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Abstract
In the current industrial scenario, cadmium (Cd) as a metal is of great importance but poses a major threat to 
the ecosystem. However, the role of micronutrient − amino chelates such as iron − lysine (Fe − lys) in reducing 
Cr toxicity in crop plants was recently introduced. In the current experiment, the exogenous applications of 
Fe − lys i.e., 0 and10 mg L − 1, were examined, using an in vivo approach that involved plant growth and biomass, 
photosynthetic pigments, oxidative stress indicators and antioxidant response, sugar and osmolytes under the soil 
contaminated with varying levels of Cd i.e., 0, 50 and 100 µM using two different varieties of canola i.e., Sarbaz and 
Pea − 09. Results revealed that the increasing levels of Cd in the soil decreased plant growth and growth-related 
attributes and photosynthetic apparatus and also the soluble protein and soluble sugar. In contrast, the addition 
of different levels of Cd in the soil significantly increased the contents of malondialdehyde (MDA) and hydrogen 
peroxide (H2O2), which induced oxidative damage in both varieties of canola i.e., Sarbaz and Pea − 09. However, 
canola plants increased the activities of superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and non-
enzymatic compounds such as phenolic, flavonoid, proline, and anthocyanin, which scavenge the over-production 
of reactive oxygen species (ROS). Cd toxicity can be overcome by the supplementation of Fe − lys, which 
significantly increased plant growth and biomass, improved photosynthetic machinery and sugar contents, and 
increased the activities of different antioxidative enzymes, even in the plants grown under different levels of Cd in 
the soil. Research findings, therefore, suggested that the Fe − lys application can ameliorate Cd toxicity in canola 
and result in improved plant growth and composition under metal stress.
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Introduction
The widespread use of farming practices and indus-
trialization has led to an abrupt increase in the level of 
potentially toxic elements that adversely affect crop pro-
duction worldwide [1, 2]. The major heavy metals, such 
as cadmium (Cd), chromium (Cr), zinc (Zn), aluminum 
(Al), copper (Cu), mercury (Hg), and lead (Pb) are known 
to exhibit phytotoxicity, affecting plant growth and 
development [3, 4]. Cadmium, due to its high solubility, 
mobility and efficient soil-plant transfer, has emerged as 
a significant threat to all living organisms [5–7]. Cad-
mium in the soil is taken up by plant roots and eventu-
ally reaches humans through the food chain, representing 
health risks to the immune, nervous, and reproductive 
systems [8–10]. Chlorophyll plays a crucial role in photo-
synthesis, and any impairment in chlorophyll biosynthe-
sis in response to Cd stress obstructs the photosynthetic 
machinery in the major crops [11–13]. Moreover, higher 
Cd retention in plant cells/tissues triggers the produc-
tion of reactive oxygen species (ROS), hydroxyl groups 
(OH) and superoxide radicles (O•−) which either directly 
or indirectly affects the in planta metabolic pathways 
[14–16]. Over-production of ROS is toxic and plants 
needs to scavenge those immediately through antioxida-
tive defense system [17, 18]. Clearly, a viable and cost-
effective method to remove Cd from the environment is 
needed.

To date, many scientific approaches have been 
employed to remediate the metal stress in plants, par-
ticularly by using exogenous applied amino acids. Amino 
acids play a very critical role in metal compartmenta-
tion, transport and tolerance in plants. Zinc (Zn) and 
iron (Fe) chelated fertilizers complexed with lysine (lys) 
as amino acid have been reported to improve the growth 
and yield of crops [19–21]. Fruitful application of micro-
nutrients expressively mitigates the toxic effects of metal 
stress in plants [22, 23]. Fe is an important micronutrient 
as they play a very critical role in various metabolic pro-
cesses in plants including photosynthesis, DNA synthe-
sis and respiration [24, 25]. Fe chelated with the amino 
acid lys effectively mitigates the metal stress in Brassica 
napus and Spinacia oleracea and improved the growth of 
plant through Fe fortification [23, 26]. However very little 
is known about the role of Fe − lys regarding the mitiga-
tion of Cd stress in canola. Canola (Brassica napus L.), a 
member of the Brassicaceae family with 325 genera and 
3740 species, holds a prominent position as a global oil-
seed crop, primarily cultivated in Canada, Europe, and 
Australia, with an annual output of 72  million tonnes 
[27]. Canola showed a great resistance to heavy metal 
stress, however wide concentration of heavy metals 
prompted severe stress in canola [28–30]. It is well recog-
nized that Cd stress significantly affected the molecular, 

ultra-structural and physiochemical profiling of canola 
plants [31, 32].

Cultivation of cereal crops in metal polluted sites 
marks the unwanted buildup of Cd in different vegetables 
and crops like spinach [24, 33], rice [2, 34] and wheat [35, 
36] but very few literatures are available on canola grown 
in metal contaminated site. The results from the present 
findings will add to our knowledge about (i) the role of 
Fe–lys on plant growth, fresh weights, dry weights, chlo-
rophyll contents, gaseous exchange attributes, oxidative 
stress and antioxidant response and (ii) sugar and osmo-
lytes response when cultivated in the sites which are rich 
with Cd concentration. According to best of our knowl-
edge, this study is among the few studies which focus on 
the metal tolerance and accumulation among oil seed 
crops in order to investigate their suitability for metal–
contaminated sites. Findings from the present study will 
add to our understanding the mechanism of Cd tolerance 
and accumulation in canola with the foliar application of 
Fe–lys.

Materials and methods
Experimental design
Soil was collected from agricultural field at the depth of 
0–20 cm using a stainless–steel blade. The soil was thor-
oughly sieved to 2 mm in order to completely remove the 
unwanted materials such as previous crop residues and 
debris. Then, the soil was analyzed for physicochemical 
properties. Concentration of organic matter in soil was 
determined with the method recommended by Walkley 
and Black [37]. Hydrometer was used for the efficacious 
analysis of soil texture [38]. Sodium adsorption ratio 
(SAR), electrical conductivity (EC), and soluble ions were 
also measured [39]. Ammonium bicarbonate diethylene-
triamine pentaacetic acid (AB-DTPA) extractable in soil 
was estimated with the method described by Soltanpour 
[40]. The complete detail of physicochemical characteris-
tics of the soil used for the pot experiment.

Pot experiment
The present experiment was carried out in the pots and 
each pot was filled with 5 kg of soil. Seeds of two different 
varieties of canola i.e., Sarbaz and Pea − 09 were used in 
this study and the seeds were surface sanitized with H2O2 
solution and washed 5 times with distilled water before 
sowing in pots. Two weeks after germination, four mor-
phologically uniform seedlings were selected for further 
study. Before starting the pot experiment, the soil was 
artificially spiked with varying levels of Cd i.e., 0, 50 and 
100 µM by using CdCl2 salt. All pots have undergone two 
cycles of water saturation and air drying. Different levels 
of foliar treatments of Fe–lys (0, 10 mg L− 1) were used in 
this study, with the help of hand sprayer. The same lev-
els of Fe–lys was used in a previous study by Zaheer et 
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al. [41]. While the Cd concentration used in this study 
was less than our previous conduced experiment [15] 
in maize. A total of 4–L volume of Fe–lys was applied 
through four foliar applications per treatment, and plants 
under control treatment were sprayed carefully with 
distilled water. Soil used during the pot experiment was 
properly covered to avoid the needless contamination. 
All Fe–lys and wastewater treatments were applied in 
split doses to avoid any sudden toxicity to plants, and a 
completely randomized design of the experiment was fol-
lowed with four replicates of each treatment. The appro-
priate amount of fertilizers was applied as recommended 
by Bashir et al. [22]. Experimental pots were regularly 
rotated and weeds were removed manually.

