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KEYWORDS ABSTRACT

Biochemical processes Heavy metal toxicity such as cadmium (Cd) and arsenic (As) are two
Heavy metals non-essential elements, toxic, tend to uptake and translocate within
lon concentration plant tissues. In a pot experiment by using factorial design with three
Lemon balm replicates, four concentrations (Asl = 0, As2 = 10, As3 = 20, and As4 =
Root and shoot 30 mg As kg™ in the soil) of sodium arsenate (NaH2As40.7H20) were
Photosynthesis investigated on lemon balm plants. Additionally, four concentrations
pigments (Cd1 =0, Cd2 =10, Cd3 =20, and Cd4 = 30 mg Cd kg™ in the soil) of

cadmium sulfate (CdSO4) were tested. Cd and As each alone,
decreased (50.7%) shoot dry weight. By increasing the concentrations
from 0 to 30 mg kg™', Cd (18.5%) and As (32.01%) reduced root dry
weight. Both metals significantly reduced the concentrations of
chlorophyll “a” (72.2%) and carotenoids (71.6%), while simultaneously
increased anthocyanin (77.6%) in the leaves. Cd and As induced
considerable oxidative stress, reflected by a 49.4% increase in catalase
(CAT) activity and a 49.6% increase in superoxide dismutase (SOD)
activity in the leaves. Furthermore, the concentrations of mineral
elements such as nitrogen, phosphorus, and potassium were
diminished in the leaves due to the toxicity of Cd and As. The
concentration of Cd in the roots varied from 2.7 to 53.3 mg kg™ dry
weight (19.5 fold increase), while in the shoot, it was increased by 1.5
times. For the concentration of As in the roots, it was elevated by 17.9

ARTICLE times, and in the shoot, it was increased by 15.1 times. In lemon balm,
HIST (-stM:yzozs a greater quantity of As compared to Cd was translocated to the aerial
‘12 July 2025 parts. As toxicity had a more substantial effect on plant shoot growth
:30July 2025 relative to Cd.
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1.Introduction

Human activities, including agricultural practices and municipal waste generation, have led to an
increase in the levels of non-essential and toxic metals in the soils. These toxic metal such as heavy
metals can have detrimental effects on plants (Osmam et al., 2017). In recent decades, medicinal plants
have become increasingly popular as pharmaceutical products, largely due to their perceived natural
safety. However, contamination of their growth environments with trace elements, especially heavy
metals, can disrupt the biological pathways and production of secondary metabolites (Heidari and
Sarani., 2011). Among the heavy metals, arsenic (As) and cadmium (Cd) are of significant concern.
Both Cd and As can induce severe toxicity in plants, negatively impacting growth and reproduction,
whether individually or in combination (Sadeghi et al., 2016; Fattorini et al., 2017).

In Iran, the soil Cd limit was between 0.34-1.04 mg/kg (Khani and Malekoti, 2000). Cd is particularly
hazardous, as it impedes plant development and growth, resulting in decreased morphological traits,
disrupted development, and reduced biomass production (Fattahi et al., 2019). Excessive exposure to
Cd as a heavy metal can lead to the toxicity in plant. This toxicity is characterized by alterations in
chloroplast ultrastructure, degradation of enzymes involved in CO; fixation, reduction in photosynthesis
rate, and disturbances in sulfur (S) and nitrogen (N) metabolism (lbrahim et al., 2017). Cd-induced
oxidative stress not only inhibits the formation of photosynthetic pigments but also leads to the
production of reactive oxygen species (ROS) in plants. In response to ROS, plants activate their
antioxidant defense systems such as ascorbate peroxidase (APX), superoxide dismutase (SOD), catalase
(CAT), and peroxidase (Chen et al., 2019; Khan et al., 2020; Zhang et al., 2020).

