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A B S T R A C T   

The primary environmental factor affecting the biochemical attributes of plants is soil pollution by heavy metals. 
The detrimental effects of heavy metals on plants can be lessened by soil amendments. The goal of the current 
research was to determine the potential of biochar (BC) and vermicompost (VC) as soil amendments in reducing 
Pb toxicity in summer savory (Satureja Hortensis L.) though physiological and biochemical modifications. 
Therefore, the pot experiment was conducted with Pb toxicity (control (non-Pb), 300, and 600 mg kg soil− 1) and 
soil amendments (control, 2 % BC, 10 % VC, and 1 % BC + 5 % VC) based on a completely randomized design. 
The results showed that Pb toxicity at 600 mg kg soil− 1 led to significant decreases in shoot weight (41 %), root 
weight (25 %), leaf relative water content (20 %), and chlorophyll content (39 %) compared to the control. 
However, it resulted in increases in malondialdehyde (61 %) and electrolyte leakage (49 %) when BC and VC 
were not applied. The results showed that Pb toxicity at 600 mg kg soil− 1 led to decreases in shoot weight (41 %), 
root weight (25 %), leaf relative water content (20 %), and chlorophyll content (39 %), but increases in 
malondialdehyde (61 %), and electrolyte leakage (49 %) compared to the control in the treatments without BC 
and VC application. However, BC and VC, particularly their combination were more effective in improving plant 
growth. The interaction of Pb at 300 mg kg− 1 and combined BC and VC resulted in higher total phenolic content, 
total flavonoid content, essential oil (EO) content, and EO yield with 29, 62, and 39, and 35 % raises compared 
with the control. Agglomerative hierarchical clustering revealed that Pb at 300 and 600 mg kg soil− 1 differed 
from the control, and that combined VC and BC significantly varied from their individual values. Combining BC 
and VC is more effective than using them separately in alleviating Pb toxicity, as it enhances plant growth and 
secondary metabolite production. The results have the potential to benefit the improvement of summer savory 
resistance in Pb-polluted soils.   

1. Introduction 

Heavy metals are defined as metals with an atomic number greater 
than 20 and a density larger than 3 g cm− 3. Some of these metals, such as 
Cu, Zn, Ni, Mn, and Fe, are low-use elements that are crucial for natural 
growth, oxidation–reduction reactions, electron transfer, and partici-
pation in a variety of other metabolic processes, but their excess amount 
in the soil causes metabolic disorders and growth inhibition in most 
plant species (Khosropour et al., 2019; Mohan et al., 2021). Many heavy 
metals, including Pb, Cd, Cr, and Hg, are not required and toxic to plants 

even at low concentrations. The presence of heavy metals in the envi-
ronment of plants is a stress factor that causes physiological changes in 
plants and can reduce the plant’s growth and even cell death under a 
severe stress (Khosropour et al., 2019; Rahman et al., 2019). Lead is a 
toxic metal for humans and a non-essential metal for plants with un-
known biological functions, but because it is soluble in water—in the 
form of lead nitrate, which has a solubility of 3.54 g/100 g of water at 
room temperature—it is easily absorbed by plant roots and has an 
impact on their growth and metabolism. Lead toxicity reduces growth 
and yield, yellowing of young leaves, absorption of some essential 
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elements like iron, and photosynthesis (Zulfiqar et al., 2019). This is 
because Pb prevents the absorption of minerals like Fe and manganese 
by blocking the entry of or forming a link with the transporters of these 
elements, which ultimately prevents its absorption by the roots and 
leaves and affects the growth of the plant (Zulfiqar et al., 2019; Sharma 
et al., 2022). According to National Pharmacopoeia Commission (2020), 
the permissible concentration of Pb element in plants is 5 mg/kg. The 
highest amount of Pb is absorbed by plants through roots and leaves. 
Plant poisoning, a reduction in cell expansion, a reduction in cell divi-
sion, and a decrease in transpiration are all effects of these conditions 
(Zulfiqar et al., 2019; Sharma et al., 2022). 