Growth attributes
Experimental data were collected from the propagated 
shoot and root lengths, as well as the weight of fresh and 
dry leaves of the two cultivars, which were recorded. 
Root length and shoot length was measured using a mea-
suring scale from the tips of the shoots to the bottom of 
the root tips. After that, fresh biomass (roots and shoots) 
was also measured using a weighting digital balance by 
selecting three randomly plants per treatment. The plant 
samples were oven-dehydrated at 65  °C for 72  h for Cd 
and ions concentration determination and the total plant 
dry weight was also measured. Before being oven-dried, 
roots were immersed in 20 mM Na2EDTA for 15–20 min 
to remove Cd that had adhered to the surface of roots. 
Subsequently, roots were washed thrice with distilled 
water and finally once with deionized water then dried 
for further analysis.

Photosynthetic pigments
Photosynthetic Pigments Leaves were collected for the 
determination of chlorophyll and carotenoid contents. 
For chlorophyll, 0.1 g of fresh leaf sample was extracted 
using 8 mL of 95% acetone for 24  h at 4  °C under dark 
conditions. The absorbance was measured by a spectro-
photometer (UV-2550; Shimadzu, Kyoto, Japan) at 646.6, 
663.6, and 450  nm. Chlorophyll content was calculated 
using the standard method of Arnon [42].

Oxidative stress indicators
The degree of lipid peroxidation was evaluated as malo-
ndialdehyde (MDA) contents. Briefly, 0.1  g of frozen 
leaves were ground at 4 °C in a mortar with 25 mL of 50 
mM phosphate buffer solution (pH 7.8) containing 1% 
polyethene pyrrole. The homogenate was centrifuged at 
10,000× g at 4 ◦C for 15 min. The mixtures were heated 
at 100 °C for 15–30 min and then quickly cooled in an ice 
bath. The absorbance of the supernatant was recorded by 
using a spectrophotometer (xMark™ Microplate Absor-
bance Spectrophotometer; Bio-Rad, Hercules, CA, USA) 

at wavelengths of 532, 600, and 450 nm. Lipid peroxida-
tion was expressed as 1  mol g− 1 by using the formula: 
6.45 (A532 − A600) − 0.56 A450. Lipid peroxidation was 
measured using a method previously published by Heath 
and Packer [43].

To estimate H2O2 content of plant tissues, 3 mL of sam-
ple extract was mixed with 1 mL of 0.1% titanium sulfate 
in 20% (v/v) H2SO4 and centrifuged at 6000× g for 15 min. 
The yellow color intensity was evaluated at 410 nm. The 
H2O2 level was computed by the extinction coefficient of 
0.28 mmol− 1 cm− 1. The contents of H2O2 were measured 
by the method presented by Jana and Choudhuri [44].

Activities of antioxidant enzymes
To evaluate enzyme activities, fresh leaves (0.5  g) were 
homogenized in liquid nitrogen and 5 mL of 50 mmol 
sodium phosphate buffer (pH 7.0), including 0.5 mmol 
EDTA and 0.15  mol NaCl. The homogenate was centri-
fuged at 12,000× g for 10 min at 4 °C, and the supernatant 
was used for measurement of superoxidase dismutase 
(SOD) and peroxidase (POD) activities.

SOD activity was assayed in a 3 mL reaction mixture 
containing 50 mM sodium phosphate buffer (pH 7), 
56 mM nitro blue tetrazolium, 1.17 mM riboflavin, 10 
mM methionine, and 100 µL enzyme extract. Finally, 
the sample was measured using a spectrophotometer 
(xMark™ Microplate Absorbance Spectrophotometer; 
Bio-Rad). Enzyme activity was measured by using a 
method employed by Chen and Pan [45] and expressed 
as U g− 1 FW. POD activity in the leaves was estimated by 
using the method of Sakharov and Ardila [46] employed 
by using guaiacol as the substrate. A reaction mixture (3 
mL) containing 0.05 mL of enzyme extract, 2.75 mL of 50 
mM phosphate buffer (pH 7.0), 0.1 mL of 1% H2O2, and 
0.1 mL of 4% guaiacol solution was prepared. Increases 
in the absorbance at 470  nm due to guaiacol oxidation 
was recorded for 2 min. One unit of enzyme activity was 
defined as the amount of the enzyme.

Catalase (CAT) activity was analyzed according to Aebi 
[47]. The assay mixture (3.0 mL) was comprised of 100 
µL enzyme extract, 100 µL H2O2 (300 mM), and 2.8 mL 
50 mM phosphate buffer with 2 mM ETDA (pH 7.0). The 
CAT activity was measured by the decline in absorbance 
at 240 nm as a result of H2O2 loss (ε = 39.4 mM− 1 cm− 1).

Non-enzymatic antioxidants, sugars, and proline contents
Plant ethanol extracts were prepared for the determina-
tion of nonenzymatic antioxidants and some key osmo-
lytes. For this purpose, 50 mg of dry plant material was 
homogenized with 10 mL ethanol (80%) and filtered 
through Whatman No. 41 filter paper. The residue was 
reextracted with ethanol, and the 2 extracts were pooled 
together to a final volume of 20 mL. The determination 
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of flavonoids [48], phenolics [49], anthocyanin [50], and 
total sugars [51] was performed from the extracts.

Fresh leaf material (0.1  g) was mixed thoroughly in 5 
mL of aqueous sulfosalicylic acid (3%). The mixture was 
centrifuged at 10,000 × g for 15  min, and an aliquot (1 
mL) was poured into a test tube containing 1 mL of acidic 
ninhydrin and 1 mL of glacial acetic acid. The reaction 
mixture was first heated at 100  °C for 10  min and then 
cooled in an ice bath. The reaction mixture was extracted 
with 4 mL of toluene, and the test tubes were vortexed 
for 20  s and cooled. Thereafter, the light absorbance at 
520  nm was measured by using a UV–VIS spectropho-
tometer (Hitachi U-2910, Tokyo, Japan). The free pro-
line content was determined on the basis of the standard 
curve at 520  nm absorbance and expressed as µmol (g 
FW) −1 [52].

Statistical analysis
Statistical analysis of data was performed with analysis 
of variance (ANOVA) by using a statistical program Co-
Stat version 6.2, Cohorts Software, 2003, Monterey, CA, 
USA. All the data obtained were tested by two-way analy-
sis of variance (two-way ANOVA). Thus, the differences 
between treatments were determined by using ANOVA, 
and the least significant difference test (P < 0.05) was used 
for multiple comparisons between treatment means. 
Logarithmic or inverse transformations were performed 
for data normalization, where necessary, prior to analy-
sis. Pearson’s correlation analysis was performed to quan-
tify relationships between various analyzed variables.

Results
Effect of foliar application of Fe − lys on plant growth and 
biomass in both varieties of canola grown under the toxic 
concentration of Cd in the soil.

