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Abstract

Microplastic and heavy metal contaminants have attracted global concern due to their ubiquitous 
presence and long-lasting persistence, yet little is known about their interactions on plant growth 
performance. Here, different concentrations of polyethylene (PE)-microplastics (MPs) and lead (Pb) 
were applied to soils to investigate their impacts on tobacco plants. Our results showed that tobacco 
plants grown in PE-MP- and Pb-contaminated soils displayed a significant reduction in leaf pigment 
content, photosynthetic efficiency, and plant biomass, as well as a remarkable increase in the contents 
of hydrogen peroxide, superoxide ions, and malondialdehyde. The Pb contents in plant roots decreased 
from 886 mg kg-1 to 765 mg kg-1 with increasing concentrations of PE-MPs, while the leaf Pb 
concentrations remained unaffected. The impaired photosynthetic performance in tobacco leaves was 
attributed to Pb stress, causing stomatal closure and PE-MP-induced nonstomatal limitation. Moreover, 
the coexistence of PE-MPs and Pb damaged the PSII reaction center, disturbed the electron transport 
process, and reduced photosynthetic efficiency. To alleviate oxidative damage, the contents of proline 
and soluble sugar, along with the antioxidant enzyme activities, underwent a significant increase in 
tobacco plants. This work offers valuable insights for addressing the challenges posed by the emergence 
of contaminants in agricultural production.
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Introduction

Plastic pollution is a growing global threat to both 
terrestrial and marine ecosystems due to its sluggish 
degradation rate, large application, and prolonged 
persistence [1]. Once discarded into the natural 
surroundings, plastic waste breaks down into smaller 
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particles by physicochemical and biological forces, 
resulting in the generation of microplastics (MPs) when 
the plastic size is < 5 mm [2]. The wide application of 
plastic film residues, wastewater irrigation, organic 
fertilizer, and sewage sludge leads to large amounts of 
MP accumulation in agricultural soils [3]. Characterized 
by small particle size, large surface area, and high 
resistance to degradation, MPs are ubiquitous and 
persistent contaminants in agroecosystems that pose 
serious threats to crop productivity and human health [4, 
5].

To date, numerous research investigations have 
reported the adverse impacts of MPs on plant growth 
and crop production. For example, polyethylene (PE) 
and polyvinyl chloride (PVC) MPs considerably reduced 
the root length, shoot weight, and chlorophyll (Chl) 
contents of lettuce, and the adverse effects increased 
with increasing microplastic concentration [6]. 
Moreover, Colzi et al. observed that soil contaminated 
with 40-50 µm PE, PVC, polypropylene (PP), and 
polyethylene terephthalate (PET) MPs significantly 
impaired the root system, reduce leaf size and 
Chl content, inhibit photosynthetic capacity, and 
decrease the concentrations of Mg2+, Fe2+, Cu2+, and 
K+ in Cucurbita pepo L. [2]. Generally, MPs elicited 
detrimental impacts on plant growth through direct and 
indirect pathways. Once absorbed by plant roots and 
translocated to aboveground tissues, MPs can directly 
impact plant growth and crop production by blocking 
the seed pore [7], limiting water and nutrient uptake [8], 
inducing oxidative damage [9], generating genotoxicity 
and cytotoxicity [10], inhibiting root and shoot growth 
[11], disturbing metabolic systems [12], decreasing leaf 
chlorophyll content [13], and preventing photosynthetic 
capacity [14]. Furthermore, MPs can also indirectly 
impact plants by adversely affecting soil microbial 
community structure and function [15], suppressing the 
activities of soil microbiota and enzymes and altering 
soil physicochemical properties, such as soil aggregation 
[16], bulk density [17], water potential [18], and nutrient 
cycles [19].

In addition to the emerging organic contaminants, 
MPs, heavy metals, as inorganic pollutants, are another 
major environmental concern worldwide due to their 
nonbiodegradable nature, long-term persistence, high 
toxicity, and potential threats to food security and public 
health [20]. Lead (Pb) is the second most hazardous 
element after arsenic and is of great public concern 
[21]. Due to its high bioavailability to plants, Pb2+ can 
be easily transported and accumulate in edible parts 
of plants [22], resulting in phytotoxic effects on plant 
performance. To date, many studies have documented 
the hazardous effect of Pb on plant morphological 
[23], metabolic [24], physiological [25], and molecular 
processes [26]. Studies have revealed that excessive 
Pb2+ in plant tissues produces excessive reactive oxygen 
species (ROS) [27], increases membrane permeability 
[28], stimulates lipid peroxidation [19], induces leaf 
chlorosis [29], destroys chloroplast ultrastructure [30], 

damages genomic DNA [26], blocks root growth [31], 
retards seed germination [32], disturbs plant-nutrient 
relationships [33], suppresses plant photosynthesis 
efficiency [24], and inhibits respiration rates [23], 
resulting in considerable reductions in production and 
economic losses [34].

The large surface area, high hydrophobicity, and 
exceptional adsorption ability of MPs make them ideal 
carriers and transporters for other soil contaminants, 
including heavy metals in the environment [24, 35]. 
Recently, a few studies have investigated the joint 
toxicity of MPs and heavy metals on plant performance 
[15]. For example, a study performed by Tunali et al. 
found that PE-MPs combined with metal cations (e.g., 
Cu2+, Zn2+, and Mn2+) led to greater inhibition of growth 
and Chl a concentration of Chlorella vulgaris than single 
metal ions or MPs alone [36]. Li et al. reported that 
compared to plants exposed to Cd alone, the application 
of PE-MPs remarkably intensified the negative effect 
of Cd stress on maize photosynthesis by inhibiting 
photosynthetic capacity and suppressing the expression 
of photosynthesis-related genes [34]. Although co-
exposure to MPs and heavy metals has been confirmed 
to amplify their toxicity [37], the responses of plant 
growth and development to these contaminants 
are material type- and dose-dependent and plant 
species-specific [14, 38]. Knowledge of the combined 
phytotoxicity of PE-MPs and Pb on plant growth and 
physiological characteristics is still limited until now. 
In this study, PE was selected for testing since it is one 
of the most abundantly found microplastic polymers 
in both terrestrial and marine environments [39], and 
tobacco (Nicotiana tabacum) was chosen as the model 
crop. It is postulated that (1) the coexistence of PE-MPs 
amplified the accumulation of Pb2+ in tobacco tissues, 
and (2) PE-MPs and Pb elicit a synergetic pollution 
risk to the environment, potentially causing adverse 
impacts on the plant performance of tobacco. For the 
laboratory-scale experiments, tobacco was exposed 
to different concentrations of PE-MPs and Pb for four 
weeks to (1) explore the influences of PE-MPs on the 
uptake and accumulation of Pb2+ in tobacco shoots and 
roots, (2) reveal the toxicity mechanism of PE-MPs 
and Pb, individually and in combination, on the plant 
performance of tobacco, and (3) identify the possible 
antioxidative strategies for alleviating the oxidative 
damage caused by the co-contamination of PE-MPs and 
Pb. Our work will provide useful information on the 
toxicological behaviors between MPs and heavy metals 
in crop plants.

Methods and Materials

Preparation of Experiment Materials

Low-density PE microplastic particles with 
diameters ranging from 6.5 to 13 μm were obtained 
from Huachuang Chemical Co., Ltd. Before being 
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applied to the soil, the PE-MPs were sonicated in 0.1 
M HCl solution, followed by distilled water to clean the 
surface metals. Tobacco seeds (c.v. Zhongchuan 208) 
were provided by Qingdao China Tobacco Seed Co., Ltd. 
(Qingdao, China), and the floating breeding technique 
was used for seedling cultivation. The surface soils (at 
a depth of 0-20 cm) used to set the experiments were 
sampled from unpolluted farmland and sieved through 
a 2 mm mesh. The following are the physicochemical 
properties of the sampled soils: soil pH 7.9, organic 
matter 13.4 g kg-1, total N 81.7 mg kg-1, available P 176.4 
mg·kg-1, available K 386.5 mg kg-1, and available Pb 4.3 
mg kg-1.

Experiment Design

A two-factorial pot experiment was designed, 
including (1) five PE-MP doses, i.e., 0 (PE0), 250 
(PE250), 500 (PE500), 750 (PE750) and 1000 (PE1000) 
mg kg-1 soil, and (2) two Pb concentrations, i.e., 0 (Pb0) 
and 500 (Pb500) mg kg-1 soil. Ten treatments with 
six replicates each were established. PE-MPs were 
thoroughly mixed into the soil to achieve the target 
doses. Pb was incorporated into the soil-MP blend by 
utilizing a solution of Pb(NO3)2. Subsequently, the soils 
underwent preincubation for four weeks to achieve 
equilibrium in the soil environment. When the third 
true leaf expanded, one healthy tobacco seedling was 
relocated into a plastic pot (16 cm in height and 12 cm in 
diameter) and cultivated in climate chambers. A total of 
2.5 kg of PE-MP- and Pb-contaminated soil was added 
to each pot. The conditions of the climate chambers 
were set to maintain a light/dark cycle of 14 hours and 
10 hours, respectively, along with a humidity of 70% and 
a photosynthetically active radiation level of 800 μmol 
m-2 s-1. A total of 2.5 g of compound fertilizer containing 
N-P-K in a 15-15-15 ratio used as basal fertilization was 
applied to each pot to avoid nutrient deficiency, and 
deionized water irrigation was used every day to avoid 
water shortages.

