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Abstract
Background A study on photosynthetic and enzyme activity changes and mineral content in lettuce under 
cadmium stress has been conducted in a greenhouse, utilizing the modulated effect of zinc (Zn) application in 
the nutrient solution on lettuce. Zn is a micronutrient that plays an essential role in various critical plant processes. 
Accordingly, three concentrations of Zn (0.022, 5, and 10 mg L− 1) were applied to hydroponically grown lettuce 
(Lactuca sativa L. cv. Ferdos) under three concentrations of Cd toxicity (0, 2.5, and 5 mg L− 1).

Results The results showed that along with increasing concentrations of zinc in the nutrient solution, growth traits 
such as plant performance, chlorophyll index (SPAD), minimum fluorescence (F0), leaf zinc content (Zn), leaf and 
root iron (Fe) content, manganese (Mn), copper (Cu), and cadmium increased as well. The maximum amounts of 
chlorophyll a (33.9 mg g− 1FW), chlorophyll b (17.3 mg g− 1FW), carotenoids (10.7 mg g− 1FW), maximum fluorescence 
(Fm) (7.1), and variable fluorescence (Fv) (3.47) were observed in the treatment with Zn without Cd. Along with an 
increase in Cd concentration in the nutrient solution, the maximum amounts of leaf proline (5.93 mmol g− 1FW), 
malondialdehyde (MDA) (0.96 μm g− 1FW), hydrogen peroxide (H2O2) (22.1 μm g− 1FW), and superoxide dismutase 
(SOD) (90.3 Unit mg− 1 protein) were recorded in lettuce treated with 5 mg L− 1 of Cd without Zn. Additionally, the 
maximum activity of leaf guaiacol peroxidase (6.46 Unit mg− 1 protein) was obtained with the application of Cd at a 5 
mg L− 1 concentration.

Conclusions In general, an increase in Zn concentration in the nutrient solution decreased the absorption 
and toxicity of Cd in lettuce leaves, as demonstrated in most of the measured traits. These findings suggest that 
supplementing hydroponic nutrient solutions with zinc can mitigate the detrimental effects of cadmium toxicity on 
lettuce growth and physiological processes, offering a promising strategy to enhance crop productivity and food 
safety in cadmium-contaminated environments.
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Background
Soil pollution with heavy metals (HMs) like cadmium 
(Cd) has adversely affected most agricultural lands and 
irrigation waters. Cd has negative effects on plants and 
human health particularly due to being mobile, water-
soluble [1] and toxic [2]. Cd toxicity happens through 
its accumulation in plant cells via its easy adsorption by 
plants, which in the next step, could seriously threaten 
human health similar to many chemical toxins [3]. Vari-
ous important plant processes are disturbed by Cd lead-
ing to severe problems [1]. For instance, Cd causes Fe 
deficiency with opposing impacts on chlorophyll, thy-
lakoid membranes and their related processes, Reactive 
Oxygen Species (ROS) generation and accumulation and 
damages to DNA, genes, protein, and membrane rupture. 
Cd induces oxidative stress due to ROS over-generation 
[1]. Several methods have been applied to reduce the 
effects of Cd toxicity, a prevalent environmental hazard 
in plants. Zinc (Zn) application has achieved promising 
results due to similar structures of Zn and Cd leading to 
parallel chemical behavior [3, 4].

Zinc (Zn) is a micronutrient with various essential 
roles in plant processes like involvement in cell division, 
preserving membrane integrity and structure, photo-
synthesis, carbon metabolism, stomatal activity, protein 
synthesis, tryptophan enzyme activities and structures 
and plant metabolism [5]. Zn is a part of lipids, proteins, 
and auxin structures, announcing its important role in 
nucleic acid metabolism and growth-related actions [6]. 
Likewise, Zn has critical roles in enzymatic activity and 
structure with regulatory effects [7]. Zn exists in the 
form of Zn2+ in the soil with great importance in plant 
defense against stress conditions, in the preferred dosage 
[8]. Most importantly, Zn decreases Cd’s negative effects 
on plants [9] since its absorption rate is higher than Cd 
[10] and due to chemical similarity [3]. Accordingly, Zn 
has an antagonistic effect with Cd [11]. Zn absorption 
rate is directly related to its concentration in the soil [12]. 
However, the low mobility of Zn results in its deficiency 
in plants [13], announcing the importance of Zn addi-
tion to the soil and nutrient solutions since its deficiency 
enhances Cd uptake by plants. In fact, Zn concentration 
in the soil could affect Cd uptake by plants. Interestingly, 
Cd: Zn ratio is more important in this regard [3] in which 
reduced Cd: Zn ratio via Zn application, as an appropri-
ate agronomic practice, could mostly decrease Cd toxicity 
effects in areas with high Cd through lessening bioavail-
able Cd [14]. Previous studies reported positive effects of 
Zn addition on mitigating Cd toxicity on different plant 
processes [15, 16] including lettuce [3].

Lettuce (Lactuca sativa L.) is one of the most cultivated 
and consumed leafy greens, which is rich in many min-
erals (e.g. Fe, Mn, P, K), fiber, vitamins, phenolic com-
pounds, flavonoids, and beta-carotene with benefits for 

human health [17]. Frequently, lettuce is hydroponically 
grown even under limited water supplies [18]. Addition-
ally, Cd accumulation in lettuce could be considered as 
serious problem for human health [4] since lettuce could 
easily absorb HMs, leading to their accumulation in 
leaves that can cause harmful effects on humans. There-
fore, Cd contamination of leafy greens is more impor-
tant than other crops due to higher Cd accumulation in 
leaves [3, 4, 14]. All emphasize the importance of applica-
tion of appropriate tactics like Zn application to reduce 
Cd content and toxicity impacts particularly considering 
little knowledge about lettuce response to Cd and applied 
treatments in this regard.

Considering the potential of Zn to alleviate Cd toxicity 
in plants, in addition to its beneficial roles as a micronu-
trient in various plant processes, the present study aimed 
to evaluate the application of zinc (Zn) through mineral 
solutions as a potential strategy to enhance the tolerance 
of lettuce (Lactuca sativa L.) against cadmium (Cd) tox-
icity. Our specific objectives were to assess the effects of 
Zn supplementation on several agronomic, physiological, 
and biochemical parameters of lettuce under Cd stress 
conditions. This comprehensive evaluation was under-
taken to elucidate the potential of Zn supplementation 
as a viable approach to mitigate the deleterious effects 
of Cd stress on lettuce cultivation. The parameters ana-
lyzed aimed to quantify the impact of Zn supplementa-
tion on plant growth, biomass accumulation, and yield 
components under Cd stress. Physiological analyses 
were conducted to assess the effects on photosynthetic 
efficiency, water relations, and nutrient uptake, as these 
processes are often impaired by Cd toxicity. Additionally, 
biochemical assays were performed to evaluate the role 
of Zn in modulating antioxidant defense systems, enzy-
matic activities, and other metabolic pathways involved 
in stress tolerance mechanisms. This multifaceted 
approach was justified by the need to develop sustainable 
and efficient crop management strategies to counteract 
the detrimental consequences of Cd contamination in 
agricultural systems. Hence, by elucidating the potential 
of Zn supplementation in alleviating Cd toxicity in let-
tuce, this study aimed to contribute to the development 
of practical and environmentally friendly techniques for 
enhancing crop productivity and quality under adverse 
environmental conditions.

