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ABSTRACT 

Context. Cadmium (Cd) toxicity and zinc (Zn) deficiency are of major concerns for crop growth and 
quality. Moreover, their interactive effects exert some controversial reports. Aims. The effects of 
zinc oxide nanoparticles (ZnO NPs) and Cd on growth, physiology, and metal distribution in 
mung beans (Vigna radiata L.) was investigated. Methods. Seven-day-old seedlings were treated with 
Zn (0, 1, 2, 4, 8, 16 and 32 μM) and Cd (0, 0.5, 1 μM) for 14 days. Key results. Photosynthetic 
pigments, antioxidant enzyme activities, dry matter yield and metal concentration in tissues were 
significantly influenced by ZnO NPs and Cd. Considered on its own as a main effect, Zn 
application (16 μM) enhanced its accumulation in roots, stem and leaf by about 33-fold 
(314 mg kg−1), 10-fold (60.6 mg kg−1) and 17-fold (110.8 mg kg−1), respectively, compared to 
control. However, accumulation was slower for interactions with Cd. While leaf Zn increased 
approximately 27 times (180 mg kg−1) at  32  μM Zn, its interactions with lower and higher Cd 
increased only 6-fold (41.2 mg kg−1) and 3-fold (21.4 mg kg−1), respectively. Added ZnO NPs up 
to 4 μM under Cd contamination elevated the leaf Cd, which was restricted by higher supply. 
However, Cd accumulation in stem and root consistently rose, indicating a synergistic effect. ZnO 
NPs induced an upregulation of antioxidant enzymes to avert oxidative stress and maintain growth 
performance. Implications. These findings may be suitable for formulating nanomaterials of 
desired particle sizes and testing on other crop to remediate Cd. 

Keywords: antioxidant enzymes, biofortification, cadmium, chlorophyll, metal partitioning, mung 
beans, photosynthetic pigments, reactive oxygen species (ROS), transfer/translocation factor, zinc 
oxide nanoparticles. 

Introduction 

Cadmium (Cd) is a toxic element, causing kidney damage and other diseases in 
humans (IARC 2018). Exposure to Cd primarily occurs through food crops grown in 
Cd-contaminated soils, so diet is the crucial source of Cd entry into the human body 
(Martos et al. 2016; Zare et al. 2018). It has a direct impact on plant growth including 
reduction of the root and shoot length, biomass, photosynthetic properties and enzyme 
activities (Rizwan et al. 2019b). Cd toxicity in crops is more severe under Zn-deficient 
conditions (Köleli et al. 2004). Plants can tolerate a certain level of Cd through binding 
with cell walls, compartmentalisation of it in inactive portions, chelation and 
enhancement in certain enzymes (Rizwan et al. 2016), and gene activation to block 
metal transport (Martos et al. 2016). However, presence of Cd in higher concentrations 
than optimal interferes with normal metabolic functions of plant cell, induces the 
accumulation of reactive oxygen species (ROS) including H2O2, malondialdehyde 
(MDA), and O2 

− in plants (Rizwan et al. 2016) which lead to inactivation of enzymes 
and dysfunction of various plant physiological and biochemical processes (Hayat et al. 
2012). Plants have their own mechanism to prevent the negative effects of ROS through 
activation of antioxidant enzyme systems, e.g. ascorbate peroxidase (APX), catalase 
(CAT), peroxidase (POD), superoxide dismutase (SOD) (Mittler 2002). 
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Zinc (Zn) is essential for plants and can greatly minimise 
the uptake of Cd by roots and other parts of crops. Due to 
their chemical similarity, they compete with each other for 
binding sites in soils and on the root surface (Zare et al. 
2018) demonstrating both antagonistic (Murtaza et al. 
2017) and synergistic outcomes (Cojocaru et al. 2016). 
In one study, it was reported that diminishing the Cd:Zn 
ratio by increasing Zn concentration in the nutrient 
solution caused a considerable reduction of Cd transport 
and accumulation in lettuce leaves (Zare et al. 2018). Soil 
application of Zn at 15 and 30 mg kg−1 and foliar 
application at 0.3% and 0.6% were found to be effective in 
alleviating Cd concentration in wheat grains grown in soil 
spiked with 30 mg Cd kg−1 (Saifullah et al. 2014). 
Conversely, in bread and durum wheat, Köleli et al. (2004) 
observed that application of 10 and 25 mg Zn kg−1 on 
10 mg Cd kg−1 spiked soil increased shoot Cd in 35-day-old 
plants and decreased in 65-day-old plants. Application of 
5 mg Zn kg−1 increased Cd concentration in roots, shoots 
and leaves of tomato and this fell with higher doses 
(Mohammad and Moheman 2010). Murtaza et al. (2017) 
discovered that Zn application in soils suppressed uptake of 
Cd and improved the performance of cereals (wheat and 
maize), pulses (mung bean) and legumes (chickpea). It was 
also reported that applying 1.1 kg of Zn as Zn-EDTA per 
hectare as a foliar supplement in combination with nitrogen 
significantly reduced grain Cd and increased grain Zn 
(Forster et al. 2018). 

