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INTRODUCTION 
 
Mercury (Hg) poses a significant environmental threat, entering 
soil and water primarily through human activities [1]. For 
instance, the gold amalgam technology employed in many 
developing countries for gold mining leads to substantial Hg 
pollution in soil and water [2]. Additionally, industrial activities 
such as coal combustion, cement production, and waste 
incineration are significant sources of Hg emissions globally. 
Consequently, Hg-containing waste is increasing globally [3]. In 
Malaysia, significant concentrations of Hg have been 
documented in various regions due to industrial activities. For 
instance, sediment samples from West Port and Sungai Pulau in 
Johor have shown total Hg concentrations ranging from 0.11 to 
0.41 mg/kg. Similarly, elevated Hg levels (ranging from 0.03 to 
0.08 mg/L) have been detected in rivers such as Sungai Pok 
Kecil, Sungai Pok Besar, and Teluk Buih in Johor, as well as in 
seawater around Merambong Island. In addition to water bodies, 

high concentrations of Hg have been found in food samples along 
the west coast of the peninsula, particularly in seafood sourced 
from the Straits of Malacca, where levels have been reported as 
1.1–3.2 μg/g. It's important to note that the permitted Hg level in 
food in Malaysia is 0.5 μg/g. Furthermore, Hg contamination in 
tropical fruits in Malaysia is linked to the use of agrochemicals 
and fertilizers [4].  
 

Hg is known to accumulate in vegetables and fruits such as 
tomatoes, eggplants, and cucumbers, highlighting the potential 
health risks associated with consuming produce grown in 
contaminated environments [5]. Recently, attention has turned to 
vegetable crops due to growing concerns about food safety, as 
Hg is particularly harmful to human tissues. The body lacks a 
mechanism to eliminate Hg, emphasizing its non-biodegradable 
nature and extended half-life, which underscores the persistent 
threat it poses [6]. In plants, elevated levels of Hg induce 
phytotoxicity, significantly impacting key physiological 
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 ABSTRACT 
This study evaluates the effects of mercury (Hg) on tomato plants exposed to varying 
concentrations (0.01, 0.05, 0.10, and 0.25 ppm) for 14 and 30 days. Hg exposure led to significant 
reductions in plant height and leaf diameter, with more severe effects at higher concentrations. 
Notably, 0.01 ppm Hg caused increased branching and earlier ripening, whereas higher 
concentrations diminished flower and fruit counts, with 0.25 ppm Hg resulting in severe 
reductions and plant deterioration. Chlorophyll content was slightly higher at 0.01 and 0.05 ppm 
Hg but decreased at 0.10 and 0.25 ppm, indicating disrupted photosynthesis. Proline content, a 
stress marker, increased significantly in fruit and roots with higher Hg concentrations, peaking at 
0.25 ppm. MDA levels, a marker of lipid peroxidation, increased with Hg concentration and 
duration, especially at higher levels. Visual symptoms of toxicity, such as wilting and chlorosis, 
were evident at 0.25 ppm Hg, indicating severe plant stress. The study highlights Hg adverse 
effects on tomato growth, morphology, and reproductive processes, with high concentrations 
causing severe toxicity and low concentrations having minor effects. Further research is needed 
to explore biochemical responses and establish Hg toxicity thresholds in tomato plants. 
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processes such as transpiration, photosynthesis, and carbohydrate 
metabolism [7]. This disruption triggers secondary nutritional 
and oxidative stress within plant tissues, ultimately impairing 
growth and development. Hg accumulation in various plant parts, 
including leaves, roots, and fruits, has been well-documented, 
highlighting the potential health risks associated with consuming 
contaminated vegetables such as tomatoes [8]. Understanding the 
distribution of Hg within tomato plants, particularly its 
concentration in fruits, is crucial for assessing overall food safety 
and the environmental impact of Hg contamination in 
agricultural settings. 
 

In this study, we aimed to investigate the physiological 
growth of the lowland tomato cultivar Mardi Tomato 1 (MT1) 
under the influence of Hg, with a focus on examining chlorophyll 
content, proline contents, and lipid peroxidation in different plant 
parts. This research contributes to a better understanding of how 
Hg exposure affects plant physiology and biochemistry, thereby 
informing strategies for mitigating its adverse effects on 
agricultural productivity and food safety. 

 
MATERIALS AND METHODS 
 
Plant materials 
The hydroponic system, adapted from the Kratky method, was 
utilized for cultivating tomato plants [9]. These matured plants 
were subsequently grown in a greenhouse located at the Faculty 
of Biotechnology and Biomolecular Sciences, Universiti of Putra 
Malaysia. They were nourished with a nutrient-rich water 
solution (Hougland's solution), ensuring direct delivery of 
essential nutrients to the plant roots. The MT1 tomato seeds were 
sourced from the Malaysian Agricultural Research and 
Development Institute (MARDI). 
 
Germination of MT1 tomato seeds 
 
Preparation of Hoagland Solutions  
Hoagland’s solution was used as nutrient medium for hydroponic 
system for seed germination and plant growth [10].  
 
Preparation of rockwool cubes 
Rockwool cubes served as the germination medium in the 
hydroponic system. Initially, the cubes were placed in a clean 
plastic container to prevent contaminants from affecting the 
germination process. They were then thoroughly soaked with 
distilled water until fully saturated. Following this, the cubes 
underwent immersion in pH-adjusted water for up to 24 hours, 
aiming to achieve a pH level between 5.5 and 6.5 crucial for 
optimal plant growth. This soaking procedure ensured the cubes 
reached the desired pH. Subsequently, the cubes underwent three 
rinses with distilled water to eliminate excess salts and residual 
pH-adjusting substances, essential for ensuring the cleanliness of 
the growing medium and preventing potential harm to plant 
roots. Once rinsed, the cubes were ready for use as a germination 
medium in the hydroponic system, offering an ideal environment 
for seed germination and early plant growth.  
 
Germination of seeds and plant growth 
Two MT1 tomato seeds were placed in the hole located on the 
top of each rockwool cube. The seeds were gently pressed down 
to the bottom of the hole using forceps and tweezers. Each cube 
with the seeds was then positioned in a 500 mL plastic container 
containing 5 mL of distilled water to maintain moisture. The 
entire container was covered with aluminum foil to simulate 
darkness and was placed in a growth room at a temperature of 24 
± 2°C for 7 days. Once germination commenced, the aluminum 
foil was removed. 

Subsequently, the plastic containers with germinated seeds 
were exposed to light-emitting diode (LED) lights for an 
additional 7 days in the growth room under a Tubular 8 (T8) 
daylight LED providing 1080 lumens. After 14 days of growth, 
the young seedlings reached a height of 2 to 3 inches and were 
carefully transplanted into growing cups. These cups were then 
placed into a hydroponic system containing 200 mL of 
Hoagland's solution. The water level in the hydroponic container 
was regularly monitored and adjusted to ensure the roots 
remained in contact with the nutrient solution. Additional 
nutrient solution was added as necessary. The seedlings were 
maintained in the growth room until they reached 30 days of age. 
Afterward, they were transferred to a greenhouse and allowed to 
continue growing until they reached 60 days of age. 
 
