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Abstract

Background
This study investigated the effects of varying concentrations of arsenic (As), cadmium (Cd), and lead (Pb) on the
morphological, physiological, biochemical traits, essential oil yield and composition, phenolic content, antioxidant
activity, and vitamin C content of parsley (Petroselinum crispum).

Results
Heavy metals exposure significantly reduced plant height, leaf area, shoot biomass, and relative leaf water content,
while petiole length, stem diameter, root length, and root biomass increased. Leaf accumulation of As, Cd, and Pb
rose proportionally with treatment levels. Photosynthetic pigments (chlorophyll a, chlorophyll b, and carotenoids)
and photosystem II efficiency (Fv/Fm) declined significantly, especially under arsenic and lead stress. Despite
growth inhibition, essential oil yield increased, peaking at 0.45% (w/w) under 100 mg/kg arsenic. GC analysis
identified eighteen oil constituents, with major compounds including apiol, myristicin, β-pinene, and α-pinene.
Heavy metal stress reduced oxygenated compounds and increased hydrocarbons in the oil profile. Total phenol
and flavonoid contents increased markedly, with the highest values in the 100 mg/kg arsenic treatment (33 mg
GAE/g DW phenols and 29 mg QE/g DW flavonoids). Antioxidant assays (DPPH and FRAP) showed enhanced
radical scavenging activity and ferric reducing power, with the strongest effects in the As100 and Cd40 treatments.
Additionally, vitamin C content significantly increased under heavy metal stress, reaching up to 170 mg/100g fresh
weight in the 100 mg/kg arsenic treatment compared to 128 mg/100g in controls.

Conclusions
These results reveal complex morphological and biochemical adaptations of parsley to heavy metal stress,
influencing growth, secondary metabolite production, and antioxidant capacity.

Introduction
A healthy diet and sustainable environment are essential for human well-being, and the consumption of plant-
based foods, especially vegetables, is increasing due to their rich content of micronutrients and minerals [1].
Studies suggest that such diets can help prevent heart disease and certain types of cancer, particularly those
affecting the digestive system [2]. Soil, water, and air pollution pose serious threats to human health because heavy
metals easily accumulate in plants [3, 4]. When these metals enter the food chain, they negatively affect the
metabolism and physiology of living organisms. This contamination is often linked to irrigation with urban and
industrial wastewater, as many studies have shown the resulting heavy metal buildup in plants and soil [5]. Heavy
metals persist in the environment and accumulate in soil, affecting living organisms even at low levels. Over time,
they enter the food chain, posing health risks to humans and animals [6]. This risk is especially high for leafy
vegetables, which are often eaten fresh [7].

One of these leafy vegetables is parsley (Petroselinum crispum (Mill.) belonging to the Apiaceae family, known as a
medicinal and food plant, and recognized for its aromatic leaves and roots [8]. Parsley plays an important role in
diets worldwide due to its rich nutritional content, including vitamins, minerals, and antioxidants that contribute to
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overall health [9, 10]. Parsley is commonly used as a flavoring agent in foods and as a fragrance in cosmetics and
perfumery. Its essential oil exhibits antimicrobial, diuretic, and mild antioxidant properties, and myristicin has
shown potential as a cancer-protective compound [10]. Non-essential heavy metals like cadmium (Cd), lead (Pb),
and arsenic (As) are toxic and serve no biological function, yet often enter the environment through human
activities such as mining, industrial processes, and agricultural inputs [11]. While some trace elements support
plant metabolism in small amounts, excess levels of these metals pose serious health and environmental risks
[12]. Arsenic is a carcinogenic element that enters the human body through water, food, and agricultural products,
posing serious health risks [13]. Its toxicity depends on several factors and is linked to epigenetic changes,
increasing the risk of diabetes, adverse pregnancy outcomes, and various cancers [14]. Excessive cadmium in
plants causes structural and physiological damage, while in humans it disrupts redox balance, impairs organelle
function, and damages organs such as the brain, kidneys, bones, and lungs [15]. Its toxicity is linked to oxidative
stress and protein binding, leading to severe cellular injury [16]. Lead is a widespread soil contaminant that
disrupts plant growth despite having no biological role [17, 18]. In humans, its accumulation can cause chronic
health issues such as headaches, fatigue, digestive disorders, and impaired vision [19]. The permissible levels of
arsenic, cadmium, and lead in soils designated for leafy vegetable cultivation have been reported to range between
10–20 mg/kg, 1–5 mg/kg, and 6.8–128 mg/kg, respectively [20–22]. According to FAO/WHO, the standard level of
As, Cd, and Pb in vegetables is 0.5, 0.2 and 0.3 mg kg [23, 24]. Numerous studies have reported the presence of
heavy metal contamination in fruits and vegetables sourced from agricultural production sites in different countries
[25]. In East Asia, the average concentrations of heavy metals detected in green leafy vegetables on a dry matter
basis ranged from 0.71 to 15.89 mg/kg for Ni, 0.07 to 0.97 mg/kg for Cd, 0.18 to 5.05 mg/kg for Cr, 0.18 to 1.59
mg/kg for Pb, and 7.05 to 18.44 mg/kg for Cu [23]. In India, Cd, Pb, and Zn levels in some leafy herbs exceeded
WHO limits, posing greater risk to Parsley leaves than seeds, despite their antioxidant potential [26]. In a
greenhouse study, higher soil cadmium increased cadmium and lead accumulation in parsley, while low cadmium
levels boosted plant growth. [27]. In parsley, increased cadmium caused higher metal accumulation, reduced
chlorophyll, and decreased antioxidant enzyme activity, while non-enzymatic antioxidants slightly increased [28]. In
another study, low cadmium concentrations promoted the growth and photosynthesis of Picris divaricata, while
high concentrations inhibited them and photosynthesis was indirectly affected at higher Cd levels due to reduced
stomatal density, despite stable carotenoid and Mn levels [29]. Arsenic suppresses the numbers of leaves, fresh
and dry mass of plant, cause curling, lowers photosynthesis and causes necrosis of leaf blades [30]. Heavy metal
uptake by plants is largely determined by internal and external factors such as plant genetics, developmental stage,
tissue barriers, environmental conditions, and biochemical stressors [31, 32]. In various regions around the world,
the use of heavy metal-contaminated soil or water for growing crops like sweet basil, parsley, and other leafy
vegetables has raised serious concerns about food safety and environmental health [33]. Also, the effect of
contaminated soil under greenhouse conditions was reported by Y Fan, H Li, Z Xue, Q Zhang and F Cheng [34] and
B Fattahi, K Arzani, MK Souri and M Barzegar [22]. Heavy metal contamination, particularly by cadmium, lead, and
arsenic, in leafy vegetables poses a serious global health concern. This study was conducted under greenhouse
conditions using parsley to assess metal accumulation and plant responses. By examining morphological,
physiological, and phytochemical changes, the research aims to better understand parsley’s tolerance to heavy
metals and contribute to safer cultivation practices in contaminated environments.

