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Abstract

This study investigated the ecotoxicological effects of lead (Pb) and cadmium (Cd) stress, both
individually and in combination, on spinach (Spinacia oleracea), by analyzying the growth characteristics,
antioxidant responses, and photosynthetic damage mechanisms of spinach under controlled experimental
conditions with different concentration gradients. Pb-Cd combined stress significantly inhibited spinach
biomass, with a dose-dependent and synergistic enhancement, with the total dry weight decreasing by up to
62.8%. The root system was the primary target of stress, with dry weight loss (minimum 28.4% in control)
being significantly higher than that of the aerial parts. The biomass differences between stems and leaves
were closely associated with the differential antioxidant capacity of the organs. At low concentrations, the
increase in leaf superoxide dismutase (SOD) activity (by 12.3-18.5%) partly alleviated oxidative damage,
while a sharp increase in peroxidase (POD) activity in the roots (3.8-fold at Pb200 + Cd20) revealed a lignin-
mediated cell wall reinforcement mechanism. The antioxidant system responded with a dynamic threshold
effect: at low concentrations (Pb50/CdS5), SOD activity significantly increased (421.5 U/g FW), triggering
primary defense, whereas at high concentrations (Pb200/Cd20), enzyme activity decreased to 382.4 U/g FW.
Cd exerted a more pronounced destructive effect on chlorophyll a (decrease by 56.3%) compared to Pb
(34.7%), with the mechanism involving chloroplast structural damage and Mg?* competition inhibition.
Combined stress, through a synergistic pathway (Cd inhibition of synthetase activity, Pb acceleration of
pigment degradation), reduced chlorophyll a content to only 28.9%. This study quantifies the physiological
tolerance thresholds of spinach to Pb-Cd combined stress and reveals a coupled mechanism of 'heavy metal
interaction-antioxidant hierarchical response-photosynthetic damage synergy', providing a theoretical basis
for ecological risk assessment of polluted farmland and safe spinach production.

Introduction

With the accelerating global industrialization and the development of intensive agriculture,
soil heavy metal contamination has become a significant environmental issue threatening
ecosystem health and food safety (Aparicio et al. 2022). Over the past few decades, global
agricultural soil contamination by heavy metals has been expanding and intensifying due to
mineral extraction, metal smelting, fossil fuel combustion, wastewater irrigation, and the long-
term use of heavy metal-laden pesticides and fertilizers (Shen et al. 2017). According to the
United Nations Environment Programme (UNEP), approximately 5 million polluted sites
worldwide require remediation, with over 60% of these sites contaminated by heavy metals. The
"National Soil Pollution Survey Bulletin" published in 2014 reported that the exceedance rate of
soil pollution in agricultural land in China was as high as 19.4%, with exceedance rates for heavy
metals Cd and Pb at 7.0 and 1.5%, respectively, making them the primary risk factors affecting
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the quality and safety of agricultural products (Ministry of Environmental Protection 2014).
Among various heavy metal pollutants, lead (Pb) and cadmium (Cd) have attracted considerable
attention due to their unique physicochemical properties and biological toxicity (Li et al. 2024).
These two heavy metals share common characteristics such as high toxicity, strong mobility, and
bioaccumulation, yet their environmental behavior and toxicological mechanisms differ
significantly. Pb primarily exists in soils in forms such as Pb®*, Pb(OH)*, and PbCOs, with
relatively low mobility, but it can be absorbed by plant roots and enter the food chain (Zong et al.
2024). In contrast, Cd predominantly exists as Cd?* in soil environments, exhibiting higher
solubility and mobility. Its absorption efficiency by plants is typically 10 to 100 times greater than
that of Pb (Wang et al. 2023). From a toxicological perspective, Pb primarily damages the plant
photosynthetic system and cell membrane structures, while Cd severely disrupts enzyme activity
and mineral nutrient balance (Saqib et al. 2023). of particular concern is the potential for complex
interactions when Pb and Cd coexist, which may either synergistically enhance toxicity or
antagonistically mitigate damage. This combined pollution effect is far more complex and difficult
to predict than single metal contamination.