Preparation of hydroponic system 
A 20 L container was used to accommodate a sufficient volume 
of nutrient solution for the plants. The container was constructed 
from light-blocking material to inhibit algae growth within the 
nutrient solution. It was filled with the prepared nutrient solution, 
leaving adequate space at the top to facilitate air exchange, 
crucial for root respiration in plants. The growing cups were 
positioned on the lid of the container, ensuring they were 
correctly aligned above the nutrient solution. These cups were 
designed to allow the plant roots to extend into the solution, 
ensuring continuous contact with the nutrient solution to support 
plant growth. 
 
Hg treatment  
The 60-day-old plants were transferred to a 20 L container filled 
with Hoagland’s solutions containing varying concentrations of 
Hg: 0.01, 0.05, 0.10, and 0.25 ppm. Hoagland’s solutions without 
Hg served as the control in this study. Each treatment was 
replicated 7 times. Tomato leaves were sampled at 14- and 30-
days post-treatment, while unripe fruits (18 days post-anthesis) 
and fully ripe fruits (28 days post-anthesis) were also collected. 
Roots were harvested after 120 days of treatment to study the 
long-term effects of Hg exposure on root development. All 
harvested tissues were stored at −80 °C for subsequent analysis. 

 
Determination of plant growth 
The height, leaf number, flower number, leaf morphology, and 
root growth of tomato plants were recorded and assessed weekly 
throughout the experiments.  
 
Determination of chlorophyll content 
Fresh leaf samples were weighed, and 0.5 g of leaves were cut 
into small pieces and placed in a mortar. Subsequently, 5 mL of 
80% (v/v) acetone was added, and the leaves were ground for 3 
to 5 minutes to disrupt the cell membrane and release chlorophyll 
into the solution. An additional 10 mL of 80% (v/v) acetone was 
added to the mixture, and the resulting solution was transferred 
to a test tube. The volume was adjusted with 80% (v/v) acetone 
to reach a total volume of 40 mL. Total chlorophyll, chlorophyll 
a, and chlorophyll b contents were then measured using a 
spectrophotometer at 645 nm and 663 nm wavelengths, with 80% 
acetone serving as the blank reference. The total chlorophyll, 
chlorophyll a, and chlorophyll b contents were calculated using 
the formula described by [11]. 
 
Determination of total proline content  
The proline content in the roots, leaves, and fruits was estimated 
using the method described by [11]. Roots, leaves (from the still 
growing fourth leaf from the shoot tip), and fruits were collected 
from three tomato plants for each treatment.  
Samples of 0.5 g of roots, leaves, and fruits were ground until 
homogenized, and 10 mL of 3% aqueous sulfosalicylic acid was 
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added. The homogenized samples were filtered through 
Whatman No. 2 filter paper. The samples were then centrifuged 
at 13,362 × g for 30 minutes at 4°C, and the clear supernatants 
were collected. Next, 2 mL of supernatant was added to a test 
tube using a micropipette. To this, 2 mL of 6 M phosphoric acid, 
2 mL of acid ninhydrin, and 2 mL of glacial acetic acid (99%) 
were added. The sample was then placed in a water bath at 100°C 
for 1 hour. The solution was immediately transferred to ice for 5 
minutes to terminate the reaction. Subsequently, 4 mL of toluene 
was added and shaken vigorously. Two layers of solution were 
formed, and the pink layer developed. The colorless layer was 
removed, and the upper pink layer was collected. The absorbance 
was read at 520 nm using toluene as a blank. The proline 
concentration was determined from a standard curve and 
calculated on a fresh weight (FW) basis. 
 
Determination of lipid peroxidation  
To assess lipid peroxidation, the thiobarbituric acid (TBA) 
method was employed. Malondialdehyde (MDA) was used as the 
standard for this analysis. Initially, 250 mg of fresh plant sample 
was homogenized in 5 mL of 0.1% trichloroacetic acid (TCA) 
and then centrifuged at 10,000 × g for 5 minutes at 4°C. A 1 mL 
aliquot of the supernatant was mixed with 4 mL of 20% TCA and 
0.5% TBA. This mixture was incubated at 95°C for 30 minutes, 
followed by rapid cooling in crushed ice and subsequent 
centrifugation at 10,000 × g for 10 minutes at 4°C. The 
absorbance of the supernatant was measured at 532 nm and 600 
nm using a spectrophotometer. The nonspecific absorbance at 
600 nm was subtracted from the absorbance at 532 nm to obtain 
the specific absorbance of MDA-TBA adducts. The MDA 
content was calculated using the formula provided by [12] and 
expressed as μmol/g FW of the sample. 
 
RESULTS AND DISCUSSION 
 
Physiological effects of Hg on tomato plant  
The results after 14 days revealed that the growth and responses 
of the tomato plants varied according to the concentrations of Hg 
used in the treatments. The introduction of Hg adversely affected 
both the morphology and development of the tomato plants. 
Furthermore, increasing the Hg concentrations up to 0.25 ppm 
resulted in severe consequences, ultimately leading to substantial 
disturbance and plant mortality.  
 

The results presented in Fig. 1 indicate that Hg 
supplementation in the hydroponic solution after 14 days caused 
a decrease in both plant height and leaf diameter, and this effect 
is statistically significant (p < 0.05). The control samples, which 
did not receive any Hg treatment, had average plant height and 
leaf diameter of 89 cm and 6 cm, respectively. The reduction in 
plant height and leaf diameter was more pronounced at higher Hg 
concentrations. For example, at 0.01 ppm Hg, the average plant 
height was 97 cm, and the leaf diameter was 6.5 cm, whereas at 
0.25 ppm Hg, the average plant height was reduced to 65 cm and 
the leaf diameter to 2 cm. The results also suggest that Hg 
treatment affected plant morphology, as plants treated with 0.01 
ppm Hg exhibited more branching and earlier ripening compared 
to other treatment concentrations. These findings suggest that Hg 
contamination may negatively impact plant growth and 
morphology, which could have implications for plant 
productivity and yield. 
 

Fig. 2 summarizes the flower and fruit counts observed after 
14 days of Hg exposure. A decrease in both flower and fruit 
numbers was noted in the groups treated with 0.05, 0.10, and 0.25 
ppm Hg compared to the control group. Specifically, Hg 
contamination led to a reduction in flower and fruit production. 

Notably, an increase in both flowering and fruiting was observed 
at 0.01 ppm Hg, with flower and fruit counts rising to 30 and 10, 
respectively, compared to 25 flowers and 8 fruits in the control 
group. Conversely, higher Hg concentrations resulted in a 
significant reduction in fruit production. At 0.25 ppm Hg, only 1 
fruit was produced, while 0.05 and 0.10 ppm Hg treatments 
yielded 4 and 2 fruits, respectively. Additionally, early fruit 
ripening was observed at 0.01 ppm Hg, suggesting that low 
concentrations of Hg can impact the reproductive processes of 
tomato plants. 
 

Fig. 3 and Fig. 4 illustrate the observable signs of toxicity 
in tomato plants under different Hg concentrations. Severe visual 
symptoms, including wilting, chlorosis, reduced fruit size, and 
leaf drop, were evident at 0.25 ppm Hg, as shown in Fig. 3 and 
Fig. 4. The results indicate that tomato plants exposed to this high 
concentration of Hg experienced significant deterioration and 
eventual death, as observed over a 60-day exposure period. This 
suggests that Hg exposure at 0.25 ppm is highly toxic to tomato 
plants. 