Pigment Contents, Gas Exchange 
Parameters, and Chl Fluorescence

After 28 days of treatment, three healthy tobacco 
leaves in each treatment were randomly chosen to 
conduct the measurements of leaf SPAD values using a 
portable Chl metre (SPAD-502, Osaka 590-8551, Japan), 
gas exchange parameters including net photosynthetic 
rate (Pn), stomatal conductance (Gs), intercellular CO2 
concentration (Ci), transpiration rate (Tr), and water-
use efficiency (WUE) using a portable photosynthesis 
system (LI-6400, Li-COR Inc., USA), Chl fluorescence 
parameters including minimal fluorescence (Fo), 
maximal fluorescence (Fm), maximum quantum yield 
of PSII photochemistry (Fv/Fm), quantum efficiency 
of PSII photochemistry (ΦPSII), nonphotochemical 
quenching (NPQ), nonregulated (ΦNO) and regulated 
(ΦNPQ) thermal energy dissipation for the light-adapted 

state, and electron transport rate (ETR) using a portable 
chlorophyll fluorometer (PAM-2500, Walz, Germany).

The stomatal limitation (Ls) was determined 
utilizing the following equation [40]:

	 	

where Ci represents the internal CO2 concentration 
and Ca represents the atmospheric CO2 concentration.

Hydrogen Peroxide, Superoxide Ion, 
and Malondialdehyde Contents

The concentrations of hydrogen peroxide (H2O2) 
and superoxide ions (O2

•-) in fresh leaves of tobacco 
were analyzed based on the methods of Velikova et 
al. [41] and Yang et al. [42], respectively. The leaf 
malondialdehyde (MDA) contents were quantified by 
using the thiobarbituric acid (TBA) reaction [43].

Antioxidase Activities

Superoxide dismutase (SOD) was assayed using the 
nitrogen blue tetrazole (NBT) photochemical reduction 
method (LOD≈ 0.05-0.10 U mL-1) [44]. Peroxidase 
(POD) was measured using the guaiacol method (LOD≈ 
0.01-0.05 U mL-1) [45]. Catalase (CAT) activity was 
determined using the ammonium molybdate method 
(LOD≈ 0.05-0.10 U mL-1) [46]. Ascorbate peroxidase 
(APX) was performed based on the ascorbate oxidation 
method (LOD≈ 0.05-0.10 U mL-1) [47]. The measurement 
of soluble sugar (SS) was conducted according to the 
anthrone-sulfuric acid colorimetric method (LOD≈ 
0.05-0.10 U mL-1) [48]. Proline (Pro) was assayed based 
on the ninhydrin colorimetric method (LOD≈ 1-2 μg 
mL-1) [49].

Plant Biomass

After harvest, each plant was washed with deionized 
water and divided into two parts: shoot and root. The 
plant tissues were heated in a forced-air oven at 105 ◦C 
for half an hour and then dried at 65°C for 48 h. The dry 
weight was used to determine the shoot biomass (SB), 
root biomass (RB), gross biomass (GB), and root-to-
shoot ratio (R/S).

Plant Pb Content

A ground sample of 0.1 g was digested in 10 mL 
of a 1:1 HNO3:HClO4 solution and heated in a high-
pressure microwave system at 180°C for 120 min until 
the sample was completely digested. The solution was 
then diluted to a final volume of 20 mL with deionized 
water. An atomic absorption spectrophotometer (FAAS, 
AA-7000, Shimadzu, Japan) was applied to determine 
the plant Pb content (LOD≈ 0.01-0.02 μg mL-1). The 
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following two formulas were applied to calculate the 
bioconcentration factor (BCF), which reflects the plants’ 
ability to accumulate metals, and translocation factor 
(TF), which expresses the plants’ ability to translocate 
metals, respectively:

	 	

	 	

Statistical Analysis

All statistical data analyses were conducted using 
IBM SPSS 18 software (SPSS, Chicago, IL, USA). The 
significant differences (p<0.05) between different PE-
MPs treatments were analyzed by one-way ANOVA 
and followed by Duncan’s post hoc test. Comparisons 
between Pb0 treatment and Pb500 treatment were 
performed using the Independent-Samples t-Test. Two-
way ANOVA analysis was employed to analyze the 
significances of two factors (Pb and PE-MPs) and 
their interaction. Principal component analysis (PCA) 
was conducted by Origin 2022 software (Origin Lab, 
Massachusetts, USA). SmartPLS 3.0 was utilized for 
conducting structural equation modeling (SEM) in order 
to evaluate the potential effects of oxidative damage, 
enzymatic antioxidants, nonenzymatic antioxidants, 
and photosynthetic performance on the plant biomass of 
tobacco.

Results and Discussion

MPs and Pb are pervasive and emerging 
contaminants in terrestrial ecosystems, obtaining 
worldwide attention due to their co-presence and high 
toxicity [50, 51]; nevertheless, the understanding of their 
combined toxicity on terrestrial plants is still lacking. 
Evaluation of the biological responses of tobacco to 
combined PE-MPs and Pb stress will be helpful in 
enhancing the knowledge of the phytotoxicity of these 
two contaminants on tobacco growth performance and 
their potential risks to agricultural security.

Effects of Combined PE-MPs and Pb 
on the Plant Biomass of Tobacco

Among plant physiological and biochemical 
parameters, biomass is generally considered a 
morphological indicator that reflects the response of 
plants to environmental changes [52]. The changes in 
plant dry weights in different PE-MP and Pb treatments 
are shown in Table 1. Compared to the control (PE0 
treatment), SB, RB, and GB significantly decreased by 
7.1%~26.8% in the various PE-MP treatments. Under 

Pb-stressed conditions, compared to the PE0+Pb 
treatment, SB, RB and GB significantly decreased by 
3.8%~26.7. Our present results showed that the shoot and 
root biomass of tobacco were markedly decreased by the 
addition of PE-MPs and Pb and had the lowest value 
when plants suffered combined PE-MPs and Pb stress 
(Table 1). The results were in line with the research of 
Yang and Gao, who reported that MPs derived from 
plastic film mulch seriously inhibited the growth of 
rice plants, resulting in a considerable decrease in 
plant height and biomass [53]. Song et al. also found 
that the biomass of Hemerocallis fulva, Iris germanica 
L., Canna generalis, Pennisetum clandestinum, and 
Miscanthus sinensis grown in soil containing 1000 mg 
kg-1 Pb decreased by 75.2%, 24.5%, 31.6%, 44.4%, and 
26.2%, respectively, when compared to plants grown 
with no Pb [54]. Similarly, the dry weight of tartary 
buckwheat seedlings decreased from 1.72 g to 1.02 g 
when the plants were grown in a solution containing 
80 mg L-1 polylactic acid MPs and 120 mg L-1 Pb2+ [55]. 
The phytotoxic mechanisms on the biomass of tobacco 
could be the cumulative physiological and metabolic 
perturbations caused by PE-MPs and Pb [51, 56]. 

The R/S ratio showed no noticeable difference in the 
PE250 and PE500 treatments, but significantly decreased 
by 8.0% in the PE750 treatment and 12.0% in the PE1000 
treatment. Similarly, under Pb-stressed conditions, 
the R/S ratio was not affected by the PE250+Pb and 
PE500+Pb treatments but was significantly decreased 
by 10.7% in the PE750+Pb treatment and 17.9% in the 
PE1000+Pb treatment when compared to the PE0+Pb 
treatment. The two-way ANOVA in Table 1 shows 
that SB, RB, GB, and the R/S ratio of tobacco were all 
significantly affected (p<0.001) by PE-MPs and Pb, and 
RB and GB were remarkably influenced (p<0.01) by 
the interaction effect of PE-MPs and Pb. However, no 
significant interaction effect of those two factors was 
found on the SB and R/S ratio (p>0.05).

Effects of Combined PE-MPs and Pb on 
Plant Pb Uptake and Transportation

The Pb contents in different plant tissues of tobacco 
under different PE-MP and Pb treatments are shown 
in Table 2. When the plants suffered Pb stress, the Pb 
contents in the shoot and root of tobacco were 190 and 
886 mg kg-1, respectively. The high Pb contents in the 
roots may result from the creation of stable compounds 
between Pb and the carboxyl group, as well as glucuronic 
acid present in the cell wall of the root epidermis [57]. 
Consequently, the movement of Pb2+ ions was restricted 
or obstructed.

The content of Pb in the roots of tobacco was 
significantly decreased by PE-MP addition, while the 
shoot Pb content showed no marked difference among 
the different PE-MPs (Table 2). The results suggested 
that the application of PE-MPs had the ability to inhibit 
the amount of Pb2+ extracted by plant roots from the 
soils. Similar results were also obtained in the research 
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conducted by Dong et al., who reported that both 
polystyrene and polytetrafluoroethylene MPs reduced 
arsenic (As), and the absorption of As decreased as the 
concentration of MPs increased [58]. The underlying 
mechanisms could be explained by the direct adsorption 
of heavy metals, the competition between metal ions 
and plastic particles for root adsorption sites, and the 
suppression of root functionality by MPs [58].

The calculated TF and BCF in the different PE-MP 
and Pb treatments were all lower than 1, indicating that 
less Pb was translocated to the aboveground parts and 
that PE-MPs played no role in the translocation of Pb 
from roots to shoots. The presence of PE-MPs had no 
significant effect on TF but markedly decreased BCF 
when tobacco plants were grown in soils containing 500 
mg kg-1 Pb. Under Pb500 conditions, with the addition 
of PE-MPs, the BCF values decreased from 0.69 to 0.57. 
In this study, PE-MP addition caused a decrease in BCF, 
and the higher the concentration of PE-MP was, the 
lower the BCF value. This phenomenon can be attributed 
to the presence of MPs decreasing the bioavailability of 
soil Pb and restraining the absorption of Pb2+ by plant 
tissues [59].