Results and discussion
Physiological traits
As illustrated in Fig.  1a and b, Cd and Zn treatments 
resulted in a 26.11% decrease and a 38.22% increase in 
yield, respectively. The highest yield was obtained with 
the highest concentration of Zn. However, Zn application 
did not affect the yield under Cd toxicity conditions. We 
hypothesize that Cd toxicity reduced various agronomic 
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traits [3, 19] due to decreased water and nutrient uptake 
and transport, photosynthesis, respiration [19], cell divi-
sion, expansion and enlargement, and carbohydrate syn-
thesis [20], which is corroborated by the present findings. 
The reduction in yield under Cd toxicity conditions has 
been previously reported in plants [21]. Fresh weight 
(FW) and dry weight (DW) of lettuce species were neg-
atively impacted by Cd toxicity [4]. On the other hand, 
Zn application, as an essential micronutrient, enhanced 
agronomic traits, including FW, DW, and subsequently 
yield, due to increased water and nutrient uptake and 
transport, as well as induced cell division, enlargement, 
and hormonal metabolism [22], aligning with the cur-
rent observations. Zn is known to play a role in auxin 
metabolism, conferring benefits to plant morphological 
and agronomic traits [6]. Additionally, Zn application 
(zinc sulfate) could potentially mitigate the detrimental 
effects of Cd on growth and other agronomic traits [23]. 
We hypothesize that Zn exerts critical functions in cell 
division, enlargement, photosynthesis, tryptophan and 
protein synthesis, and membrane integrity, all of which 
contribute to improved growth parameters, even under 
stress conditions [24]. Furthermore, Zn may reduce Cd 
translocation to the aerial parts of plants, thereby miti-
gating the destructive effects of Cd [25]. These findings 
suggest that the observed results may stem from assump-
tions that Cd toxicity impairs various physiological pro-
cesses essential for plant growth and development, while 
Zn supplementation can counteract these detrimental 
effects by enhancing nutrient uptake, cell division and 
expansion, photosynthesis, and hormonal metabolism, 
as well as reducing Cd translocation to the aerial parts of 
the plant.

The results indicate that Cd toxicity at 5 mg L− 1 
reduced chlorophyll a (Chl a) content, while at 2.5 mg 
L− 1, it enhanced chlorophyll b (Chl b) (Fig.  2b) and 
reduced carotenoid content at both concentrations 
(Fig. 2c). Furthermore, Cd toxicity conditions decreased 
the SPAD (chlorophyll content index) (Fig. 3), minimum 
fluorescence (F0) (Fig.  4a), and maximum fluorescence 

(Fm) (Fig.  4b), while it had no effect on variable fluo-
rescence (Fv) (Fig.  4c). In contrast, Chl a and b were 
positively affected by Zn applications under normal con-
ditions. Under Cd toxicity conditions, Zn application at 
10 mg L− 1 enhanced Chl a and b (Fig. 2a, b). Zinc appli-
cations increased carotenoid content under both normal 
and Cd toxicity conditions (Fig.  2c). Additionally, Zn 
applications enhanced SPAD under normal conditions 
but had no effect on SPAD under Cd toxicity (Fig.  3). 
The treatment with 10 mg L− 1 Zn enhanced Fv under 
normal and 5 mg L− 1 Cd toxicity conditions (Fig.  4c). 
Fm was positively affected by Zn treatments (Fig.  4b), 
whereas F0 demonstrated no response to Zn applica-
tion under either normal or Cd toxicity conditions. The 
Cd toxicity reduced Chl a, b, and carotenoids, as previ-
ously demonstrated [1, 20, 26], and chlorophyll fluores-
cence parameters, including Fv/Fm, Y(NO), and Y(II) [1, 
19], by disrupting iron (Fe) absorption, which is neces-
sary for chlorophyll and pigment synthesis and the pho-
tosynthesis process and apparatus [1, 2]. Additionally, Cd 
may induce damage to the photosynthetic apparatus, the 
light-harvesting complex, and photosystems I and II [27]. 
Furthermore, the Cd enhances the production of toxic 
ions and ROS, leading to the breakdown and reduction of 
photosynthetic pigments [1, 2]. Cadmium could poten-
tially damage chloroplasts and thylakoid membranes, 
parallel to the damage to enzymes involved in chloro-
phyll biosynthesis, as well as activate enzymes involved in 
chlorophyll breakdown and ROS generation, all resulting 
in decreased chlorophyll synthesis and content [28]. The 
negative effects of Cd on chlorophyll content and photo-
synthesis in lettuce have been previously confirmed [28]. 
On the other hand, zinc is essential for chlorophyll bio-
synthesis, nitrogen (N) metabolism [29], carbon fixation 
and metabolism, and enzyme and protein biosynthesis 
and protection [30]. We claim that the enhancement in 
Zn increases N absorption, which plays a critical role in 
chlorophyll biosynthesis, presenting a secondary influ-
ence of Zn on chlorophyll content.

Fig. 1 Effect of different concentrations of (a) Cd on (b) Zn on yield of L. sativa cv. Ferdos. Means not sharing the same letter do not differ significantly 
at p ≤ 0.01
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Additionally, Zn may provide the preservation of chlo-
rophyll precursors, leading to chlorophyll biosynthesis 
[31]. Zinc application, at the preferred dosage, has been 
shown to enhance chlorophyll, carotenoids, and sub-
sequently, photosynthesis [28]. Furthermore, Zn has 
been reported to increase higher stomatal conductivity 
and photosynthesis [32]. Zinc deficiency has resulted in 
negative impacts on photosynthetic pigments and pho-
tosynthesis due to a reduction in the activity of the car-
bonic anhydrase enzyme, indicating the necessity of Zn 
for chlorophyll biosynthesis [32]. Positive effects of Zn 
on chlorophyll biosynthesis and content in plants [29] 
and lettuce [33] under normal conditions have been 

previously recorded. Zinc application has been found to 
enhance chlorophyll biosynthesis and photosynthesis of 
hydroponically grown rice under Cd toxicity [15], pos-
sibly by enhancing protein synthesis, leading to chlo-
rophyll biosynthesis and improved photosynthesis and 
chlorophyll fluorescence. Additionally, Zn may decrease 
Cd uptake and transfer, leading to a reduction in the toxic 
effects of Cd on photosynthetic pigments, apparatus, and 
activity [28].