 

 
 
Fig. 1. Effect of different doses of Hg on plant height and leaf diameter 
of tomato after 14 days of exposure. Error bars represent the standard 
errors (SE) of the treatment means. Significant differences between Hg 
concentrations, as determined by Tukey’s multiple range test (p < 0.05), 
are indicated by different letters. 
 

 
Fig. 2. Effect of different doses of Hg on flower and fruit numbers of 
tomato after 14 days of exposure. Error bars represent the standard errors 
(SE) of the treatment means. Significant differences between Hg 
concentrations, as determined by Tukey’s multiple range test (p < 0.05), 
are indicated by different letters. 
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Fig. 3. Effects of different doses of Hg on leaf morphology and flower 
petal development of tomato. 
 

 
 
Fig. 4. Effect of different doses of Hg on plant growth and fruit size of 
tomato. 

 
In contrast, no signs of toxicity were observed at 0.01 ppm 

Hg, indicating that Hg concentrations below this level are likely 
harmless. This finding suggests a potential threshold for Hg 
toxicity in tomato plants. Interestingly, exposure to the highest 
Hg concentration (0.25 ppm) appeared to have an effect on the 
number of petals in tomato flowers, as depicted in Fig. 3. While 
control flowers had 5 petals, those exposed to 0.25 ppm Hg had 
an increased petal count of 6, whereas other Hg-treated samples 
showed no change. Overall, the results indicate that high 
concentrations of Hg can cause severe harm to tomato plants, 
while lower concentrations may not produce visible toxic effects. 
Further research is needed to explore the impact of low Hg 
concentrations on petal number in tomato flowers. 
 

The present findings indicate that increasing concentrations 
of Hg significantly impact plant growth parameters, in line with 
previous research. These impacts manifest in various forms, 
including stunted growth, reduced biomass production, changes 
in leaf morphology, and alterations in physiological processes 
such as photosynthesis and nutrient uptake [13]). Hg exposure 
has been shown to significantly hinder the growth of various 
plants, including tomato [14], cucumber [15]), fern [16], Indian 
mustard [17, chickpea [18], alfalfa [19], wheat [20], and maize 
[21], as demonstrated by multiple studies. The negative impact 
on plant growth is linked to structural disturbances such as 
changes in cell shape, decreased intercellular spaces, and 
vascular abnormalities [22]. At 0.25 ppm Hg, there was a drastic 
reduction in plant height, leaf diameter, flower number, and fruit 
number compared to the control (Fig. 1 and Fig. 2).   

 
 
 

These results are consistent with [23], who observed 
reduced tomato plant growth parameters in response to Hg 
exposure at 20 mg/kg in soil. Similarly, Israr et al. [24] reported 
comparable findings for Sesbania drummondii, attributing the 
reduction in growth parameters to the strong affinity of roots for 
Hg, which leads to Hg accumulation in the roots. The study also 
noted that immature leaves were particularly affected, turning 
yellow and exhibiting a spider-like appearance.  

 
High Hg concentrations caused a noticeable reduction in 

leaf area, likely due to disruptions in iron absorption by the roots. 
This aligns with Wang et al. [25], who demonstrated that iron 
deficiency in Chinese cabbage negatively impacted plant growth, 
causing yellowing of leaves and affecting nitrogen metabolism, 
photosynthesis, reactive oxygen metabolism, root medium pH, 
and Fe3+ reductase activity. Marrugo-Negrete et al. [26] 
concluded that Hg disrupts plant physiological processes, 
impeding growth and development. Interestingly, at a low 
concentration of 0.01 ppm Hg, a hormetic effect was observed, 
promoting growth and improving physiological processes in 
tomato plants. This finding is consistent with prior research by 
Ren et al. [27], who observed a hormetic effect in rice seedlings 
exposed to a Hg concentration of 0.05 mg/L. 
 

The findings of this study highlight the potential 
consequences of Hg contamination on plant growth and 
development, emphasizing concerns in agricultural settings 
where Hg contamination could severely affect crop production 
and food security. Furthermore, the study suggests that Hg 
exposure impairs root iron absorption, leading to reduced leaf 
area. This discovery is significant for understanding the 
mechanisms of Hg toxicity in plants and developing strategies to 
mitigate its effects on crop productivity. 
 
Effect of Hg on chlorophyll content in tomato leaves 
The levels of chlorophyll a, chlorophyll b, and total chlorophyll 
at various Hg concentrations are illustrated in Fig. 5. In the 
control group, chlorophyll a content was 1.9 ± 0.006 mg/g FW, 
chlorophyll b content was 0.66 ± 0.006 mg/g FW, and total 
chlorophyll content was 2.6 ± 0.006 mg/g FW. At 0.01 ppm Hg, 
the chlorophyll a content remained at 1.9 ± 0.006 mg/g FW, while 
chlorophyll b content decreased to 0.60 ± 0.002 mg/g FW, 
resulting in a slightly lower total chlorophyll content of 2.5 ± 
0.007 mg/g FW compared to the control. Conversely, at 0.05 ppm 
Hg, chlorophyll a content increased to 2.0 ± 0.006 mg/g FW, and 
chlorophyll b content rose to 0.72 ± 0.002 mg/g FW, leading to a 
higher total chlorophyll content of 2.8 ± 0.007 mg/g FW. At 0.1 
ppm Hg, chlorophyll a content decreased to 1.7 ± 0.006 mg/g 
FW, and chlorophyll b content dropped to 0.54 ± 0.002 mg/g FW, 
resulting in a total chlorophyll content of 2.3 ± 0.007 mg/g FW, 
which was lower than the control. Similarly, at the highest 
concentration of 0.25 ppm Hg, chlorophyll a content further 
decreased to 1.7 ± 0.006 mg/g FW, chlorophyll b content fell to 
0.51 ± 0.002 mg/g FW, and total chlorophyll content was 2.2 ± 
0.007 mg/g FW, also lower than the control. 
 

These findings suggest that the impact of Hg on chlorophyll 
content varies with Hg concentration. Lower concentrations 
(0.01 and 0.05 ppm) showed an increase in chlorophyll content 
compared to the control, while higher concentrations (0.1 and 
0.25 ppm) resulted in decreased chlorophyll content. However, 
statistical analysis indicated no significant difference between the 
control and 0.01 ppm Hg. 
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Fig. 5. Effect of different doses of Hg on chlorophyll content in tomato 
leaf after 14 days of exposure. Standard errors (SE) of the treatment 
means are represented by the bars. Significant differences between Hg 
concentrations, as determined by Tukey’s multiple range test                     (p 
< 0.05), are indicated by different letters. 
 

Fig. 6 shows the levels of chlorophyll a, chlorophyll b, 
and total chlorophyll at various Hg concentrations. In the control 
group, chlorophyll a content was 1.9 ± 0.006 mg/g FW, 
chlorophyll b content was 0.77 ± 0.002 mg/g FW, and total 
chlorophyll content was 2.6 ± 0.007 mg/g FW. At the lowest Hg 
concentration (0.01 ppm), chlorophyll a content decreased to 1.7 
± 0.006 mg/g FW, and chlorophyll b content dropped to 0.69 ± 
0.002 mg/g FW, resulting in a total chlorophyll content of 2.4 ± 
0.007 mg/g FW, slightly lower than the control. At 0.05 ppm Hg, 
chlorophyll a content further decreased to 1.4 ± 0.006 mg/g FW, 
while chlorophyll b content fell to 0.62 ± 0.002 mg/g FW, leading 
to a total chlorophyll content of 2.0 ± 0.007 mg/g FW.  
 

