroprusside as the second factor: (i) control, (ii) 0.05 mM melatonin (MT), (iii) 0.1 mM MT,
(iv) 0:5 mM sodium nitroprusside (SNP), (v) 1.5 mM SNP, (vi) 0.05 mM MT + 0.5 mM SNP, and (vii)
0.1 mM MT + 1.5 mM SNP. Data were analyzed using SAS software (version 9.2), and figures were
prepared using Microsoft Excel (2013). Mean comparisons were carried out using Duncan’s multiple
range test at a 95% confidence level.

Results and discussion

Exposure to Pb and Cd significantly increased peroxidase (POD) activity by 24% and 12%, respectively,
and enhanced superoxide dismutase (SOD) activity compared to the control. The combined Cd + Pb
treatment increased peroxidase (POD) activity by 32% compared with the control. The combined Cd +
Pb treatment also increased malondialdehyde (MDA) and hydrogen peroxide (H202) contents by 42%
and 46%, respectively, compared with the control. The combined Cd + Pb treatment reduced microbial
biomass carbon (MBC) and microbial biomass nitrogen (MBN) by 8% and 33%, respectively. According
to quantitative data, total plant dry weight decreased by 24% under combined Cd + Pb stress compared
with the control. In contrast, MT-treated plants under combined Cd + Pb stress showed a 26% increase
in total dry weight compared with the control. Similarly, SNP application resulted in a 20% increase in
total dry weight.
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Conclusion

This study demonstrated that exogenous application of melatonin and sodium nitroprusside effectively
mitigates the detrimental effects of heavy metal stress on corn growth. The results demonstrated that
both treatments enhanced corn resistance to heavy metal stress. Specifically, the findings highlighted
the positive effects of MT and SNP in improving corn tolerance to combined Cd and Pb stress. The results
confirmed that MT and SNP treatments significantly reduced oxidative stress markers such as H202
and MDA while enhancing aboveground biomass and photosynthetic pigment content. These findings
suggest that MT and SNP have the potential to improve crop resilience and productivity in heavy metal—
contaminated soils. Future research should aim to elucidate the molecular pathways involved in MT-
and SNP-mediated stress tolerance, validate these findings under field conditions, and develop practical
application strategies for large-scale agricultural use.
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Table 3. Analysis of variance for photosynthetic pigments influenced by heavy metals and Biostimulant

a0 (Mean Square)  Ole po (mileo
Sources of i alio - - - — -
Variation =8 @3l a Judg,ls b Judg,ls g g,ls IS by ks

DF Cla Clb Carotenoid Total chlorophyll

Block Seb 3 0.310™ 0.072™ 0.035™ 0.821"
Heavy metal (A) RUCSUWRTT I 6.10™ 0.131™ 0.153™ 10.4™
Biostimulant (B Sy Sy 6 1.23™ 0.015" 0.036™ 1.49™
AxB S ) S o X o J5 18 0.073™ 0.003™ 0.016™ 0.196"™
Total error F sk 81 0.160 0.006 0.005 0.221
C.V. (%) Ol S g b 17.9 13.6 7.38 124

Al e oy SO w10 (5)le Sxe 5 o0z mmha (0 (6518 gixe (IS siae pas oS ik g % NS
ns, * and ** indicate non-significance, significance at the five percent level, and significance at the one percent level,

respectively
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Table 4. Main effects of heavy metals and Biostimulant
on Chlorophyll a,/chlorophyll b and total chlorophyll
traits.

.6).. a Judg, A b Judg,ls 55 Judg s
Different Cla Clb Total
treatments chlorophyll
------------- mg. g- FW ------memeeem
o 313
Heavyanetal
Control ool 2,778 0.6302 4478
Cd pogmosls 2.44P 0.579° 4.04°
Pb rgow 2.04°¢ 0.517¢ 3.52¢
Cd +Pb 1.70¢ 0.474¢ 3.07¢
o § S g0
Biostimulant
CT 1.73¢ 0.505P¢ 3.11°
SNP-H 2.33 0.573® 3.89°
MT-H + SNP-H 2.708 0.600?2 4.278
SNP-L 2.10% 0.510°¢ 3.66"
MT-L+SNP-L  2.18% 0.545%¢ 3.87°
MT-H 2.40P 0.5902 3.97®
MT-L 2.23bc 0.528P¢ 3.66°

VYoo o +/V IMT-H (566 Voo Lo +/+0 :MT-L caalis :CT)
[0 S5 MT-L + SNP-L (o wlogpgris Yoo deo
MT-L + 5 soes logpgrios Yo oo /0 + Mo Yoo Lo
Dloog gy Voo oo VIO + pigidle ;Yge oo +/) oS 5 :SNP-L
s 50 yls e sodimalid et o 40 Dglitie By, (i

b s do s O Lo
(CT: Control, MT-L: 0.05 mM Melatonin, MT-H: 0.1 mM
Melatonin, SNP-L: 0.5 mM Sodium Nitroprusside, SNP-H:
1.5 mM Sodium Nitroprusside, MT-L + SNP-L:
combination of 0.05 mM Melatonin + 0.5 mM Sodium
Nitroprusside, MT-H + SNP-H: combination of 0.1 mM