Materials and methods
Plant material and experimental design 
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Seeds of Parsley were sourced from local market in the city of Baghdad (Iraq). Prior to sowing, the seeds were
sterilized with sodium hypochlorite and sown in pots filled with moderately fertile soil, the properties of which are
presented in Table 1. The experiment followed a completely randomized design (CRD) with three replications. Sixty
days before sowing, various concentrations of arsenic (As: 0, 25, 50, 75, 100 mg/kg), cadmium (Cd: 0, 10, 20, 30, 40
mg/kg), and lead (Pb: 0, 100, 200, 300, 400 mg/kg) were uniformly mixed into the soil. These metals were first
dissolved in distilled water and then applied using a portable sprayer. The treated soil was passed through a 2 mm
sieve several times to ensure homogeneous distribution of the metals. Soil moisture was maintained at 55–60% of
field capacity, and the soil was incubated at 24 ± 4 °C for two months. After incubation, the soil was transferred into
black plastic pots, and seeds were sown at a depth of 1 cm. Following germination, 20 uniform seedlings were
retained per pot. The plants were irrigated with distilled water every two days from planting until harvest
(approximately 75 days).

Morphological Characteristics

To study the morphological characteristics among different samples, traits such as plant height (cm), petiole
length (mm), stem diameter (mm), umbel diameter (mm), root length (cm), and root diameter (mm) were
measured. All morphological traits were evaluated under identical conditions using a caliper, ruler, and digital
balance. The average of three replicates per treatment was recorded separately.

Physiological Characteristics

 Biomass Evaluation of Leaf Area and Biomass Components

The leaf area of all plant leaves in each treatment was measured using a leaf area meter (Delta-T Devices Ltd.,
England). The fresh weight of the aerial parts and roots was recorded using a digital balance. Subsequently, the
samples were dried in an oven at 60 °C until reaching a constant weight, and the dry weight was then measured.

Relative water content (% RWC) 

The relative water content (RWC) of Petroselinum crispum leaves was determined based on the method described
by M Browne, NT Yardimci, C Scoffoni, M Jarrahi and L Sack [35]. To measure the saturated weight, leaf samples
were submerged in distilled water for 24 hours. Afterward, the dry weight was obtained by placing the leaves in a
ventilated oven set at 65 °C until a constant weight was achieved. The RWC (%) was calculated using the formula
below:

RWC (%) = [(FW – DW) / (SW – DW)] × 100                         (1)

Where: FW = fresh weight of the leaf (g), SW = saturated weight of the leaf (g), DW = dry weight of the leaf (g)

Quantification of Heavy Metals

Heavy metal analysis was performed by drying leaf samples at 60 °C for 72 hours, followed by grinding into a fine
powder. Around 0.5 g of the sample was digested with 25 mL of 65% nitric acid and heated at 250 °C for 24 hours in
open containers. After partial evaporation, 5 mL of 30% hydrogen peroxide was added to complete the digestion.
Concentrations of As, Cd, and Pb were then measured using flow injection atomic absorption spectrometry
(Perkin–Elmer 700), based on the method by K Sekabira, H Oryem–Origa, G Mutumba and T Basamba [36].

Assessment of Photosynthetic Parameters
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Characterization of Photosynthetic Pigments

The photosynthetic pigments were recorded using 0.2 g of leaves powder was homogenized by adding 7 ml of
acetone (80 %). The mixture was centrifuged at 3400 g for 20 minutes at 4 °C (Tabletop model, IEC 215, USA). The
resulting supernatant was used to determine the absorbance at 664, 647, and 470 nm using the
spectrophotometer (Shimadzu Mini-1240 UV–Vis, USA). The leaves chlorophyll and carotenoids concentration was
determined according to A Adelusi, O Akamo and A Makinde [37].

Chlorophyll a= 13.19 A 664-2.57 A647                           (2)

Chlorophyll b = 22.1 A647 -5.26 A664                              (3)

Carotenoids= 100 (A470)-3.27 (mg chl a)-104 (mg chl b)/227         (4)

Where: A664, A647 and A470 are the absorbance at 664, 647 and 470 nm, respectively.

Chlorophyll fluorescence parameters and greenness index

Chlorophyll fluorescence parameters were assessed using a portable fluorometer (MINI-PAM, Walz, Germany).
Minimal fluorescence (F0) was recorded after 30 minutes of dark adaptation, and maximal fluorescence (Fm) was
measured under light-adapted conditions. From these, variable fluorescence (Fv = Fm – F0) and the maximum
quantum yield of PSII (Fv/Fm) were calculated, following the method described by K Maxwell and GN Johnson [38].
Additionally, to estimate chlorophyll content non-destructively, a SPAD-502 meter (Konica Minolta, Japan) was
used to measure the greenness index of 20–25 leaves, complementing biochemical determinations of chlorophyll
a and b. 

Photosynthetic characteristicss

Photosynthetic rate (Pn), transpiration rate (E), and intercellular CO2 concentration (Ci) were measured on the top
four leaves of each plant using a portable photosynthesis system (LI-6400, Li-Cor Inc., Lincoln, NE, USA).
Measurements were conducted under controlled chamber conditions: leaf temperature at 25 °C, reference CO₂ at
480 μmol mol⁻¹, water vapor at 1 mmol mol⁻¹, and a photosynthetically active radiation (PAR) of 250 μmol m⁻² s⁻¹.