At 0.1 ppm Hg, chlorophyll a content dropped to 0.95 ± 
0.006 mg/g FW, and chlorophyll b content decreased to 0.55 ± 
0.002 mg/g FW, resulting in a total chlorophyll content of 1.5 ± 
0.007 mg/g FW. At the highest Hg concentration (0.25 ppm), 
chlorophyll a content was 0.84 ± 0.006 mg/g FW, a reduction of 
approximately 55.2% compared to the control. Chlorophyll b 
content was 0.49 ± 0.002 mg/g FW, about 36.1% lower than the 
control, leading to a total chlorophyll content of 1.3 ± 0.007 mg/g 
FW, approximately 49.6% lower than the control. These results 
indicate that Hg exposure significantly reduces the levels of 
chlorophyll a, chlorophyll b, and total chlorophyll. This pattern 
is consistent with previous studies, which show that Hg disrupts 
photosynthetic processes by inhibiting chlorophyll synthesis and 
impairing the photosynthetic machinery. 

 
Numerous studies have explored the impact of heavy metals 

on chlorophyll synthesis in plants, focusing on how these metals 
either directly inhibit specific enzymatic processes or induce 
deficiencies in essential nutrients. For example, research on dark-
grown wheat leaves has shown that Hg interferes with 
protochlorophyllide photoreduction, a critical step in chlorophyll 
synthesis [28]. The effects of increasing Hg concentrations on 
chlorophyll levels were assessed over 14 days (Fig. 5) and 30 
days (Fig. 6). The findings revealed a decrease in chlorophyll a 
and total chlorophyll levels as Hg concentrations increased. 

 
 

  

 
Fig. 6. Effect of different doses of Hg on chlorophyll content in tomato 
leaf after 30 days of exposure. Standard errors (SE) of the treatment 
means are represented by the bars. Significant differences between Hg 
concentrations, as determined by Tukey’s multiple range test (p < 0.05), 
are indicated by different letters. 

 
This reduction reflects the phytotoxic effects of Hg, with 

chlorophyll concentrations in tomato plants decreasing from 0.01 
to 0.25 ppm compared to the control. These results suggest that 
Hg impairs nutrient assimilation, depriving plants of essential 
elements needed for physiological functions, which exacerbates 
stress responses and hampers growth [29; 30]. Hg also affects 
magnesium (Mg) uptake, a crucial component of the chlorophyll 
molecule. Inadequate Mg supply impairs chlorophyll synthesis, 
leading to decreased chlorophyll content [31]. Hg exposure was 
found to decrease chlorophyll levels and cause thylakoid 
degradation [32], as well as suppress the activity of nicotinamide 
adenine dinucleotide phosphate hydrogen 
(NADPH):protochlorophyllide oxidoreductase (POR), an 
enzyme critical for chlorophyll biosynthesis [33; 34; 35]. 
 

In this study, chlorosis was observed, where mature leaf 
tissue turned yellow due to chlorophyll deficiency, indicating that 
Hg also disrupts nutrient uptake and causes nutrient deficiencies. 
For instance, Hg exposure affected uptake and accumulation of 
essential elements such as phosphorus (P) and manganese (Mn) 
[36]. Additionally, increased levels of thiol and malondialdehyde 
(MDA) were detected, signaling oxidative stress [37; 38]. 
Furthermore, Hg ions replaced metal ions in photosynthetic 
pigments, leading to a reduced photosynthetic rate [39]. These 
disruptions have significant implications for the overall health 
and growth of the plants. 
 

Hg toxicity also extends to nucleic acids, disrupting critical 
cellular processes such as spindle development and chromosomal 
integrity, eventually leading to cell death [40]). Given these 
extensive effects, further research is needed to investigate the 
long-term exposure of plants to varying Hg concentrations. These 
findings align with previous research indicating that heavy 
metals can diminish the availability of crucial elements like Fe 
and Mg, essential for chlorophyll synthesis [41].  
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Effect of Hg on proline content in tomato  
The proline content measured in leaves under various Hg 
treatments is presented at two time points, day 14 and day 30, as 
shown in Fig. 7. On day 14, all treatments exhibited similar 
values for the measured leaves, with the control treatment 
registering a value of 1.41 ± 0.004 μmol/g FW, comparable to the 
values of the other treatments. Generally, values for each 
treatment increased from day 14 to day 30. For example, 
treatment with 0.01 ppm Hg showed a decrease in proline levels 
between day 14 and day 30, while the treatment with 0.25 ppm 
Hg exhibited a significant increase. 
 

Significant differences between treatments were observed 
by day 30. The control treatment maintained a value of 1.4 ± 0.05 
μmol/g FW, similar to the day 14 value. In contrast, the 0.01 ppm 
treatment showed a decrease in proline content, with a lower 
value of 1.2 ± 0.05 μmol/g FW. Treatment with 0.05 ppm Hg also 
showed a decrease, with a value of 3.9 ± 0.05 μmol/g FW. 
Conversely, treatment with 0.1 ppm Hg showed a slight increase, 
with a value of 5.44 ± 0.05 μmol/g FW. The 0.25 ppm Hg 
treatment exhibited the highest value of 12 μmol/g FW, 
indicating a significant increase in proline levels, surpassing all 
other Hg treatments. The data revealed that the 0.25 ppm Hg 
treatment had the most significant effect on day 30, resulting in a 
substantial increase compared to all other treatments. The 0.1 
ppm Hg treatment also displayed a slight increase, whereas the 
control treatment and the 0.05 ppm Hg treatment showed minor 
decreases.  
 

 
Fig. 7. Effect of different doses of Hg on proline content of tomato leaves 
after 14 and 30 days of exposure. Standard errors (SE) of the treatment 
means are represented by the bars. Significant differences between Hg 
concentrations, as determined by Tukey’s multiple range test (p < 0.05), 
are indicated by different letters. 
 

The proline content of unripe and ripe fruit is presented in 
Fig. 8, comparing the Hg levels in the fruit at different Hg 
concentrations for two stages of ripeness (18 days after anthesis 
and 28 days after anthesis). The results showed that in the control 
treatment, the proline content in the fruit was 1.1 ± 0.09 μmol/g 
FW for ripe fruit and 0.94 ± 0.05 μmol/g FW for unripe fruit.  

 
 
 
 
 
 
 

There was a correlation between increased proline content 
and the amount of Hg in the fruit. For example, at the lowest Hg 
concentration tested (0.01 ppm), the proline content was 0.77 ± 
0.09 μmol/g FW for ripe fruit and 0.64 ± 0.05 μmol/g FW for 
unripe fruit. Conversely, at the highest Hg concentration tested 
(0.25 ppm), the proline content rose to 10 ± 0.09 μmol/g FW for 
ripe fruit and 8.61 ± 0.05 μmol/g FW for unripe fruit. 
 