Oxidative Damage Caused by 
PE-MPs and Pb Stress

The phytotoxicity of environmental pollutants is 
highly related to the production of ROS, including 
H2O2 and O2

- [34, 60]. The high accumulation of ROS 

in plant tissues exceeds cell tolerance and leads to 
oxidative stress, protein degradation, RNA and DNA 
destruction, photosynthesis inhibition, and plant death 
[61]. In the present research, in the presence of PE-
MPs, Pb ions, and their combination, the contents of 
H2O2 and O2

- in tobacco leaves were much higher than 
those in the control (Fig. 1). Compared to PE0, H2O2 
increased by 4.7~18.6%, O2

- increased by 17.8~50.1%, 
and MDA increased by 1.8~43.7% in various PE-MP 
treatments. Furthermore, the addition of Pb exacerbated 
the oxidative damage caused by PE-MPs. Compared to 
Pb0, Pb500 significantly increased by the contents of 
H2O2 and O2

- and MDA by 161.2~221.9%, 23.9~51.8%, 
and 102.9~146.3%, respectively.

Similar results were observed in studies of Vicia faba 
[62], maize [14] and tobacco [63] under MP-stressed 
conditions; rice [64], wheat [65] and triticale [66] grown 
in Pb-contaminated soils, as well as rapeseed [35] and 
buckwheat [67, 55] suffered combined MP and Pb stress. 
The toxicity caused by PE-MPs or Pb is reported to 
induce an increase in the level of MDA in the leaves 
of Vallisneria natans [68], lettuce [69], and maize [63], 
which is consistent with our results (Fig. 1c)). These 
results revealed that both PE-MPs and Pb stimulate lipid 
peroxidation generation and cause a direct oxidative 
burst and oxidative damage to the structure and function 
of the cell membrane in tobacco plants [14].

Treatment SB (g) RB (g) GB (g) R/S ratio

PE0 2.23±0.13 a 0.56±0.02 a 2.79±0.15 a 0.25±0.01 a

PE250 2.04±0.04 b 0.52±0.02 b 2.56±0.05 b 0.25±0.01 a

PE500 1.94±0.05 bc 0.49±0.02 b 2.43±0.07 bc 0.25±0.01 a

PE750 1.87±0.03 c 0.43±0.03 c 2.31±0.06 cd 0.23±0.01 b

PE1000 1.82±0.02 c 0.41±0.01 c 2.23±0.02 d 0.22±0.01 b

PE0+Pb 1.58±0.02 a 0.45±0.03 a 2.03±0.05 a 0.28±0.02 a

PE250+Pb 1.52±0.02 b 0.42±0.02 b 1.94±0.01 b 0.27±0.01 ab

PE500+Pb 1.49±0.01 c 0.39±0.01 bc 1.88±0.01 c 0.26±0.01 abc

PE750+Pb 1.44±0.01 d 0.36±0.01 c 1.80±0.01 d 0.25±0.01 bc

PE1000+Pb 1.40±0.02 e 0.33±0.01 d 1.73±0.01 e 0.23±0.01 c

PE-MPs *** *** *** ***

Pb *** *** *** ***

PE-MPs×Pb ns ** ** ns

​Note: Values are the mean of three replicates. PE–PE: MPs treatment; Pb: Pb treatment; PE×Pb: interaction between PE-MPs and Pb. 
Different letters in the same column indicate significant differences (p<0.05) between different treatment groups according to Duncan’s 
test. *** indicates p<0.001; ** indicates p< 0.01; * indicates p<0.05; ns indicates no significant differences.

Table 1. The changes in tobacco dry weight under different PE-MPs and Pb treatments.
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Effects of combined PE-MPs and 
Pb on leaf chlorophyll contents and 

photosynthetic performance

The leaf chloroplast is the primary site of ROS 
production when plants suffer environmental stress 
[70]. Exogenous pollutants can trigger the generation of 
oxidative stress and lipid peroxidation, which damage 
the fine structure of chloroplasts and thylakoids [71] 
and block the synthesis of leaf Chl [72], resulting 
in photosynthetic pigment reduction [73]. In the 
present study, the contents of tobacco leaf pigments 
expressed by SPAD values in the PE-MP, Pb, and PE-
MP+Pb treatments were significantly decreased (Fig. 
2), indicating that these two contaminants destroyed 
photosynthetic pigment integrity and inhibited the 
biosynthesis of Chl. Previous studies exhibited similar 
conclusions in Salvinia natans [74], pepper [75], lettuce 
[69], and maize [63]. The reduction in leaf pigments 
was attributed to disturbances in tobacco metabolism 
[70], the activity of chlorophyllase, which catalyzes 
chlorophyll degradation [76], and the replacement of 
Mg2+ in Chl molecules [29].

Solar energy absorption, transport, and conversion 
by photosynthetic reactions is the basis for plant survival 
[77]. The changes in leaf gas exchange parameters 
under different PE-MP and Pb stress conditions are 
shown in Fig. 3. The values of Pn, Gs, Tr, and WUE were 

significantly inhibited by both PE-MPs and Pb stress 
(p<0.05), and their values decreased with increasing 
concentrations of PE-MPs, while the changes in Ci (Fig. 
3c)) exhibited the opposite trend. Lower leaf pigment 
contents in the PE-MP- and Pb-exposed groups further 
suggested that photosynthesis was hindered. Indeed, 
our results showed that Pn, Gs, Tr, and WUE in tobacco 
leaves were markedly decreased by Pb stress, and the 
presence of PE-MPs exacerbated the phytotoxicity of 
Pb on photosynthetic performance (Fig. 3), resulting in 
photosynthetic efficiency inhibition, stomatal closure, 
transpiration block, and water utilization reduction. 
Similar results were observed in the research of Mohi Ud 
Din et al., who reported that 2 mM Pb(NO3)2 markedly 
decreased Pn, Gs, and Tr values while enhancing the value 
of Ci in leaves of rye, wheat, and triticale [66]. Gao et al. 
also showed that the presence of PE-MPs in the soil at 
1.0 mg L-1 decreased Pn, Gs, and Tr and increased Ci in 
lettuce leaves compared to the control [69]. The reduced 
photosynthetic efficiency by Pb stress is attributed 
to the destruction of the chloroplast ultrastructure, 
inhibition of electron transport between photosystems, 
and suppression of the activities of key enzymes such 
as δ-aminolevulinic acid dehydratase and Rubisco [78, 
79]. PE-MPs can directly affect plant photosynthetic 
performance by inhibiting RuBP carboxylation, 
blocking the PSII donor side, breaking electron transfer, 
and restraining redox reactions. Similar conclusions 

Treatment Pb content in plant 
shoot (mg kg-1)

Pb content in plant root 
(mg kg-1) TF BCF

PE0 1.32±0.05 a 10.7±0.3 a 0.12±0.01 a 0.75±0.01 a

PE250 1.33±0.05 a 10.7±0.6 a 0.12±0.01 a 0.75±0.02 a

PE500 1.30±0.02 a 10.4±0.7 a 0.13±0.01 a 0.73±0.04 a

PE750 1.32±0.05 a 10.8±0.3 a 0.12±0.01 a 0.72±0.01 a

PE1000 1.37±0.01 a 11.1±0.5 a 0.12±0.01a 0.73±0.01 a

PE0+Pb 187.0±12.2 a 881.4±6.4 a 0.21±0.02 a 0.68±0.01 a

PE250+Pb 188.1±2.3 a 827.8±1.1 b 0.23±0.01 a 0.65±0.01 b

PE500+Pb 178.6±4.7a 816.5±4.9 b 0.22±0.01 a 0.62±0.01 c

PE750+Pb 172.8±10.9 a 807.9±1.3 b 0.21±0.01 a 0.60±0.02 cd

PE1000+Pb 174.0±5.6 a 766.8±13.4 c 0.23±0.01 a 0.57±0.01 d

PE-MPs ns *** ns ***

Pb *** *** *** ***

PE-MPs×Pb ns *** ns *

​Note: Values are the mean of three replicates. PE–PE: MPs treatment; Pb: Pb treatment; PE×Pb: interaction between PE-MPs and Pb. 
Different letters in the same column indicate significant differences (p<0.05) between different treatment groups according to Duncan’s 
test. *** indicates p<0.001; ** indicates p< 0.01; * indicates p<0.05; ns indicates no significant differences.

Table 2. Concentrations of Pb in shoots and roots of tobacco, bioaccumulation factor (BCF), and translocation factor (TF) of Pb under 
different soil PE-MPs and Pb treatments.
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were also supported by plants suffering phytotoxicity 
caused by MPs in different material types, such as PVC 
[80], polystyrene [58], and polypropylene (PP) [81]. 
Furthermore, stomata, which regulate the depletion and 
restoration of H2O and CO2, are the most crucial gas 
exchange systems. Plants controlling the efficiency of 
photosynthesis, respiration, and transpiration depend 
on the degree of stomatal opening. However, the 

abiotic stress caused by soil pollutants would result in 
the closure of the stoma, which was expressed by the 
reduced value of Gs [82]. The close stoma decreased 
the transpiration rate, thus resulting in reduced water 
use efficiency and nutrient absorption [83]. Ls in Fig. 
3f) were remarkably inhibited by PE-MPs (p<0.05) 
but not significantly affected by Pb. On the other 
hand, the values of Ci and Ls in tobacco leaves were 

Fig. 1. Effects of PE-MPs and Pb treatment on a) the hydrogen peroxide, b) superoxide ion, and c) malondialdehyde contents in leaves 
of tobacco. Vertical bars represent ± SD of the mean (n = 3); different letters on the SD bars indicate significant differences among the 
PE-MPs treatments (p<0.05).