As, another heavy metal, is absorbed by the phosphate transporter system and inhibits plant growth
by disrupting metabolic processes (Zemanova et al., 2020). Similar to Cd, As interacts with various
physiological and biochemical processes within plant tissues. In Iran the soil As was between 1.4-4.39
mg kg? (Safari et al., 2022). It has detrimental effects on physiological processes (e.g. inhibition of
growth), morphological characteristics (e.g. chlorosis), and biochemical functions (e.g. oxidative stress)
in plants (Chattopadhyay et al., 2021; Li et al., 2021). The toxicity of As leads to a decrease in dry
weight, impacting various growth-related mechanisms, including reduced nutrient content and impaired
biosynthesis of photosynthetic pigments (Natasha Shahid et al., 2022).

As limits a plant's ability to absorb nutrients by antagonizing the uptake of phosphorus, silicon, zinc,
selenium, and magnesium, and decreasing photosynthetic activity by damaging cell membranes through
oxidative stress (Carlin et al., 2016). Additionally, As interferes with multiple metabolic processes,
resulting in disorders that affect productivity, such as reduced seed germination and poor nutrients
absorption, which ultimately inhibit growth of plant root (Vezza et al., 2018). It also decreases the rate
of transpiration and photosynthesis by limiting gas exchange and reducing the levels of photosynthetic
pigments, leading to premature leaf senescence (Ali et al., 2022). Both As and Cd have been reported to
cause growth inhibition, chlorophyll degradation, and diminished photosynthetic activity (Gupta et al.,
2013). Furthermore, the closure of stomata due to Cd or As leads to a reduction in CO; availability,
thereby hindering photosynthetic carbon assimilation (Anjum et al., 2016).

Lemon balm (Melissa officinalis L.) is a perennial herbaceous plant from the Lamiaceae family,
reaching heights of up to 1.25 cm. It is distributed across Central Asia, Russia, Southern Europe, and
the United States. Primarily cultivated for its medicinal properties, lemon balm is also utilized for its
essential oil, which offers various health benefits due to its unique chemical composition (Rahimi et al.,
2019). In addition to its medicinal uses, lemon balm is consumed as a vegetable, leading to its cultivation
in agricultural lands. However, these agricultural areas can be contaminated with various agricultural
toxins and heavy metals.

Most researches have focused on the effects of heavy metals on plants in isolation, with limited
studies examining their interactions, particularly between As and Cd. Consequently, there is a lack of
information regarding the combined effects of these toxic heavy metals on medicinal plants like lemon
balm. Medicinal plants can accumulate both essential and toxic metals, posing potential health risks due
to the presence of hazardous elements such as lead (Pb), Cd, As, and mercury (Hg). Nevertheless, limited
study is available on contamination of soil and organs of medicinal plants, especial lemon balm. There
is a little evidence on bioaccumulation of heavy metals in on it as a medicinal plant. Therefore, the aim
of this study was to investigate the effects of different concentrations of As and Cd on the growth,
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photosynthetic pigments, and activities of antioxidant enzymes in lemon balm. Additionally, the study
sought to assess the accumulation of Cd and As in the roots and shoots of lemon balm plants.

2. Materials and Methods
2.1. Plant culture

A pot experiment was conducted in 2021 at the Agricultural College of Shirvan, Bojonrd
University, Iran. It was conducted as a factorial in a randomized complete block design (4x4
factorial arrangement) and three replicates. The study aimed to investigate the effects of
different concentrations of As and Cd on lemon balm (Melissa officinalis L.) plants. The seeds
of lemon balm were purchased from Pakan Bazr Company in Isfahan, Iran.

Total of 48 pots (35x35 cm and height 30 cm) were filled with sandy loam soil, which had
a Cd concentration of 1.01 mg kg, an As concentration of 0.065 mg kg, pH = 7.16, and an
electrical conductivity (EC) = 1.7 dS m™. Four levels of As were applied: As; = 0, As; = 10,
Asz = 20, and Ass = 30 mg As kg? of soil, using sodium arsenate (NaH2As:07-7H20) as the
source. Similarly, four levels of Cd were applied: Cd1 = 0, Cd> = 10, Cds = 20, and Cds = 30
mg Cd kg™ of soil, using cadmium sulfate (CdSO4). The amounts of As and Cd were calculated
based on the treatment and the weight of the soil in each pot, then thoroughly mixed into the
soil. To confirm the concentrations of As and Cd in the soil, the pots were subjected to wet and
dry conditions for four weeks after the Cd and As were added and mixed with the soil.