To increase the quantity and quality of food produced per unit area 
by integrating mineral nutrition techniques and plant organic matter, it 
was thought that the use of organic processes in the nutrition of me-
dicinal plants would be a fundamental solution for the development of 
integrated plant nutrition management systems (Khosropour et al., 
2023). In sustainable agricultural systems, it is essential to use renew-
able resources that have maximum ecological benefits and minimum 
environmental damage. One of the methods of increasing plants’ resis-
tance to stress is the use of vermicompost (VC) and biochar (BC). Ver-
micompost is made by earthworms through the processing of organic 
wastes such as animal manure and plant residues, and it has received a 
lot of attention due to its significant potential for soil improvement. 
Vermicompost increases the water retention capacity in the soil, in-
creases ventilation, and improves the physical and chemical properties 
of the soil (Raza et al., 2022). Biochar is a carbon material obtained by 
heating plant remains and waste in an environment containing limited 
or no oxygen. The thermal decomposition of biomass in an oxygen- 
deficient environment is called pyrolysis (Yadav et al., 2023). Biochar 
has high stability and is produced in order to manage waste, reduce 
climate change, produce energy, and improve soil properties (Khosro-
pour et al., 2021). Biochar has affected various physical properties (such 
as soil structure, hydraulic conductivity, and gravity) and chemical at-
tributes (such as acidity, cation exchange capacity, organic matter) and 
soil biology (microbial activity, microbial diversity, enzyme activity, 
microbial population) (Yadav et al., 2023). Biochar increases plant 
performance by providing water and minerals required for plants 
(Khosropour et al., 2021). 

The demand for herbal products has substantially increased in an 
effort to support human health. Thus, medicinal plants have been widely 
grown on a variety of soils to fulfill human and industrial demands. 
Summer savory (Satureja Hortensis L.) is an annual and herbaceous plant 
of the Lamiaceae family, which is produced due to its high-value 
phenolic compounds, such as carvacrol and thymol (Memari Tabrizi 
et al., 2021). Summer savory is valuable as a potential source of nutri-
ents, so it can be used to control some diseases due to its beneficial 
antioxidant (Ejaz et al., 2023), antifungal (Ahmadi et al., 2020), anti-
bacterial (Farahani et al., 2023), antiviral (Bezić et al., 2009), anti- 
inflammatory (Uslu et al., 2003; Abdelshafeek et al., 2023), anti- 
diabetic (Ejaz et al., 2023), antispasmodic (Hajhashemi et al., 2000; 
Ejaz et al., 2023), anti-cancer, (Kennedy et al., 2018), and cytotoxic 
effects (Farzaneh et al., 2018). 

Improvements in the use of BC and VC to enhance plant growth and 
yield in contaminated soils have recently attracted more attention (Di 
et al., 2019; Wang et al., 2021; Kheir et al., 2021; Song et al., 2022). The 
present study hypothesized that the combination of BC and VC can 
regulate plant growth under Pb toxicity through improving physiolog-
ical and phytochemical attributes. According to previous works, the 
positive role of VC and BC in modulating heavy metals has been reported 
in different plant species like spinach (Zafar-ul-Hye et al., 2020), 
barberry (Khosropour et al., 2021), wheat (Kheir et al., 2021). However, 
the use of these compounds in summer savory is unknown. The research 
question is how much VC and BC can regulate plant growth through 
modulating Pb stress in summer savory. Therefore, the present study 
was conducted to evaluate the effect of BC and VC in modulating Pb 
toxicity by affecting plant growth and biochemical attributes of summer 

savory. The finding can be beneficial for food and pharmacological in-
dustries to grow this medicinal plant in industrial and urban areas. 

2. Materials and methods 

2.1. Plant materials and treatments 

Summer savory seeds were purchased from the Pakan Bazr company 
in Iran. Soil samples were collected from an unpolluted area in an 
agricultural field and were sterilized in an oven. The experimental soil 
was a sandy loam with pH: 7.09, and EC: 0.99 dS m− 1

. N: 0.23 %, P: 12.1 
mg kg− 1; K: 255 mg kg− 1, total Pb: 6.03 mg kg− 1. 