Analysis of Phytochemical Parameters

Isolation and Characterization of Essential Oils

Essential oils (EOs) were extracted from 50 g of air-dried aerial parts of parsley by hydro-distillation using a
Clevenger-type apparatus for 4 hours [39]. Yields were calculated based on dry weight. GC analysis was performed
using an Agilent 7890B system with a flame ionization detector and an HP-5 fused silica column (30 m × 0.32 mm,
0.25 μm film thickness), with helium as the carrier gas (1.1 mL/min). For GC–MS, 1 μL of each EO sample was
injected into a Thermoquest–Finnigan system with a trace mass spectrometer, using the same column (0.25 mm
ID). Ionization was conducted at 70 eV; ion source and interface temperatures were 200 °C and 250 °C, respectively.
Compounds were identified by comparing mass spectra with Wiley 7.0 and Adams libraries, and retention indices
were matched with those of C8–C24 n-alkane series under identical conditions.

Extraction Methodology
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Thirty grams of plant material, previously ground using a laboratory mill were (model: AG 500 g) mixed with 250 mL
of 80% ethanol. The mixture was subjected to ultrasonic extraction for 60 minutes using an ultrasonic bath (WUC-
A03H, Witeg Labortechnik, Wertheim, Germany). The extract was kept protected from light, filtered through
Whatman No. 4 filter paper and concentrated using a vacuum evaporator at a maximum temperature of 40 °C. The
resulting thick extract was transferred to Petri dishes and dried in a vacuum desiccator until a constant weight was
achieved. Finally, the dried extract was re-dissolved in 80% ethanol for subsequent analyses. Extracts were filtered
using filter paper and used for antioxidant capacity, total Phenolics and flavonoids.

Quantification of Total Phenolics and Flavonoids

The   total  phenolic  content   of  the  extract   was measured  by  a   Folin-Ciocalteu  assay by partial modifications
[40] and   expressed as mg of Gallic acid equivalents per gram of dry weight of extract (mg GAE/g DW ext). The
total flavonoid content  was   determined  by  the   aluminium  chloride colorimetric   method [41] and   expressed
 as  mg of quercetin equivalents dry per gram dried weight of extract (mg QE/g DW Ext).

Antioxidant capacity

DPPH method

The antioxidant activity of the ethanolic extracts was assessed using the DPPH radical scavenging assay [42].
Absorbance was measured at 517 nm using a microplate reader (Epoch, BioTek). Radical scavenging capacity
(RSC) was calculated using the formula:

Inhibition (%) = [(Ab − As) / Ab] × 100           (5)

Where Ab is the absorbance of the blank and As is that of the sample. BHT was used as a positive control. The IC₅₀

value, representing the concentration required to inhibit 50% of DPPH radicals, was determined from the dose–
response curve.

 FRAP method

The antioxidant capacity of the extracts was measured using the FRAP method [43]. A mixture of 40 μL extract and
2.5 mL FRAP reagent was incubated at 37 °C for 30 minutes in the dark. Absorbance was read at 593 nm using a
microplate reader (Epoch, BioTek). Results were expressed as mg Fe2⁺/g dry weight based on a standard curve of
FeSO4.

Total tannin measurement

The tannin content of the ethanolic extracts was determined according to the method described by Z Luthar and I
Kreft [44]. Briefly, 400 µL of the extract solution was mixed with 3 mL of vanillin reagent (4% vanillin in methanol)
and 1.5 mL of concentrated hydrochloric acid. The mixture was incubated at 28 °C for 30 minutes. Absorbance was
measured at 520 nm using a spectrophotometer. Tannic acid was used to construct the standard calibration curve.
The total tannin content (TTC) of the whole plant was expressed as milligrams of tannic acid equivalents per gram
of dry weight (mg TA/g DW).

Vitamin C measurement
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The concentration of ascorbic acid in Petroselinum crispum leaves was determined using a spectrophotometric
method based on the procedure described by M Atanassova, S Georgieva and K Ivancheva [45], with some
modifications. In this method, a calibration curve was constructed using pure ascorbic acid as the standard to
quantify its content in the plant extract. The amount of ascorbic acid equivalents (mg AAE per gram of extract) was
calculated according to the formula reported by S Gouveia and PC Castilho [46].

V=C × V/M          (6)

 V=AA content (mg.AAE/g), C=Ascorbic acid Concentration extracted from standard curve (mg/ml), V=Volume of
leaves extract (ml) and M= leaves extract weight (g). 

Statistical analysis 

Data were analyzed using analysis of variance (ANOVA) based on a completely randomized design (CRD) with
three replications. SAS software (version 9.0) and SPSS (version 20) were used for statistical analyses. Normality
of residuals and ANOVA assumptions were verified using the PROC UNIVARIATE procedure in SAS. Mean
comparisons were performed using Duncan’s multiple range test at a significance level of P ≤ 0.05.

Results

Effects of As, Cd and Pb on morphological traits
The effects of different concentrations of As, Cd and Pb on morphological traits of Parsley have been presented in
Table 1. The control plants reached a height of 240 cm, which was significantly higher than the plants treated with
different concentrations of arsenic, cadmium, and lead. The longest petiole (5.7 cm) was in As 100 mg/kg and the
shortest petiole (3.7 cm) was in control plants. Interestingly, with increasing concentrations of arsenic, cadmium,
and lead, a progressive increase in petiole length was observed (Table 1). Stem diameter in the control treatment
was the lowest (0.91 cm), indicating higher leaf quality. However, this trait increased with the application of heavy
metals, and the highest value (1.1 cm) was observed in the 75 and 100 mg/kg As (Table 1). The smallest flower
umbel diameter was recorded in the control treatment (14.0 mm), while the largest (15.4 mm) was observed in the
400 mg/kg lead treatment, showing a similar trend to stem diameter. The maximum root length (88.3 cm) was
observed in the 400 mg/kg lead treatment, whereas the minimum root length was recorded in the control group,
with an average of 64 cm. Although no statistically significant differences were observed in root diameter among
the four concentrations of arsenic and cadmium, all treatments showed at least a 10% increase compared to the
control. Among the evaluated traits, root diameter was the only one that exhibited no statistically significant
differences across the various concentrations of arsenic, cadmium, and lead.