Moreover, the data highlighted that the proline content in 
mature fruit consistently surpassed that in unripe fruit for all Hg 
concentrations tested. For instance, at the highest Hg 
concentration (0.25 ppm), the proline content was 10 ± 0.09 
μmol/g FW in ripe fruit, whereas it was 8.61 ± 0.05 μmol/g FW 
in unripe fruit. Additionally, percentage changes indicated that 
the presence of Hg significantly elevated the proline content in 
both ripe and unripe fruit. For example, at a Hg concentration of 
0.25 ppm, the proline content increased by 809.9% in ripe fruit 
and by 816.7% in unripe fruit compared to the control, 
underscoring the substantial impact of Hg concentrations on 
proline content in the tested fruits, with higher concentrations 
leading to elevated proline content. 

 

 
 
Fig. 8. Effect of different doses of Hg on proline content in unripe (18 
days after anthesis) and ripe (28 days after anthesis) fruits of tomato. 
exposed to varying Hg concentrations. Standard errors (SE) of the 
treatment means are represented by the bars. Significant differences 
between Hg concentrations, based on Tukey’s multiple range tests (p < 
0.05), are indicated by different letters. 
 

Fig. 9 shows that the root proline concentration in the 
control group was 1.2 ± 0.004 μmol/g FW. In contrast, the highest 
Hg concentration tested (0.25 ppm) resulted in a proline 
concentration of 14 ± 0.004 μmol/g FW, indicating a substantial 
increase in proline levels in the roots due to Hg exposure. 
Additionally, proline content in the roots increased from 1.8 ± 
0.004 μmol/g FW at 0.01 ppm Hg to 3.6 ± 0.004 μmol/g FW at 
0.05 ppm. The increase continued more dramatically to 9.9 ± 
0.004 μmol/g FW at 0.1 ppm and reached 14 ± 0.004 μmol/g FW 
at 0.25 ppm. Overall, the data clearly demonstrate that higher Hg 
concentrations significantly elevate proline content in the roots 
of tomato plants. 
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Fig. 9. Effect of different doses of Hg on proline content in the roots of 
tomato. after 120 days of exposure. Standard errors (SE) of the treatment 
means are represented by the bars. Significant differences between Hg 
concentrations, as determined by Tukey’s multiple range tests (p < 0.05), 
are indicated by different letters. 
 

The accumulation of proline in various plant species is 
recognized as an adaptive response to stress conditions, 
enhancing the plant's ability to cope with adverse environmental 
factors [42]. This phenomenon has been well-documented in 
recent years. While some researchers have questioned the direct 
correlation between proline accumulation and stress adaptation, 
it is generally accepted that elevated proline levels in response to 
stress benefit plant cells. Proline synthesis is believed to be a 
response to various injuries, including heat, cold, salinity, and 
exposure to toxic heavy metals, as supported by several studies. 
When plants are exposed to toxic heavy metals, proline 
biosynthesis is accelerated, often accompanied by increased 
activity of superoxide dismutase (SOD) and membrane damage 
[43].  
 

Various studies have reported increased proline 
accumulation in plants exposed to heavy metals [44; 45; 46; 47; 
48]. Our findings align with these research, showing that elevated 
Hg concentrations significantly increase proline accumulation in 
tomato plants. Elevated proline levels activate stress-response 
pathways, triggering the expression of stress-related genes and 
proteins involved in stress tolerance mechanisms [49]. The rise 
in proline levels with increasing Hg concentration highlights its 
role in maintaining the functional integrity of critical enzymes 
and proteins, thereby ensuring the continuous operation of 
essential metabolic processes. 
 

Proline also plays a crucial role in neutralizing reactive 
oxygen species (ROS) and enhancing the activity of various 
antioxidant enzymes [50]. For example, rice plants treated with 
proline showed increased tolerance to Hg by reducing ROS levels 
[51]. Similarly, Triticum aestivum plants with higher proline 
content exhibited improved tolerance to cadmium (Cd) exposure 
[49]. Therefore, our findings from 0.05 ppm to 0.25 ppm Hg align 
with previous research, highlighting proline's beneficial effects 
on alleviating oxidative stress and enhancing stress tolerance in 
various plant species. 
 
 
 
 
 
 

Effect of Hg on lipid peroxidation in tomato  
The data presented in Fig. 10 indicate that malondialdehyde 
(MDA) levels, a marker for lipid peroxidation, generally rise with 
increasing Hg exposure levels and durations. For instance, the 
control group exhibited an MDA content of 506 μmol/g FW after 
14 days of exposure. In comparison, the MDA levels for the 0.01, 
0.05, 0.1, and 0.25 ppm exposure groups were 208 ± 342, 688 ± 
342, 763 ± 342, and 863 ± 342 μmol/g FW, respectively. After 
30 days of exposure, the control group had an MDA level of 
599.08 μmol/g FW, while the levels for the 0.01, 0.05, 0.1, and 
0.25 ppm groups were 256 ± 342, 711 ± 342, 869 ± 342, and 1433 
± 342 μmol/g FW, respectively. The results further show that the 
increase in MDA, indicative of increased lipid peroxidation, was 
more pronounced in the 0.05, 0.1, and 0.25 ppm treatments 
compared to the 0.01 ppm treatment for both the 14-day and 30-
day exposure periods. This suggests that higher Hg exposure 
leads to elevated MDA levels in tomato leaves, and longer 
exposure durations contribute to increased lipid peroxidation. 
 

 
 
Fig. 10. Effect of varying Hg doses on lipid peroxidation (measured as 
malondialdehyde, MDA) in the leaf of tomato exposed to different Hg 
concentrations for 14 and 30 days. Standard errors (SE) of the treatment 
means are represented by the bars. Significant differences between Hg 
concentrations, as determined by Tukey’s multiple range tests (p < 0.05), 
are indicated by different letters. 
 

The data presented in Fig. 11 show that lipid peroxidation 
increased in both unripe and ripe fruits with higher Hg exposure 
levels and extended durations. For ripe fruits exposed to Hg for 
28 days, the control group had an MDA value of 541 ± 136 
μmol/g FW. In comparison, the MDA values for fruits exposed 
to 0.01, 0.05, 0.1, and 0.25 ppm Hg were 451 ± 136, 644 ± 136, 
723 ± 136, and 851 ± 136 μmol/g FW, respectively. In unripe 
fruits exposed to Hg for 18 days, the control group showed an 
MDA concentration of 555 ± 136 μmol/g FW. The MDA values 
for unripe fruits exposed to 0.01, 0.05, 0.1, and 0.25 ppm Hg were 
398 ± 136, 689.33 ± 136, 802 ± 136, and 894 ± 136 μmol/g FW, 
respectively. These results illustrate that higher Hg 
concentrations resulted in a more significant increase in MDA 
levels in both unripe and ripe fruits, particularly at 0.05, 0.1, and 
0.25 ppm Hg, compared to the 0.01 ppm Hg exposure. 
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Fig. 11. Effect of various Hg doses on lipid peroxidation (measured as 
malondialdehyde content, MDA) in the unripe (18 days after anthesis) 
and ripe (28 days after anthesis) fruits of tomato. Fruits were exposed to 
different Hg concentrations for 28 days in ripe fruit and 18 days in unripe 
fruit. Standard errors (SE) of the treatment means are shown by the bars. 
Significant differences between Hg concentrations, based on Tukey’s 
multiple range tests (p < 0.05), are indicated by different letters. 
 