The factorial experiment was conducted using Pb stress and soil 
amendments in a completely randomized design (CRD) with five repli-
cates. To induce metal toxicity, the soils were contaminated by lead 
nitrate (Pb NO3) at concentrations of 0 (control), 300, and 600 mg kg− 1 

soil. The soil amendments included BC and VC at four levels of 0 % 
(control), 2 % BC, 10 % VC, and 1 %BC + 5 %VC. The amounts of BC and 
VC used in each pot, with a volume of 3 L, were 60, 300, and 30 + 150 g, 
respectively. The experiment included 12 treatment combinations (three 
levels of Pb stress and four levels of soil amendments. The experiment 
included 12 treatment combinations (three levels of Pb stress and four 
levels of soil amendments). The properties of BC and VC are presented in 
Table 1, where BC was derived from grape tree pruning waste. 

2.2. The production of biochar (BC) 

The process for creating BC involved washing residues of grape trees 
with water, followed by an outdoor drying period. After being ground, it 
was poured into containers with appropriate covers and heated in the 
furnace for four h at a rate of 20 ◦C per min. Thereafter, the furnace was 
turned on at 500 ◦C and was transformed into BC at this temperature 
(Yuan et al., 2011). 

2.3. Plant weight 

The plants were completely cut from the bottom of the stem and 
dried in the shade. A digital scale with an accuracy of 0.001 g was used 
to measure the shoot weight of plants (Afshari et al., 2021). 

2.4. Chlorophyll (Chl) assay 

Leaf total Chl was measured using the Arnon (1949) instruction. For 
this, 8 mL of 80 % acetone was used to homogenize 0.2 g of fresh leaves. 
The mixture was centrifuged for 15 min at 4 ◦C. Supernatant was read 
using a spectrophotometer at 645 and 663 nm. The amount of total Chl 
was determined as follows equation (1): 

TotalChl(mg/g) = (20.2 × A645) − (8.02 × A663) × V/1000 × W (1)  

where A is the absorbance at each wavelength. The final extract volume 
is V, and the fresh weight in g is W. 

2.5. Relative water content (RWC) measurement 

Three procedures were taken to calculate RWC using fresh leaves. 

Table 1 
The properties of biochar and vermicompost used in the present study.  

Parameter Biochar Vermicompost 

Organic matter (%) 87.6 71.5 
Organic carbon (%) 76 % 36 % 
N (%) 0.44 2.65 
K (%) 19 1.65 
P (%) 0.35 0.52 
pH 9.3 6.7  
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After determining the leaves’ fresh weight (FW), they were submerged 
in distilled water for 24 h to reach their saturation weight (SW). Dry 
weight (DW) was then calculated for the samples after being dried in an 
oven until the weight remained steady as follows equation (2) (Dhopte 
and Manuel, 2002): 

RWC =
(FW − DW)

(SW − DW)
× 100 (2)  

2.6. Malondialdehyde (MAD) measurement 

A mixture of 0.5 g of fresh leaves and 4 mL of 20 % w/v trichloro-
acetic acid (TCA) with 0.5 % thiobarbituric acid was prepared. The 
mixture was then placed in a hot water bath at 95 ◦C for 25 min. After 
the heating step, the mixture was centrifuged at 14000 rpm for 30 min to 
separate the supernatant from the leaf debris. The supernatant was 
retained for further analysis. The retained samples were immersed in a 
hot water bath again for 30 min. Following this, the samples were 
centrifuged at 10000 rpm for 10 min. Finally, the samples were read 
using a 532 nm laser, in accordance with the method described by Heath 
and Packer (1968). 

2.7. Electrolyte leakage measurement (EL) 

To determine EL, fresh leaves were sampled from each pot and 
placed in test tubes with 10 mL of double distilled water. The tubes were 
closed with a plastic cap and kept at a constant temperature of 25 ◦C. 
After 12 h, the initial electrical conductivity (EC1) was measured with an 
EC meter (model MI306, Milwaukee WI, USA). After that, the samples 
were boiled at 100 ◦C for 20 min to release all the electrolytes. Following 

a 25 ◦C cooling of the samples, the EC2 was determined. Equation (1) 
was used to determine the EL (Asrar et al., 2012). 