Spinach (Spinacia oleracea L.), an annual herbaceous plant in the Amaranthaceae family, is
an important leafy vegetable crop widely cultivated around the world, with an annual production
exceeding 26 million tons. From a scientific research perspective, spinach has unique advantages
as a model plant for heavy metal pollution studies. It has a short growth cycle (approximately
40-60 days), high biomass, and simple cultivation management, making it ideal for controlled
laboratory experiments. Additionally, spinach has large leaves with thin epidermis, making it an
excellent material for studying foliar absorption and translocation of heavy metals. Studies have
shown that under the same pollution conditions, the bioaccumulation coefficient for Cd in spinach
can reach 0.03-0.38, much higher than that in cruciferous vegetables such as cabbage and rapeseed
(Sheikh et al. 2025). This characteristic makes spinach a "sentinel" for linking soil pollution and
food safety and an ideal material for studying plant-heavy metal interaction mechanisms. From a
physiological and ecological perspective, Pb and Cd stress affect spinach growth, development,
and metabolic processes through multiple pathways. In the photosynthetic system, heavy metals
can damage the ultrastructure of chloroplasts, inhibit chlorophyll synthesis, and interfere with the
electron transport chain. Research has shown that a 1000 uM Cd treatment can reduce chlorophyll
a content in spinach by 53.49%, with a more than 40% decrease in photosynthetic rate
(Zhang et al. 2015). In terms of antioxidant defense, reactive oxygen species (ROS) induced by
heavy metals activate the activity of antioxidant enzymes such as SOD, POD, and CAT, triggering
oxidative stress responses. Soil Cd stress significantly enhances the uptake of Mn, Zn, and Cu in
spinach, while inhibiting Fe uptake (Aparicio et al. 2022). These physiological responses form a
comprehensive defense network for spinach under heavy metal stress. However, the specific
regulatory mechanisms, especially the response patterns under combined Pb-Cd stress, remain to
be further elucidated.

Current research has primarily focused on the effects of single heavy metal stress, while the
interaction mechanisms of Pb-Cd combined pollution are still poorly understood. Notably, Pb and
Cd may exhibit entirely different interaction patterns depending on concentration combinations-at
low concentrations, they may compete for absorption sites, leading to antagonism, while at high
concentrations, they may synergistically damage membrane structures, enhancing toxicity. This
concentration-dependent interaction pattern has yet to be fully elucidated. Furthermore, Bashir
et al. (2024) demonstrated significant differences in the Cd accumulation in the aboveground parts
of spinach across different genotypes (0.03-0.31 mg/kg), suggesting the presence of molecular
mechanisms for active regulation of heavy metal uptake in plants. However, whether such
mechanisms exist in spinach and how they function remain unclear. Based on the aforementioned
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scientific issues, this study aims to analyze the effects of single and combined Pb-Cd stress at
different concentrations on the growth characteristics, antioxidant enzyme activity, and heavy
metal accumulation patterns of spinach through a controlled experimental system. The study will
focus on: (i) elucidating the dose-effect relationship of Pb-Cd combined stress, particularly the
interaction types (synergistic/antagonistic) and their inflection points under different concentration
combinations; (ii) revealing the hierarchical response mechanisms of the spinach antioxidant
defense system, including SOD and POD; (iii) analyzing the migration and distribution patterns of
heavy metals within the plant.

Materials and Methods

Spinach seeds were obtained from the Fengzhiyuan Seed Sales and Service Center, located in
Fuping County, Shaanxi Province.

The experiment consisted of 10 treatments: (i) Control (CK, without the addition of any heavy
metals); (ii) Pb at 50, 100, and 200 mg/kg; (iii) Cd at 5, 10, and 20 mg/kg; (iv) Combined Pb +
Cd treatment at 50+5, 100+10, and 200+20 mg/kg. The experimental soil was fertilized with a
base fertilizer following a N : P,Os : K;O ratio of 2 : 2 : 1 (with a nitrogen addition of 200 mg/kg),
and mixed with the heavy metal solutions, then aged for 2 weeks.

Seeds were surface-sterilized, rinsed with distilled water, and germinated in plastic trays with
nutrient solution. Two-leaf stage seedlings were transplanted into heavy metal-treated soil. After
transplanting, soil moisture was monitored every 3 days, and water was added using the weighing
method to maintain the soil water content at 60%. Thirty days after transplanting, relevant indices
were measured.