Eight seeds were planted in each pot. After germination and establishment, The plants were
thinned to four plants per pot. Thirty days after planting, samples were taken to assess growth,
physiological traits, and the activity of antioxidant enzymes. At this time, the plants were
harvested, and measurements were taken for both root and aerial traits. The data collected at
harvest included the fresh and dry weight of the shoot, plant height, and dry weight of the root.
The dry weight was determined by drying the plants at 70°C for 48 hours in an air oven (drying
and heating oven, UN30, Memmert, Germany).

2.2. Chlorophyll and anthocyanin

The concentration of chlorophyll in the leaves was measured using the method described by
Arnon (1967). The ¢ concentration of chlorophyll "a" and "b," and carotenoids were determined
by reading absorbance at wavelengths of 663 nm, 647 nm, and 470 nm, respectively, using a
UV/Vis spectrophotometer (2150 UNICO). The concentration of anthocyanins in the leaves
was measured following the methods outlined by Masukasu et al. (2003).

2.3. Nutrient elements

The Kjeldahl method was employed to measure nitrogen concentration in the leaves. To
determine potassium concentration in the leaves, the samples were dry ashed at 500 °C, and the
potassium content was measured using a Flame Photometer (Jenway PFP7, Keison Products,
UK). The concentration of phosphorus in the leaves was determined according to the methods
outlined by Chapman and Pratt (1961). Cd and As concentrations in both shoot and root were
analyzed using atomic absorption spectroscopy (Shimadzu AA-6300 Double Beam Atomic
Absorption).

Translocation factor (TF) was utilized to assess the accumulation of As and Cd in shoot and
root of lemon balm plant. The formula used was TF = concentration in shoot/ concentration in
root. A TF value greater than 1 was classified as indicative of a phytoextraction mechanism or
high mobility, while a TF value less than 1 was categorized as phytostabilization (Rachmawati
etal., 2018).

2.4. Antioxidant enzyme activities in the leaves
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To assess antioxidant enzyme activities in the leaves, 0.5 g of the samples were homogenized
in a near-zero degree with 0.1 M phosphate buffer (pH 7.5) containing 0.5 mM EDTA and then
homogenate. The homogenate was transferred to centrifuge at 4 °C for 15 minutes with 15,000
X g. The supernatant was used as the enzyme extract. Total catalase (CAT) activity was assessed
by measuring the residual hydrogen peroxide (H20.) using a titanium reagent, following the
method described by Taranishi et al. (1974). Superoxide dismutase (SOD) activity was
measured according to the protocol established by Dhindsa et al. (1981).

2.5.  Statistical analyses

Data were analyzed using SAS (version 9.1). To identify significant treatments at a threshold
of P < 0.05, statistical analysis was conducted using two-way ANOVA. Subsequently,
significant differences between individual means were assessed using the Least Significant
Difference (LSD) method.

3. Results
3.1. Root and shoot characteristics and photosynthetic pigments

Figure 1 illustrates the interaction effect of Cd and As on shoot dry weight. With the
concentrations of Cd and As in the soil were increased, the shoot dry weight was decreased.
The highest shoot dry weight recorded was 20.1 g per plant at 0 mg kg of Cd and As, while
the lowest of it was 9.9 g per plant at 30 mg kg™ of Cd and As, resulting in a reduction of
approximately 50.7%. Data in the Table 1 indicate that both Cd and As significantly affected
on root dry weight and root length.