EL = (EC1/EC2)*100 (3)  

2.8. Total phenolic content (TPC) 

In order to extract the TPC of the samples, leaf samples were mixed 
with the extraction solvent consisting of methanol (85 %) and acetic acid 
(15 %) in a ratio of 1:40. The extraction was obtained by shaking in the 
dark at 4 ◦C for 72 h. Then, 0.5 mL of the extracts were mixed with 2.5 
mL of 10 % Folin-Ciocalteu and mixed with a vortex mixer. After 6 min, 
2 mL of 7.5 % sodium carbonate was added to the mixture and kept for 
1.5 h in the dark. A spectrophotometer was then used to measure the 
absorbance at a wavelength of 750 nm. Gallic acid (GA) was used as a 
standard and TPC was expressed as mg GA per g dry weight (DW) of leaf 
samples (Khosropour et al., 2021). 

2.9. Total flavonoid content (TFC) 

The quantity of TFC was determined using the aluminum chloride 
colorimetric method. The procedure involved combining 1.5 mL of 95 % 
ethanol, 0.1 mL of 10 % aluminum chloride, 0.1 mL of 1 M potassium 
acetate, and 2.8 mL of distilled water with 0.5 mL of the extract solution. 
After a 30 min storage period at room temperature, the mixture’s 
absorbance was measured at 415 nm. A curve was created using the 
quercetin (QE) standard, and TFC was expressed as mg QE per g DW 
(Khosropour et al., 2021). 

Fig. 1. Shoot weight (a) and root weight (b) of summer savory plants under soil amendments (biochar and vermicompost) in Pb-polluted soils. Values are means ±
standard deviation (SD). Different letters represent statistically significant differences among treatments at P ≤ 0.05. 
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2.10. Essential oil (EO) distillation and EO yield 

The plants’ aerial parts were taken during the flowering stage and 
dried in the shade to produce the EO. The 100 g of dried samples were 
hydro-distilled for 3 h in a Clevenger type apparatus to determine the EO 
content (w/w). On the basis of the dry plant weight in each pot, the EO 
yield was determined (Sefidkon et al., 2006). 

2.11. Data analysis 

The Least Significant Difference (LSD) test was used to compare the 
mean values and the data at a 5 % probability level using SAS (version 
9.3). Multivariate analyses were accomplished by XLSTAT. 

3. Results 

3.1. Plant dry weight 

Pb toxicity, BC, and VC significantly (P ≤ 0.05) modified the plant 
weight. Under non-application of VC and BC, Pb at 300 and 600 mg Kg− 1 

soil decreased shoot weight by 12 and 41 % (Fig. 1a) and root weight by 
13 and 25 % (Fig. 1b), respectively. The BC, VC, and BC + VC respec-
tively led to 12, 15, and 20 % declines in shoot weight (Fig. 1a) and 14, 
16, and 25 % decreases in root weight Fig. 1b) in summer savory plants 
exposed to 600 mg Pb Kg− 1 soil. In addition, under 300 mg Pb Pb Kg− 1 

soil, the use VC + BC led to 12 and 10 % increases in shoot and root 
weight, respectively. Therefore, the combination of VC and BC is 
eminent in modulating Pb toxicity by improving plant weight. 

3.2. Relative water content (RWC) and chlorophyll (Chl) content 

The RWC and Chl were significantly reduced by Pb toxicity but 
increased by BC and VC. Without soil amendments, 8 and 20 % re-
ductions in RWC were obtained for plants exposed to 300 and 600 mg Pb 
Kg− 1 soil, respectively, compared to the control. However, the combi-
nation of BC and VC increased plant RWC by 12 % compared to the 
control (Fig. 2a). Like RWC, Chl showed a reduction under Pb stress but 
it improved by BC and VC. The maximum Chl a + b was obtained in 
plants with BC + VC without Pb toxicity. However, the minimum Chl 
was reported in the plants exposed to 600 mg Pb Kg− 1 soil without BC or 
VC, with a 29 % reduction compared with the control (Fig. 2b). 

3.3. Malondialdehyde (MDA) and electrolyte leakage (EL) 

The MDA significantly increased by Pb toxicity, while BC and VC 
lowered it. The maximum MDA was observed in plants exposed to 600 
mg Pb Kg− 1 soil, with a 61 % enhancement compared with the control. 
The BC, VC, and BC + VC lowered MDA by 14, 19, and 23 % in plants 
under 600 mg Pb Kg− 1 soil (Fig. 3a). In addition, the results revealed 27 
and 49 % raises of EL when plants experienced 300 and 600 mg Pb Kg− 1 

soil, respectively. The best results of soil amendments were related to the 
combined application of BC and VC by a 15 % decline in EL compared 
with non-BC/VC application in plants under severe Pb stress (Fig. 3b). 