Fig. 2. SPAD values of tobacco leaves treated with different doses of PE-MPs and Pb. Vertical bars represent ± SD of the mean (n = 3); 
different letters on the SD bars indicate significant differences among the PE-MPs treatments (p<0.05).
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significantly affected by exposure to PE-MPs, while 
Pb and PE-MPs+Pb treatments showed no remarkable 
influences (p>0.05, Fig. 3c)). The changes in Ci and Ls 
could be used to distinguish whether photosynthesis 
was controlled by stomatal limitation or nonstomatal 
limitation [40]. The increase in Ci and the enhancement 
of both Gs and Ls suggested that nonstomatal limitation 
regulates the photosynthetic rate under PE-MP-stressed 
conditions. As Ci and Ls were not remarkably influenced 
by Pb stress, while Gs showed a noticeable decrease, 
we speculate that Pb stress regulates the photosynthetic 
processes of tobacco by stomatal limitation. A similar 

conclusion was also found in studies on Salvinia minima 
Baker grown in 40 μM Pb(NO3)2 solution for 24 h [84].

Chl fluorescence is a convenient and efficient tool 
in exploring photosynthesis responses to environmental 
factors [85]. The change in Chl fluorescence 
indicators signifies the absorption, transmission, 
dispersion, and allocation of light energy in the 
processes of photosynthesis, especially photosystem 
II (PSII) photochemistry [86]. Fv/Fm, representing the 
effectiveness of the primary conversion of light energy 
within the PSII reaction centre, has been widely used 
to detect environmental stress-induced damage to PSII 

Fig. 3. Effects of PE-MPs and Pb toxicity on a) Net photosynthetic rate, b) Stomatal conductance, c) Intercellular CO2 concentration, d) 
Transpiration rate, e) Water-use efficiency, and f) Stomatal limitation in leaves of tobacco. Vertical bars represent ± SD of the mean (n = 
3); different letters on the SD bars indicate significant differences among the PE-MPs treatments (p<0.05).
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[87, 88]. The effects of PE-MP and Pb treatments on Chl 
fluorescence parameters in tobacco leaves are presented 
in Table 3. All the Chl fluorescence parameters (with 
the exception of ΦNPQ) were significantly influenced 
by the addition of PE-MPs. Fm, Fv/Fm, ΦPSII, and ETR 
increased with increasing concentrations of PE-MPs, 
while Fo, NPQ, and ΦNO showed the opposite trend. 
Under Pb0 conditions, compared to PE0, different PE-
MP treatments decreased Fm, Fv/Fm, ΦPSII, and ETR 
by 4.3~24.7%, 3.8~16.5%, 7.9~21.1%, and 2.8~19.1%, 
respectively, but increased Fo, NPQ, and ΦNO by 
7.1~19.4%, 12.0~64.0%, and 16.7~58.3%, respectively. 
This was verified by a substantial reduction in ΦPSII, 
which indicates the actual photosynthetic efficiency. A 
reduction in the Fv/Fm ratio could be linked to restricted 
reoxidation of QA, which may also be connected to 
potential alterations in the photochemical activity 
of PSII [89]. Consequently, this leads to diminished 
electron transport from PSII to photosystem I (PSI) 
[84, 90]. The electron transport status of the PSII 
reaction centre is expressed by ETR, which can be 
depicted as the number and rate of light quanta absorbed 
during electron transport [91]. Furthermore, Pb stress 
exacerbated the inhibition of Fm, Fv/Fm, ΦPSII, and ETR 
by PE-MPs and improved Fo, NPQ, and ΦNO. Compared 
to Pb0, Pb500 significantly decreased Fm, Fv/Fm, ΦPSII, 

and ETR in various PE-MP treatments by 21.6~30.8%, 
22.8~31.8%, 31.4~36.7%, and 27.4~52.7%, and markedly 
increased Fo, NPQ, and ΦNO by 25.5~31.7%, 17.1~42.9%, 
and 72.2~116.7%, respectively. The decline in ETR is 
a result of competitive inhibition of the water-splitting 
reaction caused by attachment to the oxygen-evolving 
complex [92]. The reduction in Fv/Fm and ETR suggested 
that both PE-MPs and Pb caused PSII damage [93] and 
Calvin cycle disturbance [94]. The changes in ΦPSII, ΦNO, 
and ΦNPQ reflect the allocation of absorbed light energy 
by leaf pigments [95]. In our present study, low ΦPSII 
and high ΦNO values were found in different PE-MP and 
Pb treatments, while ΦNPQ showed no marked change 
(p>0.05), indicating that the yield of PSII photochemical 
reactions under PE-MP- and Pb-stressed conditions was 
predominantly dominated by nonregulated quenching, 
while xanthophyll cycle-mediated energy dissipation 
played a less important role [96]. Furthermore, the 
value of NPQ was significantly increased by exposure 
to PE-MPs, Pb, and PE-MPs+Pb. This result suggested 
that tobacco plants have the ability to dissipate excess 
light energy into the air in the form of heat, thereby 
preventing the formation of ROS in leaf chloroplasts and 
effectively safeguarding photosynthetic structures from 
light-induced damage [97, 98]. 

Treatment Fm Fo Fv/Fm NPQ ΦPSII ΦNO ΦNPQ ETR

PE0 2837±21 a 607±8 d 0.79±0.01 a 0.25±0.05 c 0.38±0.04 a 0.12±0.01 d 0.50±0.04 a 361±12 a

PE250 2716±133 a 650±46 c 0.76±0.01 b 0.28±0.03 
bc

0.35±0.05 
ab 0.14±0.01 c 0.51±0.04 a 351±3 a

PE500 2432±137 b 665±9 bc 0.73±0.02 c 0.31±0.01 
bc

0.34±0.04 
ab 0.16±0.01 b 0.50±0.03 a 331±11 b

PE750 2205±22 c 697±9 ab 0.67±0.01 d 0.34±0.02 b 0.31±0.01 
ab 0.18±0.01 a 0.50±0.01 a 311±7 cd

PE1000 2134±50 c 725±6 a 0.66±0.01 e 0.41±0.04 a 0.30±0.01 b 0.19±0.01 a 0.51±0.01 a 292±16 d

PE0+Pb 1978±32 a 762±24 d 0.61±0.01 a 0.32±0.02 b 0.26±0.04 a 0.26±0.01 c 0.49±0.05 a 262±23 a

PE250+Pb 1880±81 b 815±8 c 0.57±0.02 b 0.40±0.08 
ab

0.24±0.02 
ab 0.26±0.03 c 0.50±0.03 a 252±17 a

PE500+Pb 1807±49 b 868±6 b 0.52±0.02 c 0.43±0.08 a 0.23±0.01 
abc

0.29±0.02 
bc 0.49±0.03 a 228±15 a

PE750+Pb 1686±13 c 918±14 a 0.46±0.01 d 0.48±0.04 a 0.21±0.01 
bc

0.31±0.03 
ab 0.48±0.04 a 183±26 b

PE1000+Pb 1674±15 c 926±7 a 0.45±0.01 d 0.49±0.03 a 0.19±0.03 c 0.34±0.01 a 0.47±0.03 a 138±10 c

PE-MPs *** *** *** *** *** *** ns ***

Pb ns *** *** *** *** *** ns ***

PE-MPs×Pb ns *** ** ns ns ns ns ***

​Note: Values are the mean of three replicates. PE–PE: MPs treatment; Pb: Pb treatment; PE×Pb: interaction between PE-MPs and Pb. 
Different letters in the same column indicate significant differences (p<0.05) between different treatment groups according to Duncan’s 
test. *** indicates p<0.001; ** indicates p< 0.01; * indicates p<0.05; ns indicates no significant differences.

Table 3. Effects of PE-MPs and Pb treatments on Chl fluorescence parameters in leaves of tobacco.
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Effects of Combined PE-MPs and Pb 
on Antioxidant Enzyme Activities

To survive, plants have developed a series of 
antioxidant defense systems to avoid plant cells 
suffering oxidative damage by eliminating ROS and 
regulating osmotic pressure [57]. SOD, CAT, POD, and 
APX are four key antioxidant enzymes in scavenging 
O2

.- and H2O2 [99]. SOD first catalyzes O2
- into H2O2 

and O2, and then the H2O2 molecules are broken down 
into H2O and O2 by the catalysis of CAT, POD, and 
APX [100]. Increased activities of SOD, CAT, POD, 
and APX have been widely observed in wheat [66], 
Spirodela polyrhiza [101] and Peganum harmala L. 
[102] subjected to Pb stress, Vicia faba [62], Vallisneria 
natans [103] and Solanum photeinocarpum [59] grown 
in MP-contaminated soils, and buckwheat [55] under 
combined MP- and Pb-stressed conditions. Our results 
also showed a noticeable increase in SOD, CAT, 
POD, and APX activity in tobacco leaves under PE-
MP and Pb stress conditions (Table 4), indicating that 
tobacco plants have a cellular defense mechanism 
against oxidative damage [104]. On the other hand, 
Pb stress significantly increased the activities of POD, 
CAT, and APX and the SS and Pro contents, while 
the SOD activity markedly decreased. In addition to 
increasing the activities of antioxidant enzymes against 

oxidative stress, nonenzymatic antioxidants such as 
Pro and SS are critical in maintaining osmotic and 
cell turgor equilibrium [105]. In this study, tobacco 
plants accumulated significant amounts of Pro and SS 
to adjust osmotic regulation under PE-MP- and Pb-
stressed conditions (Table 4), which is consistent with 
the studies of Lamhamdi et al. [106] and Pirzadah et 
al. [107]. The results suggest that tobacco plants are 
capable of alleviating oxidative damage by enhancing 
the biosynthesis of osmolytes and carbohydrates to 
eliminate ROS [108]. 