Effects of As, Cd and Pb on physiological traits

Leaf area and leaf fresh and dry weights
Increasing concentrations of arsenic, cadmium, and lead significantly reduced leaf area. The maximum leaf area
was recorded in the control treatment (345.0 cm²), whereas the most pronounced reductions were observed in the
cadmium 40 mg kg treatment (300 cm²), and in the arsenic 100 and lead 400 mg/kg treatments (304 cm²)
(Table 2). The control treatment exhibited the highest fresh shoot weight (40.9 g), while the lowest was found in
the 200 mg/kg lead treatment (30.0 g). A similar pattern was observed for dry weight, with the control producing
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12.5 g and the 200 mg/kg lead treatment resulting in the lowest value of 7.8 g (Table 2). According to the results,
root fresh and dry weights significantly increased in response to arsenic, cadmium, and lead treatments. The
control group exhibited the lowest fresh (6.4 g) and dry (2.1 g) root weights, while the maximum fresh (8.6 g) and
dry (4.6 g) root weights were recorded in the 100 mg/kg arsenic treatment (Table 2).

Leaf relative water content (RWC)
The results showed that relative leaf water content in control plants was 92.0%, while it decreased to 80% in certain
arsenic and cadmium treatments, indicating approximately a 13% reduction (Table 2).

Leaf concentration of heavy metals
Elevated levels of the heavy metals arsenic, cadmium, and lead led to a significant increase in their accumulation in
plant leaves. For arsenic, leaf concentrations rose progressively with increasing treatment levels, reaching 0.61,
0.88, 1.04, 1.19, and 1.34 mg/kg under 0 (control), 25, 75, 100, and 125 mg/kg treatments, respectively. Cadmium
showed a similar trend, with concentrations of 0.70, 0.79, 0.94, 1.12, and 1.21 mg/kg corresponding to 0, 10, 20, 30,
and 40 mg/kg treatments. Lead accumulation also increased markedly, with leaf concentrations measured at 0.80,
1.20, 1.90, 2.78, and 3.74 mg/kg under 0, 100, 200, 300, and 400 mg/kg treatment levels (Table 2).

Effects of As, Cd and Pb on photosynthetic parameters

SPAD value
The results related to SPAD values indicated that increasing concentrations of heavy metals led to a reduction in
chlorophyll content in parsley compared to the control. The lowest SPAD readings were observed in the treatments
with 100 mg/kg arsenic, 40 mg/kg cadmium, and 400 mg/kg lead, with values of 14 and 17, respectively. In
contrast, the control plants exhibited the highest SPAD value of 24 (Table 3).

Photosynthetic parameters
In this study, three key photosynthetic parameters—net photosynthetic rate (Pn), transpiration rate (E), and
intercellular CO₂ concentration (Ci)—were evaluated (Table 3). The highest values of Pn, E, and Ci were recorded in
the control treatment, with measurements of 5.41 µmol CO2 m− 2s− 1, 3.99 µmol H2O CO2 m− 2s− 1, and 279 µmol
CO2/mol air, respectively. As the concentrations of the applied heavy metal treatments increased, a gradual decline

was observed in all three parameters. However, this reduction was less pronounced in the cadmium treatments
compared to arsenic and lead (Table 3).

Photosynthetic pigments
Exposure to increasing concentrations of arsenic, cadmium, and lead resulted in a significant decline in the
concentrations of chlorophyll a, chlorophyll b, and carotenoids. In control plants, chlorophyll a content was 1.1
mg/g fresh weight (FW), which markedly decreased to 0.54 mg/g FW under 100 mg/kg As and to 0.6 mg/g FW
under 400 mg/kg Pb. Similarly, chlorophyll b concentration in the control was 0.66 mg/g FW, but it declined to the
lowest value of 0.40 mg/g FW under both 100 mg/kg As and 40 mg/kg Cd treatments (Table 3). Carotenoid
content also followed the same declining trend, with the highest value observed in the control (0.42 mg/g FW).
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Among the cadmium treatments, only the 10 mg/kg level showed a significant difference from the control, while
the other three concentrations did not differ significantly from each other.

Effect of As, Cd and Pb on chlorophyll fluorescence and yield of
photosystem II (Fv/Fm)
The results of Fv/Fm analysis demonstrated that photosystem II efficiency was significantly affected by arsenic,
cadmium, and lead treatments (Table 3). Increasing concentrations of these heavy metals caused a notable
decline in Fv/Fm values, indicating stress-induced impairment of the photosynthetic apparatus. Among the
treatments, the reduction was more pronounced in arsenic and lead compared to cadmium, suggesting a relatively
lower toxicity of cadmium on photosystem II function. The highest Fv/Fm value (0.71) was observed in the control
plants, reflecting optimal photosynthetic performance in the absence of heavy metal stress.

Effects of As, Cd and Pb on phytochemical traits

Content of essential oil
The hydrodistillation of Parsley yellow oil gave in 0.25-.45 w/w (relative to dry weight of plant) yield for aerial parts,
usually the oil in the Parsley vegetative part is a very low amount. However, the highest essential oil yield of parsley
was obtained in plants treated with the highest concentrations of heavy metals (Fig. 1A). Among the treatments,
100 mg/kg arsenic resulted in the greatest oil yield, reaching 0.45% (w/w).

Essential oil composition
Table 5 presents the essential oil (EO) composition of parsley, analyzed using GC-MS and GC-FID, and identified
based on the Adams Library and Kováts retention index. A total of eighteen compounds were detected in the oil
samples from the aerial parts of parsley, accounting for 92.4–98.5% of the total oil content. Four major
compounds apiol, myristicin, β-pinene, and α-pinene were identified in parsley essential oil, representing the highest
concentrations among all detected constituents. The highest levels of apiol (23.0%) and myristicin (24.3%) were
observed in the control treatment, whereas the highest contents of α-pinene (20.0%) and β-pinene (12.9%) were
detected in the arsenic 100 and arsenic 75 treatments, respectively. On the other hand, the lowest levels of apiol
(11.9%) and myristicin (17.1%) were identified in the lead 400 treatment. According to Figs. 3B, 3C, and 3D, two
groups of compounds were identified in the different samples: hydrocarbon compounds and oxygenated
compounds. The highest amount of oxygenated compounds was observed in the control treatment (52%), while
the lowest level was detected at higher concentrations of heavy metals, particularly in the arsenic 100 treatment
(32%). In contrast, hydrocarbon compounds followed an opposite trend, with the highest content recorded under
heavy metal stress, specifically in the arsenic 100 treatment (64.2%).