The plants were thoroughly washed with deionized water, and surface moisture was removed
using filter paper. The roots, stems, and leaves of the plants were separated and cut using scissors.
The samples were oven dried at 105°C for 20 min, followed by drying at 80°C to constant weight.
The biomass of the roots, stems, and leaves was measured using an electronic balance.

The concentrations of Cd and Pb in the plant tissues were determined by graphite furnace
atomic absorption spectrometry (GFAAS), after nitric acid and perchloric acid digestion (0.3000 g
of dried sample with 10 ml nitric acid and 5 ml perchloric acid). The detection limits for Cd and
Pb were 0.01 and 0.2 pg/L, respectively, with recoveries of 94.7 and 96.2%.

Superoxide dismutase (SOD), peroxidase (POD) and chlorophyll content were assayed by the
nitroblue tetrazolium (NBT) photochemical reduction, the guaiacol and an ethanol extraction
methods, respectively.

Data were analyzed with SPSS 20.0. The normality and variance homogeneity were verified
using the Shapiro-Wilk and Levene test, respectively. One-way ANOVA followed by Duncan’s
test (o = 0.05) was used. Experimental results were presented as mean + SD, with different letters
indicating significant differences (P <0.05). Graphs were prepared with Origin 2021.

Results and Discussion

Both single and combined Pb and Cd stress significantly inhibited dry matter accumulation in
all plant organs (P < 0.05) (Table 1). Compared to the control (CK), with increasing concentrations
of heavy metals, the dry mass of the roots, stems, leaves, and total biomass of spinach decreased,
with the combined treatments showing significantly stronger inhibitory effects than the single
treatments. In the single Pb treatment, the Pb50 treatment had no significant effect on spinach
growth (P >0.05); however, when the Pb concentration was increased to 200 mg/kg, the total dry
biomass of spinach decreased significantly by 31.2% compared to CK. The Cd treatment exhibited
stronger toxic effects, with the lowest concentration of Cd5 resulting in an 18.7% reduction in
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total dry biomass, and the Cd20 treatment causing a 46.3% decrease. The combined treatment
showed a clear synergistic inhibitory effect. The Pb50 + Cd5 treatment reduced the total dry
biomass of spinach by 27.5% compared to CK, while the Pb200 + Cd20 treatment caused a 62.8%
reduction, which was significantly greater than the reductions observed in the single Pb200
(31.2%) or Cd20 (46.3%) treatments (P <0.05).

The sensitivity of different plant organs to heavy metal stress varied. The roots were the most
sensitive to heavy metal stress, with the root dry biomass in the Pb200 + Cd20 treatment being
only 28.4% of that in CK. The stems were less sensitive, with the stem dry biomass under the
same treatment being 35.7% of that in CK. The leaves exhibited relatively higher tolerance to
stress, with a dry biomass retention rate of 42.1%. These differences may be related to the varying
levels of heavy metal accumulation and antioxidant capacity in each organ.

Table 1. Effects of different Cd and Pb treatment on dry mass of spinach organs.

Treatment Root mass/g Stem quality/g Leaf stem quality/g Total dry weight/g
CK 0.48 +0.03a 0.62 +0.04a 1.25 £ 0.08a 2.35+0.15a
Pb50 0.45 +0.03ab 0.59 +0.04ab 1.18 £ 0.08ab 2.22 +£0.14ab
Pb100 0.39 +£0.03bc 0.51 +£0.03bc 1.02 £0.07bc 1.92 £ 0.13bc
Pb200 0.33 +£0.02cd 0.43 +0.03cd 0.86 = 0.06cd 1.62 £ 0.11cd
Cd5 0.38 +£0.03bc 0.50 +£0.03bc 1.01 £0.07bc 1.89 £ 0.13bc
Cd10 0.31 +£0.02de 0.41 +£0.03de 0.82 +0.06de 1.54 £ 0.10de
Cd20 0.26 = 0.02ef 0.34 +0.02ef 0.68 = 0.05ef 1.28 £ 0.09ef
Pb50 + Cd5 0.35 +0.02cd 0.45 +0.03cd 0.90 = 0.06cd 1.70 £ 0.11cd
Pb100 + Cd10 0.27 £ 0.02ef 0.36 = 0.02ef 0.72 = 0.05ef 1.35 £ 0.09ef
Pb200 + Cd20 0.14 +0.01g 0.22+£0.01g 0.53 +£0.04g 0.89 £ 0.069

Different lowercase letters following the data in each column indicate significant differences between treatments (P <0.05,
Duncan’s test) (same for the following sections).