Melatonin + 1.5 mM Sodium Nitroprusside). Different
letters in each column indicate significance at the 5%

probability level.
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Fig. 4. Interaction of heavy metal and Biostimulant on carotenoid
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Table 5- Analysis of variance for growth characteristics of maize influenced by heavy metals and Biostimulant

(Mean Square) Ol po (il
0SS iy SAS gy S g5y S Gy SiS g
Sources of rEEbe el G, 3L Sy lseelsl oL gs
Variation DF Root dry Root dry Root dry Root dry Root dry
weight stem leaf shoot whole plant
Block Sebs 0.035™ 0.014m 0.080" 0.136"™ 0.274™
Heavy metal (A) S, 318 0.133™ 0.239™ 0.411™ 1.28™ 2.23"
Biostimulant (B) (s § S y2mo 0.047™ 0.081™ 0.180™ 0.500™ 0.833™
AxB ) S o x o 18 0.017™ 0.033™ 0.080" 0.216™ 0.351™
Total error & ks 81 0.005 0.012 0.046 0.053 0.063
C.V. (%) Ol k' g 6 8.48 7.99 10.9 6.92 6.00

Al e oy S an (0 (55l Sre 5 duo )0 iy mhaw (0 (618 gire ()18 gae pae o iy

9 % NS

ns, . * and ** indicate. non-significance, significance at the five percent level, and significance at the one percent level,

respectively
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Table 6. Interaction of heavy metal and Biostimulant on growth characteristics of maize.

b lowd ShS 0jg SUS gy SS9 SAS gy ST SS g
Gilize Foliar i o y=o b adlw Sy Y IRY ok
Different spraying  Root dry Root dry Root dry Root dry . Root dry whole
treatments weight (g) stem (g) leaf (g) shoot (g) plant (g)
CT 0.820¢ 1.34¢ 1.92¢F 3.26%9 4.08"
SNP-H 0.950°d 1.51%4d 2.12%4 3.632¢ 4,580
MT-H + SNP-H 1.092 1.618 2.302 3.91¢ 5.002
control vl SNP-L 0.860%-9 1.40%" 1.98%¢ 3.38¢" 4.24%
MT-L + SNP-L 0.950°d 1.52#d 2.15%d 3.67%¢ 4.62b¢
MT-H 1.00%¢ 1.57% 2.19%¢ 3.76%® 4.76%®
MT-L 0.910¢*¢ 1.46%f 2.06%¢ 3.520-¢ 4.430f
CT 0.78091 1.25% 1,740 2.999 3.771H
SNP-H 0.910¢%¢ 1.429 2.03%¢ 3.450f 4.36%9
MT-H + SNP-H 1.03® 1.53%¢ 2.22% 3.75® 4,78®
Cd pgrosls SNP-L 0.820% 1.328% 1.86%-¢ 3.18™ 4,00Mk
MT-L + SNP-L 0.900¢*¢ 1.47%¢ 2.07%4d 3.540¢ 4.44b¢
MT-H 0.940°d 1.50%d 2.11%d 3.61%¢ 4,55¢
MT-L 0.860%-9 1.38¢ 1.945F 3.32¢F 4.18%
CT 0.730"i 1.19" 1.629n 2.811 3.54!m
SNP-H 0.8607-9 1.37% 1.955 3.32¢F 4.18%
MT-H + SNP-H 0.945¢ 1.47%¢ 2.13% 3.60%4 4,554
Pb &y SNP-L 0.76097 1.24" 1.74%" 2.989" 3.74"
MT-L + SNP-L 0.830°" 1.41%9 1.99¢ 3.40¢f 4,23
MT-H 0.890%f 1.43%9 2.03%¢ 3.46"f 435"
MT-L 0.810% 1.31% 1.86%¢ 3.17¢" 3.98"
CT 0.690% 1.07"9 1.54" 2.610f 3.30%¢
SNP-H 0.790% 1.309% 1.86%¢ 3.16M 3.951
MT-H + SNP-H 0.895 1.42 2.05%4 3.47 4.37m
Cd +Pb SNP-L 0.7201 1.18¢ 1.67 2.85"M 3.57!m
MT-L + SNP-L 0.790" 1.34¢ 1.92¢f 3.26%9 4,059
MT-H 0.830¢" 1.38¢ 1.96° 3.34¢F 4.17%
MT-L 0.750" 1.201 1.75%" 2.9501 3,704

V0 :SNP-H o slog g Yoo o /0 :SNP-L (o 56Me Vsa oo +/V IMT-H (yigdle Yoo Lo /0 MT-L wals :CT)

il s 223 8 Jlaio i 13 ()1 (e oiadLid (i 1 0 Sglite By > (e dabwg g s Vg e VB + (igdle Vga des +/)
(CT: Control, MT-L: 0.05 mM Melatonin, MT-H: 0.1 mM Melatonin, SNP-L: 0.5 mM Sodium Nitroprusside, SNP-H: 1.5 mM
Sodium Nitroprusside, MT-L + SNP-L: combination of 0.05 mM Melatonin + 0.5 mM Sodium Nitroprusside, MT-H + SNP-
H: combination of 0.1 mM Melatonin + 1.5 mM Sodium Nitroprusside). Different letters in each column indicate significance
at the 5% probability level.
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