In the present study, various growth and biomass 
parameters were also measured in both varieties of 
canola (Sarbaz and Pea − 09) grown under the application 
of Fe − lys (10 mg L− 1) with or without the toxic concen-
trations of Cd i.e., 0, 50 and 100 µM in the soil. The data 
regarding root and shoot length, fresh and dry biomass 
in both varieties of canola is presented in Fig. 1; Table 1. 
It was noticed that the increasing levels of Cd in the 
soil significantly (P < 0.05) decreased root length, shoot 
length, root fresh weight, root dry weight, shoot fresh 
weight, shoot dry weight, leaf area and relative water con-
tent compared to the plants which were grown in con-
trol. Results showed that the root length, shoot length, 
root fresh weight, root dry weight, shoot fresh weight, 
shoot dry weight, leaf area and relative water contents 
were decreased by 48.78, 50.54, 37.62, 40.96, 39.54, 53.76, 
31.63 and 38.07% respectively in Sarbaz while decreased 
by 38.64, 50.38, 43.65, 34.36, 39.20, 53.08, 42.30 and 
40.29% respectively in Pea − 09 compared to the plants 

which were grown in 0 µM in the soil. Although, plant 
growth and biomass of canola varieties under the toxic 
concentration of the Cd in the soil could be improved by 
the foliar application of Fe − lys (Fig. 1; Table 1). The appli-
cation of Fe − lys increased the root length, shoot length, 
root fresh weight, root dry weight, shoot fresh weight, 
shoot dry weight, leaf area and relative water contents by 
21.63, 17.83, 17.06, 9.09%, 13.818, 17.66, 16.14, and 10.15 
respectively in Sarbaz, and also increased by 1386.64, 
50.38, 39.20, 53.08, 42.3, 49.36, 55.06 and 40.29%, respec-
tively, in the Pea − 09 plants grown under the application 
of Fe − lys, compared with plants grown in soil without 
the application of Fe − lys.

Effect of foliar application of Fe − lys on photosynthetic 
pigments in both varieties of canola grown under the toxic 
concentration of cd in the soil
We also demonstrated various photosynthetic pigments 
in both cultivars (Sarbaz and Pea − 09) of canola grown 
under the toxic concentration of Cd (50 and 100 µM) 
in soil with or without the foliar application of Fe − lys 
(Fig. 2; Table 1). Results showed that plants which were 
grown in the toxic amount of Cd in the soil significantly 
(P < 0.05) decreased chlorophyll a, chlorophyll b, total 
chlorophyll and carotenoid content in both cultivars of 
canola compared with the plants grown in the control 
treatment. The concentrations of chlorophyll and carot-
enoid could be enhanced in both cultivars of canola by 
the foliar application of Fe − lys which increased these 
pigments significantly even in the Cd-contaminated 
soil. Our results showed that the application of Fe − lys 
increased chlorophyll a, chlorophyll b, total chlorophyll 
and carotenoid contents by 2.65, 3.64, 6.5 and 4.6%, 
respectively, in Sarbaz while also increasing by 4.6, 12.6, 
15.6 and 5.0%, respectively, in Pea − 09 in the plants 
which were grown in soil containing the toxic concentra-
tion of Cd upon foliar application of Fe − lys compared 
with plants which were grown without the foliar applica-
tion of Fe − lys.

Effect of foliar application of Fe − lys on oxidative stress 
indicators and antioxidants in both varieties of canola 
grown under the toxic concentration of cd in the soil
We have also measured various oxidative stress bio-
markers such as malondialdehyde (MDA) and hydrogen 
peroxide (H2O2) contents in canola cultivars under the 
toxic concentration of the Cd in the soil with or with-
out the foliar application of Fe − lys (Fig.  3; Table  1). 
Results showed that the toxic concentration of Cd in 
the soil significantly (P < 0.05) increased the contents 
of MDA and H2O2 in both cultivars of canola, com-
pared with the plants which were grown in normal soil 
(Fig. 3; Table 1). Similarly, result showed that the activi-
ties of various antioxidants such as superoxide dismutase 
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Fig. 1 Effect of different levels of Fe − lys (0 and 10 mg L− 1) on root length (A), shoot length (B), root fresh weight (C), root dry weight (D), shoot fresh 
weight (E), shoot dry weight (F), leaf area (G), and relative water content (H) under the toxic concentration of Cd (0, 50 and 100 µM) in the soil in both 
cultivars of canola (Sarbaz and Pea − 09). All the data represented are the average of four replications (n = 4). Error bars represent the standard deviation 
(SD) of dour replicates. Different lowercase letters on the error bars indicate a significant difference between the treatments
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(SOD), peroxidase (POD) and catalase (CAT) were also 
increased in the plants which were grown in soil with 
the toxic concentration of Cd (100 µM), compared with 
the plants which were grown in the Cd free soil (Fig. 3; 
Table 1). We also provided evidence that the application 
of Fe − lys significantly (P < 0.05) decreased the contents 
of MDA and H2O2 in both cultivars of canola, compared 
with the plants which were not treated with Fe − lys. In 
contrast, results additionally illustrated that the applica-
tion of Fe − lys further increased the activities of various 
antioxidants (SOD, POD and CAT) in both cultivars of 
canola, compared with the plants which were not treated 
with Fe − lys.

Effect of foliar application of Fe − lys on non-enzymatic 
compounds and sugar in both varieties of canola grown 
under the toxic concentration of cd in the soil
In the present study, osmolytes such as phenolics, flavo-
noids were increased under the Cd stress while anthocy-
anin and protein and also increased due to the Cd stress 
(Figs. 4 and 5; Table 1). However, proline contents were 
increased in both cultivars of canola due to the varying 
levels of Cd in the soil. Although, our results indicated 
that the application of Fe − lys increased phenolics, fla-
vonoids, proline, anthocyanin, soluble sugar and soluble 
protein by 34.79, 23.14, 25.3, 24.2, 18.6 and 20.23% 

Table 1 Mean square values from ANOVA of data for Fe-lysine foliar spray modulates growth attributes, photosynthetic pigments, 
oxidative stress, enzymatic and non-enzymatic antioxidant activities in two B. napus cultivars grown under chromium stressed soil
Source df SL Root Length SFW SDW RFW RDW
Cultivars (CV) 1 150.90 *** 98.67 *** 0.03 *** 0.005*** 2.60 *** 2.96 **

Stress (S) 2 123.63 *** 102.00 *** 0.04 *** 0.004 *** 4.81 *** 1.04 ***

Treatment (T) 1 54.51 *** 61.88 *** 0.02 ** 0.03 *** 1.50 *** 3.93 **

CV × S 2 12.71** 2.42 ns 0.00 ns 0.00 ns 3.40 ns 1.50 ns

CV × T 1 2.72 ns 1.00 ns 0.00 ns 0.00 ns 2.05 ns 2.50 ns

S ×T 2 2.04 ns 0.95 ns 0.00 ns 0.00 ns 8.33 ns 1.27 ns

CV × S ×T 2 0.27 ns 0.15ns 0.00 ns 0.00 ns 6.60 ns 2.43 ns

Error 24 1.96 1.67 0.00 0.00 1.21 4.11

Source df Leaf Area Chl a Chl b T. Chl Carotenoid RWC
Cultivars (CV) 1 2.46 ** 2.13 *** 0.02 *** 0.10 *** 4.88 *** 1341.31 ***