Both single and combined Pb and Cd stress significantly affected the SOD activity in spinach
leaves (P <0.05) (Table 2 and Fig. 1). Compared to the control (CK), low concentrations of heavy
metals (Pb50, Cd5) induced a 12.3 and 18.5% increase in SOD activity, respectively,
demonstrating a clear stress response. As the stress concentration increased, SOD activity initially
increased and then decreased, reaching a peak at Pb100 and Cd10 treatments (436.7 and 458.3
U-g™ FW, respectively), which were significantly higher by 24.6 and 30.8% compared to CK.
Higher concentrations of stress (Pb200, Cd20) led to a decline in SOD activity, although it
remained significantly higher than CK levels (P <0.05). Notably, in the combined stress
treatments, the SOD activity of Pb50 + Cd5 (421.5 U-g™ FW) was significantly higher than that of
the single treatments (P <0.05), while the SOD activity of the highest concentration combined
treatment (Pb200 + Cd20, 382.4 U-g™ FW) was significantly lower than that of the corresponding
single treatments.

Both single and combined Pb and Cd stress significantly affected the POD activity in various
spinach organs (P < 0.05) (Table 3 and Fig. 2). In terms of root response, single Pb stress showed a
clear dose-dependent effect, with POD activity increasing 2.1-fold compared to the control (CK)
when the treatment concentration reached 200 mg/kg. Cd stress exhibited a biphasic response,
with the activity reaching its peak at 10 mg/kg (156.3% higher than CK), but decreasing at the
high concentration of 20 mg/kg. Notably, the combined stress treatment at the highest
concentration combination (Pb200 + Cd20) produced a significant synergistic effect. The POD
activity in the roots was not only 3.8 times higher than that of CK but also significantly exceeded
the sum of the corresponding single treatments (P <0.05).
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Table 2. SOD activity in different organs of spinach under Pb and Cd stress (U/g FW).

Treatment Root Stem Leaf
CK 85.3+3.2a 62.1+2.8a 73.6+4.1a
Pb50 1024 +4.1b 715+3.6b 84.2+3.9b
Pb100 121.5+5.3¢c 68.7+2.9b 89.7+4.7c
Pb200 78.9 +3.6d 63.8+3.1a 91.2+5.1c
Cds 110.2+£4.7b 70.3+3.4b 1054 +6.2d
Cd10 1174 +£5.1c 73.8+3.8b 118.6 £ 7.3¢e
Cd20 96.8 +4.3b 65.2+2.7a 1229 £6.9¢
Pb50 + Cd5 95.6 +4.0b 60.4 £ 2.5a 98.7£5.4d
Pb100 + Cd10 80.2+3.4d 54.3+2.3c 85.1+4.2b
Pb200 + Cd20 61.3+2.8e 489 +2.1d 69.5+3.7a
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Fig. 1. The superoxide dismutase (SOD) activity in spinach under cadmium (Cd) and lead (Pb) stress.

The response pattern in the stem tissue differed from that of the roots. At low concentrations,
Pb50 (50 mg/kg) and Cd5 (5 mg/kg) induced increases in POD activity of 32.7 and 28.4%,
respectively. However, no significant differences were observed at higher concentrations (Pb200
and Cd20). The combined treatment exhibited a dose-dependent synergistic enhancement effect,
particularly with the Pb100+Cd10 combination, which resulted in a POD activity 118.5% of the
average value of the single treatments, showing a clear interactive promotion. Leaf tissue, being
the main photosynthetic organ, was more sensitive to Cd stress. Cd20 treatment caused a dramatic
increase in POD activity, reaching 3.2 times the CK level, significantly higher than the 1.9-fold
increase observed with Pb200 treatment. Under combined stress (Pb200 + Cd20), POD activity
was 1.3 times greater than the single treatments, indicating activation of antioxidant defenses
through multiple pathways.
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Fig. 2. The peroxidase (POD) activity of spinach under Cd and Pb stress.