Comprehensive Analysis

To further assess the potential influences of PE-
MPs and Pb on the plant growth of tobacco, PCA and 
SEM were conducted in Fig. 4 and Fig. 5, respectively. 
PCA is a well-established, unsupervised multivariate 
statistical technique that has been widely used to 
distinguish the differences in controlled treatments and 
cluster experimental traits with similar characteristics 
[63]. In our study, the results of PCA in Fig. 4 did not 
clearly separate the differences between different PE-
MP and Pb treatments, suggesting that these two 
contaminants posed a combined stress on tobacco 
plants. Additionally, the study parameters, including 
GB, SB, RB, Pn, Gs, Fv/Fm, Fm, ETR, Tr, ΦPSII, ΦNPQ, 

Treatment
SOD activity
(U g-1 protein 

FW)

POD activity
(U g-1 protein 

FW)

CAT activity
(U g-1 protein 

FW)

APX activity
(U g-1 protein 

FW)

SS
(μg g-1 FW)

Pro
(μg g-1 FW)

PE0 460.2±16.8 c 8662±200 d 356±9 d 2.23±0.15 d 82.2±5.7 c 42.2±1.3 d

PE250 462.3±2.7 bc 8909±55 c 361±1 cd 2.35±0.05 d 83.6±0.4 c 42.7±0.4 cd

PE500 470.2±2.0 abc 9155±56 b 369±4 bc 2.76±0.10 c 87.9±2.0 bc 44.4±1.1 c

PE750 477.3±4.0 ab 9538±58 b 375±3 b 3.17±0.15 b 93.3±1.2 b 47.1±1.5 b

PE1000 485.6±4.3 a 9624±166 a 395±5 a 3.63±0.15 a 103.0±6.4 a 51.2±1.2 a

PE0+Pb 339.8±15.1 c 9623±126 c 360±2 e 2.67±0.06 d 123.8±9.9 e 58.5±3.3 e

PE250+Pb 375.7±8.6 b 9804±193 bc 378±5 d 2.77±0.06 cd 148.2±2.4 d 64.0±1.6 d

PE500+Pb 389.1±5.1 b 11002±587 b 407±6 c 2.87±0.06 c 177.0±4.1 c 71.4±1.2 c

PE750+Pb 416.3±5.4 a 12722±999 a 432±7 b 3.23±0.06 b 196.7±5.8 b 74.9±1.5 b

PE1000+Pb 430.7±5.4 a 12751±1005 a 462±5 a 3.66±0.09 a 224.8±12.2 a 81.3±1.1 a

PE-MPs *** *** *** *** *** ***

Pb *** *** *** *** *** ***

PE-MPs×Pb *** *** *** *** *** ***

​Note: Values are the mean of three replicates. PE–PE: MPs treatment; Pb: Pb treatment; PE×Pb: interaction between PE-MPs and Pb. 
Different letters in the same column indicate significant differences (p<0.05) between different treatment groups according to Duncan’s 
test. *** indicates p<0.001; ** indicates p< 0.01; * indicates p<0.05; ns indicates no significant differences.

Table 4. Effects of PE-MPs and Pb on the activities of antioxidant enzymes and the contents of soluble sugar and proline in leaves of 
PE-MPs.
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Fig. 4. Biplot of first (PC1) and second (PC2) principal components of 32 evaluated traits. APX - Ascorbate peroxidase, CAT - Catalase 
activity, Ci - Intercellular CO2 concentration, ETR - Electron transport rate, Fo - Minimal fluorescence, Fm - Maximal fluorescence, Fv/
Fm - Maximum quantum efficiency of PSII photochemistry in dark-adapted state, GB - Gross biomass, Gs - Stomatal conductance, H2O2 - 
Hydrogen peroxide, Ls - Stomatal limitation, MDA - Malondialdehyde content, NPQ - Non-photochemical quenching, O2

.-- Superoxide 
ion, POD - Peroxidase, Pn - Net photosynthetic rate, Pro - Proline, RB - Root biomass, SB - Shoot biomass, R/S - Root to shoot ratio, 
SOD - Superoxide dismutase, SPAD - SPAD value, Tr - Transpiration rate, WUE - Water use efficiency, ΦPSII - Effective PSII quantum 
yield, ΦNO - Effective PSII quantum yield, ΦNPQ - Effective PSII quantum yield.

Fig. 5. Structural equation model explaining the plant growth of tobacco. Solid line arrows indicate significant paths; dotted line arrows 
indicate non-significant paths; blue line arrows indicate positive relationships; red line arrows indicate negative relationships; values 
associated with the line represent standardized path coefficients. The R2 numbers within boxes denote the proportion of variance that 
could be explained by the corresponding variable in the structural equation model. APX - Ascorbate peroxidase, CAT - Catalase activity, 
ETR - Electron transport rate GB - Gross biomass, Gs - Stomatal conductance, H2O2 - Hydrogen peroxide, MDA - Malondialdehyde 
content, NPQ - Non-photochemical quenching, O2

- - Superoxide ion, POD - Peroxidase, Pn - Net photosynthetic rate, Pro - Proline, RB 
- Root biomass, SB - Shoot biomass, R/S - Root to shoot ratio, SOD - Superoxide dismutase, SPAD - SPAD value, ΦPSII - Effective PSII 
quantum yield.
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WUE and SPAD, were positioned along the positive 
axis of PC1, while the other research variables, such 
as H2O2, MDA, Pro, SS, O2

-, NPQ, POD and CAT, fell 
along the negative axis of PC1. The findings revealed 
that PE-MPs and Pb caused severe oxidative stress on 
the photosynthetic performance and biomass of tobacco, 
and the plants can trigger self-protective mechanisms 
to alleviate oxidative damage by regulating antioxidant 
defense systems. SEM was employed to identify the 
direct and indirect influences of oxidative damage, 
enzymatic antioxidants, nonenzymatic antioxidants, 
and photosynthetic performance on the biomass 
of tobacco plants. According to the findings of the 
structural equation model in Fig. 5, oxidative damage, 
enzymatic antioxidants, nonenzymatic antioxidants, 
and photosynthetic performance explained 95.6% of 
the plant biomass. The calculated standardized path 
coefficients reflected that oxidative damage had a 
negative and direct effect (path coefficient = -1.147, 
p<0.05) and photosynthetic performance had a positive 
and direct impact (path coefficient = 0.347, p<0.05) on 
plant biomass and quality, while the effect of enzymatic 
antioxidants and nonenzymatic antioxidants on plant 
biomass was indirect. Furthermore, the impact of 
enzymatic antioxidants on photosynthetic performance 
was found to be significant (path coefficient = -0.689, 
p<0.05), implying that the role of enzymatic antioxidants 
in determining plant biomass is exercised through the 
control of the plant's photosynthetic performance.

Conclusions

In this work, we studied the potential impacts of PE-
MPs, Pb, and their combination on the physiological 
and biochemical characteristics of tobacco plants. The 
results showed that PE-MPs and Pb alone caused serious 
oxidative stress and lipid peroxidation in tobacco plants, 
leading to a significant reduction in leaf pigments, 
photosynthetic efficiency, water utilization, and dry 
matter accumulation. Furthermore, the coexistence of 
PE-MPs and Pb exerts synergistic toxicity on the plant 
growth of tobacco. The limitation of photosynthesis 
by Pb was controlled by stomatal closure, while 
the suppression of photosynthesis by PE-MPs was 
dependent on nonstomatal limitation. Changes in Chl 
fluorescence parameters showed that PE-MPs and 
Pb posed dual damage to the PSII reaction center of 
tobacco and inhibited the electron transport process, 
resulting in a low light energy conversion efficiency. The 
reduced yield of PSII photochemistry under PE-MP- and 
Pb-stressed conditions was predominantly dominated by 
nonregulated quenching mechanisms. Furthermore, PE-
MPs reduced the Pb contents in plant tissues, and the 
absorption of Pb decreased as the concentration of MPs 
increased. To counteract redundant ROS and alleviate 
oxidative damage caused by PE-MPs and Pb, both 
enzymatic antioxidants (SOD, POD, CAT and APX) and 
nonenzymatic antioxidants (Pro and SS) were activated 

by tobacco plants. The results of PCA further confirmed 
that PE-MPs and Pb posed a combined phytotoxicity to 
tobacco plants. Based on the SEM results, the reduction 
in plant biomass was directly and significantly associated 
with the increase in oxidative damage and the decrease 
in photosynthetic performance, while enzymatic 
antioxidants showed an indirect effect. In summary, the 
findings elucidate both the individual and synergistic 
phytotoxicity of MPs and heavy metals on plant growth, 
offering insights into the potential ecological risks of 
emerging pollutants to agricultural ecosystems.

Acknowledgements

This work was supported by the National Natural 
Science Foundation of China (32101365).

Conflict of Interest

The authors declare no conflict of interest.

References 

1.	 GUZZETTI E., SUREDA A., TEJADA S., FAGGIO C. 
Microplastic in marine organism: Environmental and 
toxicological effects. Environmental Toxicology and 
Pharmacology. 64, 164, 2018.

2.	 COLZI I., RENNA L., BIANCHI E., CASTELLANI M. 
B., COPPI A., PIGNATTELLI S., LOPPI S., GONNELLI 
C. Impact of microplastics on growth, photosynthesis 
and essential elements in Cucurbita pepo L. Journal of 
Hazardous Materials. 423, 127238, 2022.

3.	 CORRADINI F., MEZA P., EGUILUZ R., CASADO 
F., HUERTA-LWANGA E., GEISSEN V. Evidence of 
microplastic accumulation in agricultural soils from 
sewage sludge disposal. Science of The Total Environment. 
671, 411, 2019.

4.	 KHALID N., AQEEL M., NOMAN A., FATIMA RIZVI 
Z. Impact of plastic mulching as a major source of 
microplastics in agroecosystems. Journal of Hazardous 
Materials. 445, 130455, 2023.

5.	 GAN Q., CUI J., JIN B. Environmental microplastics: 
Classification, sources, fates, and effects on plants. 
Chemosphere. 313, 137559, 2023.

6.	 HASAN M.M., JHO E.H. Effect of different types 
and shapes of microplastics on the growth of lettuce. 
Chemosphere. 339, 139660, 2023.