Stress (S) 2 2.14 *** 1.37 *** 0.009*** 0.30 *** 4.50 *** 1525.94 ***

Treatment (T) 1 2.12 ** 1.17 *** 0.005*** 0.10 *** 2.80 ** 2124.11 ***

CV × S 2 0.03 ns 0.06 ns 0.001*** 0.01 ns 2.55 ns 3.40 ns

CV × T 1 0.04 ns 0.00 ns 0.00 ns 0.00 ns 3.26 ns 77.81 ns

S ×T 2 0.04 ns 0.00 ns 0.00 ns 0.00 ns 1.23 ns 44.01 ns

CV × S ×T 2 0.02 ns 0.00 ns 0.00 ns 0.00 ns 3.40 ns 12.53 ns

Error 24 0.20 0.02 0.00 0.00 2.33 69.14

Source df MDA H2O2 SOD POD CAT Anthocyanin
Cultivars (CV) 1 60.68 * 34.94 * 5355.97 *** 518.52 *** 11664.5 *** 2.62 ***

Stress (S) 2 350.86 *** 192.13 *** 2259.73 *** 449.55 *** 8487.0 *** 5.90 ***

Treatment (T) 1 53.22 ns 85.52 *** 2458.22 *** 308.24 *** 6618.4 *** 3.05 ***

CV × S 2 0.31 ns 1.18 ns 81.28 ns 4.42 ns 306.0 ns 0.05 ns

CV × T 1 0.03 ns 0.74 ns 92.81 ns 0.29 ns 71.0 ns 0.07 ns

S X T 2 0.95 ns 4.37 ns 30.0 ns 16.94 ns 83.3 ns 0.12 ns

CV × S ×T 2 1.18 ns 0.09 ns 21.70 ns 0.93 ns 161.2 ns 0.07 ns

Error 24 14.38 ns 6.67 80.00 12.52 278.4 0.20

Source df Phenolics Flavonoids Proline TSS TSP
Cultivars (CV) 1 1308.80 *** 1869.69 *** 301.71 *** 152,561 *** 20.57 ***

Stress (S) 2 2305.42 *** 3267.38 *** 535.90*** 225,160
***

8.60 ***

Treatment (T) 1 1699.43 *** 3408.20 *** 229.92
**

163,458 *** 6.72 ***

CV × S 2 46.43 ns 41.36 ns 61.90 ns 1275 ns 0.30 ns

CV ×T 1 22.78 ns 21.90 ns 15.34 ns 5230 ns 0.06 ns

S ×T 2 1.81 ns 177.78 ns 6.60 ns 2835 ns 0.07 ns

CV ×S × T 2 16.62 ns 3.01 ns 6.44 ns 2242 ns 0.11 ns

Error 24 49.21 69.34 22.06 6323 0.20
*, **, ***= significant at 0.05, 0.01, and 0.001 levels respectively. ns = non-significant
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respectively in Sarbaz while increased by 16.55, 26.67, 
24.65, 17.6, 20.64 and 34.68% respectively in Pea − 09.

Discussion
Heavy metals including Cd are considered as one of 
the environmental toxic factors that directly affect the 
plant growth and yield. Therefore, the response of plant 
growth and biomass has become the major morphologi-
cal phenomenon under Cd stressed environment [16, 53, 
54]. In the present study, we elucidated that growth and 
biomass of canola were significantly (P < 0.05) decrease 
when subjected to Cd-polluted regimes (Fig. 1; Table 1). 
Decreased plant growth and biomass under excess Cd 
levels in plants has already been reported phenomenon 
[55–57] which depends upon number of environmen-
tal factors including plant species, treatments, growth 

medium and soil Cd contents [58, 59]. Reduction in 
growth and biomass accumulation could also be attrib-
uted to alterations in the ultrastructure of various plant 
components under toxic levels of Cd in sand that have 
direct impacts on plant growth and yield [59–61]. Pres-
ent study revealed that photosynthetic pigments (Fig. 2; 
Table 1) of canola varieties (Fig. 2; Table 1) were signifi-
cantly (P < 0.05) affected under increasing levels of Cd (0, 
50 and 100 µM) treatments. Excessive Cd concentrations 
affected the chlorophyll pigments due to two important 
factors; (i) stomatal factors and (ii) non-stomatal factors 
[62, 63]. Excess Cd levels are generally known to initiate 
oxidative stress in plants by production of extra reactive 
oxygen species (ROS) [16, 64] and antioxidative enzymes 
play a protective role in reducing the metal toxicity by 
scavenging ROS [65, 66]. Previously, excess amount of 

Fig. 2 Effect of different levels of Fe − lys (0 and 10 mg L− 1) on chlorophyll a (A), chlorophyll b (B), total chlorophyll (C), and carotenoids (D) under the 
toxic concentration of Cd (0, 50 and 100 µM) in the soil in both cultivars of canola (Sarbaz and Pea − 09). All the data represented are the average of four 
replications (n = 4). Error bars represent the standard deviation (SD) of dour replicates. Different lowercase letters on the error bars indicate a significant 
difference between the treatments
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Fig. 3 Effect of different levels of Fe − lys (0 and 10 mg L− 1) on MDA (A), H2O2 (B), SOD (C), POD (D), CAT (E), under the toxic concentration of Cd (0, 50 and 
100 µM) in the soil in both cultivars of canola (Sarbaz and Pea − 09). All the data represented are the average of four replications (n = 4). Error bars repre-
sent the standard deviation (SD) of dour replicates. Different lowercase letters on the error bars indicate a significant difference between the treatments
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Cd increased ROS production in cells/tissues, which 
were then scavenged by the activities of antioxidant com-
pounds [13, 67] and osmolytes [68, 69]. The increase 
in the activities of antioxidant enzymes was concomi-
tant with the generation of extra ROS [70]. It was also 
reported that increased in the activities of various anti-
oxidant enzymes under environmental stress condition is 
also due to the reduction in glutathione contents [71, 72]. 
Plant cells provide a space under conditions of oxidative 
stress where signal transduction can be carried out by the 
formation of proline, which is a vital response by plants 
against Cd toxicity [59, 73].

Various plant growth hormones have been widely used 
recently to mitigate oxidative stress and prompt plant 
growth and composition in different plant species when 
grown in metal-polluted soil [26, 74]. Although, the usage 

of micronutrients with the amino acid complex is an 
incredibly new idea and showed beneficial results such as 
improved plant growth and composition and restrict the 
plant for uptake/accumulate toxic content in their body 
parts [75, 76]. There is also some literature on various 
plant species, which, when grown on metal contaminated 
soil, alleviates metal toxicity and improves plant growth 
and biomass [68, 77]. Amino acids are simple organic 
compounds, which constitutes proteins and it has been 
reported that amino acids chelated with micronutrients 
may alleviate abiotic stress in plants [78, 79]. Fe is the 
essential micronutrients for plants, however, and plants 
need to take them externally to sustain their body’s nor-
mal growth and development [21, 22, 80]. Recently, this 
technique has become interestingly popular in alleviat-
ing heavy metal stress in different plant species and used 

Fig. 4 Effect of different levels of Fe − lys (0 and 10 mg L− 1) on phenolics (A), flavonoids (B), proline (C) and anthocyanin (D) under the toxic concentration 
of Cd (0, 50 and 100 µM) in the soil in both cultivars of canola (Sarbaz and Pea − 09). All the data represented are the average of four replications (n = 4). 
Error bars represent the standard deviation (SD) of dour replicates. Different lowercase letters on the error bars indicate a significant difference between 
the treatments
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for enhancing plant growth and biomass [19, 21, 81]. The 
plant can also uptake amino acids from the soil, which 
also plays a crucial role in the physiological mechanisms 
(such as photosynthesis) of the plants [22, 82]. It is well-
known that foliar application of Fe − lys decreased oxi-
dative stress in the plants, when grown with or without 
abiotic stress conditions [41, 75]. This is because amino 
acids has the efficiency for scavenging ROS production 
and decreasing oxidative stress in a number of plant spe-
cies [83, 84]. Although Fe chelated with lys increased the 
activities of various antioxidant enzymes, plays a protec-
tive role by decreasing the contents of Cd in various parts 
of the plants.