The results demonstrate that Cd toxicity increased 
MDA and H2O2 values. Zn treatments had no effect on 
MDA and H2O2 values under normal conditions. How-
ever, under 2.5 mg L− 1 Cd toxicity, both Zn treatments 

Fig. 2 Interaction effect of different concentrations of Cd and Zn in nutrient solution on (a) Chl a, (b) Chl b, and (c) carotenoids of L. sativa cv. Ferdos 
leaves. Means not sharing the same letter do not differ significantly at p ≤ 0.01

 



Page 5 of 12Behtash et al. BMC Plant Biology          (2024) 24:648 

reduced the content of MDA and H2O2, while under 5 mg 
L− 1 toxicity, only the 10 mg L− 1 Zn treatment decreased 
their values (Fig.  5a, b). The elevated MDA values indi-
cate cell membrane damage and lipid peroxidation [34]. 
Similarly, higher H2O2 levels can cause damage to biolog-
ical membranes and disrupt physiological processes by 
inducing oxidative stress [1]. Cadmium toxicity decreases 
membrane integrity through membrane damage, result-
ing in higher MDA levels [1], as previously confirmed [1, 
34]. Specifically, Cd has been shown to increase MDA 
content in lettuce [34]. Additionally, the Cd toxicity leads 
to H2O2 accumulation by transferring electrons to oxygen 
instead of photosynthesis and respiration receptors [1], 
as well as through the interaction of Cd with antioxidant 
molecules [34], aligning with the current findings. On the 
other hand, Zn could bind to ROS and play a functional 
protective role against their damage to membrane lipids 
and proteins, thereby enhancing membrane integrity and 
decreasing potassium (K+) efflux [35]. Zinc is essential in 
maintaining membrane integrity, macromolecule (e.g., 
proteins, lipids) structure and protection, and nucleic 
acid metabolism [6]. Furthermore, Zn may activate anti-
oxidant enzymes, detoxify ROS, and subsequently reduce 
the toxic effects of Cd and decrease H2O2 levels [26]. 
These findings suggest that Cd toxicity induces oxidative 
stress by increasing MDA and H2O2 levels, potentially 
due to membrane damage and disruption of electron 
transport chains, respectively. However, Zn supplemen-
tation may mitigate these effects by enhancing membrane 
integrity, activating antioxidant systems, and reducing 
ROS levels, thereby alleviating the toxic effects of Cd.

The results indicate that proline content increased 
under 5 mg L− 1 Cd toxicity. Zinc applications did not 
impact proline content under normal conditions. None 
of the Zn treatments affected proline content in lettuce 
under 2.5 mg L− 1 Cd toxicity. However, under 5 mg L− 1 
Cd toxicity, Zn applications reduced proline content 
(Fig.  6). It has been reported that under stress condi-
tions, proline content increases to modulate the osmotic 

pressure of cells, preserve protein integrity, and inter-
act with metal ions, thereby enhancing plant resistance, 
suggesting that proline acts as an antioxidant osmolyte 
and a molecular chaperone [1, 36]. Additionally, proline 
improves the metal-detoxification capacity of intracel-
lular antioxidant enzymes and subsequently detoxifies 
ROS induced by stress conditions. Under heavy metal 
(HM) toxicity conditions, proline may cause higher anti-
oxidant enzyme activities, improve cellular redox homeo-
stasis, reconstruct chlorophyll, and regulate intracellular 
pH, thus acting as a metal chelator and protein stabilizer. 
The increase in proline content depends on the HM con-
centration, toxicity threshold, plant organ, and metal 
type [37], as observed for the 5 mg L− 1 Cd toxicity treat-
ment. Proline enhancement has been previously reported 
under Cd toxicity conditions [1] in lettuce [38] to adjust 
osmotic pressure, stabilize macromolecule and organelle 
structures, and serve as a major reservoir of energy and 
nitrogen. On the other hand, Zn application causes an 
increase in chlorophyll and leaf surface area, leading to 
enhanced photosynthesis and proline content [39]. Fur-
thermore, the Zn application has been shown to enhance 
proline content under Cd toxicity conditions [19]. This 
suggests that Cd toxicity induces proline accumulation 
as a defense mechanism against oxidative stress, osmotic 
imbalance, and macromolecule destabilization. However, 
Zn supplementation may reduce the need for proline 
accumulation by alleviating the toxic effects of Cd, poten-
tially through improved photosynthesis, antioxidant 
activity, and metal chelation.

The results demonstrate that SOD and GPX enzyme 
activities increased under Cd toxicity conditions (Fig. 7a 
and b). Zinc treatments increased SOD activity under 
normal and 2.5 mg L− 1 Cd toxicity conditions, whereas 
the treatments decreased SOD activity under 5 mg L− 1 
Cd toxicity (Fig.  7a). However, GPX activity was not 
affected by Zn applications under either normal or Cd 
toxicity conditions (Fig.  7b). It has been reported that 
SOD and GPX, as antioxidant enzymes and part of the 

Fig. 3 Effect of concentrations of Cd on chlorophyll of L. sativa cv. Ferdos. Means not sharing the same letter do not differ significantly at p ≤ 0.01
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antioxidant system, neutralize Cd-induced oxidative 
stress due to the overgeneration of ROS [34]. Further-
more, we postulate that SOD and GPX could protect cells 
from oxidant damage by alleviating the adverse effects of 
ROS through modulating ROS production and destruc-
tion [1]. SOD activity has been shown to enhance under 
Cd toxicity [34, 40], and Cd toxicity has been reported 
to cause an increase in SOD and GPX activities [1], 
most likely via enhanced activity of the glutathione-
ascorbate cycle [40], aligning with the current findings. 
On the other hand, Zn plays roles in enzymatic catalysis 
and preserving enzyme structures [41]. Zinc enhances 

antioxidant enzyme activities to decrease the damaging 
impacts of ROS and free radicals [42]. Additionally, the 
Zn is a part of the SOD enzyme [43] and plays essential 
roles in the gene expression involved in ROS scaveng-
ing [42]. Zinc application has been shown to enhance 
SOD activity under Cd toxicity [43]. Under stress con-
ditions, Zn application may cause higher antioxidant 
enzyme activities, and Zn application has been reported 
to enhance protein content in plants and activate anti-
oxidant enzymes [40]. However, in some cases, SOD 
enzyme activity could decrease under Zn application and 
Cd toxicity due to higher Cd toxicity. Furthermore, SOD 

Fig. 4 Effect of (a) different concentrations of Cd on F0, (b) interaction of different concentration on Cd and Zn on Fm, and (c) Fv value of L. sativa cv. 
Ferdos. Means not sharing the same letter do not differ significantly at p ≤ 0.01
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and GPX activities have been observed to decrease under 
Zn deficiency [42]. This suggests that Cd toxicity induces 
oxidative stress, leading to an increase in the activi-
ties of antioxidant enzymes such as SOD and GPX as a 
defense mechanism. Zinc supplementation may further 
enhance SOD activity under normal and moderate Cd 
toxicity conditions, possibly through its role in enzyme 
catalysis, structure, and gene expression related to ROS 

scavenging. However, under severe Cd toxicity, Zn appli-
cation may reduce SOD activity due to the overwhelming 
effects of Cd toxicity. Additionally, Zn does not appear to 
significantly influence GPX activity in this study.

