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Extended Abstract

Introduction: Heavy metal contamination of agricultural soils and water resources has become a major environmental
concern worldwide due to rapid industrialization, urbanization, mining activities, and the excessive use of agrochemicals.
Among toxic heavy metals, lead (Pb) and cadmium (Cd) are particularly hazardous because of their persistence in the
environment, high mobility, and potential accumulation in plant tissues. These metals adversely affect plant growth and
development by disrupting nutrient uptake, inducing oxidative stress, damaging cellular structures, and impairing
photosynthetic processes. Consequently, heavy metal pollution poses a serious threat to agricultural productivity, food
safety, and ecosystem sustainability. In recent years, the adoption of sustainable agricultural practices has stimulated
interest in using plant biostimulants as eco-friendly tools to enhance crop resilience to abiotic stress. Humic substances
and seaweed extracts are among the most widely used biostimulants due to their ability to improve nutrient availability,
stimulate root development, enhance antioxidant defense mechanisms, and promote plant growth. However, information
regarding their combined effects on mitigating Pb and Cd toxicity in sweet corn remains limited.

The present study aimed to (i) evaluate the effects of Pb and Cd stress, applied individually and in combination, on
photosynthetic pigments and root growth characteristics of sweet corn plants, and (ii) investigate the potential role of
humic acid and seaweed extract, applied individually and in combination, in alleviating heavy metal-induced damage and
improving plant tolerance.

Materials and Methods: The experiment was conducted under controlled hydroponic conditions using a factorial
arrangement based on a randomized complete block design (RCBD) with three replications. The first factor consisted of
four heavy metal treatments: control (without heavy metals), 7.5 mM Pb, 1.31 mM Cd, and a combined treatment of 7.5
mM Pb + 1.31 mM Cd. Lead and cadmium were supplied in the form of lead acetate and cadmium chloride, respectively.
The second factor included four biostimulant treatments: control (without biostimulants), 120 mg L™ humic acid, 120 mg
L™ seaweed extract, and a combined treatment of 120 mg L' humic acid + 120 mg L' seaweed extract. Biostimulants
were added directly to the nutrient solution throughout the experimental period. At the end of the treatment period, several
physiological and morphological parameters were measured, including chlorophyll a, chlorophyll b, total chlorophyill,
carotenoid content, fresh and dry root biomass, root length, root volume, and stress tolerance indices of roots and shoots.
Data were subjected to statistical analysis, and treatment means were compared at the appropriate significance level.
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Results and Discussion: Exposure to Pb and Cd significantly reduced the concentration of photosynthetic pigments
compared with the control treatment. The reduction in chlorophyll and carotenoid contents indicated that heavy metals
negatively affected chloroplast structure and function, thereby impairing photosynthetic efficiency. The combined Pb +
Cd treatment generally produced more severe effects than individual metal treatments, suggesting additive or synergistic
toxicity. Heavy metal stress also caused substantial reductions in root growth and development. Root length, root volume,
and fresh and dry root biomass declined significantly under Pb and Cd exposure. These negative effects can be attributed
to disruptions in cell division, membrane integrity, water uptake, and nutrient acquisition. Since roots are the primary
sites of heavy metal accumulation, their growth is often among the first plant characteristics adversely affected by metal
toxicity. Application of humic acid and seaweed extract significantly improved both physiological and morphological
traits under heavy metal stress conditions. Plants receiving biostimulants exhibited higher chlorophyll and carotenoid
concentrations than untreated plants exposed to heavy metals. These improvements may be associated with enhanced
nutrient uptake, stabilization of cellular membranes, increased chlorophyll biosynthesis, and activation of antioxidant
defense systems. Similarly, biostimulant treatments promoted root development by increasing root length, root volume,
and biomass accumulation. Enhanced root growth likely improved the plant's ability to absorb water and nutrients while
reducing the detrimental effects of heavy metal toxicity. Notably, the combined application of humic acid and seaweed
extract generally yielded the greatest improvements across most measured traits, suggesting possible synergistic
interactions between the two biostimulants. The calculated stress tolerance indices further confirmed the beneficial effects
of biostimulant application. Both root and shoot tolerance indices increased significantly in treated plants compared with
untreated stressed plants, demonstrating enhanced adaptation and resilience to heavy metal stress. These findings suggest
that humic acid and seaweed extract may partially counteract the physiological and morphological damage caused by Pb
and Cd contamination.