Table 1. Root dry weight, root length and nutrient elements in lemon balm plant as affected by arsenic and
cadmium

Leaf nutrient elements

Root dry TF
Treatments weight Roo(tc:i?gth _ Phosoh Potassi values
(g plant) Nitrogen osphorus otassium
(%)
Arsenic (mg kg soil)
AS1=0 12.45a 58.05a 3.14a 0.68a 1.69a 1.10
AS=10 11.37b 50.31a 2.66b 0.56b 1.44b 1.09
AS3=20 10.03b 44.88b 2.63b 0.45c 1.37c 1.02
AS4=30 8.09c 39.95¢ 2.38b 0.39d 1.35¢c 1.01
Cadmium (mg kg soil)
Cdi=0 11.58a 54.41a 2.98a 0.64a 1.70a 0.26
Cd»=10 10.64a 49.59b 2.65b 0.56b 1.51b 0.05
Cds=20 10.30ab 47.18b 2.35¢ 0.47c 1.43c 0.03
Cd4=30 9.43b 42.01c 2.36¢ 0.45c 1.31d 0.02

Means followed by the same letter are not significantly different within rows and column according to LSD test
(P <0.05)

However, their interaction did not have a significant effect on these parameters. By Increasing As
concentration in the soil (from 0 to 30 mg kg™) the reductions in root length and root dry weight were
31.1% and 35.01%, respectively. For Cd, these reductions were 22.7% and 18.5% respectively.

Photosynthetic pigments are crucial for photosynthesis and play a significant role in plant growth
and production. Figures 2 and 3 demonstrate that by increasing concentrations of Cd and As in the soil
the concentration of chlorophyll “a” and carotenoids in the leaves of lemon balm, decreased. The
maximum concentration of chlorophyll “a” (1.26 mg g~ ! fresh weight) was observed at the As;Cd;
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treatment (absence of Cd and As). While the lowest concentration of it (0.35 mg g~ ! fresh weight) was
found at the As4Cd, treatment (30 mg kg~ * of As and Cd in the soil). Representing a decrease of 72.2%.
In contrast, the highest carotenoid concentration (0.67 mg g~ * fresh weight) was recorded at the As,Cd>
treatment (10 mg kg~  of As and Cd), and the lowest (0.19 mg g~ ! fresh weight) was noted at the
As4Cd, treatment, reflecting a decrease of 71.6% (Figure 3).

Unlike chlorophyll “a” and carotenoids, the concentration of anthocyanins in the leaves increased
with higher concentrations of As and Cd in the soil. The lowest anthocyanin concentration (0.17mgg™ !
fresh weight) was found in the AsiCd; treatment, while the highest (0.76 mg g~ 1 fresh weight) was
observed at the As4Cds treatment. Indicating an increase of 77.6% (Figure 4).
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Figure 1. Interaction between arsenic and cadmium on shoot dry weight (As:1=0, As>=10, As3=20 and Ass=
30 mg kg arsenic in the soil. Cd1=0, Cd>=10, Cds=30 and Cds= 30 mg kg cadmium in the soil)

BAs]=0 H5As2=10 OAs3=20 @As4=30

weight)

Chlorophyll "a" (mg g fresh

Cdl=0 Cd2=10 Cd3=20 Cd4=30
Cadminm (mg kg-1 soil)

Figure 2. Interaction between arsenic and cadmium on chlorophyll “a” in leaf (As1=0, As;=10, As3=20 and
Ass= 30 mg kg arsenic in the soil. Cd1=0, Cd2=10, Cds=30 and Cds= 30 mg kg cadmium in the soil)
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Figure 3. Interaction between arsenic and cadmium on carotenoid in leaf (As1=0, As2=10, As3=20 and Ass=
30 mg kg arsenic in the soil. Cd1=0, Cd»=10, Cds=30 and Cds= 30 mg kg cadmium in the soil)
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Figure 4. Interaction between arsenic and cadmium on anthocyanin in leaf (As:=0, As2=10, As3s=20 and
Ass= 30 mg kg arsenic in the soil. Cd1=0, Cd2=10, Cds=30 and Cds= 30 mg kg cadmium in the soil)

3.2. Antioxidant enzyme activity

One consequence of heavy metal stress on plants is the production of reactive oxygen species (ROS),
which can lead to oxidative stress. To counteract ROS, plant cells have developed a complex network
of both enzymatic and non-enzymatic defense mechanisms. The enzymatic components include catalase
(CAT), superoxide dismutase (SOD), ascorbate peroxidase (APX), and guaiacol peroxidase (POD). In
this experiment, we measured the activities of only two antioxidant enzymes, SOD and CAT. The results
indicated that the toxicity of Cd and As, increased the activity of these two enzymes in the leaves of
lemon balm plants.