The results indicate that Cd content in leaves and roots 
increased under Cd toxicity conditions, as expected, the 
higher the level of Cd toxicity, the higher the Cd con-
tent. The Zn application had no effect on Cd content in 

Fig. 6 Interaction effect of different concentrations of Cd and Zn in nutrient solution on proline content of L. sativa cv. Ferdos leaves. Means not sharing 
the same letter do not differ significantly at p ≤ 0.01

 

Fig. 5 Interaction effect of different concentrations of Cd and Zn in nutrient solution on (a) MDA, and (b) H2O2 content of L. sativa cv. Ferdos leaves. 
Means not sharing the same letter do not differ significantly at p ≤ 0.01
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leaves and roots under normal conditions. However, the 
Zn application at both concentrations (5 and 10 mg L− 1) 
reduced Cd content in leaves and roots under Cd toxic-
ity conditions (2.5 and 5 mg L− 1), with the 5 mg L− 1 Zn 
treatment being the most effective (Table  1). Accord-
ing to Table 1, we conclude that Zn content in roots and 
leaves was negatively affected by Cd toxicity conditions. 
Conversely, Zn application enhanced Zn content in 
leaves and roots under normal conditions. The higher Zn 

concentration, the higher the Zn content. The Zn appli-
cations (5 and 10 mg L− 1) resulted in higher Zn content 
in lettuce leaves under both Cd toxicity conditions; how-
ever, its applications had no effect on Zn content in root 
tissues under the toxicity conditions. Furthermore, the 
results demonstrate that Cd toxicity reduced Fe content 
in roots and leaves. The Zn application increased Fe con-
tent in roots; an increase in Zn concentration resulted 
in a significant increase in Fe content under normal 

Table 1 Interaction effects of different concentrations of cd (Cd1 = 0, Cd2 = 0.5, and Cd3 = 5 mg L−1) and zn (Zn1 = 0.022, Zn2 = 5, and 
Zn3 = 10 mg L− 1) in nutrient solution on Zn, Cd, Fe, Mn, and Cu content in Leaf and root of L. Sativa Cv. Ferdos leaves
Different Treatments Zn Concentration

(mg kg− 1)
Cd Concentration
(mg kg− 1) 

Fe
Concentration
(mg kg− 1)

Mn Concentration
(mg kg− 1) 

Cu 
Concentration
(mg kg− 1)

Leaf Leaf Root Leaf Root Leaf Root Leaf Root
Zn1Cd1 47.7f 5.3f 1.9f 207.6ef 1043.7 h 14.1e 51.2e 7.3c 1.9 g
Zn1Cd2 37.8 g 33.9d 31.9d 234.4d 1101.3 g 20.1d 31.4c 11.6bc 24.2e
Zn1cd3 25.6 h 89.9a 78a 261.7c 1390.1a 9.1 g 31.1c 11.9b 41.6c
Zn2cd1 69.5c 5.6f 6.8e 413.5a 1287.6c 23c 41.5b 10.2d 7f
Zn2cd2 66.2c 44.53e 26.6d 295.3b 1251.7d 24.4b 32.9c 10.7 cd 26.6e
Zn2cd3 53.5e 66.6b 52.4b 196.9 fg 1214.2e 12f 8.7e 11.3bc 52.4b
Zn3cd1 92.9a 5.6f 9.7e 222.4de 1323.6b 30.6a 33.9c 10.8 cd 9.7f
Zn3cd2 77.2b 22.8e 15e 241.9 cd 1265.5c 36.4b 21.1d 11.6bc 31.6d
Zn3cd3 62.7d 55e 41c 186.6 g 1169.4f 15.93e 13e 12.8a 59a
Means not sharing the same letter do not differ significantly at p ≤ 0.01

Fig. 7 (a) Interaction effect of different concentrations of Cd and Zn in nutrient solution on SOD activity and (b) effect of different concentrations of Cd 
on GPX activity of L. sativa cv. Ferdos leaves. Means not sharing the same letter do not differ significantly at p ≤ 0.01
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conditions. Under 2.5 mg L− 1 Cd toxicity, both Zn con-
centrations resulted in increased Fe content in roots, 
whereas under 5 mg L− 1 Cd toxicity, Zn applications 
decreased Fe content. The Zn application at 5 mg L− 1 
enhanced Fe content in leaves, while at 10 mg L− 1, it had 
no effect on the content under normal and 2.5 mg L− 1 Cd 
toxicity conditions. However, Zn applications decreased 
Fe content in leaves under the 5 mg L− 1 Cd toxicity con-
dition. Additionally, the results show that Mn content in 
roots was reduced under Cd toxicity conditions. A simi-
lar reduction was reported by Zn application under nor-
mal and mostly Cd toxicity conditions. We assert that Cd 
toxicity at 2.5 and 5 mg L− 1 concentrations enhanced and 
reduced Mn content in leaves, respectively. In contrast 
to the roots, we think that Zn application enhanced Mn 
content in leaves under normal and both Cd toxicity con-
ditions. We hypothesize that higher Cd content in leaves 
and roots could be expected under Cd toxicity conditions 
due to its mobility property, competition for absorption 
and transferring sites, and easy transferring [2], as pre-
viously established [1, 40] in lettuce [4]. We assume that 
Cd toxicity resulted in Cd enhancement and Zn reduc-
tion [44]. Especially, leafy greens can chelate heavy met-
als (HMs) like Cd and decrease their absorption and 
transfer [45]. Soil and nutrient solution pH, the content 
of Mn, Fe, and Zn, Cd: Zn ratio, temperature, Cd content, 
and plant species could affect Cd uptake and transfer-
ring [3, 4]. We think that since Cd has similar chemical 
behavior to Zn, the decrease in Cd content by Zn appli-
cation could be explained by this property, leading to 
the uptake and transport of Zn instead of Cd [44]. The 
Zn and Cd uptakes could occur via the same routes due 
to their antagonistic behavior and their negative action 
toward each other [11]. Furthermore, we claim that Zn 
has a higher absorption rate than Cd, leading to its pref-
erence by plants in the presence of both Cd and Zn [10]. 
Additionally, Zn uptake enhances in the case of its abun-
dance in the soil or nutrient solution. It has been noted 
that Cd toxicity decreased Zn content due to Cd-induced 
changes in the molecules connected to Zn [10] and com-
petition for Mn2+, Fe2+, and Zn2+ receptors and trans-
porters [3]. Conversely, Zn application decreased Cd 
content in roots and leaves [46]. In fact, Zn application 
decreases Cd uptake and transport due to chemical simi-
larity [26]. The Zn application could decrease Cd content, 
toxicity effects, and its accumulation in plant tissues [16, 
20, 23, 25, 46]. In lettuce, we assert that Cd toxicity con-
ditions enhanced roots and leaves Cd content, while Zn 
application decreased their Cd content [3]. Likewise, we 
think that Zn application enhanced Zn content in leaves 
and roots. The Cd exists in the Cd2+ form and, therefore, 
has close competition with Mn2+, Fe2+, and Zn2+, result-
ing in their deficiency [47] via uptake by Zn, Mn, and Fe 
receptors [48]. An increase in Mn, Fe, and Zn content 