3.4. Total phenolic content (TPC) and total flavonoid content (TFC) 

Higher TPC was triggered by Pb exposure, and also BC and VC either 
alone or together improved TPC. Upon VC + BC, TPC increased 14 and 
17 % after the application of 300 and 600 mg Pb Kg− 1 soil, respectively. 
compared with control, a 32 % enhancement in TFC was observed in the 

Fig. 2. Relative water content (RWC, a) and chlorophyll (Chl) a + b (b) of summer savory plants under soil amendments (biochar and vermicompost) in Pb-polluted 
soils. Values are means ± standard deviation (SD). Different letters represent statistically significant differences among treatments at P ≤ 0.05. 
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interaction of 600 mg Pb Kg− 1 soil and BC + VC, (Fig. 4a). TFC increased 
as a result of moderate Pb toxicity and VC, reaching a maximum in 
plants treated with 300 mg Pb Kg− 1 soil and VC, a 67 % improvement 
over control (Fig. 4b). 

3.5. Essential oil (EO) content and EO yield 

Interesting results were obtained for EO content with an increasing 
trend at 300 mg Pb Kg− 1 soil. The EO content in the interaction of 300 
mg Pb Kg− 1 soil and BC + VC was higher than other treatments, with 38 
% enhancement relative to the control (Fig. 5a). Although EO yield in 
treatments containing 300 mg Pb Kg− 1 soil had no significant difference 
with the non-Pb stress, Pb toxicity at 600 mg Kg− 1 soil led to noticeable 
declines. Accordingly, the minimum EO yield was reported in the 600 
mg Pb Kg− 1 soil without BC/VC with 35 % decreases relative to the 
control (Fig. 5b). 

3.6. Multivariate analysis 

According to the principal component analysis (PCA) results for Pb 
toxicity, F1 (axis 1) explained control and 600 mg Pb Kg− 1 soil, whereas 
F2 described 300 mg Pb Kg− 1 soil. Additionally, all traits were supported 
by F1 except for EO content and TFC (Fig. 6a). However, soil amend-
ment PCA revealed that most traits were supported by F1. VC, BC + VC, 
and control were described by F1 while BC was defended by F2 (Fig. 6b). 
Additionally, shoot weight, root weight, RWC, Chl, and EO yield nega-
tively correlated with MDA, EL, and TPC. 

Three distinct clusters were identified based on agglomerative hier-
archical clustering (AHC) of Pb toxicity as each level was placed in a 
cluster (Fig. 7a). Additionally, three clusters were identified for soil 

amendments as BC and VC in one cluster, BC + VC in another cluster, 
and control in yet another cluster (Fig. 7b). 

4. Discussion 

Lead stress severely limited plant growth, although VC and BC 
significantly enhanced it. It appears that heavy metals like Pb compete 
with other nutrients like calcium (Ca), iron (Fe), manganese (Mn), 
copper (Cu), nickel (Ni), zinc (Zn), potassium (K), and sodium (Na) for 
absorption by membrane transporters, which can result in a deficiency 
of these vital nutrients in the plant and slow down plant growth (Irfan 
et al., 2021). Lead interferes with the availability of soil minerals and 
hinders plants’ ability to absorb nutrients, which limits their growth. 
Previous studies have revealed that Pb plays an important role in the 
inhibition of nutrient movement to the leaves (Zafar-ul-Hye et al., 
2020). Leaf induces excessive production of ROS when the plant’s de-
fense network is not able to maintain free concentrations of Pb ions in 
the cytosol at a level lower than the threshold. Also, Pb changes the 
activity of key enzymes of many metabolic pathways. These changes 
may be the result of inhibiting some primary physiological processes 
such as nitrogen fixation and other metabolic processes (Zafar-ul-Hye 
et al., 2020). The retention of Pb in the root may also cause a further 
reduction in root growth as compared to the aerial parts. Additionally, 
Pb toxicity limits water transfer to growing tissues and leaves, alters the 
ultrastructure of cellular organelles, and alters the activity of numerous 
enzymes involved in metabolic pathways. These effects have a negative 
impact on seed germination and plant growth (Zulfiqar et al., 2019). 
Higher accumulation of Pb in plants may interfere with plant growth 
and development in various ways, such as reducing enzyme activities, 
disrupting photosynthesis and dark respiration, closing stomata, and 