Content of total phenolics and flavonoids
The total phenol content in parsley leaves of control plants was 12 mg GAE/g DW, and the application of arsenic,
cadmium, and lead significantly increased this trait compared to the control (Fig. 2A). Specifically, the total phenol
content in the arsenic 100 treatment was nearly three times higher than in the control, increasing from 12 to 33 mg
GAE/g DW. Cadmium 400 treatment showed the second highest total phenol content (30 mg GAE/g DW), following
the arsenic 100 treatment. With increasing heavy metal concentrations in the soil, the total flavonoid content in the
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leaves increased (Fig. 2B). The highest amount was observed in the arsenic 100 treatment (29 mg QE/g DW)
compared to the control (16 mg QE/g DW). Additionally, the arsenic 75, cadmium 400, and lead 400 treatments
showed similar flavonoid contents of approximately 27 mg QE/g DW. Moreover, the arsenic 25 and lead 100
treatments did not show a significant difference compared to the control.

Leaf antioxidant activity
In the present work, the antioxidant activity of the samples appeared using the DPPH and FRAP methods. The
results of the antioxidant activity comparison (DPPH assay) are shown in Fig. 2C. The highest radical scavenging
activity (i.e., the lowest IC50 values) was observed in the As100 and Cd40 samples, with IC50 values of 31.8 µg/ml

and 39.7 µg/ml, respectively, compared to 26.5 µg/ml for BHT, a synthetic industrial antioxidant. The lowest radical
scavenging activity (IC50 = 109.2 µg/ml) was observed in the control sample. However, in the FRAP assay, the
As100 sample exhibited the highest antioxidant activity compared to all other samples, especially the control. The
antioxidant activity values ranged from 31.0 to 65.0 mg Fe2⁺/g dry weight (Fig. 2D).

Total tannin content (TTC)
Samples As100, Cd40, and Pb400 showed the highest total tannin levels, reaching 1.3 and 1.28 mg TA/g DW
(Fig. 5), while the Cd10 sample had the lowest content at 0.7 mg TA/g DW (Fig. 3A). The total tannin content in the
control treatment was 0.8 mg TA/g DW, which did not show a significant difference compared to Cd10.

Vitamin C
Exposure to varying concentrations of heavy metals (arsenic, cadmium, and lead) led to a significant increase in
leaf vitamin C content (Fig. 3B). The control plants exhibited the lowest vitamin C level (128 mg/100g FW), whereas
the highest concentrations were found in plants treated with 100 and 75 mg/kg of arsenic, reaching 170 and 167
mg/100g FW, respectively.

Discussion
According to the analysis of morphological traits, the presence of heavy metals adversely affected the quality and
yield of parsley. Previous studies have also demonstrated that heavy metals negatively impact plant growth and
morphology, resulting in reduced productivity and inhibition of enzymatic activities [47]. The findings of the present
study are in agreement with these reports. Heavy metals can disrupt the balance of plant hormones such as auxins
and cytokinins, leading to increased cell division and elongation in root tissues, which ultimately results in longer
and thicker roots [48]. Also, root elongation and thickening under heavy metal stress may serve as an adaptive
strategy to improve resource uptake and reduce exposure to toxicity [49]. Abnormal root morphology, such as
radial thickening, endodermal cell wall thickening, and cortical lignification, has been observed in pea plants
exposed to high lead levels [50].

Lead has been shown to significantly reduce leaf expansion and surface area in various plant species, including
Allium spp., barley, and Raphanus sativus, by inhibiting cell division and elongation in leaf tissues [50]. The
application of heavy metals reduced fresh and dry shoot weights, which represent the economic yield. In one study
on parsley, fresh biomass significantly increased at Cd concentrations of 5 and 10 mg kg⁻¹ compared to the
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control; however, higher Cd levels caused a non-significant decrease in fresh weight, which contrasts with our
findings [27]. Previous studies have shown that heavy metals negatively affect plant growth. For example, SA-PR
Moghaddam and AKSD-A Fotovat [51] reported that 600 mg/kg soil lead significantly reduced shoot dry weight in
sage plants. Similarly, S Amirmoradi, P Moghaddam, A Koocheki, S Danesh and A Fotovat [52] found that cadmium
and lead treatments caused a significant decrease in leaf area and shoot dry weight in mint plants. Previous
studies have reported a significant reduction in rice grain biomass under cadmium exposure, and a decrease in
root and shoot dry weight in plants grown in metal-contaminated soils [53]. These biomass reductions are partly
attributed to increased hydrogen peroxide (H₂O₂) accumulation caused by heavy metal-induced oxidative stress
[54].

Similarly, leaf relative water content (RWC) in coriander (Coriandrum sativum L.) was significantly reduced under
increasing concentrations of Cd (to 90%) and Pb (to 88%) compared to control plants, which had an RWC of 94.1%
[22]. This pattern was similarly observed in Fagopyrum kashmirianum, where reductions in leaf RWC occurred
under heavy metal stress [55]. Heavy metals reduce RWC by inducing oxidative stress and generating free radicals,
which damage thylakoid membranes and impair water retention. This stress also disrupts chlorophyll synthesis,
further weakening the plant’s physiological balance [56].

Our findings are consistent with those of B Fattahi, K Arzani, MK Souri and M Barzegar [22], who reported similar
results in coriander (Coriandrum sativum). According to the results, even at the lowest treatment levels, the
concentrations of heavy metals in parsley exceeded the permissible standard limits [20]. This indicates that the
plant was able to effectively absorb and accumulate these metals from contaminated soil, although it is clearly
unsuitable for dietary consumption. Therefore, based on the results of the present study, soils contaminated with
less than 25 mg/kg of As, 10 mg/kg of Cd, and 100 mg/kg of Pb may be considered suitable for cultivating parsley
as a leafy vegetable for fresh consumption. Moreover, the concentrations of heavy metals used in this study fall
within a range appropriate for phytoremediation purposes, indicating parsley’s potential to absorb and accumulate
these elements from contaminated soils [57].