in soil and nutrient solutions could reverse this process 
and decrease Cd while enhancing Mn, Fe, and Zn, as 
observed in the current study to some extent [16]. The 
Cd toxicity causes an imbalance in nutrient uptake due to 
anatomical and structural changes made by Cd in roots 
and shoots [47]. The Cd toxicity resulted in a reduction in 
Fe, Mn, Mg, and Ca [2]. Additionally, Cd decreased Fe2+ 
uptake in lettuce roots [16]. Similarly, Cd toxicity led to a 
decrease in Zn and Mn in lettuce [2]. These observations 
could be explained by Cd competition for the absorption 
sites of nutrients with chemically similar behavior [49].

Conclusion
The present study provided valuable insights into the 
modulating effects of Zn application on Cd toxicity in 
hydroponically grown lettuce (Lactuca sativa L.). The 
findings demonstrate that Cd toxicity adversely affected 
various agronomic, physiological, and biochemical 
parameters in lettuce, including reduced growth traits, 
chlorophyll content, photosynthetic efficiency, and nutri-
ent uptake, as well as increased oxidative stress, lipid per-
oxidation, and antioxidant enzyme activities. However, 
Zn supplementation through nutrient solutions effec-
tively mitigated the detrimental impacts of Cd toxicity 
on lettuce plants. Zinc application also enhanced growth 
parameters, photosynthetic pigments, and chlorophyll 
fluorescence, while reducing the accumulation of ROS 
and associated oxidative damage. Moreover, Zn treat-
ments decreased Cd uptake and translocation to aerial 
plant parts, thereby alleviating the toxic effects of Cd. For 
the scientific community and industry stakeholders, the 
study provided insights into the underlying mechanisms 
by which Zn mitigates Cd toxicity, such as enhancing 
antioxidant systems, membrane integrity, and nutrient 
homeostasis. Study also differs from existing research by 
providing a comprehensive evaluation of the role of Zn 
in alleviating Cd toxicity in lettuce, a widely consumed 
leafy green vegetable. Unlike many previous studies that 
focused on model plants or cereal crops, this research 
specifically investigated the response of lettuce, which 
is crucial for understanding the implications of Cd con-
tamination and potential mitigation strategies for leafy 
greens consumed by humans. Additionally, the study 
employed a hydroponic system, allowing for precise con-
trol of nutrient concentrations and minimizing the influ-
ence of various soil factors, thereby providing insights 
into the direct effects of Zn supplementation on Cd 
toxicity alleviation mechanisms. Further investigations 
could explore the molecular and genetic basis of these 
mechanisms, potentially leading to the development of 
more effective strategies for managing heavy metal stress 
in crop plants. From both an industrial and agricultural 
perspective, the results highlighted the potential of Zn 
supplementation as a practical and sustainable approach 
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to mitigate Cd toxicity in leafy greens, particularly in 
areas with elevated Cd levels in soil or irrigation water. 
By reducing Cd accumulation in edible plant parts, this 
strategy could contribute to improving food safety and 
quality, addressing a critical concern for consumers and 
regulatory bodies. In conclusion, the findings lay the 
foundation for future research efforts aimed at develop-
ing sustainable and effective approaches for enhancing 
crop resilience and productivity in the face of environ-
mental challenges.

Materials and methods
Plant materials, applied treatments and stress conditions
The seeds (Pakan Bazr Company, Isfahan, Iran) of lettuce 
(Lactuca sativa L.) cv. Ferdos were sterilized (sodium 
hypochlorite (NaOCl, 1% (v/v), 5 min), washed with dis-
tilled water for three times and lastly soaked in distilled 
water (15 min). Then, five seeds were planted into each 
12-kg pot containing medium grain sand and watered 
with tap water every other day. After seedling emergence, 
planted pots were irrigated with half-strength Hoagland 
solution (pH:6.6, EC:1.55; Coolang et al. [50]) as illus-
trated in Table  2. Two weeks later, the pots, containing 
two strong seedlings, were irrigated with full-strength 
Hoagland solution and again after two more weeks zinc 
sulfate as zinc (Zn) source at 0.022, 5 and 10 mg L− 1 con-
centrations each in five replications; cadmium sulfate (as 
cadmium (Cd) source at 0, 2.5 and 5 mg L− 1 concentra-
tions each in three replications; as the stress conditions 
were applied through full-strength Hoagland solution 
that continued up to the harvest. Control plants were 
irrigated in the same manner (first tap water, then half-
strength Hoagland solution and finally full-strength Hoa-
gland solution) until the harvest and received any Zn 
treatments and Cd stress conditions. All measurements 
were performed at the harvest stage (six weeks after the 
applications) with three replications for each assay of the 
parameters. The research greenhouse (24 − 18°C; 65–75% 
RH) of the Faculty of Agriculture, University of Mara-
gheh, Maragheh, Iran (longitude 46°16’ E, latitude 37°23’ 
N, altitude 1485 m) was considered as the experimental 
site of the study using a CRD (completely randomized 
design) and factorial experiment with five replications.

Leaf fresh and dry weights and yield
Leaf fresh (FW) and dry (DW) weights were assessed 
through first weighing one randomly selected plant’s leaf 
which was then placed in the oven (70 ◦C, 72 h) for DW 
measurement. The yield was achieved through weighing 
aerial parts of all plants of each treatment.

Leaf fresh and dry weights and yieldPhotosynthetic 
pigments (Chla, Chlband carotenoids), SPAD and 
chlorophyll fluorescence parameters (Fv, Fm, andF0)
The absorbances at 645 nm (for Chl b), 663 nm (for Chl 
a), and 470  nm (for carotenoids) were measured using 
a spectrophotometer (UV-1800 Shimadzu, Japan) on 
the supernatants of acetone (3% v/v) extracted from the 
leaves. These absorbance values were then converted 
into precise amounts [51]. Leaf chlorophyll concentra-
tions, indicated by SPAD values, were determined using 
a SPAD-meter (502 Plus Chlorophyll Meter, Japan) [52]. 
Chlorophyll fluorescence parameters, including Fv, Fm, 
and F0 values, were recorded using a dual-pam-100 chlo-
rophyll fluorometer (Heinz Walz, Effeltrich, Germany) 
[53].