Fig. 3. Malondialdehyde (MDA, a) and electrolyte leakage (EL, b) of summer savory plants under soil amendments (biochar and vermicompost) in Pb-polluted soils. 
Values are means ± standard deviation (SD). Different letters represent statistically significant differences among treatments at P ≤ 0.05. 
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inhibiting water absorption. Lead prevents the division of cells in the 
meristem region and the growth of cells in the growth region. On the 
other hand, early differentiation and lignification of the cell wall located 
in the longitudinal growth region of the cell can be one of the reasons for 
the reduction of root growth (Ivanov and Zhukovskaya, 2021). Mainly, 
lead enters the root through an apoplastic pathway or Ca ion channel. 
The transfer of lead from the apoplastic pathway is easily done through 
the dissolution of Pb in water (Kumar et al., 2020). This study supports 
the beneficial role of BC and VC as a useful technique to reduce Pb 
accumulation in summer savory plants. Organic substrates help plants 
tolerate Pb stress by decreasing Pb bioavailability and mobility in the 
soil, limiting Pb absorption and translocation, storing Pb in the vacuole, 
and controlling transpiration rate. The BC can enhance the soil’s 
chemical characteristics, including its pH and electrical conductivity 
(EC). Biochar is filling the pH gap between the soil and this organic 
material through soil pH enhancement (Albert et al., 2021). Like our 
results, the beneficial role of BC and VC in modulating heavy metal 
toxicity has been reported on barberry (Khosropour et al., 2021) and 
wheat (Kheir et al., 2021). Overall, the combination of VC and BC offers 
a comprehensive approach to improving soil fertility, structure, and 
plant growth. Their synergistic effects in nutrient enrichment, immobi-
lization of Pb, and promotion of beneficial microbial activity make them 
a more effective combination than their individual applications (Wang 
et al., 2018). 

Lead toxicity reduced RWC content, while it was improved by VC and 
BC. The RWC is a significant factor in plants under stress conditions 
because it monitors changes in plant water status through stomatal 
conductance (Ma et al., 2023). Pb toxicity in plants reduces RWC 
through several biochemical mechanisms. It increases oxidative stress, 

leading to membrane lipid peroxidation and cellular damage that im-
pairs water movement and reduces water uptake. Pb toxicity also dis-
rupts the functioning of aquaporins, affecting water transport across cell 
membranes. It can alter stomatal behavior, causing stomatal closure or 
malfunction, and reducing transpiration and water loss control (Bakh-
tiari et al., 2023). Furthermore, Pb toxicity disturbs root hydraulic 
conductivity, hindering water uptake and flow from roots to shoots. 
These biochemical pathways collectively contribute to the decrease in 
RWC in plants exposed to Pb toxicity (Ma et al., 2023; Bakhtiari et al., 
2023). The application of biochar and vermicompost can improve RWC 
in plants under Pb toxicity through various mechanisms, including 
enhanced water holding capacity, stimulation of root growth, regulation 
of stomatal behavior, induction of osmotic adjustment, and activation of 
stress-responsive genes and proteins. These mechanisms contribute to 
maintaining proper water balance, optimizing water uptake, and 
reducing dehydration effects caused by Pb toxicity (Kheir et al., 2021). It 
has been reported that when VC and BC were used in combination, the 
soil physical and chemical attributes were much better than their 
separate use (Huang and He, 2023). Similarly, Khosropour et al. (2021) 
showed that the combined VC and BC was more effective than their 
separate uses in improving RWC in barberry plants exposed to Cd stress. 