Table 3. POD activity in different organs of spinach under Pb and Cd stress (U/g FW).

Treatment Root Stem Leaf
CK 125+ 0.8f 8.3+0.6d 152 +1.1f
Pb50 18.7+1.2b 11.0+0.9b 22.4 £ 1.7ef
Pb100 25.3+1.6d 135+1.1c 26.8 £2.0e
Pb200 38.9£2.4b 142+1.2c 28.9 £ 2.3de
Cd5 24.6 £ 1.5¢c 10.7 £ 0.8b 35.1+2.6d
Cd10 32.1+2.0d 12.8+1.0c 42.6 £3.1bc
Cd20 278+ 1.7c 9.5+0.7cd 48.7 £3.5b
Pb50 + Cd5 30.4+£1.9d 149+1.3b 40.2+3.0c
Pb100 + Cd10 41.2+2.5b 176+ 1.4b 55.3+4.1ab
Pb200 + Cd20 52.8+3.2a 20.3+1.6a 63.5+4.7a

The impact of heavy metal stress on chlorophyll synthesis in spinach exhibited significant and
regular patterns of change (P <0.05) (Table 4 and Fig. 3). Cd20 reduced chlorophyll a by 56.3%,
more than Pb200 (34.7%). Under combined stress (Pb200 + Cd20), chlorophyll a dropped to
28.9% of the control level, showing a strong synergistic inhibition.

For chlorophyll b, low concentration treatments (Pb50 and Cd5) did not result in significant
changes (P >0.05), but high concentrations of Pb200 and Cd20 led to reductions of 41.2 and
62.8%, respectively. The Pbl00 + Cd10 combination caused an additional 21.5% decline
compared with single treatments, confirming a synergistic inhibition. Total chlorophyll followed a
similar trend, with Pb200 + Cd20 causing a drastic 72.1% decrease, highlighting strong synergistic

pigment degradation.
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Fig. 3. Effects of Pb and Cd Stress on Chlorophyll Content in Spinach.

Table 4. Chlorophyll content of spinach leaves under Pb and Cd stress (mg/g).

Treatment Chlorophyll a Chlorophyll b Chlorophyll ab
CK 2.85+0.15a 1.12 +0.08a 3.97 £0.20a
Pb50 2.68 +0.13a 1.08 +0.07a 3.76 £0.18a
Pb100 2.21+0.11b 0.89 + 0.06b 3.10 £ 0.15b
Pb200 1.86 +0.09¢ 0.66 + 0.05¢c 2.52+0.12¢c
Cd5 2.53+0.12a 1.04 +0.07a 3.57+0.17a
Cd10 1.78 +0.08c 0.71 £ 0.05¢ 249 +0.11c
Cd20 1.25 +0.06d 0.42 £0.03d 1.67 +0.08d
Pb50 + Cd5 2.15+0.10b 0.82 +0.06b 2.97 £0.14b
Pb100 + Cd10 1.34+0.07d 0.51 +0.04d 1.85 +0.09d
Pb200 + Cd20 0.82 +0.04e 0.28 +0.02¢ 1.10 £ 0.05e