Malondialdehyde (MDA)
For MDA determination, leaf samples (0.1  g) were 
homogenized in acetic acid (2.5 mL; 10% w/v), and then 
thiobarbituric acid (0.5% w/v) in trichloroacetic acid 
(TCA) (20%) was added to the obtained supernatants. 
The mixture was then incubated at 96  °C for 30  min. 
After incubation, the mixtures were cooled at 0  °C for 
5  min, followed by centrifugation (10,000  rpm, 5  min). 
The absorbance of the resulting solution was recorded at 
532 nm and 600 nm using a spectrophotometer and con-
verted to MDA content [54].

Hydrogen peroxide (H2O2)
For H2O2 measurement, the supernatant (0.5 mL), 
obtained from leaf samples (0.5 g) digested with trichlo-
roacetic acid (5 mL, 0.1% w/v) in an ice bath, was mixed 
with potassium phosphate buffer (0.5 mL, pH 6.8, 10 
mM) and potassium iodide (2 mL, 1  M). This mixture 
was then incubated in the dark for 30 min, and the absor-
bance was recorded at 390  nm. A standard calibration 
curve, previously prepared using various H2O2 concen-
trations, was used to calculate the H2O2 content [55].

Proline
Leaves (5  g) were digested using sulfosalicylic acid (10 
mL, 3% w/v). Following centrifugation (1000 rpm, 4 °C), 
the resulting supernatant (2 mL) was combined with nin-
hydrin acid (2 mL) and glacial acetic acid (2 mL). This 
mixture was then incubated at 100 ºC for 1  h and sub-
sequently cooled in an ice bath. After cooling, toluene 
(4 mL) was vigorously mixed with the solution for 20 s. 

Table 2 Composition and concentration of salts in the modified 
Hoagland solution of Coolong et al. [50]
Nutrients Concentration 

(mg L− 1)
Nutrients Concen-

tration 
(g L− 1)

H3BO3 2.86 Ca (NO3)2.2H2O 0.47
MnCl2.4H2O 1.81 KNO3 0.3
ZnSO4.7H2O 0.22 MgSO4. 7H2O 0.25
Na2MOO4.2H2O 0.02 NH4H2PO4 0.06
CuSO4.5H2O 0.08 FeEDTA 0.1
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The absorbance was measured at 520 nm using a spectro-
photometer and then converted to precise proline values 
using a standard curve obtained with L-proline [56].

Superoxide dismutase (SOD) and guaiacol peroxidase 
(GPX) enzymes activities
The supernatants obtained from the extraction of leaf 
samples (0.5 g) with potassium phosphate buffer (3 mL) 
containing 1% PVP (polyvinylpyrrolidone) (pH 7, 50 
mM, 4 °C) were utilized to assess the activities of super-
oxide dismutase (SOD) and guaiacol peroxidase (GPX) 
enzymes. The protocols for enzyme activity assessment 
were adopted from the methods outlined by Li et al. [57].

Leaf and root cd contents
After washing leaves and root samples with deionized 
water, they were placed in oven (65 °C, 48 h), powdered, 
digested with HNO3/HClO4 at 100  °C and lastly kept in 
furnace (550  °C, 5  h) to attain their ash. After cooling 
down and dissolving the ashes with HCl (10 mL, 2  N), 
Whatman filter paper (No.42) was used for filtering 
them to a volumetric flask (50 mL). Distilled water was 
added to achieve the final 50 mL volume. Cd content was 
recorded using atomic absorption spectrometer (Model 
CTA 3000, ChemTech, UK) [1].

Leaf and root zn, Mn, Fe, and Cu Contents
Minerals concentration was measured by wet digestion 
[58]. The leaf and root samples were washed with deion-
ized water and air-dried. Then, the leaves were dried in 
an oven at 550 ◦C for 6 h. After cooling to room temper-
ature, 10 mL of a 65% HNO3 was added to the inorganic 
residue in the crucibles, and they were placed in the 
digester without heating for 1 day. The next day, the sam-
ples was heated at 65 ◦C for 3 h and then at 110 ◦C for 
3 h. The final clear solutions were filtered with Whatman 
paper N.42 and were transferred to a 100 mL volumetric 
flask and volume was made up with deionized water. Fe, 
Zn, Mn, and Cu were determined directly in final digests 
using an atomic absorption spectrophotometry (UV-
1800, Shimadzu, Japan).

Statistics
The factorial experiment was conducted following a com-
pletely randomized block design with three replications. 
Data for the parameters were subjected to statistical 
analysis using MSTAT-C ver 2.1 software. Mean values 
were separated using the Duncan test at the levels of five 
and one% error probability. In line with the objectives of 
this study, a p-value threshold of less than 0.05 was estab-
lished as the criterion for statistical significance.

Acknowledgements
Not applicable.

Author contributions
F.B. conceived and designed the experiments; T.A. performed the experiments; 
S.B.M. analyzed minerals. F.B. analyzed the data; H.S.H. and O.K. wrote and 
proof the final paper. All authors have read and agreed to the published 
version of the manuscript.

Funding
The current research has received no funding from agencies in the public, 
commercial, or not-for-profit sectors.

Data availability
Correspondence and requests for materials should be addressed to H.S.H.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 28 April 2024 / Accepted: 23 June 2024

References
1. Azimi F, Oraei M, Gohari G, Panahirad S, Farmarzi A. Chitosan-Selenium 

nanoparticles (Cs–Se NPs) modulate the photosynthesis parameters, anti-
oxidant enzymes activities and essential oils in Dracocephalum moldavica L. 
under cadmium toxicity stress. Plant Physiol Biochem. 2021;167:257–68.

2. Haider FU, Liqun C, Coulter JA, Cheema SA, Wu J, Zhang R, Wenjun M, Farooq 
M. Cadmium toxicity in plants: impacts and remediation strategies. Ecotoxi-
col Environ Saf. 2021;211:111887.

3. Zare L, Ronaghi A, Ghasemi R, Zarei M, Sepehri M. External detoxifica-
tion mechanism of corn plants exposed to cadmium stress. Chem Ecol. 
2020;36(8):733–49.

4. Zorrig W, Cornu JY, Maisonneuve B, Rouached A, Sarrobert C, Shahzad Z, 
Abdelly C, Davidian JC, Berthomieu P. Genetic analysis of cadmium accumu-
lation in lettuce (Lactuca sativa). Plant Physiol Biochem. 2019;136:67–75.

5. Solanki M. The Zn as a vital micronutrient in plants. J Microbiol Biotechnol 
food Sci. 2021;11(3):e4026.

6. Chattha MB, Qurban AL, Subhani MN, Ashfaq M, Ahmad S, Iqbal Z, 
Muhammad IJ, Anwar MR, Hassan Aljabrim. Foliar applied zinc on different 
growth stages to improves the growth, yield, quality and kernel bio-
fortification of fine rice. Notulae Botanicae Horti Agrobotanici Cluj-Napoca. 
2023;51(2):13221.