Fig. 12 shows the MDA levels in tomato roots exposed to 
various Hg concentrations compared to the control group. The 
data reveal that higher Hg concentrations are linked to increased 
MDA levels. Specifically, the control group had an MDA level 
of 69 μmol/g FW. In comparison, MDA levels for the 0.01, 0.05, 
0.1, and 0.25 ppm Hg exposure groups were 105 ± 9.7, 172 ± 9.7, 
205 ± 9.7, and 238 ± 9.7 μmol/g FW, respectively. These results 
indicate a clear correlation: as Hg concentration rises, MDA 
levels also increase. 
 

 
 
Fig. 12. Effect of various Hg doses on lipid peroxidation, measured as 
malondialdehyde (MDA) content, in the roots of tomato after 120 days 
of exposure. Standard errors (SE) of the treatment means are depicted by 
the bars. Significant differences between Hg concentrations, as 
determined by Tukey’s multiple range tests (p < 0.05), are indicated by 
different letters. 
 

Malondialdehyde (MDA) is a reliable biomarker for 
detecting lipid peroxidation, a type of oxidative damage that can 
occur within cells. As the most accurate indicator of lipid  
peroxidation status and cell membrane damage due to ROS, 
MDA levels reflect the extent of oxidative stress [52]. This study 

reveals that Hg exposure increases MDA levels, indicating that 
Hg stimulates ROS production, leading to elevated lipid 
peroxidation products and oxidative stress in tomato plants. 
 

Under Hg stress, the accumulation of ROS is a critical factor 
that damages plants. The increased MDA levels observed in 
tomato organs exposed to Hg are consistent with findings from 
studies on Hg-treated plants, including wheat [53; 54], water 
hyacinth [55], radish [31], and okra [56]. Elevated Hg levels can 
disrupt physiological functions, causing nutrient imbalances and 
negatively affecting the production and performance of essential 
biological molecules like enzymes, vitamins, and hormones, 
leading to adverse effects [56; 57]. Under Hg stress, the 
accumulation of ROS is a critical factor that damages plants. The 
increased MDA levels observed in tomato organs exposed to Hg 
are consistent with findings from studies on Hg-treated plants, 
including wheat [53; 54], water hyacinth [55], radish [31], and 
okra [56]. Elevated Hg levels can disrupt physiological functions, 
causing nutrient imbalances and negatively affecting the 
production and performance of essential biological molecules 
like enzymes, vitamins, and hormones, leading to adverse effects 
[56; 57]. 
 

While most studies report increased MDA levels in the roots 
and leaves of plants exposed to Hg, this trend is less commonly 
observed in fruits. Studies on plants such as tomato seedlings 
[58], mustard [59], alfalfa [60], and okra [56] typically do not 
show elevated MDA levels in fruits. However, our study found 
increased MDA levels in tomato fruits exposed to 0.01, 0.05, 
0.10, and 0.25 ppm Hg, indicating oxidative damage to their 
membranes under high Hg concentrations. Elevated MDA levels 
in fruits suggest that oxidative stress also affects these 
reproductive structures. Roots are often reported to experience 
higher oxidative stress compared to leaves and fruits, likely due 
to Hg accumulation and the presence of antioxidant components 
that scavenge active oxygen species [31]. For instance, [61] 
observed increased MDA content in the roots of rapeseed treated 
with 10 ppm Hg, which triggered a strong antioxidative response. 
However, our study shows that MDA levels in roots are lower 
than in leaves and fruits, possibly due to the presence of robust 
antioxidant defense systems in the roots. These antioxidants, 
including peroxidases and superoxide dismutases, are effective at 
neutralizing ROS, which may lead to lower MDA levels in the 
roots. 
 
CONCLUSION 
 
This study emphasizes the harmful effects of Hg on tomato 
plants, demonstrating that high concentrations result in severe 
toxicity, negatively impacting growth, morphology, and 
reproductive processes. In contrast, lower concentrations cause 
only minor effects. These findings underscore the importance of 
determining the precise thresholds at which Hg becomes harmful 
to tomato plants, which is crucial for developing effective 
strategies to mitigate its adverse effects in agricultural systems. 
Future research should focus on a detailed investigation of the 
biochemical and molecular responses of tomato plants to varying 
concentrations of Hg. This involves utilizing transcriptome 
analysis to investigate gene expression changes linked to Hg 
exposure, potentially uncovering critical regulatory pathways 
and stress-response mechanisms. 
 
ACKNOWLEDGEMENT 
 
The authors gratefully acknowledge Universiti Putra Malaysia 
for funding this research through the Putra Graduate Initiative 
(IPS) grant (GP-IPS/2022/9725000). They also express their 

d
e

c
b

a

d

e

c

b
a

0

200

400

600

800

1000

Control 0.01 0.05 0.1 0.25

M
D

A
 c

on
te

nt
 

(μ
m

ol
/g

 F
W

)

Doses of Hg (ppm

Ripe (28 days) Unripe (18 days)

e
d

c

b

a

0

500

1000

1500

2000

2500

Control 0.01 0.05 0.1 0.25

M
D

A
 c

on
te

nt
(μ

m
ol

/ g
 F

W
)

Doses of Hg (ppm)

https://doi.org/10.54987/jobimb.xxxx
https://doi.org/10.54987/jobimb.xxxx


JOBIMB, 2024, Vol 12, No 1, 34-43 
https://doi.org/10.54987/jobimb.v12i1.959 

 
 
 

- 42 - 
This work is licensed under the terms of the Creative Commons Attribution (CC BY) (http://creativecommons.org/licenses/by/4.0/). 

 

sincere appreciation to the Public Service Department (JPA) 
Malaysia for awarding a scholarship to the principal author for 
her Master of Science degree. 
 
REFERENCES 
 
1.  Gworek B, Dmuchowski W, Baczewska-Dąbrowska AH. Mercury 

in the terrestrial environment: A review. Environ Sci Eur. 2020; 
32:128. 

2.  Donkor AK, Ghoveisi H, Bonzongo JCJ. Use of metallic mercury 
in artisanal gold mining by amalgamation: A review of temporal 
and spatial trends and environmental pollution. Minerals. 2024; 
14:555. 

3.  Kung HC, Wu CH, Huang BW, Chang-Chien GP, Mutuku JK, Lin 
WC. Mercury abatement in the environment: Insights from 
industrial emissions and fates in the environment. Heliyon. 2024; 
10:e28253. 

4.  Habuer, Yoshimoto N, Takaoka M, Fujimori T, Oshita K, Sakai N 
et al. Substance flow analysis of mercury in Malaysia. Atmos Pollut 
Res. 2016; 7:799-807. 

5.  Li R, Wu H, Ding J, Fu W, Gan L, Li Y. Mercury pollution in 
vegetables, grains and soils from areas surrounding coal-fired 
power plants. Sci Rep. 2017; 7:1-9. 

6.  Uddin S, Khanom S, Islam MR. Mercury contamination in food - 
An overview. In Kumar N, editor. Mercury toxicity: Challenges and 
solutions. Singapore: Springer; 2023.p. 33-70. 

7.  Guo Z, Gao Y, Yuan X, Yuan M, Huang L, Wang S et al. Effects 
of heavy metals on stomata in plants: A review. Int J Mol Sci. 2023; 
24(11), 9302. 