7.	 SHI J., WANG J., LV J., WANG Z., PENG Y., SHANG 
J., WANG X. Microplastic additions alter soil organic 
matter stability and bacterial community under varying 
temperature in two contrasting soils. Science of The Total 
Environment. 838, 156471, 2022.

8.	 SHOROBI F.M., VYAVAHARE G.D., SEOK Y.J., PARK 
J.H. Effect of polypropylene microplastics on seed 
germination and nutrient uptake of tomato and cherry 
tomato plants. Chemosphere. 329, 138679, 2023.

9.	 LÓPEZ M.D., TORO M.T., RIVEROS G., ILLANES M., 
NORIEGA F., SCHOEBITZ M., GARCíA-VIGUERA C., 
MORENO D.A. Brassica sprouts exposed to microplastics: 
Effects on phytochemical constituents. Science of The 



Combined Phytotoxicity of Microplastics... 13

Total Environment. 823, 153796, 2022.
10.	 ZHANG J., REN S., XU W., LIANG C., LI J., ZHANG H., 

LI Y., LIU X., JONES D. L., CHADWICK D. R., ZHANG 
F., WANG K. Effects of plastic residues and microplastics 
on soil ecosystems: A global meta-analysis. Journal of 
Hazardous Materials. 435, 129065, 2022.

11.	 LIU Y., CUI W., LI W., XU S., SUN Y., XU G., WANG 
F. Effects of microplastics on cadmium accumulation 
by rice and arbuscular mycorrhizal fungal communities 
in cadmium-contaminated soil. Journal of Hazardous 
Materials. 442, 130102, 2023.

12.	WANG M., XIAO Y., LI Y., LIU J. Optimistic effects 
of galaxolide and polystyrene microplastic stress on 
the physio-biochemical characteristics and metabolic 
profiles of an ornamental plant. Plant Physiology and 
Biochemistry. 196, 350, 2023.

13.	 WANG F., ZHANG X., ZHANG S., ZHANG S., SUN 
Y. Interactions of microplastics and cadmium on plant 
growth and arbuscular mycorrhizal fungal communities in 
an agricultural soil. Chemosphere. 254, 126791, 2020.

14.	 TENG L., ZHU Y., LI H., SONG X., SHI L. The 
phytotoxicity of microplastics to the photosynthetic 
performance and transcriptome profiling of Nicotiana 
tabacum seedlings. Ecotoxicology and Environmental 
Safety. 231, 113155, 2022.

15.	 KUMAR R., IVY N., BHATTACHARYA S., DEY 
A., SHARMA P. Coupled effects of microplastics and 
heavy metals on plants: Uptake, bioaccumulation, and 
environmental health perspectives. Science of the Total 
Environment. 836, 155619, 2022.

16.	 DE SOUZA MACHADO A.A., LAU C.W., TILL J., 
KLOAS W., LEHMANN A., BECKER R., RILLIG 
M.C. Impacts of Microplastics on the Soil Biophysical 
Environment. Environmental Science & Technology. 52 
(17), 9656, 2018.

17.	 NG E.L., HUERTA LWANGA E., ELDRIDGE S.M., 
JOHNSTON P., HU H.W., GEISSEN V., CHEN D. An 
overview of microplastic and nanoplastic pollution in 
agroecosystems. Science of the Total Environment. 627, 
1377, 2018.

18.	 IQBAL B., JAVED Q., KHAN I., TARIQ M., AHMAD 
N., ELANSARY H.O., JALAL A., LI G., DU D. Influence 
of soil microplastic contamination and cadmium toxicity 
on the growth, physiology, and root growth traits of 
Triticum aestivum L. South African Journal of Botany. 
160, 369, 2023.

19.	 FENG X., WANG Q., SUN Y., ZHANG S., WANG 
F. Microplastics change soil properties, heavy metal 
availability and bacterial community in a Pb-Zn-
contaminated soil. Journal of Hazardous Materials. 424, 
127364, 2022.

20.	UR REHMAN M.Z., WAQAR M., BASHIR S., RIZWAN 
M., ALI S., EL BAROUDY A.A.E.F., KHALID H., 
AYUB M.A., USMAN M., JAHAN S. Effect of biochar 
and compost on cadmium bioavailability and its 
uptake by wheat–rice cropping system irrigated with 
untreated sewage water: a field study. Arabian Journal of 
Geosciences. 14 (2), 135, 2021.

21.	 HUANG F., HU J., CHEN L., WANG Z., SUN S., ZHANG 
W., JIANG H., LUO Y., WANG L., ZENG Y., FANG L. 
Microplastics may increase the environmental risks of 
Cd via promoting Cd uptake by plants: A meta-analysis. 
Journal of Hazardous Materials. 448, 130887, 2023.

22.	GONZÁLEZ N., MARQUÈS M., NADAL M., 
DOMINGO J.L. Occurrence of environmental pollutants 
in foodstuffs: A review of organic vs. conventional food. 

Food and Chemical Toxicology. 125, 370, 2019.
23.	ZHOU J., ZHANG Z., ZHANG Y., WEI Y., JIANG 

Z. Effects of lead stress on the growth, physiology, and 
cellular structure of privet seedlings. PLoS One. 13 (3), 
e0191139, 2018.

24.	KHALID N., AQEEL M., NOMAN A., KHAN S.M., 
AKHTER N. Interactions and effects of microplastics 
with heavy metals in aquatic and terrestrial environments. 
Environmental Pollution. 290, 118104, 2021.

25.	SOFY M.R., SELEIMAN M.F., ALHAMMAD B.A., 
ALHARBI B.M., MOHAMED H.I. Minimizing Adverse 
Effects of Pb on Maize Plants by Combined Treatment 
with Jasmonic, Salicylic Acids and Proline. Agronomy. 10 
(5), 699, 2020.

26.	KUMAR A., PRASAD M.N.V. Plant-lead interactions: 
Transport, toxicity, tolerance, and detoxification 
mechanisms. Ecotoxicology and Environmental Safety. 
166, 401, 2018.

27.	 SALBITANI G., MARESCA V., CIANCIULLO P., 
BOSSA R., CARFAGNA S., BASILE A. Non-Protein 
Thiol Compounds and Antioxidant Responses Involved in 
Bryophyte Heavy-Metal Tolerance. 24 (6), 5302, 2023.

28.	ALI B., HAYAT S., FARIDUDDIN Q., AHMAD A. 
24-Epibrassinolide protects against the stress generated by 
salinity and nickel in Brassica juncea. Chemosphere. 72 
(9), 1387, 2008.

29.	 GHORI N.H., GHORI T., HAYAT M.Q., IMADI 
S.R., GUL A., ALTAY V., OZTURK M. Heavy metal 
stress and responses in plants. International Journal of 
Environmental Science and Technology. 16 (3), 1807, 
2019.

30.	ARENA C., FIGLIOLI F., SORRENTINO M.C., IZZO 
L.G., CAPOZZI F., GIORDANO S., SPAGNUOLO V. 
Ultrastructural, protein and photosynthetic alterations 
induced by Pb and Cd in Cynara cardunculus L., and 
its potential for phytoremediation. Ecotoxicology and 
Environmental Safety. 145, 83, 2017.

31.	 COLLIN S., BASKAR A., GEEVARGHESE D.M., 
ALI M.N.V.S., BAHUBALI P., CHOUDHARY R., 
LVOV V., TOVAR G.I., SENATOV F., KOPPALA S., 
SWAMIAPPAN S. Bioaccumulation of lead (Pb) and its 
effects in plants: A review. Journal of Hazardous Materials 
Letters. 3, 100064, 2022.

32.	GIDLOW D.A. Lead toxicity. Occupational Medicine. 65 
(5), 348, 2015.

33.	 ASHRAF U., HUSSAIN S., ANJUM S.A., ABBAS F., 
TANVEER M., NOOR M.A., TANG X. Alterations 
in growth, oxidative damage, and metal uptake of 
five aromatic rice cultivars under lead toxicity. Plant 
Physiology and Biochemistry. 115, 461, 2017.

34.	LI X., SUN H.-F., FAN J.-H., LI Y.-Y., MA L.-J., WANG 
L.-L., LI X.-M. Transcriptome modulation by endophyte 
drives rice seedlings response to Pb stress. Ecotoxicology 
and Environmental Safety. 254, 114740, 2023.

35.	 JIA H., WU D., YU Y., HAN S., SUN L., LI M. Impact of 
microplastics on bioaccumulation of heavy metals in rape 
(Brassica napus L.). Chemosphere. 288, 132576, 2022.

36.	TUNALI M., UZOEFUNA E.N., TUNALI M.M., 
YENIGUN O. Effect of microplastics and microplastic-
metal combinations on growth and chlorophyll a 
concentration of Chlorella vulgaris. Science of The Total 
Environment. 743, 140479, 2020.

37.	 XIANG Y., JIANG L., ZHOU Y., LUO Z., ZHI D., 
YANG J., LAM S.S. Microplastics and environmental 
pollutants: Key interaction and toxicology in aquatic and 
soil environments. Journal of Hazardous Materials. 422, 



Haibin Li, et al.14

126843, 2022.
38.	LOZANO Y.M., RILLIG M.C. Effects of Microplastic 

Fibers and Drought on Plant Communities. Environmental 
Science & Technology. 54 (10), 6166, 2020.

39.	 PIEHL S., LEIBNER A., LÖDER M.G.J., DRIS R., 
BOGNER C., LAFORSCH C. Identification and 
quantification of macro- and microplastics on an 
agricultural farmland. Scientific Reports. 8 (1), 17950, 
2018.

40.	WU Y.-W., LI Q., JIN R., CHEN W., LIU X.-L., KONG 
F.-L., KE Y.-P., SHI H.-C., YUAN J.-C. Effect of low-
nitrogen stress on photosynthesis and chlorophyll 
fluorescence characteristics of maize cultivars with 
different low-nitrogen tolerances. Journal of Integrative 
Agriculture. 18 (6), 1246, 2019.