The inhibitory effects of heavy metals Pb and Cd, both individually and in combination, on
spinach growth exhibited significant dose-dependent and synergistic characteristics. With
increasing stress concentration, the dry matter accumulation in the root, stem, and leaf of spinach
significantly decreased, with the combined treatments showing stronger inhibition than the single
treatments (e.g., the total dry weight under the Pb200 + Cd20 treatment decreased by 62.8%).
These findings are consistent with biomass responses of crops such as maize and wheat under
heavy metal stress (Wan et al. 2022). The root, being the primary organ for heavy metal
absorption, exhibited the largest reduction in dry weight (Pb200 + Cd20 treatment was 28.4% of
the control), which may be related to its direct soil contact with the higher accumulation of heavy
metals (Khanthom et al. 2022). The differential sensitivity of the stem and leaf could be attributed
to spatial variations in antioxidant capacity between organs, for example, the higher SOD activity
in the leaf may alleviate some oxidative damage by scavenging reactive oxygen species (ROS)
(Hang et al. 2025).
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At low concentrations of Cd and Pb (e.g., Cd5, Pb50) significantly induced an increase in
SOD activity (increased by 18.5 and 12.3%, respectively), indicating that plants activate their
antioxidant systems to cope with the initial stress. However, high concentrations of stress (e.g.,
Cd20, Pb200) led to a decline in SOD activity, possibly due to excessive ROS causing structural
damage to enzyme proteins or metabolic exhaustion (Ding et al. 2025). Combined lower
concentrations (Pb50 + CdS) enhanced SOD activity (421.5 U/g FW) synergistically, while the
inhibitory effect in the high concentration combination (Pb200 + Cd20) (382.4 U/g FW) may
reflect oxidative damage exceeding the defense threshold, which is similar to the dynamic changes
in enzyme activity observed in Ageratina adenophora under Cd-Pb combined stress (Li et al.
2023). The response pattern of POD activity further revealed organ specificity, as the root showed
a 3.8-fold increase in POD activity under the Pb200 + Cd20 treatment, significantly higher than
the sum of the single treatments, possibly through lignin synthesis to strengthen the cell wall and
compartmentalize heavy metals (Soto-Ramirez et al. 2024). In contrast, the leaf exhibited a high
sensitivity to Cd, with POD activity under Cd20 treatment being 3.2 times that of the control,
which may be related to the special response of chloroplasts to Cd toxicity (Singh et al. 2022).

Chlorophyll synthesis inhibition is a significant marker of heavy metal toxicity. In this study,
the Cd20 treatment caused a 56.3% decrease in chlorophyll a content, which was significantly
higher than the 34.7% reduction observed under Pb200 treatment, which may be due to the direct
disruption of chloroplast structure by Cd and its competitive inhibition of Mg?*" (Zhang et al.
2020). The synergistic effect of combined stress (Pb200 + Cd20), where chlorophyll a content was
only 28.9% of the control, may result from a dual mechanism. On one hand, Cd interferes with the
activity of chlorophyll synthase, and on the other, Pb induces ROS bursts that exacerbate pigment
degradation (Hachani et al. 2020). The tolerance of chlorophyll b to low concentration stress
(Pb50, Cd5) (P > 0.05) suggests that its biosynthetic pathway is less sensitive to heavy metals than
chlorophyll a, but the synergistic inhibition under high concentration combined treatments (Pb100
+ Cd10), with a reduction of 21.5%, indicates that the two heavy metals may interfere with
different sites in the chlorophyll metabolic network (Souahi et al .2021).

This study systematically revealed the dose-effect relationship and synergistic mechanisms of
lead (Pb) and cadmium (Cd) single and combined stress on the growth and physiology of spinach.
The main conclusions are as follows: (i) Pb and Cd combined stress caused concentration-
dependent and synergistic biomass inhibition, with total dry weight reduced by up to 62.8%. The
root, as the primary target of heavy metal stress, experienced a significant loss in dry weight (with
a minimum of 28.4% of the control), which was much higher than that in the aerial parts,
indicating the dual effects of direct soil exposure and and limited compartmentalization. The
differences in biomass in the stem and leaf were closely related to the variation in antioxidant
capacity among organs, with the leaf repairing some damage through an increase in SOD activity
(12.3-18.5% at low concentrations), while the root exhibited a 3.8-fold increase in POD activity
under combined stress, revealing the lignin-mediated cell wall strengthening. (ii) Low
concentration stress (Pb50/CdS) induced a primary antioxidant response by enhancing SOD
activity (421.5 U/g FW), while high concentrations (Pb200/Cd20) led to a decline in enzyme
activity to 382.4 U/g FW, confirming that oxidative damage exceeded the plant's defense
threshold. (iii) Cd had a more significant destructive effect on chlorophyll a (a decrease of 56.3%)
compared to Pb (34.7%), which can be attributed to its direct damage to the chloroplast structure
and competitive inhibition of Mg®*. Combined stress aggravated chlorophyll degradation through
dual pathways: Cd inhibited chlorophyll synthase activity, while Pb induced accelerated pigment
breakdown, resulting in chlorophyll a content of only 28.9% in the combined treatment group.
Chlorophyll was less sensitive at lower stress but showed 21.5% reduction under higher combined
stress to heavy metals.
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