Conclusion
On the basis of these findings, it can be concluded that 
the negative impact of Cd toxicity can be overcome by 
the application of Fe − lys. Moreover, our results depicted 
that Cd toxicity induced severe metal toxicity in canola 
cultivars by increased generation of ROS in the form of 
oxidative stress, which ultimately decreased plant growth 
and yield and photosynthetic efficiency. Hence, Cd toxic-
ity was eliminated by the external application of Fe − lys, 
which also degenerated ROS, and increased the activities 
of antioxidants. Therefore, long-term field studies should 
be executed to draw parallels among plants and crops 
root exudations, metal stress, nutrient mobility patterns, 
and plant growth in order to gain further insights into 
underlying mechanisms.

Acknowledgements
The authors extend their appreciation to the Researchers Supporting Project 
number (RSPD2023R571) King Saud University, Riyadh, Saud Arabia.

Author contributions
MKO, SP, SJ, AP, MHS: Conceptualization, Data curation, Writing – original 
draft, Formal analysis, Investigation, Methodology; FA, HA,: Formal analysis, 
Validation, Visualization Resources, Writing – review & editing; BA, IAS, NZ, 
YAA, MAA: Data Curation, Formal analysis, Software, Visualization, Writing 
– original draft, Writing – review & editing; MAO, SE, MHS, MHH; Formal 
analysis, Validation, Resources, Writing – review & editing. All authors 
contributed significantly, have read and agreed to the published version of 
the manuscript.”

Funding
The authors extend their appreciation to the Researchers Supporting Project 
number (RSPD2023R571) King Saud University, Riyadh, Saud Arabia.

Data Availability
All data generated or analysed during this study are included in this published 
article.

Declarations

Ethics approval and consent to participate
The Canola varieties viz Sarbaz and Pea − 09 were taken from the Ayub 
Agricultural Research Institute, Faisalabad, Pakistan. All the experiments were 
performed in accordance with relevant guidelines and regulations”.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Department of Botany and Microbiology, College of Science, King Saud 
University, Riyadh 11451, Saudi Arabia
2College of Plant Science and Technology, Huazhong Agricultural 
University, Wuhan 430070, China
3Faculty of Science, Zarqa University, Zarqa 13110, Jordan
4Department of Botany, Government College University,  
Faisalabad 38000, Pakistan
5Department of Agronomy, PMAS-Arid Agriculture University,  
Rawalpindi 46300, Pakistan
6Department of Plant Sciences, Quaid-i-Azam University,  
Islamabad 45320, Pakistan

Fig. 5 Effect of different levels of Fe − lys (0 and 10 mg L− 1) on total soluble sugar (A) and total soluble protein (B) under the toxic concentration of Cd 
(0, 50 and 100 µM) in the soil in both cultivars of canola (Sarbaz and Pea − 09). All the data represented are the average of four replications (n = 4). Error 
bars represent the standard deviation (SD) of dour replicates. Different lowercase letters on the error bars indicate a significant difference between the 
treatments

 



Page 11 of 13Okla et al. BMC Plant Biology          (2023) 23:648 

7Elmalı Vocational School of Higher Education, Akdeniz University,  
Antalya 07058, Türkiye
8Department of Horticulture, Agricultural Faculty, Ataturk University, 
Erzurum 25240, Türkiye
9HGF Agro, Ata Teknokent, Erzurum TR-25240, Türkiye
10Nuffield Department of Orthopaedics, Rheumatology and 
Musculoskeletal Sciences, Botnar Institute of Musculoskeletal Sciences, 
University of Oxford, Oxford OX3 7LD, UK
11Department of Soils and Water, Faculty of Agriculture, New Valley 
University, Kharga 72511, Egypt
12Department of Botany, PMAS-Arid Agriculture University,  
Rawalpindi 46300, Pakistan

Received: 26 October 2023 / Accepted: 7 December 2023

References
1. Ashraf MA, Hussain I, Rasheed R, Iqbal M, Riaz M, Arif MS. Advances in 

microbe-assisted reclamation of heavy metal contaminated soils over the last 
decade: a review. J Environ Manage. 2017;198:132–43.

2. Tariq F, Wang X, Saleem MH, Khan ZI, Ahmad K, Saleem Malik I, Munir M, 
Mahpara S, Mehmood N, Ahmad T, et al. Risk Assessment of Heavy metals in 
Basmati Rice: implications for Public Health. Sustainability. 2021;13(15):8513.

3. Khan I, Awan SA, Rizwan M, Ali S, Zhang X, Huang L. Arsenic behavior in soil-
plant system and its detoxification mechanisms in plants: a review. Environ 
Pollut. 2021;286:117389.

4. Kumar S, Jain S, Nehra M, Dilbaghi N, Marrazza G, Kim K-H. Green synthesis of 
metal–organic frameworks: a state-of-the-art review of potential environ-
mental and medical applications. Coord Chem Rev. 2020;420:213407.

5. Alsafran M, Usman K, Ahmed B, Rizwan M, Saleem MH, Al Jabri H. Under-
standing the phytoremediation mechanisms of potentially toxic elements: a 
proteomic overview of recent advances. Front Plant Sci 2022, 13.

6. Rizwan M, Ali S, Abbas T, Zia-ur-Rehman M, Hannan F, Keller C, Al-Wabel MI, 
Ok YS. Cadmium minimization in wheat: a critical review. Ecotoxicol Environ 
Saf. 2016;130:43–53.

7. Gill SS, Hasanuzzaman M, Nahar K, Macovei A, Tuteja N. Importance of nitric 
oxide in cadmium stress tolerance in crop plants. Plant Physiol Biochem. 
2013;63:254–61.

8. Shanying H, Xiaoe Y, Zhenli H, Baligar VC. Morphological and physi-
ological responses of plants to cadmium toxicity: a review. Pedosphere. 
2017;27(3):421–38.

9. Ma J, ur Rehman MZ, Saleem MH, Adrees M, Rizwan M, Javed A, Rafique M, 
Qayyum MF, Ali S. Effect of phosphorus sources on growth and cadmium 
accumulation in wheat under different soil moisture levels. Environ Pollut 
2022:119977.

10. Imran M, Hussain S, Iqbal A, Saleem MH, Rehman Nu, Mo Z, Chen X, Tang 
X. Nitric oxide confers cadmium tolerance in fragrant rice by modulating 
physio-biochemical processes, yield attributes, and grain quality traits. Eco-
toxicol Environ Saf. 2023;261:115078.

11. Hamid Y, Liu L, Haris M, Usman M, Lin Q, Chen Y, Rashid MS, Ulhassan Z, 
Hussain MI, Yang X. Novel thiol-grafted composite of chitosan and rice straw 
biochar (TH@ CT-BC): a two-step fabrication for highly selective adsorption of 
cadmium from contaminated water. J Environ Chem Eng. 2023;11(5):110527.

12. Shafiq T, Yasmin H, Shah ZA, Nosheen A, Ahmad P, Kaushik P, Ahmad A. 
Titanium Oxide and Zinc Oxide nanoparticles in Combination with Cadmium 
Tolerant Bacillus pumilus ameliorates the Cadmium toxicity in Maize. Antioxi-
dants. 2022;11(11):2156.