41.	 VELIKOVA V., YORDANOV I., EDREVA A. Oxidative 
stress and some antioxidant systems in acid rain-treated 
bean plants: Protective role of exogenous polyamines. 
Plant Science. 151 (1), 59, 2000.

42.	YANG Y., ZHANG Y., WEI X., YOU J., WANG W., 
LU J., SHI R. Comparative antioxidative responses and 
proline metabolism in two wheat cultivars under short 
term lead stress. Ecotoxicology and Environmental Safety. 
74 (4), 733, 2011.

43.	 HEATH R.L., PACKER L. Photoperoxidation in isolated 
chloroplasts : I. Kinetics and stoichiometry of fatty acid 
peroxidation. Archives of Biochemistry & Biophysics. 125 
(1), 189, 1968.

44.	CVETKOVIC J., MÜLLER K., BAIER M. The effect 
of cold priming on the fitness of Arabidopsis thaliana 
accessions under natural and controlled conditions. 
Scientific Reports. 7 (1), 44055, 2017.

45.	 ZHANG J., KIRKHAM M.B. Drought-Stress-Induced 
Changes in Activities of Superoxide Dismutase, Catalase, 
and Peroxidase in Wheat Species. Plant & Cell Physiology. 
35 (5), 785, 1994.

46.	MANDELL G.L. Catalase, superoxide dismutase, and 
virulence of Staphylococcus aureus. In vitro and in vivo 
studies with emphasis on staphylococcal--leukocyte 
interaction. Journal of Clinical Investigation. 55 (3), 561, 
1975.

47.	 NAKANO Y., ASADA K. Hydrogen Peroxide is 
Scavenged by Ascorbate-specific Peroxidase in Spinach 
Chloroplasts. Plant and Cell Physiology. 22 (5), 867, 1981.

48.	KOHYAMA K., NISHINARI K. Effect of soluble sugars 
on gelatinization and retrogradation of sweet potato 
starch. Journal of Agricultural and Food Chemistry. 39 
(8), 1406, 1991.

49.	 ÁBRAHÁM E., HOURTON-CABASSA C., ERDEI L., 
SZABADOS L. Methods for Determination of Proline in 
Plants. Humana Press, Totowa, NJ, 2010.

50.	CHAI M., LI R., LI B., WU H., YU L. Responses of 
mangrove (Kandelia obovata) growth, photosynthesis, 
and rhizosphere soil properties to microplastic pollution. 
Marine Pollution Bulletin. 189, 114827, 2023.

51.	 CHEN F., AQEEL M., KHALID N., NAZIR A., IRSHAD 
M.K., AKBAR M.U., ALZUAIBR F.M., MA J., NOMAN 
A. Interactive effects of polystyrene microplastics and 
Pb on growth and phytochemicals in mung bean (Vigna 
radiata L.). Journal of Hazardous Materials. 449, 130966, 
2023.

52.	REHMAN M.Z.U., RIZWAN M., ALI S., OK Y.S., 
ISHAQUE W., SAIFULLA H., NAWAZ M.F., AKMAL 
F., WAQAR M. Remediation of heavy metal contaminated 
soils by using Solanum nigrum: A review. Ecotoxicology 
and Environmental Safety. 143, 236, 2017.

53.	 YANG C., GAO X. Impact of microplastics from 
polyethylene and biodegradable mulch films on rice 
(Oryza sativa L.). Science of The Total Environment. 828, 
154579, 2022.

54.	SONG X., ZHANG C., CHEN W., ZHU Y., WANG Y. 
Growth responses and physiological and biochemical 
changes in five ornamental plants grown in urban lead-
contaminated soils. Plant-Environment Interactions. 1 (1), 
29, 2020.

55.	 TIAN X., WEIXIE L., WANG S., ZHANG Y., XIANG 
Q., YU X., ZHAO K., ZHANG L., PENTTINEN P., GU 
Y. Effect of polylactic acid microplastics and lead on the 
growth and physiological characteristics of buckwheat. 
Chemosphere. 337, 139356, 2023.

56.	KHALID N., AQEEL M., NOMAN A. Microplastics 
could be a threat to plants in terrestrial systems directly 
or indirectly. Environmental Pollution. 267, 115653, 2020.

57.	 ASLAM M., ASLAM A., SHERAZ M., ALI B., 
ULHASSAN Z., NAJEEB U., ZHOU W., GILL R.A. Lead 
Toxicity in Cereals: Mechanistic Insight Into Toxicity, 
Mode of Action, and Management. 11, 2021.

58.	DONG Y., GAO M., SONG Z., QIU W. Microplastic 
particles increase arsenic toxicity to rice seedlings. 
Environmental Pollution. 259, 113892, 2020.

59.	 YU Q., GAO B., WU P., CHEN M., HE C., ZHANG X. 
Effects of microplastics on the phytoremediation of Cd, Pb, 
and Zn contaminated soils by Solanum photeinocarpum 
and Lantana camara. Environmental Research. 231, 
116312, 2023.

60.	GE J., LI H., LIU P., ZHANG Z., OUYANG Z., GUO X. 
Review of the toxic effect of microplastics on terrestrial 
and aquatic plants. Science of The Total Environment. 
791, 148333, 2021.

61.	 YANG W., GAO X., WU Y., WAN L., TAN L., YUAN S., 
DING H., ZHANG W. The combined toxicity influence 
of microplastics and nonylphenol on microalgae Chlorella 
pyrenoidosa. Ecotoxicology and Environmental Safety. 
195, 110484, 2020.

62.	JIANG X., CHEN H., LIAO Y., YE Z., LI M., 
KLOBUČAR G. Ecotoxicity and genotoxicity of 
polystyrene microplastics on higher plant Vicia faba. 
Environ Pollut. 250, 831, 2019.

63.	LI Y., FENG H., XIAN S., WANG J., ZHENG X., SONG 
X. Phytotoxic effects of polyethylene microplastics 
combined with cadmium on the photosynthetic 
performance of maize (Zea mays L.). Plant Physiology and 
Biochemistry. 203, 108065, 2023.

64.	THAKUR S., SINGH L., ZULARISAM A.W., SAKINAH 
M., DIN M.F.M. Lead induced oxidative stress and 
alteration in the activities of antioxidative enzymes in rice 
shoots. Biologia Plantarum. 61 (3), 595, 2017.

65.	 NAVABPOUR S., YAMCHI A., BAGHERIKIA S., KAFI 
H. Lead-induced oxidative stress and role of antioxidant 
defense in wheat (Triticum aestivum L.). Physiology and 
Molecular Biology of Plants. 26 (4), 793, 2020.

66.	MOHI UD DIN A., MAO H.-T., KHAN A., RAZA 
M.A., AHMED M., YUAN M., ZHANG Z.-W., YUAN 
S., ZHANG H.-Y., LIU Z.-H., SU Y.-Q., CHEN Y.-E. 
Photosystems and antioxidative system of rye, wheat and 
triticale under Pb stress. Ecotoxicology and Environmental 
Safety. 249, 114356, 2023.

67.	 AWASTHI J.P., SAHA B., CHOWARDHARA B., DEVI 
S.S., BORGOHAIN P., PANDA S.K. Qualitative Analysis 
of Lipid Peroxidation in Plants under Multiple Stress 
Through Schiff’s Reagent: A Histochemical Approach. 
Bio-protocol. 8 (8), e2807, 2018.



Combined Phytotoxicity of Microplastics... 15

68.	WANG P., ZHANG S., WANG C., LU J. Effects of Pb 
on the oxidative stress and antioxidant response in a Pb 
bioaccumulator plant Vallisneria natans. Ecotoxicology 
and Environmental Safety. 78, 28, 2012.

69.	 GAO M., LIU Y., SONG Z. Effects of polyethylene 
microplastic on the phytotoxicity of di-n-butyl phthalate in 
lettuce (Lactuca sativa L. var. ramosa Hort). Chemosphere. 
237, 124482, 2019.

70.	LI M., KIM C. Chloroplast ROS and stress signaling. 
Plant Communications. 3 (1), 100264, 2022.

71.	 ROSSI F.R., KRAPP A.R., BISARO F., MAIALE S.J., 
PIECKENSTAIN F.L., CARRILLO N. Reactive oxygen 
species generated in chloroplasts contribute to tobacco 
leaf infection by the necrotrophic fungus Botrytis cinerea. 
The Plant journal : for Cell and Molecular Biology. 92 (5), 
761, 2017.

72.	LODEYRO A.F., GIRÓ M., POLI H.O., BETTUCCI G., 
CORTADI A., FERRI A.M., CARRILLO N. Suppression 
of Reactive Oxygen Species Accumulation in Chloroplasts 
Prevents Leaf Damage but Not Growth Arrest in Salt-
Stressed Tobacco Plants. PLoS One. 11 (7), e0159588, 
2016.

73.	BAGHERI M., GHOLAMI M., BANINASAB B. 
Hydrogen peroxide-induced salt tolerance in relation 
to antioxidant systems in pistachio seedlings. Scientia 
Horticulturae. 243, 207, 2019.

74.	 DHIR B., SHARMILA P., PARDHA SARADHI P., 
SHARMA S., KUMAR R., MEHTA D. Heavy metal 
induced physiological alterations in Salvinia natans. 
Ecotoxicology and Environmental Safety. 74 (6), 1678, 
2011.

75.	 KAYA C., AKRAM N.A., SÜRÜCÜ A., ASHRAF M. 
Alleviating effect of nitric oxide on oxidative stress and 
antioxidant defence system in pepper (Capsicum annuum 
L.) plants exposed to cadmium and lead toxicity applied 
separately or in combination. Scientia Horticulturae. 255, 
52, 2019.