7. Thompson MW. Regulation of zinc-dependent enzymes by metal carrier 
proteins. Biometals. 2022;35(2):187–213.

8. Amjad SF, Mansoora N, Din IU, Khalid Iqbal R, Jatoi GH, Murtaza G, Yaseen S, 
Naz M, Danish S, Fahad S, Datta R. Application of zinc fertilizer and mycor-
rhizal inoculation on physio-biochemical parameters of wheat grown under 
water-stressed environment. Sustainability. 2021;13(19):11007.

9. Alloway BJ. Heavy metals and metalloids as micronutrients for plants and 
animals. Heavy metals in soils: trace metals and metalloids in soils and their 
bioavailability. 2013:195–209.

10. Ali NA, Bernal MP, Ater M. Tolerance and bioaccumulation of cadmium by 
Phragmites australis grown in the presence of elevated concentrations of 
cadmium, copper, and zinc. Aquat Bot. 2004;80(3):163–76.

11. Aravind P, Prasad MN. Cadmium-induced toxicity reversal by zinc in 
Ceratophyllum demersum L. (a free floating aquatic macrophyte) together 
with exogenous supplements of amino-and organic acids. Chemosphere. 
2005;61(11):1720–33.

12. Kabata-Pendias A. Soil–plant transfer of trace elements—an environmental 
issue. Geoderma. 2004;122(2–4):143–9.

13. Warnock RE. Micronutrient uptake and mobility within corn plants (Zea 
mays L.) in relation to phosphorus-induced zinc deficiency. Soil Sci Soc Am J. 
1970;34(5):765–9.



Page 12 of 12Behtash et al. BMC Plant Biology          (2024) 24:648 

14. Chaney RL. How does contamination of rice soils with cd and zn cause high 
incidence of human cd disease in subsistence rice farmers. Curr Pollution 
Rep. 2015;1:13–22.

15. Hassan MJ, Zhang G, Wu F, Wei K, Chen Z. Zinc alleviates growth inhibi-
tion and oxidative stress caused by cadmium in rice. J Plant Nutr Soil Sci. 
2005;168(2):255–61.

16. Rizwan M, Ali S, Rehman MZ, Maqbool A. A critical review on the effects 
of zinc at toxic levels of cadmium in plants. Environ Sci Pollut Res. 
2019;26:6279–89.

17. Matraszek R, Hawrylak-Nowak B, Chwil S, Chwil M. Macroelemental composi-
tion of cadmium stressed lettuce plants grown under conditions of intensive 
sulphur nutrition. J Environ Manage. 2016;180:24–34.

18. Breś W, Kleiber T, Markiewicz B, Mieloszyk E, Mieloch M. The effect of NaCl 
stress on the response of lettuce (Lactuca sativa L). Agronomy. 2022;12(2):244.

19. Faizan M, Bhat JA, Hessini K, Yu F, Ahmad P. Zinc oxide nanoparticles alleviates 
the adverse effects of cadmium stress on Oryza sativa via modulation of 
the photosynthesis and antioxidant defense system. Ecotoxicol Environ Saf. 
2021;220:112401.

20. Hussain B, Lin Q, Hamid Y, Sanaullah M, Di L, Khan MB, He Z, Yang X. Foliage 
application of selenium and silicon nanoparticles alleviates cd and pb toxicity 
in rice (Oryza sativa L). Sci Total Environ. 2020;712:136497.

21. Ur Rehman MZ, Rizwan M, Hussain A, Saqib M, Ali S, Sohail MI, Shafiq M, 
Hafeez F. Alleviation of cadmium (cd) toxicity and minimizing its uptake in 
wheat (Triticum aestivum) by using organic carbon sources in Cd-spiked soil. 
Environ Pollut. 2018;241:557–65.

22. Ahmad P, Sarwat M, Bhat NA, Wani MR, Kazi AG, Tran LS. Alleviation of 
cadmium toxicity in Brassica juncea L. (Czern. & Coss.) By calcium applica-
tion involves various physiological and biochemical strategies. PLoS ONE. 
2015;10(1):e0114571.

23. Kar I, Mukhopadhayay SK, Patra AK, Pradhan S. Bioaccumulation of selected 
heavy metals and histopathological and hematobiochemical alterations in 
backyard chickens reared in an industrial area, India. Environ Sci Pollut Res. 
2018;25:3905–12.

24. Lacerda JS, Martinez HE, Pedrosa AW, Clemente JM, Santos RH, Oliveira GL, 
Jifon JL. Importance of zinc for Arabica coffee and its effects on the chemical 
composition of raw grain and beverage quality. Crop Sci. 2018;58(3):1360–70.

25. Hafeez F, Rizwan M, Saqib M, Yasmeen T, Ali S, Abbas T, Zia-ur-Rehman M, 
Qayyum MF. Residual effect of biochar on growth, antioxidant defence and 
cadmium (cd) accumulation in rice in a cd contaminated saline soil. Pakistan 
J Agricultural Sci. 2019;56(1).

26. Adil MF, Sehar S, Chen G, Chen ZH, Jilani G, Chaudhry AN, Shamsi IH. 
Cadmium-zinc cross-talk delineates toxicity tolerance in rice via differential 
genes expression and physiological/ultrastructural adjustments. Ecotoxicol 
Environ Saf. 2020;190:110076.

27. Ismael MA, Elyamine AM, Moussa MG, Cai M, Zhao X, Hu C. Cadmium in 
plants: uptake, toxicity, and its interactions with selenium fertilizers. Metal-
lomics. 2019;11(2):255–77.

28. Chen HP, Wang P, Chang JD, Kopittke PM, Zhao FJ. Producing Cd-safe rice 
grains in moderately and seriously Cd-contaminated paddy soils. Chemo-
sphere. 2021;267:128893.

29. Sun Y, Song K, Sun L, Qin Q, Jiang T, Jiang Q, Xue Y. Morpho-physiological and 
transcriptome analysis provide insights into the effects of zinc application on 
nitrogen accumulation and metabolism in wheat (Triticum aestivum L). Plant 
Physiol Biochem. 2020;149:111–20.

30. Tsonev T, Cebola Lidon FJ. Zinc in plants-an overview. Emirates J Food Agric 
(EJFA). 2012;24(4).

31. Powell SR. The antioxidant properties of zinc. J Nutr. 2000;130(5):S1447–54.
32. Tavallali V, Rahemi M, Maftoun M, Panahi B, Karimi S, Ramezanian A, Vaezpour 

M. Zinc influence and salt stress on photosynthesis, water relations, and 
carbonic anhydrase activity in pistachio. Sci Hort. 2009;123(2):272–9.

33. Roosta HR, Estaji A, Niknam F. Effect of iron, zinc and manganese shortage-
induced change on photosynthetic pigments, some osmoregulators and chlo-
rophyll fluorescence parameters in lettuce. Photosynthetica. 2018;56:606–15.