13. Nazir MM, Noman M, Ahmed T, Ali S, Ulhassan Z, Zeng F, Zhang G. Exogenous 
calcium oxide nanoparticles alleviate cadmium toxicity by reducing cd 
uptake and enhancing antioxidative capacity in barley seedlings. J Hazard 
Mater. 2022;438:129498.

14. Javed MT, Saleem MH, Aslam S, Rehman M, Iqbal N, Begum R, Ali S, Alsahli AA, 
Alyemeni MN, Wijaya L. Elucidating silicon-mediated distinct morpho-physio-
biochemical attributes and organic acid exudation patterns of cadmium 
stressed Ajwain (Trachyspermum ammi L). Plant Physiol Biochem 2020.

15. Saleem MH, Parveen A, Khan SU, Hussain I, Wang X, Alshaya H, El-Sheikh MA, 
Ali S. Silicon Fertigation regimes attenuates cadmium toxicity and phytore-
mediation potential in two maize (Zea mays L.) cultivars by minimizing its 
uptake and oxidative stress. Sustainability. 2022;14(3):1462.

16. Alshegaihi RM, Mfarrej MFB, Saleem MH, Parveen A, Ahmad KS, Ali B, Abeed 
AHA, Alshehri D, Alghamdi SA, Alghanem SMS, et al. Effective citric acid 
and EDTA treatments in cadmium stress tolerance in pepper (Capsicum 
annuum L.) seedlings by regulating specific gene expression. South Afr J Bot. 
2023;159:367–80.

17. Faizan M, Faraz A, Mir AR, Hayat S. Role of zinc oxide nanoparticles in counter-
ing negative effects generated by cadmium in Lycopersicon esculentum. J 
Plant Growth Regul. 2021;40(1):101–15.

18. Abeed AH, Dawood MF. Comparative impact of different iso-osmotic 
solutions on osmotic adjustment in Gossypium barbadense. Glob Nest J. 
2020;22:75–84.

19. Rizwan M, Ali S, Hussain A, Ali Q, Shakoor MB, Zia-ur-Rehman M, Farid M, 
Asma M. Effect of zinc-lysine on growth, yield and cadmium uptake in 
wheat (Triticum aestivum L.) and health risk assessment. Chemosphere. 
2017;187:35–42.

20. ul Aibdin Z, Nafees M, Rizwan M, Ahmad S, Ali S, Obaid WA, Alsubeie MS, Dar-
wish DBE, Abeed AH. Combined effect of zinc lysine and biochar on growth 
and physiology of wheat (Triticum aestivum L.) to alleviate salinity stress. 
Front Plant Sci 2022, 13.

21. Ahmad R, Ishaque W, Khan M, Ashraf U, Riaz MA, Ghulam S, Ahmad A, Rizwan 
M, Ali S, Alkahtani S. Relief role of lysine chelated zinc (zn) on 6-week-old 
maize plants under tannery wastewater irrigation stress. Int J Environ Res 
Public Health. 2020;17(14):5161.

22. Bashir A, Rizwan M, Ali S, ur Rehman MZ, Ishaque W, Riaz MA, Maqbool 
A. Effect of foliar-applied iron complexed with lysine on growth and 
cadmium (cd) uptake in rice under cd stress. Environ Sci Pollut Res. 
2018;25(21):20691–9.

23. Zaheer IE, Ali S, Saleem MH, Yousaf HS, Malik A, Abbas Z, Rizwan M, Abual-
reesh MH, Alatawi A, Wang X. Combined application of zinc and iron-lysine 
and its effects on morpho-physiological traits, antioxidant capacity and chro-
mium uptake in rapeseed (Brassica napus L). PLoS ONE. 2022;17(1):e0262140.

24. Saleem MH, Mfarrej MFB, Alatawi A, Mumtaz S, Imran M, Ashraf MA, Rizwan 
M, Usman K, Ahmad P, Ali S. Silicon enhances Morpho–physio–biochemical 
responses in Arsenic stressed spinach (Spinacia oleracea L.) by minimizing its 
Uptake. J Plant Growth Regul 2022.

25. Mabrouk M, Han H, Fan C, Abdrabo KI, Shen G, Saber M, Kantoush SA, Sumi 
T. Assessing the effectiveness of nature-based solutions-strengthened urban 
planning mechanisms in forming flood-resilient cities. J Environ Manage. 
2023;344:118260.

26. Zaheer IE, Ali S, Saleem MH, Ali M, Riaz M, Javed S, Sehar A, Abbas Z, Rizwan 
M, El-Sheikh MA et al. Interactive role of zinc and iron lysine on Spinacia 
oleracea L. growth, photosynthesis and antioxidant capacity irrigated with 
tannery wastewater. Physiol Mol Biology Plants 2020.

27. Akram NA, Iqbal M, Muhammad A, Ashraf M, Al-Qurainy F, Shafiq S. Ami-
nolevulinic acid and nitric oxide regulate oxidative defense and secondary 
metabolisms in canola (Brassica napus L.) under drought stress. Protoplasma. 
2018;255(1):163–74.

28. Qiao D, Lu H, Zhang X. Change in phytoextraction of cd by rapeseed (Brassica 
napus L.) with application rate of organic acids and the impact of cd migra-
tion from bulk soil to the rhizosphere. Environ Pollut. 2020;267:115452.

29. Saleem MH, Rehman M, Fahad S, Tung SA, Iqbal N, Hassan A, Ayub A, Wahid 
MA, Shaukat S. Leaf gas exchange, oxidative stress, and physiological attri-
butes of rapeseed (Brassica napus L.) grown under different light-emitting 
diodes. Photosynthetica 2020.

30. Kamran M, Malik Z, Parveen A, Huang L, Riaz M, Bashir S, Mustafa A, Abbasi 
GH, Xue B, Ali U. Ameliorative effects of Biochar on Rapeseed (Brassica napus 
L.) Growth and Heavy Metal Immobilization in Soil Irrigated with Untreated 
Wastewater. J Plant Growth Regul 2019:1–16.

31. Khan MN, Zhang J, Luo T, Liu J, Ni F, Rizwan M, Fahad S, Hu L. Morpho-
physiological and biochemical responses of tolerant and sensitive rapeseed 
cultivars to drought stress during early seedling growth stage. Acta Physiol 
Plant. 2019;41(2):25.

32. Ali E, Hussain N, Shamsi IH, Jabeen Z, Siddiqui MH, Jiang L-x. Role of jasmonic 
acid in improving tolerance of rapeseed (Brassica napus L.) to cd toxicity. J 
Zhejiang University-SCIENCE B. 2018;19(2):130–46.

33. Danish S, Tahir F, Rasheed M, Ahmad N, Ali M, Kiran S, Younis U, Irshad I, Butt 
B. Comparative effect of foliar application of Fe and banana peel biochar 
addition in spinach for alleviation of chromium (IV) toxicity. Open Agric. 
2019;4:381–90.

34. Khan ZI, Mansha A, Saleem MH, Tariq F, Ahmad K, Ahmad T, Farooq Awan MU, 
Abualreesh MH, Alatawi A, Ali S. Trace Metal Accumulation in Rice Variety 
Kainat Irrigated with Canal Water. Sustainability. 2021;13(24):13739.