Conclusion: The results of this study demonstrate that Pb and Cd toxicity substantially impairs photosynthetic pigment
production and root development in sweet corn plants. However, the application of humic acid and seaweed extract, either
individually or in combination, effectively mitigates the adverse effects of heavy metal stress by improving photosynthetic
performance, stimulating root growth, and enhancing stress tolerance. The combined aplication of these biostimulants
showed the greatest capacity for promoting plant resilience under contaminated conditions. Overall, humic acid and
seaweed extract represent sustainable, environmentally friendly, and cost-effective management tools for reducing heavy
metal stress in crop production systems. Their application may contribute to maintaining crop productivity in
contaminated environments and supports the broader goal of sustainable agricultural development. Future studies should
investigate the underlying physiological and molecular mechanisms involved in biostimulant-mediated heavy metal
tolerance and evaluate their effectiveness under field conditions.
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Table 1. The results of analysis of variance (mean squares) of the effect humic acid and seaweed extract on photosynthetic
pigments and heavy metal tolerance index of sweat corn plants under cadmium and/or lead stress

Shoot Metal ~ Chlorophyll a Carotenoid Chlorophyll b Chlorophyll a Total
-1 | 1 Chlorophyll
Tolerance tob (ngg (mgg (mgg (mg g fresh (df) (S.0.V)
Index (%) ratio fresh weight) fresh weight) fresh weight) \%V é:gigh t
304 0.44 3.98 0.80 50.5 103 2 Replication
16.8™ 0.36™ 4.22™ 0.68" 93.3" 157 3 Heavy metals (H)
2.67° 0.05™ 0.29ns 0.04" 5.38m 9.40ns 3 Biostimulants (B)
0.50m 0.18 0.62™ 0.07 7.57" 12.15* 9 BxH
0.73 0.17 0.11 0.03 3.17 4.18 30 Error
10.3 20.0 12.0 9.87 16.7 15.0 C.V (%)

je::—-:z- ﬁfnSgT,.:SJSA.g AJbg;'auﬂi» sdo ) (Ao 0 Jlas| C}Je..« BE ngbé'«:u
*, ** and ns: Significance at 5% and 1% of probability levels and non-significant, respectively.

Total chlorophyll content
(mg g fresh weight)
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Figure 1. Effect of humic acid and seaweed extract application on total chlorophyll content of sweet corn plants under
cadmium and/or Lead stress. The first factor included N: Control (No heavy metal), Cd: Cadmium, Pb: Lead, and Cd+Pb:
Combination of Cadmium and Lead; the second factor included C: Control, HA: Humic Acid, SE: Seaweed Extract, and

HA+SE: Humic Acid + Seaweed Extract. Means with common letters have no significance at the 5% probability level of the

LSD test.
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Figure 2. Effect of humic acid and seaweed extract application on chlorophyll a content of sweet corn plants under cadmium

and/or Lead stress. The first factor included N: Control (No heavy metal), Cd: Cadmium, Pb: Lead, and Cd+Pb:

Combination of Cadmium and Lead; the second factor included C: Control, HA: Humic Acid, SE: Seaweed Extract, and

HA+SE: Humic Acid + Seaweed Extract. Means with common letters have no significance at the 5% probability level of the

LSD test.
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Figure 3. Effect of humic acid and seaweed extract application on chlorophyll b content of sweet corn plants under cadmium
and/or Lead stress. The first factor included N: Control (No heavy metal), Cd: Cadmium, Pb: Lead, and Cd+Pb:
Combination of Cadmium and Lead; the second factor included C: Control, HA: Humic Acid, SE: Seaweed Extract, and

HA+SE: Humic Acid + Seaweed Extract. Means with common letters have no significance at the 5% probability level of the