Nanotechnology, a recently emerging scientific 
technology, is considered to be an ideal solution to combat 
environmental pollution. The use of ZnO NPs has recently 
drawn much attention for their potential to enhance the 
accumulation of nutrients by plants and to ensure quality 
outcomes are produced (Rizwan et al. 2019a). ZnO NPs are 
now extensively used in agriculture as well as biomedical 
platforms (Santhoshkumar et al. 2017). The salient features 
(optical, physical, and antimicrobial activities) of ZnO NPs 
are beneficial to plants (Tripathi et al. 2017) and can tackle 
environmental contaminants, for example, Cd (Rizwan et al. 
2019a). Due to their tiny size and wider surface area, it is 
easy for ZnO NPs to penetrate contaminated plant sites and 
they show a high tendency to combat Cd (Khan et al. 
2017). ZnO NPs reduced Cd accumulation in Sorghum 
bicolor (Wang et al. 2018) and in Leucaena leucocephala 
(Venkatachalam et al. 2017a). The effect of ZnO NPs 
application on the accumulation of Cd by pulse crops is 
crucial as this will provide useful information on the uptake 
in different parts of plants as well as their translocation 
from root to shoots. The use of ZnO NPs has not been 
properly examined but they have great potential as a viable 
option for agronomic biofortification of crops (Ghasemi 
et al. 2013). 

The effect of Zn fertiliser applications on Cd accumulation 
in crops is well investigated particularly for cereals (Huang 
et al. 2019) but very limited studies have been done on 

pulse crops. Mung bean is an important pulse crop, and is 
beneficial for soil fertility. In addition to this, it is a good 
source of Zn, iron and vitamins and is very sensitive to Cd 
stress. How mung beans accumulate metals in their tissues 
and activate antioxidant enzymes (e.g. APX, CAT, POD, 
SOD) via interactions between ZnO NPs and Cd is not yet 
understood. The present study sets out to determine the Cd 
absorption, translocation, and growth performance in mung 
beans under various Cd and Zn interactions. To achieve 
these objectives, various plant parts, such as root, stem and 
leaves were evaluated for both Cd and Zn to determine the 
accumulation and translocation of these metals as well as 
activities of antioxidant enzymes in leaves. 

Materials and methods 

Plant growth conditions 

One specific variety, Jade-AU – which is promoted by the 
Australian Mung Bean Association – was used in this study. 
It was characterised as fairly weather resistant with good 
lodgement resistance, tall, moderately susceptible to 
powdery mildew, tan spot and halo blight, with 100 seed 
weight 6–7.3 g. The seeds were surface sterilised with 
hydrogen peroxide 3% (vol/vol), and rinsed with Milli-Q 
water (18.2 MΩ cm). Seeds were placed in the 0.5 cm holes 
of the plastic lids and wrapped with cotton for germination. 
To facilitate germination and root growth to a certain 
length the lower end of the cotton was suspended in Milli-Q 
water in the pail. After 7 days of germination the pails were 
filled with a half-strength Hoagland’s nutrient solution [pH 
5.6; composition (mg kg−1): N 210, K 235, Ca 200, P 31, S 
64, Cl 0.65, Na 1.2, Mg 48.6, B 0.5, Fe 2.9, Mn 0.5, Zn 
0.05, Cu 0.02, Mo 0.05] (Spomer et al. 1997) to facilitate 
growth and acclimatise the seedlings. Black polyethylene 
was used to cover the openings to stop light from reaching 
the nutrient solution and roots. Each pot contained three 
seedlings in the three holes. The solution was changed every 
2 days. ZnO NPs and cadmium nitrate [Cd(NO3)2.4H2O] were 
added to the solution after the 7-day acclimation phase at the 
following concentrations: 0 (control), 1, 2, 4, 8, 16 and 32 μM 
Zn and 0 (control), 0.5 and 1 μM Cd, respectively. The 
experiment was set up using a complete randomised design 
with four replications. Mung beans were grown hydropon-
ically in a greenhouse under the following conditions: 
25/20°C day/night temperature, 75% relative humidity, 
and 16/8 h photoperiod. 