76.	MISHRA S., SRIVASTAVA S., TRIPATHI R.D., KUMAR 
R., SETH C.S., GUPTA D.K. Lead detoxification by 
coontail (Ceratophyllum demersum L.) involves induction 
of phytochelatins and antioxidant system in response to its 
accumulation. Chemosphere. 65 (6), 1027, 2006.

77.	 MU X., CHEN Q., CHEN F., YUAN L., MI G. Within-
Leaf Nitrogen Allocation in Adaptation to Low Nitrogen 
Supply in Maize during Grain-Filling Stage. Frontiers in 
Plant Science. 7, 2016.

78.	LEE T.-Y., KIM L., KIM D., AN S., AN Y.-J. Microplastics 
from shoe sole fragments cause oxidative stress in a plant 
(Vigna radiata) and impair soil environment. Journal of 
Hazardous Materials. 429, 128306, 2022.

79.	 LÓPEZ-ORENES A., DIAS M.C., FERRER M.Á., 
CALDERÓN A., MOUTINHO-PEREIRA J., CORREIA 
C., SANTOS C. Different mechanisms of the metalliferous 
Zygophyllum fabago shoots and roots to cope with Pb 
toxicity. Environmental Science and Pollution Research. 
25 (2), 1319, 2018.

80.	ZHOU Y., LIU X., WANG J. Characterization of 
microplastics and the association of heavy metals with 
microplastics in suburban soil of central China. Science of 
The Total Environment. 694, 133798, 2019.

81.	 WU Y., GUO P., ZHANG X., ZHANG Y., XIE S., DENG 
J. Effect of microplastics exposure on the photosynthesis 
system of freshwater algae. Journal of Hazardous 
Materials. 374, 219, 2019.

82.	HUSSAIN S.J., KHAN N.A., ANJUM N.A., MASOOD 
A., KHAN M.I.R. Mechanistic Elucidation of Salicylic 

Acid and Sulphur-Induced Defence Systems, Nitrogen 
Metabolism, Photosynthetic, and Growth Potential of 
Mungbean (Vigna radiata) Under Salt Stress. Journal of 
Plant Growth Regulation. 40 (3), 1000, 2021.

83.	CSERESNYES I., TAKACS T., FUZY A., RAJKAI K. 
Simultaneous monitoring of electrical capacitance and 
water uptake activity of plant root system. International 
Agrophysics. 28 (4), 537, 2014.

84.	LEAL-ALVARADO D.A., ESPADAS-GIL F., SáENZ-
CARBONELL L., TALAVERA-MAY C., SANTAMARíA 
J.M. Lead accumulation reduces photosynthesis in the lead 
hyper-accumulator Salvinia minima Baker by affecting the 
cell membrane and inducing stomatal closure. Aquatic 
Toxicology. 171, 37, 2016.

85.	TANG C., SONG J., HU X., HU X., ZHAO Y., LI B., OU 
D., PENG L. Exogenous spermidine enhanced Pb tolerance 
in Salix matsudana by promoting Pb accumulation in 
roots and spermidine, nitric oxide, and antioxidant system 
levels in leaves. Ecological Engineering. 107, 41, 2017.

86.	FASEELA P., SINISHA A.K., BRESTIČ M., PUTHUR 
J.T. Special issue in honour of Prof. Reto J. Strasser - 
Chlorophyll a fluorescence parameters as indicators of a 
particular abiotic stress in rice. Photosynthetica. 58 (2), 
293, 2020.

87.	 SAECK E.A., O BRIEN K.R., BURFORD M.A. Nitrogen 
response of natural phytoplankton communities: a new 
indicator based on photosynthetic efficiency Fv/Fm. 
Marine Ecology Progress Series. 552, 81, 2016.

88.	DAN T.V., KRISHNARAJ S., SAXENA P.K. Metal 
Tolerance of Scented Geranium (Pelargonium sp. 
‘Frensham’): Effects of Cadmium and Nickel on 
Chlorophyll Fluorescence Kinetics. International Journal 
of Phytoremediation. 2 (1), 91, 2000.

89.	 ROHÁČEK K. Chlorophyll Fluorescence Parameters: 
The Definitions, Photosynthetic Meaning, and Mutual 
Relationships. Photosynthetica. 40 (1), 13, 2002.

90.	DEZHBAN A., SHIRVANY A., ATTAROD P., 
DELSHAD M., MATINIZADEH M., KHOSHNEVIS M. 
Cadmium and lead effects on chlorophyll fluorescence, 
chlorophyll pigments and proline of Robinia pseudoacacia. 
Journal of Forestry Research. 26 (2), 323, 2015.

91.	 LONG J.R., GUO-HUI M.A., WAN Y.Z., SONG C.F., 
JIAN S., QIN R.J. Effects of Nitrogen Fertilizer Level on 
Chlorophyll Fluorescence Characteristics in Flag Leaf of 
Super Hybrid Rice at Late Growth Stage. Rice Science. 20 
(3), 220, 2013.

92.	DRATH M., KLOFT N., BATSCHAUER A., MARIN 
K., NOVAK J., FORCHHAMMER K. Ammonia Triggers 
Photodamage of Photosystem II in the Cyanobacterium 
Synechocystis sp. Strain PCC 6803. Plant Physiology. 147 
(1), 206, 2008.

93.	WANG J., ZHOU W., CHEN H., ZHAN J., HE C., 
WANG Q. Ammonium Nitrogen Tolerant Chlorella Strain 
Screening and Its Damaging Effects on Photosynthesis. 
Frontiers in Microbiology. 9, 2019.

94.	WANG Y.W., XU C., LV C.F., WU M., CAI X.J., LIU 
Z.T., SONG X.M., CHEN G.X., LV C.G. Chlorophyll a 
fluorescence analysis of high-yield rice ( Oryza sativa L.) 
LYPJ during leaf senescence. Photosynthetica. 54 (3), 422, 
2016.

95.	LAZÁR D. Parameters of photosynthetic energy 
partitioning. Journal of Plant Physiology. 175, 131, 2015.

96.	SONG X., ZHOU G., XU Z., LV X., WANG Y. Detection 
of Photosynthetic Performance of Stipa bungeana 
Seedlings under Climatic Change using Chlorophyll 
Fluorescence Imaging. Frontiers in Plant Science. 6, 1254, 



Haibin Li, et al.16

2016.
97.	 HU W.H., SONG X.S., SHI K., XIA X.J., ZHOU Y.H., YU 

J.Q. Changes in electron transport, superoxide dismutase 
and ascorbate peroxidase isoenzymes in chloroplasts 
and mitochondria of cucumber leaves as influenced by 
chilling. Photosynthetica. 46 (4), 581, 2008.

98.	XIAO H., LIU Y., YU H., YADAV N., HE J., ZHANG L., 
TAN W. Combined toxicity influence of polypropylene 
microplastics and di-2-ethylhexyl phthalate on 
physiological-biochemical characteristics of cucumber 
(Cucumis sativus L.). Plant Physiology and Biochemistry. 
201, 107811, 2023.

99.	 HATTAB S., HATTAB S., FLORES-CASSERES 
M.L., BOUSSETTA H., DOUMAS P., HERNANDEZ 
L.E., BANNI M. Characterisation of lead-induced 
stress molecular biomarkers in Medicago sativa plants. 
Environmental and Experimental Botany. 123, 1, 2016.

100.	 SINGH R., TRIPATHI R.D., DWIVEDI S., KUMAR 
A., TRIVEDI P.K., CHAKRABARTY D. Lead 
bioaccumulation potential of an aquatic macrophyte 
Najas indica are related to antioxidant system. 
Bioresource Technology. 101 (9), 3025, 2010.

101.	 QIAO X., SHI G., CHEN L., TIAN X., XU X. Lead-
induced oxidative damage in steriled seedlings of 
Nymphoides peltatum. Environmental Science and 
Pollution Research. 20 (7), 5047, 2013.

102.	 MAHDAVIAN K., GHADERIAN S.M., SCHAT H. 
Pb accumulation, Pb tolerance, antioxidants, thiols, and 
organic acids in metallicolous and non-metallicolous 
Peganum harmala L. under Pb exposure. Environmental 

and Experimental Botany. 126, 21, 2016.
103.	 ZHANG J., HUANG D., DENG H., ZHANG J. 

Responses of submerged plant Vallisneria natans 
growth and leaf biofilms to water contaminated with 
microplastics. Science of The Total Environment. 818, 
151750, 2022.

104.	 JIANG J., QIN C., SHU X., CHEN R., SONG H., LI 
Q., XU H. Effects of copper on induction of thiol-
compounds and antioxidant enzymes by the fruiting 
body of Oudemansiella radicata. Ecotoxicology and 
Environmental Safety. 111, 60, 2015.

105.	 MOSTOFA M.G., HOSSAIN M.A., FUJITA M., TRAN 
L.-S.P. Physiological and biochemical mechanisms 
associated with trehalose-induced copper-stress 
tolerance in rice. Scientific Reports. 5 (1), 11433, 2015.

106.	 LAMHAMDI M., LAFONT R., RHARRABE 
K., SAYAH F., AARAB A., BAKRIM A. 
20-Hydroxyecdysone protects wheat seedlings (Triticum 
aestivum L.) against lead stress. Plant Physiology and 
Biochemistry. 98, 64, 2016.

107.	 PIRZADAH T.B., MALIK B., TAHIR I., HAKEEM 
K.R., ALHARBY H.F., REHMAN R.U. Lead 
toxicity alters the antioxidant defense machinery and 
modulate the biomarkers in Tartary buckwheat plants. 
International Biodeterioration & Biodegradation. 151, 
104992, 2020.

108.	 SONG X., GUO W., XU L., SHI L. Beneficial effect 
of humic acid urea on improving physiological 
characteristics and yield of maize (Zea mays L.). Acta 
Physiologiae Plantarum. 44, (7), 72, 2022.