Page 12 of 13Okla et al. BMC Plant Biology          (2023) 23:648 

35. Konate A, He X, Zhang Z, Ma Y, Zhang P, Alugongo GM, Rui Y. Magnetic 
(Fe3O4) nanoparticles reduce heavy metals uptake and mitigate their toxicity 
in wheat seedling. Sustainability. 2017;9(5):790.

36. Ahmad S, Mfarrej MFB, El-Esawi MA, Waseem M, Alatawi A, Nafees M, Saleem 
MH, Rizwan M, Yasmeen T, Anayat A, et al. Chromium-resistant Staphy-
lococcus aureus alleviates chromium toxicity by developing synergistic 
relationships with zinc oxide nanoparticles in wheat. Ecotoxicol Environ Saf. 
2022;230:113142.

37. Wessells KR, Brown KH. Estimating the global prevalence of zinc deficiency: 
results based on zinc availability in national food supplies and the prevalence 
of stunting. PLoS ONE. 2012;7(11):e50568.

38. Bouyoucos GJ. Hydrometer method improved for making particle size analy-
ses of soils 1. Agron J. 1962;54(5):464–5.

39. Page A. Methods of soil analysis. Part 2. Chemical and microbiological proper-
ties. American Society of Agronomy, Soil Science Society of America; 1965.

40. Soltanpour P. Use of ammonium bicarbonate DTPA soil test to evalu-
ate elemental availability and toxicity. Commun Soil Sci Plant Anal. 
1985;16(3):323–38.

41. Zaheer IE, Ali S, Saleem MH, Noor I, El-Esawi MA, Hayat K, Rizwan M, Abbas Z, 
El-Sheikh MA, Alyemeni MN. Iron–lysine mediated alleviation of Chromium 
toxicity in spinach (Spinacia oleracea L.) plants in relation to Morpho-
physiological traits and Iron Uptake when irrigated with Tannery Wastewater. 
Sustainability. 2020;12(16):6690.

42. Arnon DI. Copper enzymes in isolated chloroplasts. Polyphenoloxidase in 
Beta vulgaris. Plant Physiol. 1949;24(1):1.

43. Heath RL, Packer L. Photoperoxidation in isolated chloroplasts: I. kinet-
ics and stoichiometry of fatty acid peroxidation. Arch Biochem Biophys. 
1968;125(1):189–98.

44. Jana S, Choudhuri MA. Glycolate metabolism of three submersed aquatic 
angiosperms: effect of heavy metals. Aquat Bot. 1981;11:67–77.

45. Chen C-N, Pan S-M. Assay of superoxide dismutase activity by combining 
electrophoresis and densitometry. Bot Bull Acad Sinica 1996, 37.

46. Sakharov IY, Ardila GB. Variations of peroxidase activity in cocoa (Theobroma 
cacao L.) beans during their ripening, fermentation and drying. Food Chem. 
1999;65(1):51–4.

47. Aebi H. [13] catalase in vitro. Methods in enzymology. Volume 105. Elsevier; 
1984. pp. 121–6.

48. Pękal A, Pyrzynska K. Evaluation of aluminium complexation reaction for 
flavonoid content assay. Food Anal Methods. 2014;7(9):1776–82.

49. Bray H, Thorpe W. Analysis of phenolic compounds of interest in metabolism. 
Methods Biochem Anal 1954:27–52.

50. Lewis CE, Walker JR, Lancaster JE, Sutton KH. Determination of anthocyanins, 
flavonoids and phenolic acids in potatoes. I: coloured cultivars of Solanum 
tuberosum L. J Sci Food Agric. 1998;77(1):45–57.

51. Dubois M, Gilles KA, Hamilton JK, Rebers Pt, Smith F. Colorimetric 
method for determination of sugars and related substances. Anal Chem. 
1956;28(3):350–6.

52. Bates LS, Waldren RP, Teare I. Rapid determination of free proline for water-
stress studies. Plant Soil. 1973;39(1):205–7.

53. Hatamian M, Nejad AR, Kafi M, Souri MK, Shahbazi K. Interaction of lead 
and cadmium on growth and leaf morphophysiological characteristics of 
European hackberry (Celtis australis) seedlings. Chem Biol Technol Agric. 
2020;7(1):1–8.

54. Rizwan M, Ali S, Ali B, Adrees M, Arshad M, Hussain A, ur Rehman MZ, Waris 
AA. Zinc and iron oxide nanoparticles improved the plant growth and 
reduced the oxidative stress and cadmium concentration in wheat. Chemo-
sphere. 2019;214:269–77.

55. Zafar-ul-Hye M, Naeem M, Danish S, Khan MJ, Fahad S, Datta R, Brtnicky M, 
Kintl A, Hussain GS, El-Esawi MA. Effect of cadmium-tolerant rhizobacteria on 
growth attributes and chlorophyll contents of bitter gourd under cadmium 
toxicity. Plants. 2020;9(10):1386.

56. Emamverdian A, Ding Y, Alyemeni MN, Barker J, Liu G, Li Y, Mokhberdoran 
F, Ahmad P. Benzylaminopurine and Abscisic Acid Mitigates Cadmium and 
Copper Toxicity by Boosting Plant Growth, Antioxidant Capacity, Reducing 
Metal Accumulation and Translocation in Bamboo [Pleioblastus pygmaeus 
(Miq.)] Plants. Antioxidants 2022, 11(12):2328.

57. Hossain A, Bhutia KL, Pramanick B, Maitra S, Ibrahimova U, Kumari VV, Ahmad 
Z, Uzair M, Aftab T. Glutathione in Higher Plants: Biosynthesis and Physi-
ological Mechanisms During Heat and Drought-Induced Oxidative Stress. In: 
Antioxidant Defense in Plants: Molecular Basis of Regulation Edited by Aftab T, 
Hakeem KR. Singapore: Springer Nature Singapore; 2022: 181–214.

58. Rizwan M, Noureen S, Ali S, Anwar S, Rehman MZU, Qayyum MF, Hussain 
A. Influence of biochar amendment and foliar application of iron oxide 
nanoparticles on growth, photosynthesis, and cadmium accumulation in rice 
biomass. J Soils Sediments. 2019;19:3749–59.

59. Sardar R, Ahmed S, Yasin NA. Titanium dioxide nanoparticles mitigate 
cadmium toxicity in Coriandrum sativum L. through modulating antioxi-
dant system, stress markers and reducing cadmium uptake. Environ Pollut. 
2022;292:118373.

60. Madhu PM, Sadagopan RS. Effect of heavy metals on growth and develop-
ment of cultivated plants with reference to Cadmium, Chromium and Lead–
A review. J Stress Physiol Biochem. 2020;16(3):84–102.

61. Ma J, Saleem MH, Alsafran M, Jabri HA, Mehwish, Rizwan M, Nawaz M, Ali S, 
Usman K. Response of cauliflower (Brassica oleracea L.) to nitric oxide appli-
cation under cadmium stress. Ecotoxicol Environ Saf. 2022;243:113969.

62. 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.

63. Anwar S. Chelators induced uptake of cadmium and modulation of water 
relation, antioxidants and photosynthetic traits of maize. Environ Sci Pollut 
Res 2019.

64. Alyemeni MN, Ahanger MA, Wijaya L, Alam P, Bhardwaj R, Ahmad P. Selenium 
mitigates cadmium-induced oxidative stress in tomato (Solanum lycopersi-
cum L.) plants by modulating chlorophyll fluorescence, osmolyte accumula-
tion, and antioxidant system. Protoplasma. 2018;255(2):459–69.