8.  Mawari G, Kumar N, Sarkar S, Daga MK, Singh MM, Joshi TK et 
al. Heavy metal accumulation in fruits and vegetables and human 
health risk assessment: Findings from Maharashtra, India. Environ 
Health Insights. 2022; 16: 1-10. 

9.  Maurya A, Menon VARADA, Sonwane V, Thakur S, Pai G. Study 
of hydroponic systems and their variations. Int J Agric Sci. 2017; 
(5), 547-56. 

10.  Hoagland DR, Arnon DI (1938). The water-culture method for 
growing plants without soil. Berkeley: University of California; 
1938. 

11.  Azzeme AM, Abdullah SNA, Aziz MA, Wahab PEM. Oil palm 
leaves and roots differ in physiological response, antioxidant 
enzyme activities and expression of stress-responsive genes upon 
exposure to drought stress. Acta Physiol Plant. 2016; 38:1-12. 

12.  Jayawardhane J, Goyali JC, Zafari S, Igamberdiev AU. The 
response of cowpea (Vigna unguiculata) plants to three abiotic 
stresses applied with increasing intensity: Hypoxia, salinity, and 
water deficit. Metabolites. 2022; 12(1):38. 

13.  Hafeez A, Rasheed R, Ashraf MA, Qureshi FF, Hussain I, Iqbal M. 
Effect of heavy metals on growth, physiological and biochemical 
responses of plants. In Husen A, editor. Plants and their interaction 
to environmental pollution.  Amsterdam: Elsevier; 2023. p. 139-
159. 

14.  Cho UH, Park JO. Mercury-induced oxidative stress in tomato 
seedlings. Plant Sci. 2000;156(1):1-9. 

15.  Cargnelutti D, Tabaldi LA, Spanevello RM, de Oliveira Jucoski G, 
Battisti V, Redin M et al. Mercury toxicity induces oxidative stress 
in growing cucumber seedlings. Chemosphere. 2006; 65(6):999-
1006. 

16.  Chen J, Shiyab S, Han FX, Monts DL, Waggoner CA, Yang Z, Su 
Y. Bioaccumulation and physiological effects of mercury in Pteris 
vittata and Nephrolepis exaltata. Ecotoxicology. 2009; 18:110-21. 

17.  Shiyab S, Chen J, Han FX, Monts DL, Matta FB, Gu M et al. 
Mercury‐induced oxidative stress in Indian mustard (Brassica 
juncea L.). Environ Toxicol. 2009; 24(5):462-71. 

18.  Ahmad P, Ahanger MA, Egamberdieva D, Alam P, Alyemeni MN, 
Ashraf M. Modification of osmolytes and antioxidant enzymes by 
24-epibrassinolide in chickpea seedlings under mercury (Hg) 
toxicity. J Plant Growth Regul. 2018; 37:309-22. 

19.  El-Shehawi AM, Rahman MA, Elseehy MM, Kabir AH. Mercury 
toxicity causes iron and sulfur deficiencies along with oxidative 
injuries in alfalfa (Medicago sativa). Plant Biosyst. 2022; 
156(1):284-91.  

20.  İşkil R, Surgun-Acar Y, Çatav ŞS, Zemheri-Navruz F, Erden Y. 
Mercury toxicity affects oxidative metabolism and induces stress 

responsive mechanisms in wheat (Triticum aestivum L.). Physiol 
Mol Biol Plants. 2022; 28(4):911-20. 

21.  Shao R, Zhang J, Shi W, Wang Y, Tang Y, Liu Z et al. Mercury 
stress tolerance in wheat and maize is achieved by lignin 
accumulation controlled by nitric oxide. Environ Pollut. 2022; 
307:119488. 

22.  Yadav V, Arif N, Kováč J, Singh VP, Tripathi DK, Chauhan DK et 
al. Structural modifications of plant organs and tissues by metals 
and metalloids in the environment: A review. Plant Physiol 
Biochem. 2021; 159:100-12. 

23.  Shekar CC, Sammaiah D, Shasthree T, Reddy KJ. Effect of mercury 
on tomato growth and yield attributes. Int J Pharm Biol Sci. 2011; 
2:B364. 

24.  Israr M, Sahi S, Datta R, Sarkar D. Bioaccumulation and 
physiological effects of mercury in Sesbania drummondii. 
Chemosphere. 2006; 65(4):591-8. 

25.  Wang Y, Kang Y, Zhong M, Zhang L, Chai X, Jiang X, Yang X. 
Effects of iron deficiency stress on plant growth and quality in 
flowering Chinese cabbage and its adaptive response. Agronomy. 
2022; 12(4):875. 

26.  Marrugo-Negrete J, Durango-Hernández J, Pinedo-Hernández J, 
Enamorado-Montes G, Díez S. Mercury uptake and effects on 
growth in Jatropha curcas. J Environ Sci. 2016; 48:120-5. 

27.  Ren JH, Sun HJ, Wang SF, Luo J, Ma LQ. Interactive effects of 
mercury and arsenic on their uptake, speciation and toxicity in rice 
seedling. Chemosphere. 2014; 117:737-44. 

28.  Solymosi K, Bertrand M. Soil metals, chloroplasts, and secure crop 
production: A review. Agron Sustain Dev. 2012; 32:245-72. 

29.  Johnson A, Singhal N, Hashmatt M. Metal-plant interactions: 
Toxicity and tolerance. In Khan MS, Zaidi A, Goel R, Musarrat J, 
editors. Biomanagement of metal-contaminated soils. Dordrecht: 
Springer; 2011. p. 29-63. 

30.  Mulenga C, Clarke C, Meincken M. Physiological and growth 
responses to pollutant-induced biochemical changes in plants: A 
review. Pollution. 2020; 6: 827-848. 

31.  Kapoor D, Rattan A, Gautam V, Bhardwaj R. Mercury-induced 
changes in growth, metal & ions uptake, photosynthetic pigments, 
osmoprotectants and antioxidant defence system in Raphanus 
sativus L. seedlings and role of steroid hormone in stress 
amelioration. J Pharmacogn Phytochem. 2016; 5(4):259-65. 

32.  Ge Y, Liu X, Nan F, Liu Q, Lv J, Feng J, Xie S. Toxicological 
effects of mercuric chloride exposure on Scenedesmus 
quadricauda. Water. 2022 Oct 13;14(20):3228. 

33.  Lenti K, Fodor F, Böddi B. Mercury inhibits the activity of the 
NADPH: protochlorophyllide oxidoreductase (POR). 
Photosynthetica. 2002; 40:145-51. 

34.  Chen J, Yang ZM. Mercury toxicity, molecular response and 
tolerance in higher plants. Biometals. 2012; 25:847-57. 

35.  Baig MA, Ahmad J, Bagheri R, Ali AA, Al-Huqail AA, Ibrahim 
MM et al. Proteomic and ecophysiological responses of soybean 
(Glycine max L.) root nodules to Pb and Hg stress. BMC Plant Biol. 
2018; 18:1-21. 

36.  Franić M, Galić V. As, Cd, Cr, Cu, Hg: Physiological implications 
and toxicity in plants. In Sablok G., editor. Plant Metallomics and 
Functional Omics: A System-Wide Perspective. 2019. p. 209-251. 