LSD test.
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Figure 4. Effect of humic acid and seaweed extract application on carotenoid content of sweet corn plants under cadmium
and/or Lead stress. The first factor included N: Control (No heavy metal), Cd: Cadmium, Pb: Lead, and Cd+Pb:
Combination of Cadmium and Lead; the second factor included C: Control, HA: Humic Acid, SE: Seaweed Extract, and

HA+SE: Humic Acid + Seaweed Extract. Means with common letters have no significance at the 5% probability level of the
LSD test.
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Figure 5. Effect of humic acid and seaweed extract application on shoot metal tolerance index of sweet corn plants under
cadmium and/or Lead stress. The first factor included N: Control (No heavy metal), Cd: Cadmium, Pb: Lead, and Cd+Pb:
Combination of Cadmium and Lead; the second factor included: C: Control, HA: Humic Acid, SE: Seaweed Extract,

HA+SE: Humic Acid + Seaweed Extract. Means with common letters have no significance at the 5% probability level of the

LSD test.
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Table 2. The results of analysis of variance (mean squares) of the effect humic acid and seaweed extract on root
characteristics of sweat corn plants under cadmium and/or lead stress

Root Fresh Weight Root Legnth Root Volume Root Dry Root Fresh

) (cm) (cm’) Weight () Weight () 9D (8.0¥)
2976 1.26 0.06 0.04 0.02 2 Replication
2357 242 339" 0.07™ 0.22" 3 Heavy metals (H)
1335™ 123™ 2.68"" 0.01ms 0.17* 3 Biostimulants (B)
717 62.6™ 1.81°" 0.03ns 0.06™ 9 HxB

145 13.1 0.33 0.03 0.05 30 Error

15.5 15.2 19.7 22.8 13.6 C.V (%)
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Figure 6. Effect of humic acid and seaweed extract application on root fresh weight of sweet corn plants under cadmium
and/or Lead stress. The first factor included N: Control (No heavy metal), Cd: Cadmium, Pb: Lead, and Cd+Pb:
Combination of Cadmium and Lead; the second factor included C: Control, HA: Humic Acid, SE: Seaweed Extract, HA+SE:

Humic Acid + Seaweed Extract. Means with common letters have no significance at the 5% probability level of the LSD test.
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Figure 7. Effect of humic acid and seaweed extract application on root volume of sweet corn plants under cadmium and/or

Lead stress. The first factor included N: Control (No heavy metal), Cd: Cadmium, Pb: Lead and Cd+Pb: Combination of
Cadmium and Lead; the second factor included C: Control, HA: Humic Acid, SE: Seaweed Extract, and HA+SE: Humic

Acid + Seaweed Extract. Means with common letters have no significance at the 5% probability level of the LSD test.
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Figure 8. Effect of humic acid and seaweed extract application on root length of sweet corn plants under cadmium and/or
Lead stress. The first factor included N: Control (No heavy metal), Cd: Cadmium, Pb: Lead, and Cd+Pb: Combination of
Cadmium and Lead; the second factor included C: Control, HA: Humic Acid, SE: Seaweed Extract, and HA+SE: Humic

Acid + Seaweed Extract. Means with common letters have no significance at the 5% probability level of the LSD test.
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Figure 9. Effect of humic acid and seaweed extract application on root metal tolerance index of sweet corn plants under
cadmium and/or Lead stress. The first factor included N: Control (No heavy metal), Cd: Cadmium, Pb: Lead, and Cd+Pb:
Combination of Cadmium and Lead; the second factor included C: Control, HA: Humic Acid, SE: Seaweed Extract, and

HA+SE: Humic Acid + Seaweed Extract. Means with common letters have no significance at the 5% probability level of the

LSD test.
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Figure 10. Effect of humic acid and seaweed extract on growth, biomass production, and root length and volume of sweet
corn plants under cadmium and/or lead stress. The first factor included N: Control (No heavy metal), Cd: Cadmium, Pb:
Lead, and Cd+Pb: Combination of Cadmium and Lead; the second factor included C: Control, HA: Humic Acid, SE:

Seaweed Extract, and HA+SE: Humic Acid + Seaweed Extract. Means with common letters have no significance at the 5%

probability level of the LSD test.
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