Lead had a negative impact on Chl content, but BC and VC improved 
it. Inhibition of important enzymes such as delta-aminolevulinic acid 
dehydratase, which are involved in chlorophyll biosynthesis, is also one 
of the possible reasons for the reduction of chlorophyll under Pb toxicity. 
Photosynthesis is very sensitive to the disruption of the movement of 
gases from the stomata, and electron microscope observations show that 
the stomata are closed by Pb. Reactive oxygen species are the inevitable 
consequence of plant response to Pb stress. The decrease in 

Fig. 4. Total phenolic content (TPC, a) and total flavonoid content (TFC, b) of summer savory plants under soil amendments (biochar and vermicompost) in Pb- 
polluted soils. Values are means ± standard deviation (SD). Different letters represent statistically significant differences among treatments at P ≤ 0.05. 
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photosynthesis rate during Pb stress can be attributed to stomatal factors 
(Ramyar et al., 2022). Stomatal limitations of photosynthesis can be 
described as inefficient absorption of CO2 in leaves and sub-stomatal 
cavities due to premature closure of stomata. Reduced Rubisco 
enzyme activity, chloroplast activity, ATP availability, ribulose 1,5-bs 
phosphate synthesis, leaf nitrogen, and disruption of photosystems I 
and II are all factors that limit non-photosynthetic photosynthesis 
(Ramyar et al., 2022). The reduction of Chl content under Pb stress is 
considered a typical sign of pigment photooxidation and Chl degrada-
tion. The combined effect of BC and VC significantly acts as a nutritional 
source as well as a suitable cation exchanger due to its large surface area 
and as a result of the availability of nutrients and their greater absorp-
tion by plant roots. In addition, the increase in soil pH amended by BC 
has consequences on mineralization and availability of nutrients, mainly 
related to basic cations such as Ca, Mg, and K (Huang and He, 2023). 

The MDA and EL increased by Pb toxicity, but decreased by BC and 
VC. Cell membrane markers like MDA and EL play a major role in pre-
dicting plant stress. Increased MDA and EL are indicators of plant 
damage and are primarily caused by elevated ROS in stressful situations 
(Okant and Kaya et al., 2019). Zeng et al. (2021) represented that Pb 
toxicity at 300 and 600 mg Kg− 1 significantly increased MDA and EL in 
Castorbean, which is consistence with the present findings. Soil 
amendments have a positive effect on antioxidant capacity, resulting in 
lower MDA and EL. The modulation role of BC and VC for Pb toxicity can 
be detected as its effect on cell and membrane stability. The reduced 
MDA and EL by BC and VC have been discovered in eggplant by Ebra-
himi et al. (2021). 

The interaction of Pb at 300 mg Kg− 1 and combined BC and VC led to 
higher TPC and TFC. The phenylpropanoid compounds of plants cause 

color, taste, and special physiological characteristics in plants and pro-
tect the plant against biotic and abiotic stresses (Cheynier et al., 2013). 
Phenolic compounds are related to their oxidation–reduction properties, 
which play an important role in absorbing and neutralizing free radicals, 
suppressing ROS, or decomposing peroxidases (Khosropour et al., 2021). 
In most plant species, the key step in making phenolic compounds is 
converting phenylalanine to cinnamic acid and it is done with the help of 
phenylalanine ammonialyase (PAL) enzyme. The present work showed 
that moderate Pb toxicity with combined BC and VC can be effective in 
reaching the maximum TPC and TFC. Similar to the results, the highest 
TPC and TFC have been reported in coriander plants by Babashpour-Asl 
et al. (2022) under moderate Cd toxicity and Afshari et al. (2021) under 
mild water stress. The soil amendments often include special compounds 
that activate the plant’s defense strategy by inducing false stress and as a 
result produce secondary metabolites. Many studies show that the 
addition of VC and BC can modulate different abiotic stresses by 
improving the water and nutritional attributes. The production pathway 
of phenolic compounds can be induced by BC and VC due to the changes 
in nutritional value in plants. In addition, BC and VC can change the 
transcription of genes and enzymes involved in the production of 
phenolic compounds. Khosropour et al. (2021) represented that the 
maximum TPC and TFC in barberry plants were obtained with moderate 
Cd stress (10 mg kg− 1 soil) with combined BC and VC, which are in line 
with our results. 