A significant reduction in SPAD values in coriander [22], rocket [56], duckweed [58], and tomato [59] was also
observed with increasing application rates of cadmium, lead, chromium, and other heavy metals. Consistent with
our results, previous studies reported that cadmium reduces SPAD values by inhibiting chlorophyll biosynthesis,
breakdown of chlorophyll due to an increase of chlorophyllase enzyme and limiting Mg and Fe uptake. This leads to
chlorosis and reduced photosynthetic activity in crops like barley, beans, and wheat [60, 61]. Inhibition of ALAD
enzyme activity is another key factor limiting chlorophyll accumulation in leaves [62].

It has been reported that increasing cadmium concentration in the soil either from 0 to 1.25 mM or up to 20 µg/kg
and lead up to 400 mg/kg significantly reduces the transpiration and photosynthesis rates in Brassica juncea and
Coriandrum sativum plants [22, 63]. Z Hu, C Zhao, Q Li, Y Feng, X Zhang, Y Lu, R Ying, A Yin and W Ji [29] showed
that the photosynthesis of Phlox divaricata was inhibited as the Cd concentration increased. Heavy metals affect
photosynthesis both directly by damaging chloroplast structure and enzymes, and indirectly by altering water
status and stomatal behavior [64]. Increasing levels of As, Cd, and Pb lead to elevated internal CO₂ concentration in
stomatal cells, causing stomatal closure and a reduction in leaf photosynthetic rates [65] .

Z Hu, C Zhao, Q Li, Y Feng, X Zhang, Y Lu, R Ying, A Yin and W Ji [29] reported that increasing Cd levels led to a
decrease in chlorophyll a, chlorophyll b, and carotenoid contents in the leaves of Phlox divaricata. Similarly, B
Fattahi, K Arzani, MK Souri and M Barzegar [22] found that Pb and Cd stress reduced chlorophyll and carotenoid
concentrations in coriander leaves. Also, in Hydrilla verticillata, an arsenic concentration of 96 µM caused a
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significant reduction in photosynthetic pigment contents [66]. These results suggest that heavy metal stress,
particularly from higher levels of arsenic and cadmium, negatively affects pigment content, possibly through
disruption of pigment biosynthesis or enhanced degradation [67].

Heavy metals such as lead, cadmium, and arsenic significantly impair photosynthesis by disrupting chlorophyll and
carotenoid synthesis, inhibiting Calvin cycle and electron transport chain activities, and reducing enzymatic
functions [30]. Lead decreases chloroplast efficiency by affecting respiration and enzyme activity, while cadmium
induces stomatal closure and nutrient uptake inhibition, leading to senescence and reduced pigment content [68].
Arsenic lowers photosynthetic rates by affecting phosphate uptake due to its chemical similarity to phosphorus,
disrupting energy transfer and leaf development [30].

According to EE Aziz, RM Sabry and SS Ahmed [69], the oil content of parsley ranges between 0.11% and 0.21%. In
line with our results, arsenic treatment caused a significant increase in essential oil (EO) yield in basil plants, where
the EO yield of control plants was 0.20% (w/w), and at arsenic concentrations of 10 and 50 mg/kg, the yield
increased by 3.5 to 4 times, reaching 0.77% and 0.8%, respectively [70]. Our results contradict those of FAE-M
Hashem and AF Sahab [71], who reported that the essential oil yield of parsley decreases under stress conditions
such as heavy metal exposure. This is because, in our results, treatment with 100 arsenic increased the essential
oil yield from 25–45%, representing an 80% increase compared to the control treatment. Exposure to heavy metal
stress has been shown to increase essential oil production in plants by activating defense mechanisms that
enhance the synthesis of secondary metabolites [72]. The absence of As, Cd, and Pb residues in parsley essential
oil suggests that EO extraction excludes heavy metals, likely due to oil’s low density preventing metal accumulation
[73]. This finding supports the potential cultivation of parsley and other EO-yielding medicinal plants in metal-
contaminated soils without compromising oil quality [70]. These results align with previous studies, indicating that
many EO-producing species tolerate heavy metal stress without significant phytotoxic effects or reduction in oil
yield [70].

Similar chemical profiles were reported by I Marín, E Sayas-Barberá, M Viuda-Martos, C Navarro and E Sendra [74]
with major components including myristicin (36.15%), apiol (20.97%), β-pinene (15.47%), and α-pinene (10.43%).
Likewise, H Zhang, F Chen, X Wang and H-Y Yao [75] identified myristicin (32.75%), apiol (17.54%), β-pinene
(16.64%), and α-pinene (11.54%) as the predominant constituents. In contrast, LMS dos Santos Franciscato, SS
Mendes, C Frederico, JE Goncalves, MGI Faria, ZC Gazim and SP Ruiz [76] found apiol (61.94%) and myristicin
(9.33%) to be the major constituents in parsley samples from Brazil. These differences in essential oil composition
are likely influenced not only by genetic factors but also by environmental conditions particularly soil composition
and the availability of mineral elements. Variations in nutrients such as nitrogen, phosphorus, potassium, and trace
elements can significantly affect the biosynthesis of secondary metabolites, including essential oil components
[77]. In comparison with our results, parsley samples from Egypt showed a similar trend: locations with higher
heavy metal content, such as Benisuef, had increased hydrocarbon compounds (up to 60.16%), especially β-
myrcene. In contrast, samples from cleaner areas like Bahariya Oasis had higher levels of oxygenated compounds
(up to 46.84%) [78]. These findings align with our observation that heavy metal contamination may favor
hydrocarbon over oxygenated compound production in parsley essential oil. Abiotic stress conditions particularly
heavy metal accumulation, salinity, drought, and nutrient deficiencies can significantly alter essential oil
composition and reduce nutrient uptake, often increasing hydrocarbon levels at the expense of oxygenated
compounds [79].
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In comparison with our findings on phenolic and flavonoid contents in parsley, AA Ibrahiem, AA Mosa and LY
Mohammed [80] reported that the ethanolic extract contained 75.9 mg·g⁻¹ total phenolics (TA equivalents) and
15.61 mg·g⁻¹ total flavonoids, indicating a notable presence of these compounds in their extract. In a similar study,
I Nawaz, A Mehboob, AHA Khan, TA Naqvi, N Bangash, S Aziz, W Khan, I Shahzadi, R Barros and K Ullah [81]
reported that increasing cadmium concentration from 10 to 80 µM significantly enhanced phenol content.
However, unlike our findings, the flavonoid content decreased under these conditions. A study by B Fattahi, K
Arzani, MK Souri and M Barzegar [22] similarly demonstrated that in coriander plants, exposure to Cd and Pb
resulted in increased total phenolic content (250–280 µg·kg⁻¹) and total flavonoids (142–167 µg·kg⁻¹ oil)
compared to control plants, indicating that heavy metal stress promotes the accumulation of these compounds.
These findings suggest that the increase in phenolic and flavonoid contents observed in parsley under heavy metal
stress may play a protective role by chelating or neutralizing toxic metals [82]. This biochemical response could
potentially contribute to the reduction of heavy metal accumulation within the plant tissues, serving as a natural
defense mechanism against soil contamination.