Figure 5 illustrates that by increasing the concentrations of Cd and As in the soil, the activity of SOD
increased. This increase continued up to a level of 30 mg kg™ Cd and As in the soil. The highest SOD
activity was recorded 1.33 umol H, O, min~ tmg~ ! protein in the AssCds treatment. The lowest SOD
activity was 0.67 umol H, O, min~ * mg™ ! protein in the As:Cd; treatment. It indicating an increase
of 49.6%.
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For CAT, enzyme activity increased with rising Cd concentrations in the soil up to 30 mg kg~ 1. The
highest CAT activity was observed at a concentration of 20 mg kg~ * of As. Beyond this point, further
increases in As concentration led to a decrease in CAT activity. The maximum CAT activity was
recorded (28.9 umol H, O, min™ t mg™ ! protein) at the As;Cds treatment. Compared to the lowest
activity of 14.6 umol H, O, min~ 1 mg™ ! protein in the AsiCd; treatment, reflecting an increase of
49.4% (Figure 6).
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Figure 5. Interaction between arsenic and cadmium on SOD activity in leaf (As1=0, As2=10, As3=20 and
Ass= 30 mg kg arsenic in the soil. Cd:1=0, Cd»=10, Cds=30 and Cds= 30 mg kg cadmium in the soil)
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Figure 6. Interaction between arsenic and cadmium on CAT activity in leaf (As1=0, As>=10, As3=20 and
Ass= 30 mg kg arsenic in the soil. Cd1=0, Cd>=10, Cds=30 and Cd4= 30 mg kg cadmium

3.3. lon concentration in root and leaf

The analysis of the data indicated that only the main effects of Cd and As treatments had a
significantly influence on the concentrations of nitrogen, phosphorus, and potassium in the leaves of
lemon balm plants. The interaction between Cd and As treatments did not have a significant effect on
these nutrient concentrations (Table 1). As shown in Table 1, by increasing the concentration of As from
0 to 30 mg kg~ *in the soil, the concentrations of all three elements in the leaves decreased. The highest
concentrations recorded for nitrogen (3.14 mg kg dry weight), phosphorus (0.68 mg kg dry weight), and
potassium (1.69 mg kg dry weight) at the As; (control). While at As, the concentration of nitrogen,
phosphorus and potassium were 2.38, 0.39 and 1.35 mg kg dry weight respectively. This reduction was
24.2% for nitrogen, 42.6% for phosphorus, and 20.1% for potassium.
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The changes observed with Cd treatment were similar to those with As. By increasing the
concentration of As and Cd in the soil, the concentrations of nitrogen, phosphorus and potassium in the
leaves also decreased. The highest concentrations of nitrogen (2.98 mg kg dry weight), phosphorus (0.64
mg kg dry weight), and potassium (1.70 mg kg dry weight) were found in the Cdi, while the lowest
concentrations (2.36 mg kg dry weight for nitrogen, 0.45 mg kg dry weight for phosphorus, and 1.31
mg kg dry weight for potassium) were observed in the Cd, treatment. The reductions were 20.8% for
nitrogen, 29.6% for phosphorus, and 22.9% for potassium (Table 1).