65. Afzal J, Hu C, Imtiaz M, Elyamine A, Rana M, Imran M, Ismael M. Cadmium 
tolerance in rice cultivars associated with antioxidant enzymes activities and 
Fe/Zn concentrations. Int J Environ Sci Technol 2018.

66. El-Esawi MA, Elkelish A, Soliman M, Elansary HO, Zaid A, Wani SH. Serratia 
marcescens BM1 enhances cadmium stress tolerance and phytoremediation 
potential of soybean through modulation of osmolytes, leaf gas exchange, 
antioxidant machinery, and stress-responsive genes expression. Antioxidants. 
2020;9(1):43.

67. Heile AO, Zaman Qu, Aslam Z, Hussain A, Aslam M, Saleem MH, Abualreesh 
MH, Alatawi A, Ali S. Alleviation of Cadmium Phytotoxicity using Silicon 
Fertilization in Wheat by altering antioxidant metabolism and osmotic 
Adjustment. Sustainability. 2021;13(20):11317.

68. Jan R, Khan MA, Asaf S, Lee I-J, Kim KM. Metal resistant endophytic Bacteria 
reduces Cadmium, Nickel Toxicity, and enhances expression of metal stress 
related genes with improved growth of Oryza Sativa, via regulating its anti-
oxidant Machinery and endogenous hormones. Plants. 2019;8(10):363.

69. Abbas S, Javed MT, Shahid M, Hussain I, Haider MZ, Chaudhary HJ, Tanwir K, 
Maqsood A. Acinetobacter sp. SG-5 inoculation alleviates cadmium toxicity in 
differentially cd tolerant maize cultivars as deciphered by improved physio-
biochemical attributes, antioxidants and nutrient physiology. Plant Physiol 
Biochem. 2020;155:815–27.

70. Ibrahim M, Chee Kong Y, Mohd Zain N. Effect of cadmium and copper 
exposure on growth, secondary metabolites and antioxidant activity in 
the medicinal plant Sambung Nyawa (Gynura procumbens (Lour.) Merr). 
Molecules. 2017;22(10):1623.

71. Al Mahmud J, Hasanuzzaman M, Nahar K, Bhuyan MB, Fujita M. Insights into 
citric acid-induced cadmium tolerance and phytoremediation in Brassica 
juncea L.: coordinated functions of metal chelation, antioxidant defense and 
glyoxalase systems. Ecotoxicol Environ Saf. 2018;147:990–1001.

72. Farooq MA, Ali S, Hameed A, Ishaque W, Mahmood K, Iqbal Z. Alleviation of 
cadmium toxicity by silicon is related to elevated photosynthesis, antioxidant 
enzymes; suppressed cadmium uptake and oxidative stress in cotton. Eco-
toxicol Environ Saf. 2013;96:242–9.

73. He J, Ren Y, Chen X, Chen H. Protective roles of nitric oxide on seed germina-
tion and seedling growth of rice (Oryza sativa L.) under cadmium stress. 
Ecotoxicol Environ Saf. 2014;108:114–9.

74. Matthes MS, Robil JM, McSteen P. From element to development: the power 
of the essential micronutrient boron to shape morphological processes in 
plants. J Exp Bot. 2020;71(5):1681–93.

75. Zaheer IE, Ali S, Saleem MH, Imran M, Alnusairi GSH, Alharbi BM, Riaz M, 
Abbas Z, Rizwan M, Soliman MH. Role of iron–lysine on morpho-physiolog-
ical traits and combating chromium toxicity in rapeseed (Brassica napus L.) 
plants irrigated with different levels of tannery wastewater. Plant Physiol 
Biochem. 2020;155:70–84.

76. Mondal S, Pramanik K, Ghosh SK, Pal P, Mondal T, Soren T, Maiti TK. Unraveling 
the role of plant growth-promoting rhizobacteria in the alleviation of arsenic 
phytotoxicity: a review. Microbiol Res. 2021;250:126809.



Page 13 of 13Okla et al. BMC Plant Biology          (2023) 23:648 

77. Wang X, Deng S, Zhou Y, Long J, Ding D, Du H, Lei M, Chen C, Tie BQ. 
Application of different foliar iron fertilizers for enhancing the growth and 
antioxidant capacity of rice and minimizing cadmium accumulation. Environ 
Sci Pollut Res 2020:1–12.

78. Teixeira WF, Fagan EB, Soares LH, Umburanas RC, Reichardt K, Neto DD. Foliar 
and seed application of amino acids affects the antioxidant metabolism of 
the soybean crop. Front Plant Sci. 2017;8:327.

79. Aghaye Noroozlo Y, Souri MK, Delshad M. Effects of soil application of amino 
acids, ammonium, and nitrate on nutrient accumulation and growth charac-
teristics of sweet basil. Commun Soil Sci Plant Anal. 2019;50(22):2864–72.

80. Gao Y, Ye Y, Wang J, Zhang H, Wu Y, Wang Y, Yan L, Zhang Y, Duan S, Lv L. 
Effects of titanium dioxide nanoparticles on nutrient absorption and metabo-
lism in rats: distinguishing the susceptibility of amino acids, metal elements, 
and glucose. Nanotoxicology. 2020;14(10):1301–23.

81. Zaheer IE, Ali S, Saleem MH, Arslan Ashraf M, Ali Q, Abbas Z, Rizwan M, El-
Sheikh MA, Alyemeni MN, Wijaya L. Zinc-lysine supplementation mitigates 
oxidative stress in rapeseed (Brassica napus L.) by preventing phytotoxicity of 
Chromium, when irrigated with Tannery Wastewater. Plants. 2020;9(9):1145.

82. Hussain A, Ali S, Rizwan M, ur Rehman MZ, Hameed A, Hafeez F, Alamri SA, 
Alyemeni MN, Wijaya L. Role of zinc–lysine on growth and chromium uptake 
in rice plants under cr stress. J Plant Growth Regul. 2018;37(4):1413–22.

83. Rafie M, Khoshgoftarmanesh A, Shariatmadari H, Darabi A, Dalir N. Influence 
of foliar-applied zinc in the form of mineral and complexed with amino acids 
on yield and nutritional quality of onion under field conditions. Sci Hort. 
2017;216:160–8.

84. Shahid M, Rafiq M, Niazi NK, Dumat C, Shamshad S, Khalid S, Bibi I. Arsenic 
accumulation and physiological attributes of spinach in the presence of 
amendments: an implication to reduce health risk. Environ Sci Pollut Res. 
2017;24(19):16097–106.

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


	Foliar application of iron-lysine to boost growth attributes, photosynthetic pigments and biochemical defense system in canola (Brassica napus L.) under cadmium stress
	Abstract
	Introduction
	Materials and methods
	Experimental design
	Pot experiment
	Growth attributes
	Photosynthetic pigments
	Oxidative stress indicators
	Activities of antioxidant enzymes
	Non-enzymatic antioxidants, sugars, and proline contents
	Statistical analysis

	Results
	Effect of foliar application of Fe − lys on photosynthetic pigments in both varieties of canola grown under the toxic concentration of cd in the soil
	Effect of foliar application of Fe − lys on oxidative stress indicators and antioxidants in both varieties of canola grown under the toxic concentration of cd in the soil
	Effect of foliar application of Fe − lys on non-enzymatic compounds and sugar in both varieties of canola grown under the toxic concentration of cd in the soil

	Discussion
	Conclusion
	References