37.  Moreno-Jiménez E, Esteban E, Carpena-Ruiz RO, Peñalosa JM. 
Arsenic-and mercury-induced phytotoxicity in the Mediterranean 
shrubs Pistacia lentiscus and Tamarix gallica grown in hydroponic 
culture. Ecotoxicol Environ Saf. 2009; 72(6):1781-9. 

38.  Meng Y, Zhang L, Wang L, Zhou C, Shangguan Y, Yang Y. 
Antioxidative enzymes activity and thiol metabolism in three leafy 
vegetables under Cd stress. Ecotoxicol Environ Saf. 2019; 173:214-
24. 

39.  Smolinska B, Leszczynska J. Photosynthetic pigments and 
peroxidase activity of Lepidium sativum L. during assisted Hg 
phytoextraction. Environ Sci Pollut Res. 2017; 24:13384-93. 

40.  Zhang T, Lu Q, Su C, Yang Y, Hu D, Xu Q. Mercury induced 
oxidative stress, DNA damage, and activation of antioxidative 
system and Hsp70 induction in duckweed (Lemna minor). 
Ecotoxicol Environ Saf. 2017; 143:46-56. 

41.  Ghori NH, Ghori T, Hayat MQ, Imadi SR, Gul A, Altay V et al. 
Heavy metal stress and responses in plants. Int J Environ Sci 
Technol. 2019; 16:1807-28. 

42.  Meena M, Divyanshu K, Kumar S, Swapnil P, Zehra A, Shukla V, 
Yadav M, Upadhyay RS. Regulation of L-proline biosynthesis, 

https://doi.org/10.54987/jobimb.xxxx
https://doi.org/10.54987/jobimb.xxxx


JOBIMB, 2024, Vol 12, No 1, 34-43 
https://doi.org/10.54987/jobimb.v12i1.959 

 
 
 

- 43 - 
This work is licensed under the terms of the Creative Commons Attribution (CC BY) (http://creativecommons.org/licenses/by/4.0/). 

 

signal transduction, transport, accumulation and its vital role in 
plants during variable environmental conditions. Heliyon. 2019; 
5:e02952. 

43.  Siddique A, Kandpal G, Kumar P. Proline accumulation and its 
defensive role under diverse stress condition in plants: An 
overview. J Pure Appl Microbiol. 2018; 12(3):1655-9. 

44.  Behtash F, Amini T, Mousavi SB, Seyed Hajizadeh H, Kaya O. 
Efficiency of zinc in alleviating cadmium toxicity in hydroponically 
grown lettuce (Lactuca sativa L. cv. Ferdos). BMC Plant Biol. 
2024; 24(1):648. 

45.  Budzyńska S, Rudnicki K, Budka A, Niedzielski P, Mleczek M. 
Dendroremediation of soil contaminated by mining sludge: A three-
year study on the potential of Tilia cordata and Quercus robur in 
remediation of multi-element pollution. Sci Total Environ. 2024; 
944:173941. 

46.  Pan Y, Shi J, Li J, Zhang R, Xue Y, Liu Y. Regulatory Mechanism 
through Which Old Soybean Leaves Respond to Mn Toxicity 
Stress. Int J Mol Sci. 2024 May 14;25(10):5341. 

47.  Reddy SH, Al-kalbani H, Al-Qalhati S, Al-Kahtani AA, Al Hoqani 
U, Azmi SN et al. Proline and other physiological changes as an 
indicator of abiotic stress caused by heavy metal contamination. J 
King Saud Univ Sci. 2024; 36(8):103313. 

48.  Yang X, Chen Y, Liu W, Huang T, Yang Y, Mao Y et al. Combined 
transcriptomics and metabolomics to analyse the response of 
Cuminum cyminum L. under Pb stress. Sci Total Environ. 2024; 
923:171497. 

49.  Ghosh UK, Islam MN, Siddiqui MN, Cao X, Khan MA. Proline, a 
multifaceted signalling molecule in plant responses to abiotic stress: 
Understanding the physiological mechanisms. Plant Biol. 2022; 
24(2):227-39. 

50.  Zulfiqar F, Ashraf M. Proline alleviates abiotic stress induced 
oxidative stress in plants. J Plant Growth Regul. 2023; 42(8):4629-
51. 

51.  Wang F, Zeng B, Sun Z, Zhu C. Relationship between proline and 
Hg2+-induced oxidative stress in a tolerant rice mutant. Arch 
Environ Contam Toxicol. 2009; 56:723-31. 

52.  Zhang Y, Luan Q, Jiang J, Li Y. Prediction and utilization of 
malondialdehyde in exotic pine under drought stress using near-
infrared spectroscopy. Front Plant Sci. 2021; 12:735275. 

53.  Sahu GK, Upadhyay S, Sahoo BB. Mercury induced phytotoxicity 
and oxidative stress in wheat (Triticum aestivum L.) plants. Physiol 
Mol Biol Plants. 2012; 18:21-31. 

54.  Mei L, Zhu Y, Zhang X, Zhou X, Zhong Z, Li H et al. Mercury-
induced phytotoxicity and responses in upland cotton (Gossypium 
hirsutum L.) seedlings. Plants. 2021; 10:1494. 

55.  Malar S, Sahi SV, Favas PJ, Venkatachalam P. Mercury heavy-
metal-induced physiochemical changes and genotoxic alterations in 
water hyacinths [Eichhornia crassipes (Mart.)]. Environ Sci Pollut 
Res. 2015; 22:4597-608. 

56.  Mohammadi S, Pourakbar L, Moghaddam SS, Popović-Djordjević 
J. The effect of EDTA and citric acid on biochemical processes and 
changes in phenolic compounds profile of okra (Abelmoschus 
esculentus L.) under mercury stress. Ecotoxicol Environ Saf. 2021; 
208:111607. 

57.  Sytar O, Kumari P, Yadav S, Brestic M, Rastogi A. Phytohormone 
priming: regulator for heavy metal stress in plants. J Plant Growth 
Regul. 2019; 38:739-52. 

58.  Cho UH, Park JO. Mercury-induced oxidative stress in tomato 
seedlings. Plant Sci. 2000;156(1):1-9. 

59.  Shiyab S, Chen J, Han FX, Monts DL, Matta FB, Gu M, Su Y. 
Phytotoxicity of mercury in Indian mustard (Brassica juncea L.). 
Ecotoxicol Environ Saf. 2009; 72(2):619-25. 

60.  Zhou ZS, Huang SQ, Guo K, Mehta SK, Zhang PC, Yang ZM. 
Metabolic adaptations to mercury-induced oxidative stress in roots 
of Medicago sativa L. J Inorg Biochem. 2007; 101(1):1-9. 

61.  Yuan H, Liu Q, Guo Z, Fu J, Sun Y, Gu C, Xing B, Dhankher OP. 
Sulfur nanoparticles improved plant growth and reduced mercury 
toxicity via mitigating the oxidative stress in Brassica napus L. J 
Clean Prod. 2021; 318:128589. 

 
 

https://doi.org/10.54987/jobimb.xxxx
https://doi.org/10.54987/jobimb.xxxx

	INTRODUCTION
	Plant materials
	Germination of MT1 tomato seeds
	Preparation of Hoagland Solutions
	Preparation of rockwool cubes
	Germination of seeds and plant growth
	Preparation of hydroponic system
	Hg treatment

	Determination of plant growth
	Determination of chlorophyll content
	Determination of total proline content
	Determination of lipid peroxidation