Regarding the effects of Cd and As on the concentrations of these elements in both roots and leaves,
the results indicated that the interaction between Cd and As significantly affected the concentrations in
both plant parts. Figures 7 and 8 illustrate the concentrations of Cd in the aerial and root parts of the
lemon balm plant. The concentration of Cd in the roots increased from 2.72 mg kg dry weight to 53.3
mg kg dry weight, representing an increase of approximately 19.5 times. In contrast, the concentration
in the aerial parts rose from 0.63 mg kg? dry weight to 0.96 ug g dry weight, reflecting a 1.5-fold
increase. As shown in Figures 7 and 8, increasing the concentration of Cd from 0 to 30 mg kg™ *in the
soil led to greater accumulation of Cd in both the roots and aerial parts, with the majority of the
accumulation occurring in the roots. The presence of As in conjunction with Cd partially inhibited Cd
accumulation in the roots while partially increasing its concentration in the aerial parts.
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Figure 7. Interaction between arsenic and cadmium on cadmium in root (As:1=0, As2=10, As3=20 and Ass=
30 mg kg arsenic in the soil. Cd1=0, Cd>=10, Cds=30 and Cds= 30 mg kg cadmium in the soil)
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Figure 8. Interaction between arsenic and cadmium on cadmium in leaf (As1=0, As;=10, As3=20 and Ass=
30 mg kg arsenic in the soil. Cd1=0, Cd>=10, Cd3=30 and Cds= 30 mg kg cadmium in the soil)
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Figure 9. Interaction between arsenic and cadmium on arsenic in root (As1=0, As2=10, As3=20 and Ass= 30
mg kg arsenic in the soil. Cd1=0, Cd>=10, Cds=30 and Cds= 30 mg kg cadmium in the soil)
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Figure 10. Interaction between arsenic and cadmium on arsenic in leaf (As1=0, As2=10, As3=20 and Ass=
30 mg kg arsenic in the soil. Cd1=0, Cd>=10, Cds=30 and Cds= 30 mg kg cadmium in the soil)

Figures 9 and 10 present the concentrations of As in both the aerial and root parts. The concentration
of As in the roots increased from 1.52 mg kg dry weight to 27.3 mg kg dry weight, an increase of
17.9 times. In the aerial parts, the concentration of As rose from 1.44 g g dry weight to 21.7 mg kg'*
dry weight, resulting in a 15.1-fold increase. Figures 9 and 10 further demonstrate that as the
concentration of As in the soil increased (from 0 to 30 mg kg~ %), and with the concurrent increase of
Cd concentration (also from 0 to 30 mg kg~ 1), the accumulation of As in the roots decreased, with a
significant amount being transferred to the aerial parts.

4. Discussion

Cadmium and arsenic are non-essential elements, today their concentration in the soil have risen
significantly due to industrial and agricultural activities (Armendariz et al., 2016; Saidi et al., 2013) and
can disrupt various enzymatic functions, leading to inhibition of essential processes in plants (Zhao et
al., 2021). The uptake and accumulation of As and Cd can adversely effect on plant growth, resulting in
decreased photosynthetic rates and biomass production. Additionally, these elements can cause
imbalances in nutrient uptake (Zou et al., 2017).
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In this experiment, the results indicated that both Cd and As negatively impacted on growth of lemon
balm (Melissa officinalis) and reduced dry weight in both shoot and root parts. This reduction was
observed up to a concentration of 30 mg kg~ * of As and Cd in the soil. Specifically, the reduction in
dry weight for the shoot at the As,Cd, treatment compared to the As;Cd; was 50.7% (Figure 1). For the
root dry weight, a 35.01% reduction was noted at 30 mg kg~ t of As in the soil, while for Cd, the
reduction was 18.5% (Table 1).

Gharebaghi et al. (2017) demonstrated that the germination of basil seeds (Ocimum basilicum L.)
was inhibited by Cd when compared to the control group. Furthermore, plant height, leaf number, and
root length were significantly reduced when Cd concentrations exceeded certain levels. This study
confirmed that Cd is toxic to Ocimum basilicum. The observed changes in growth are closely related to
the amount of organic matter produced during photosynthesis. Cd can directly or indirectly inhibit
physiological processes such as water movement, gas exchange, respiration, and photosynthesis,
ultimately leading to disruptions in plant metabolism (Tang et al., 2018).