A LEAHU, C DAMIAN, M OROIAN, V MICLESCU and S ROPCIUC [83] reported IC₅₀ values (%) for DPPH radical-
scavenging activity, with dried parsley showing a value of 14.45%. In comparison, AA Ibrahiem, AA Mosa and LY
Mohammed [80] reported FRAP antioxidant activity ranging from 37–65%, indicating notable antioxidant potential
in parsley extracts. In line with our study, Y Ulusu, L Öztürk and M Elmastaş [84] demonstrated that antioxidant
activity and antioxidant enzyme activities increased with cadmium concentrations ranging from 75 to 300 µM in
Petroselinum hortense L. This supports the role of enhanced antioxidative defense mechanisms in response to
heavy metal stress in parsley. Phenolic compounds contribute significantly to antioxidant activity by scavenging
free radicals and chelating metals [85]. Under heavy metal stress, both phenolic content and antioxidant activity
increase as part of the plant’s defense response to oxidative damage [86]. This correlation highlights the important
role of phenolics in enhancing antioxidative protection in contaminated conditions.

Previously, L Zhang, M Xu, Q Guan, J Jiang, K Sun and E Manirafasha [87] reported tannin contents of 0.69% and
0.55% in vegetables such as red pepper and chili pepper, respectively. However, to the best of our knowledge, no
data have been reported so far on tannin content in parsley, making this the first study to present such findings.
Tannins can chelate transition metals through their ortho-dihydroxyphenolic groups, playing a key role in reducing
heavy metal uptake in plants [88]. In leafy vegetables like parsley, this property may help mitigate the effects of soil
contamination and contribute to safer crop production [89]. This could explain the increase in tannin content
observed in our study with rising heavy metal concentrations.

In comparison, AA Ibrahiem, AA Mosa and LY Mohammed [80] reported that the vitamin C content in Petroselinum
crispum was 4.01 mg·g⁻¹, based on their analysis. Vitamin C is widely recognized as a vital metabolite and a major
non-enzymatic antioxidant defense in plant tissues, contributing significantly to the quality and nutritional value of
leafy vegetables especially parsley [90]. In fact, parsley is considered one of the richest sources of vitamin C
among vegetables with fresh leaves containing between 96.88 and 312.7 mg of vitamin C per 100 g [91].

Conclusion
The present study demonstrated that exposure to varying concentrations of arsenic, cadmium, and lead
significantly affects the growth, physiology, and biochemical characteristics of parsley (Petroselinum crispum).
Heavy metal stress led to a marked reduction in plant height, leaf area, shoot biomass, photosynthetic pigment
content, and photosystem II efficiency, indicating impaired growth and photosynthetic performance. Conversely,
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root growth parameters and petiole length increased, suggesting adaptive morphological changes to cope with
metal toxicity. Importantly, heavy metal accumulation in leaves increased proportionally with external
concentrations, confirming parsley's potential for metal uptake. Despite overall growth inhibition, the essential oil
yield and antioxidant-related metabolites such as total phenols, flavonoids, and vitamin C significantly increased
under heavy metal treatments, particularly in plants treated with arsenic at 100 mg/kg. Changes in essential oil
composition, including increased hydrocarbons and decreased oxygenated compounds, reflect the biochemical
adjustments in response to metal stress. Enhanced antioxidant activities measured by DPPH and FRAP assays
further highlight the activation of defense mechanisms against oxidative stress. These findings reveal the complex
interplay between growth suppression and secondary metabolite enhancement in parsley exposed to heavy
metals. The results provide valuable insights into parsley’s physiological and biochemical responses to
environmental contamination, which could have implications for its cultivation in polluted soils and potential use in
phytoremediation strategies. Further research is recommended to elucidate the molecular mechanisms underlying
these adaptive responses and to assess the safety of parsley consumption from contaminated environments.
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Tables
Table 1 Physico-chemical properties of soil used in pots.

Soil Clay Silt Sand N P K C As Cd Pb pH EC

Silty
loam

24% 45% 31% 0.062

g/kg

6.7
mg/kg

1.79
mg/kg

0.64% 0.78
mg/kg

0.54
mg/kg

0.9
mg/kg

7.5 3.14

ds/
m

Table 2 Mean comparison of morphological characteristics in Petroselinum crispum under different soil
concentrations of arsenic, cadmium, and lead.
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Plant
height
(mm)

Petiole
length
 (mm)

Stem
diameter
 (mm)

Flower umbrella
diameter (mm)

Root
length
(mm)

Root
diameter
(mm)

As Control 240a 3.7d 0.91c 14.0c 64.0c 0.5b

As25 233b 4.4c 0.94bc 14.1c 73.0b 0.61a

As50 230b 4.3c 1.02b 14.2c 77.0b 0.64a

As75 223c 4.9b 1.1a 14.8b 78.2b 0.6a

As100 215c 5.7a 1.1a 15.1a 85.1a 0.6a

Cd Control 240a 3.7c 0.91b 14.0b 64.0c 0.5b

Cd10 237ab 4.2b 0.95a 14.5ab 73.5b 0.61a

Cd20 233b 4.1b 0.94a 14.9a 76.3b 0.66a

Cd30 235ab 5.0a 0.97a 15.2a 79.8ab 0.65a

Cd40 235ab 5.0a 0.96a 15.0a 83.5a 0.62a

Pb Control 240a 3.7c 0.91b 14.0c 64.0d 0.5c

Pb100 231b 4.5b 0.97a 14.5bc 70.5c 0.59b

Pb200 231b 4.1b 1.0a 14.9b 77.2b 0.71a

Pb300 225c 5.4a 1.05a 15.1ab 85.1a 0.74a

Pb400 218c 5.1a 1.0a 15.4a 88.2a 0.7a

As: Arsenic, Cd: Cadmium, Pb: Lead. All data related to As, Cd and Pb were separately analyzed. Mean values are
the average of three replications. In each column means with the same letters are not significantly different at 5 %
(P ≤ 0.05) probability level.