34. Muradoglu F, Gundogdu M, Ercisli S, Encu T, Balta F, Jaafar HZ, Zia-Ul-Haq M. 
Cadmium toxicity affects chlorophyll a and b content, antioxidant enzyme 
activities and mineral nutrient accumulation in strawberry. Biol Res. 2015;48:1–7.

35. Mohammadi P, Khoshgoftarmanesh AH. The effectiveness of synthetic zinc 
(Zn)-amino chelates in supplying zn and alleviating salt-induced damages on 
hydroponically grown lettuce. Sci Hort. 2014;172:117–23.

36. Bakhoum GS, Sadak MS, Badr EA. Mitigation of adverse effects of salinity 
stress on sunflower plant (Helianthus annuus L.) by exogenous application of 
Chitosan. Bull Natl Res Centre. 2020;44:1–1.

37. Emamverdian A, Ding Y, Mokhberdoran F, Xie Y. Heavy metal stress and 
some mechanisms of plant defense response. The scientific world journal. 
2015;2015.

38. Kolahi M, Kazemi EM, Yazdi M, Goldson-Barnaby A. Oxidative stress induced 
by cadmium in lettuce (Lactuca sativa Linn.): oxidative stress indicators and 
prediction of their genes. Plant Physiol Biochem. 2020;146:71–89.

39. Singh D, Ram PC, Singh A, SRIVASTAVA S. Alleviating adverse effect of soil 
salinity on biomass production and physiological changes in wheat (Triticum 
aestivum L.) through application of zinc fertilizer. Res Environ Life Sci. 
2015;8(2):251–4.

40. Wu Z, Jiang Q, Yan T, Zhang X, Xu S, Shi H, Li F, Du Y, Du R, Hu C, Wang X. 
Ammonium nutrition mitigates cadmium toxicity in rice (Oryza sativa L.) 
through improving antioxidase system and the glutathione-ascorbate cycle 
efficiency. Ecotoxicol Environ Saf. 2020;189:110010.

41. Maret W. Zinc coordination environments in proteins determine zinc func-
tions. J Trace Elem Med Biol. 2005;19(1):7–12.

42. Yousef MI, El Hendy HA, El-Demerdash FM, Elagamy EI. Dietary zinc deficiency 
induced-changes in the activity of enzymes and the levels of free radicals, 
lipids and protein electrophoretic behavior in growing rats. Toxicology. 
2002;175(1–3):223–34.

43. Metwaly MR, Abdel-Malak MG, Sosa GA, Mohamed ME. Ameliorative Nexus 
of Nano Zinc on the Redox State of Chilled and Cryopreserved Barki Ram 
Semen. J Adv Veterinary Res. 2023;13(5):714–22.

44. Du J, Guo Z, Li R, Ali A, Guo D, Lahori AH, Wang P, Liu X, Wang X, Zhang Z. 
Screening of Chinese mustard (Brassica juncea L.) cultivars for the phytoreme-
diation of cd and zn based on the plant physiological mechanisms. Environ 
Pollut. 2020;261:114213.

45. Manzoor J, Sharma M, Wani KA. Heavy metals in vegetables and their 
impact on the nutrient quality of vegetables: a review. J Plant Nutr. 
2018;41(13):1744–63.

46. Huang G, Ding C, Zhou Z, Zhang T, Wang X. A tillering application of zinc 
fertilizer based on basal stabilization reduces cd accumulation in rice (Oryza 
sativa L). Ecotoxicol Environ Saf. 2019;167:338–44.

47. Ullah I, Wang Y, Eide DJ, Dunwell JM. Evolution, and functional analysis of Nat-
ural Resistance-Associated Macrophage proteins (NRAMPs) from Theobroma 
cacao and their role in cadmium accumulation. Sci Rep. 2018;8(1):14412.

48. Abbas T, Rizwan M, Ali S, Adrees M, Zia-ur-Rehman M, Qayyum MF, Ok YS, 
Murtaza G. Effect of biochar on alleviation of cadmium toxicity in wheat 
(Triticum aestivum L.) grown on Cd-contaminated saline soil. Environ Sci Pol-
lut Res. 2018;25:25668–80.

49. Tran TM, Lee JU. Biosorption of Cd by an indigenous Cd-resistant bacterium 
isolated from soil contaminated with cd. Geosci J. 2024;28(1):15–25.

50. Coolong TW, Randle WM, Toler HD, Sams CE. Zinc availability in hydroponic 
culture influences glucosinolate concentrations in Brassica rapa. HortScience. 
2004;39(1):84–6.

51. Lichtenthaler HK. [34] chlorophylls and carotenoids: pigments of photosyn-
thetic biomembranes. InMethods in enzymology 1987 Jan 1 (Vol. 148, pp. 
350–82). Academic.

52. Ling Q, Huang W, Jarvis P. Use of a SPAD-502 meter to measure leaf 
chlorophyll concentration in Arabidopsis thaliana. Photosynth Res. 
2011;107:209–14.

53. Maxwell K, Johnson GN. Chlorophyll fluorescence—a practical guide. J Exp 
Bot. 2000;51(345):659–68.

54. Stewart RR, Bewley JD. Lipid peroxidation is associated with accelerated 
aging of soybean axes. Plant Physiol. 1980;65(2):245–8.

55. Sinha S, Gupta AK. Translocation of metals from fly ash amended soil in the 
plant of Sesbania cannabina L. Ritz: effect on antioxidants. Chemosphere. 
2005;61(8):1204–14.

56. Marín Velázquez JA, Andreu Puyal P, Carrasco Miral A, Arbeloa Matute A. 
Determination of proline concentration, an abiotic stress marker, in root 
exudates of excised root cultures of fruit tree rootstocks under salt stress.

57. Li J-T, Qiu Z-B, Zhang X-W, Wang L-S. Exogenous hydrogen peroxide can 
enhance tolerance of wheat seedlings to salt stress. Acta Physiol Plant. 
2011;33:835–42.

58. Dong J, Wu F, Zhang G. Influence of cadmium on antioxidant capacity and 
four microelement concentrations in tomato seedlings (Lycopersicon esculen-
tum). Chemosphere. 2006;64(10):1659–66.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	Efficiency of zinc in alleviating cadmium toxicity in hydroponically grown lettuce (Lactuca sativa L. cv. Ferdos)
	Abstract
	Background
	Results and discussion
	Physiological traits

	Conclusion
	Materials and methods
	Plant materials, applied treatments and stress conditions

	Leaf fresh and dry weights and yield
	Leaf fresh and dry weights and yieldPhotosynthetic pigments (Chla, Chlband carotenoids), SPAD and chlorophyll fluorescence parameters (Fv, Fm, andF0)

	Malondialdehyde (MDA)
	Hydrogen peroxide (H2O2)

	Proline
	Superoxide dismutase (SOD) and guaiacol peroxidase (GPX) enzymes activities
	Leaf and root cd contents
	Leaf and root zn, Mn, Fe, and Cu Contents
	Statistics

	References