Sugars play a crucial role in mitigating the effects of free radicals generated during heavy metal stress
in plants. An increase in soluble and reducing sugars has been observed in Satureja hortensis as a
response to Cd treatment (Azizollahi et al., 2019). Carbohydrates are closely linked to photosynthesis,
and the photosynthetic pigments, primarily carotenoids, chlorophyll “a”, and chlorophyll “b” are
essential for this process. Carotenoids are important for regulating plant growth and development, as
well as for facilitating interactions between plants and their environment. Chlorophyll “a” is vital for
oxygen production during photosynthesis, while chlorophyll “b” absorbs blue light energy (Xie et al.,
2019).

In this experiment, the presence of Cd and As significantly reduced the concentration of
photosynthetic pigments in lemon balm (Melissa officinalis). Both chlorophyll “a” and carotenoids
exhibited high sensitivity to As and Cd levels in the soil. Specifically, the reduction in chlorophyll “a”
in the As,Cd. treatment compared to the AsiCd; was 72.2%, while the reduction in carotenoids was
71.6% (Figures 2 and 3). Cd can adversely effect on plant metabolism by inhibiting photosynthesis,
chlorophyll synthesis, and antioxidant enzyme activity, which ultimately leads to decreased crop yield
and biomass (Li et al., 2015). As binds to proteins and enzymes, disrupting cellular biochemistry and
impairing physiological processes such as respiration, photosynthesis, and transpiration in plants
(Finnegan et al., 2015). As toxicity results in decreased synthesis of photosynthetic pigments, distortion
of chloroplast structure, and reduced activity of photosystem Il (PSlI) and photosystem | (PSI) (Duman
et al., 2010). In the context of As stress, the decline in plant dry weight can be attributed to toxic effects
on various growth-related processes, including reduced biosynthesis of photosynthetic pigments and
decreased water and nutrient content (Wang et al., 2020). As can negatively impact photosynthetic
pigments, the chloroplast membrane system, and chlorophyll fluorescence, thereby diminishing overall
photosynthetic activity (Singh et al., 2013). Oxidative stress is a significant factor contributing to the
reduction of photosynthesis due to Cd and As exposure (Ahmad et al., 2020; Kaya et al., 2020). Cd
toxicity is particularly notorious for inducing oxidative damage, leading to reduced growth by altering
membrane permeability and promoting the production of reactive oxygen species at the organelle level
(Anjum et al., 2015).

In this experiment, it was observed that Cd and As increased the activity of CAT and SOD enzymes
in lemon balm (Melissa officinalis) plants. The highest enzyme activity was recorded at a concentration
of 30 mg kg™ t of As and Cd in the soil, with an approximate increase of 49% (Figures 5 and 6). Studies
have demonstrated that As induces the generation of ROS, such as hydroxyl radicals (OH"), superoxide
(027), and H.0, (Siddiqui et al., 2020). To counteract the detrimental effects of oxidative stress, plants
activate various enzymatic and non-enzymatic antioxidant molecules, including SOD, APX, CAT, GPX,
monodehydroascorbate reductase (MDHAR), and peroxidase (POD) (Rajput et al., 2021).

Azizi et al. (2020) reported that Cd stress led to decreased growth and photosynthetic pigments,
including chlorophyll “a”, chlorophyll “b”, total chlorophyll, and carotenoids in savory (Satureja
hortensis), while simultaneously increasing cell membrane leakage, proline levels, CAT, and POD
activity in response to rising Cd concentrations in the soil. Hassan et al. (2020) investigated the effects
of different Cd concentrations on antioxidant enzyme activities in two sorghum cultivars, finding that
varying levels of Cd significantly elevated H,O, concentrations in the leaves of both cultivars up to 100
UM Cd, with maximum POD and CAT activity recorded at 25 uM Cd. CAT protects cells through an
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energy-efficient mechanism that removes H.O.. Higher CAT activity was also observed in mung bean
and Taxithelium nepalense during As exposure (Singh et al., 2007). The presence of antioxidant
compounds and enzymes can partially mitigate the adverse effects of heavy metal stress on plants;
without these protective mechanisms, the extent of damage to the plants would increase.