Table 3 Mean comparison of physiological characteristics in Petroselinum crispum under different soil
concentrations of arsenic, cadmium, and lead.
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Stem fresh
weight (g)

Stem dry
weight  (g)

Root fresh
weight  (g)

Root dry
weight (g)

Leaf area
(cm2)

RWC
(%)

Leaf heavy
metal (mg
kg-1)

As Control 40.9a 12.5a 6.4b 2.1c 345a 92a 0.61e

As25 35.1b 9.1b 6.9b 3.5 b 321b 88ab 0.88d

As50 32.7bc 8.4b 7.1b 3.6b 315c 84b 1.04c

As75 30.2c 8.1b 8.4a 4.5a 310c 80bc 1.19b

As100 30.9c 8.3b 8.6a 4.6a 304d 80bc 1.34a

Cd Control 40.9a 12.5a 6.4c 2.1d 345a 92a 0.7e

Cd10 37.1b 10.3b 7.5b 3.3c 333b 85b 0.79d

Cd20 34.2c 8.9c 7.9a 3.8b 319c 83b 0.94c

Cd30 31.5d 7.9c 8.1a 4.5a 309d 80bc 1.12b

Cd40 32.8d 8.3c 8.0a 4.2ab 300e 80bc 1.21a

Pb Control 40.8a 12.5a 6.4c 2.1c 345a 92a 0.8d

Pb100 31.4b 8.0b 6.9b 2.6b 328b 87b 1.2cd

Pb200 30.0b 7.8b 7.4a 3.1a 318c 84bc 1.9c

Pb300 32.2b 8.0b 7.4a 3.1a 307d 85c 2.78b

Pb400 32.9b 8.2b 7.4a 3.0a 304d 84c 3.74a

As: Arsenic, Cd: Cadmium, Pb: Lead. All data related to As, Cd and Pb were separately analyzed. Mean values are
the average of three replications. In each column means with the same letters are not significantly different at 5 %
(P ≤ 0.05) probability level.

Table 4 The photosynthetic rate, gas exchange, and some of the leaf biochemical and physiological traits mean
comparison of Petroselinum crispum under different soil concentrations of arsenic, cadmium, and lead.
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Pn
μmol
CO2

m-2s-

1

E
μmol
H2O
CO2

m-2s-

1

Ci μmol
CO2/mol
air

Fv/Fm Chlorophyll
a mg/g FW

Chlorophyll
b mg/g FW

Carotenoid
mg/g FW

Leaf
greenness
SPAD

As Control 5.41a 3.99a 279a 0.71a 1.1a 0.66a 0.42a 24a

As25 5.0b 3.7b 275ab 0.62b 0.9ab 0.59b 0.32b 19b

As50 4.5c 3.48c 278a 0.54c 0.82c 0.5c 0.29b 17b

As75 4.1d 3.2d 269b 0.41d 0.7c 0.45cd 0.27b 14c

As100 3.5e 2.9e 265b 0.32e 0.54d 0.4d 0.27b 14c

Cd Control 5.41a 3.99a 279a 0.71a 1.1a 0.66a 0.42a 24a

Cd10 4.9b 3.2b 271b 0.64b 0.94ab 0.6b 0.34b 20b

Cd20 4.8b 3.1b 265c 0.6b 0.85b 0.54c 0.28c 18b

Cd30 4.2c 3.1b 261d 0.54c 0.81bc 0.42d 0.28c 17b

Cd40 4.0c 3.0b 260d 0.5c 0.74c 0.4d 0.28c 14c

Pb Control 5.41a 3.99a 279a 0.71a 1.1a 0.66a 0.42a 24a

Pb100 4.9b 3.5b 264b 0.61b 0.88b 0.54b 0.29b 22a

Pb200 4.33c 3.57b 264b 0.5c 0.76bc 0.48c 0.27b 18b

Pb300 3.9d 3.4bc 260c 0.38d 0.7c 0.46c 0.28b 17b

Pb400 3.5e 3.1c 254d 0.29e 0.6d 0.42d 0.27b 17b

As: Arsenic, Cd: Cadmium, Pb: Lead. All data related to As, Cd and Pb were separately analyzed. Mean values are
the average of three replications. In each column means with the same letters are not significantly different at 5 %
(P ≤ 0.05) probability level.

Table 5 Chemical composition of essential oils extracted from Petroselinum crispum aerial parts grown under
different soil concentrations of arsenic, cadmium, and lead.
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* RI: retention indices according to the normal alkanes between C8-C24. As: Arsenic, Cd: Cadmium, Pb: Lead.

Figures
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Figure 1

Effect of different soil concentrations of arsenic, cadmium, and lead on Yield (%w/w), Hydrocarbon compounds
(HC), and Oxygenated compounds (OC) of petroselinum crispum aerial parts essential oil.

As: Arsenic, Cd: Cadmium, Pb: Lead. Significant differences at P < 0.05 have been indicated with different letters.
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Figure 2

Effect of different soil concentrations of arsenic, cadmium, and lead on Total Phenol Content (A), Total Flavonoid
Content (B) and Antioxidant Activity (C: DPPH, D: FRAP) of petroselinum crispum.

As: Arsenic, Cd: Cadmium, Pb: Lead. Significant differences at P < 0.05 have been indicated with different letters.
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Figure 3

Effect of different soil concentrations of arsenic, cadmium, and lead on Total Tannin Content (A) and Vitamin C
concentration (B) of petroselinum crispum.

As: Arsenic, Cd: Cadmium, Pb: Lead. Significant differences at P < 0.05 have been indicated with different letters.