EO content and EO yield decreased by severe Pb toxicity. However, 
the interaction between moderate Pb stress and the application of BC 
and VC can potentially enhance the EO content in plants up to a 
maximum level. BC and VC can enhance soil fertility and nutrient 
availability, promoting optimal plant growth and nutrient uptake. EO 

Fig. 5. Essential oil (EO) content (a) and EO yield (b) of summer savory plants under soil amendments (biochar and vermicompost) in Pb-polluted soils. Values are 
means ± standard deviation (SD). Different letters represent statistically significant differences among treatments at P ≤ 0.05. 
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biosynthesis is tightly linked to nutrient availability, particularly ni-
trogen, phosphorus, and potassium. The application of BC and VC can 
provide an abundant supply of these nutrients, thus supporting the 
synthesis and accumulation of essential oils in plants (Sharafabad et al., 
2022). Moderate heavy metal toxicity has been reported to stimulate 
EOs in various plant species, while their severe toxicity led to decreased 
EO content (Memari-Tabrizi et al., 2021; Babashpour-Asl et al., 2022; 
Bakhtiari et al., 2023, Alawamleh et al., 2023). Co-application of BC and 
VC and Pb toxicity at 300 mg kg soil− 1 (moderate stress) can enhance the 
activity of enzymes involved in EO biosynthesis, such as terpene syn-
thases, phenylpropanoid enzymes, and antioxidants (Memari-Tabrizi 
et al., 2021). This stimulation of secondary metabolite production can 
lead to increased EO content in plants under moderate Pb stress and soil- 
applied BC and VC. 

Changes in plant weight have an obvious effect on EO yield since EO 
yield is estimated using plant weight and EO content. Plants exposed to 
metal toxicity slow down their secondary metabolism, which affects the 
metabolic processes that produce EO. The abiotic stress led to changes in 
the number and size of EO glands in leaves as the high rate of stress led to 
decreased size and number of glands (Gohari et al., 2020). Memari- 

Tabrizi et al. (2021) on summer savory plants and Babashpour-Asl et al. 
(2022) on coriander plants addressed the declines in EO content and 
yield under 20 mg Cd kg− 1 soil. 

All phases of plant life, from seed germination to plant development, 
can be impacted by heavy metals like Pb. It has been reported that auxin 
and abscisic acid, two main phytohormones, are altered by Pb during 
seed germination. Meristematic cells’ ability to divide mitotically is 
inhibited, which results in a decrease in root length and weight and an 
increase in root diameter. Lead also alters the relationship between 
nutrients and water for plants, which has an impact on the production of 
secondary metabolites like EO. It restricts mitotic division of meriste-
matic cells, which results in a decrease in root length and weight and an 
increase in root width. Lead also alters the relationship between nutri-
ents and water for plants, which has an impact on the production of 
secondary metabolites like EO (Lermen et al., 2015). However, when 
summer savory plants were exposed to Pb toxicity, the combined Bc and 
VC increased EO yield. Specific functions of BC and VC in plants include 
improved water absorption, nutrient uptake, gas exchange, and phyto-
hormone adjustment (Khosropour et al., 2021). Improvement of EO 
yield with BC and VC has been addressed on garlic (Ghassemi and Raei, 

Fig. 6. Principal component analysis (PCA) of the traits under Pb stress (a) and soil amendments (b). BC: biochar, VC: vermicompost, SW: shoot weight, RW: root 
weight, MDA: malondialdehyde, EL: electrolyte leakage, EO: essential oil, EOY: essential oil yield, RWC: relative water content. TPC: total phenolic content, TFC: 
total flavonoid content. 
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2021) and Cymbopogon martini (Roxb.) Wats (Jain et al., 2020). 

5. Conclusions 

The current findings demonstrated that severe lead toxicity consid-
erably reduced plant development and the main secondary metabolites, 
but that biochar and vermicompost, especially their combination, 
effectively controlled lead toxicity by increasing chlorophyll and water 
content. In order to reduce lead toxicity in summer savory plants, it is 
suggested to employ a combination of biochar and vermicompost, as 
multivariate research revealed that this was significantly different from 
using either material separately. The lead stress at 300 mg Kg− 1 can be 
advised to get the maximal secondary metabolites, such as essential oil 
content and phenolic compounds. The results of the current study 
demonstrated that using vermicompost and biochar together can effec-
tively reduce the effects of heavy metal stress on medicinal plants. This 
finding merits future investigations on medicinal plants. 
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