As induces harmful effects on roots, which can impair the uptake of water and ions, consequently
reducing transpiration and photosynthetic rates while inhibiting stomatal regulation (Heidari and Sarani,
2011; Carlin et al., 2016). Severe toxicity from As and Cd alters the concentration, accumulation, and
translocation of nutrient elements in plants (Shaibur et al., 2009). Both Cd and As in the soil interfere
with nutrient absorption in plants. Some plants can reduce physiological and biochemical damage by
limiting the translocation of these metals to aerial parts (Shaibur et al., 2009). The results of this
experiment indicated that As and Cd reduced the concentrations of phosphorus, nitrogen, and potassium
in the leaves of lemon balm (Table 1). Notably, the lemon balm plant was able to partially prevent the
transfer of absorbed Cd and As from the roots to the aerial parts. As illustrated in Figures 9 and 10, a
significant portion of the Cd absorbed by the roots accumulated in the roots without translocating to the
aerial parts. However, the amount of As accumulated in the roots was comparable to that in the aerial
parts.

Roots serve as the first line of defense, protecting other parts of the plant from metal toxicity. The
root system establishes the rhizosphere in the soil, allowing roots to accumulate and translocate specific
heavy metals to shoots across cellular membranes (DalCorso et al., 2019). The translocation factors for
As and Cd are presented in Table 1. It was observed that translocation factors greater than 1 were
predominantly associated with As, with the highest translocation factors recorded at 1.10, 1.09, 1.02,
and 1.01. This finding suggests that lemon balm plants are capable of translocating As from the roots to
the leaves. In contrast, the translocation factors for Cd were significantly lower, at 0.26, 0.05, 0.03, and
0.02, indicating that lemon balm primarily retained Cd in the roots rather than transferring it to the
leaves.

Phosphorus is an analogue of As phosphate (Pi), and it can enter plant cells via Pi transporters,
potentially disrupting plant metabolism. Phosphate competes with arsenate for uptake by roots. An
increase in phosphorus concentration is associated with a decrease in arsenate uptake. Research
conducted on various soil types with differing phosphorus and iron levels has shown a positive
correlation between available iron and arsenate concentrations in grains, whereas this correlation
becomes negative when soil phosphorus availability is high (DalCorso et al., 2014). Additionally, it is
believed that arsenate mobility is diminished in organic acid-rich soils, as these acids may act as binding
agents or contribute to the formation of insoluble compounds, hindering arsenate absorption by roots
(DalCorso et al., 2014).

Conclusions

Soil pollution with heavy metals can hinder plant growth, reduce crop yields, and pose significant
risks to human health through the food chain. Medicinal plants, which are vital for treating various
diseases, must be free from heavy metal contaminants. Among heavy metals, As and Cd are particularly
concerning as they can be readily absorbed by plant roots and transported to the aerial parts. Our data
indicate that soil concentrations of As (10, 20, and 30 mg kg~ 1) and Cd (10, 20, and 30 mg kg~ 1) limit
photosynthesis and growth in lemon balm plants by increasing oxidative stress due to the generation of
free radicals within the cells. The combination of As and Cd in the soil has a more pronounced effect on
reducing plant growth and decreasing the concentrations of chlorophyll "a" and carotenoids, two
essential photosynthetic pigments. Additionally, the presence of both As and Cd enhances the activity
of antioxidant enzymes, such as SOD and CAT, in the leaves. This increase is attributed to the absorption
and subsequent transfer of Cd and As from the roots to the aerial parts of the plant. In lemon balm plants,
a significant concentration of Cd is retained in the roots, with only a small fraction moving to the aerial
parts, whereas a larger proportion of absorbed As is transferred to the aerial parts. Therefore, it can be
concluded that As and Cd negatively impact the growth of lemon balm, making it unsuitable for
cultivation in soils contaminated with heavy metals, particularly As, due to the high transfer of As to the
edible portions of the plant.
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