Plant sampling and analysis 

After 21 days, plants were removed from the solution, roots 
and shoots were separated using a stainless-steel cutter, 
washed with Milli-Q water and then placed in an oven at 
72°C for 48 h. The dry biomass was recorded and the same 
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samples were used for measurement of Zn and Cd. Plant 
samples were ground with a stainless-steel grinder to digest 
in a microwave digester (CEM, MARS 6). Approximately 
0.25 g of ground samples was weighed directly into a 
Teflon vessel and 3 mL concentrated HNO3 and 2 mL H2O2 

were added. Samples were pre-digested overnight (16 h) in 
a fume hood. Syringe filters (PTFE 0.45 μm) were employed to 
filter the samples and these were then stored at 4°C unless 
analysed on the day of preparation. The concentrations of 
Zn and Cd in the digested plant samples were measured by 
ICP-MS. Standard reference material (SRM) was used in 
each batch throughout the elemental analysis. 

Determination of photosynthetic pigments 

Chlorophyll a, b and total were measured utilising the Arnon 
(1949) method, which comprises a mixture of acetone and 
water at a ratio of 80%:20% (v/v). 2 g of mung bean leaves 
was homogenised with 25 mL of acetone solution (80%) 
and filtered. Absorption was measured at 663 and 645 nm 
using a UV spectrophotometer (Thermo Scientific-Biomate 
3S). Using the following formulae the chlorophyll a, b and 
total were measured, where fw is fresh weight, A is 
absorption at a given wavelength, X is total volume of 
filtrate and n represents tissue weight: 

Chlorophyll a ðmg g−1, fwÞ = ð12.7 × A663 − 2.69 × A645Þ 
× X=1000 × n (1) 

Chlorophyll b ðmg g−1, fwÞ = ð22.9 × A645 – 4.68 × A663Þ 
× X=1000 × n (2) 

Total chlorophyll ðmg g−1, fwÞ = ð20.2 × A645 + 8.02 × A663Þ 
× X=1000 × n (3) 

Antioxidant enzyme assay 

Enzyme extracts were prepared according to Kamal and 
Komatsu (2015). Briefly, fresh leaves (approximately 250 mg) 
were homogenised with a pestle in an ice-cold mortar 
containing 1 mL of extraction buffer (25 mM potassium 
phosphate buffer [PPB, pH 7.8], 0.4 mM EDTA, 1 mM ascorbic 
acid, and 2% polyvinylpyrrolidone-40). The homogenates 
were centrifuged twice at 15 000g for 20 min at 4°C. 
The supernatants were collected and used for assays of 
enzymatic activity. Protein concentration was quantified 
according to the method of Bradford with bovine serum 
albumin as the standard. The enzyme activities were calculated 
according to the following equation (Borker et al. 2020): 

Enzyme activity ðUnits=LÞ = ðΔAbs × total assay volumeÞ= 

ðΔt × ε × l × enzyme sample volumeÞ (4) 

Where, Δt is the time of incubation (min), ΔAbs is the change 
in absorbance, ε is the extinction coefficient of substrates in 
units of M−1 cm−1), and l is the cuvette diameter (1 cm). 
Enzyme activity (Unit) was defined as the amount of 
enzyme that oxidised 1 μmol of substrate min−1. Finally we 
have converted the unit to unit (U) g−1 fw by calculation. 

APX activity was determined in a 1 mL reaction mixture 
containing 25 mM PPB (pH 7.0), 0.25 mM ascorbic acid, 
0.1 mM EDTA, 10 mM H2O2, and 0.1 mL of enzyme extract. 
The decline in ascorbic acid was monitored at 290 nm, and 
APX activity was calculated by using the extinction 
coefficient (EC290) of ascorbic acid (2.8 mM–1 cm –1). 

CAT activity was determined in a reaction mixture 
containing 50 mM PPB (pH 7.0), 15 mM H2O2, and enzyme 
extract. The decomposition of H2O2 after 10 min of reaction 
time was measured at 240 nm in both the blanks and the 
samples by using a DU 730 UV-Vis spectrophotometer 
(Beckman Coulter, CA, USA), and CAT activity was 
calculated by using the EC240 of H2O2 (40 mM–1 cm –1). 

POD activity was measured in a reaction mixture 
containing 100 mM PPB (pH 7.0), 2% H2O2, 4%  
p-phenylenediamine, 5 N H2SO4, and enzyme extract; the 
reaction was started by addition of the enzyme extract and 
stopped 10 min later by addition of 5 N H2SO4. In  
corresponding blanks, H2SO4 was added to the reaction 
mixture prior to the addition of enzyme extract. The tubes 
were kept in the refrigerator for 30 min at 4°C, and then 
the colour intensity was measured at 485 nm with the use 
of a UV-Vis spectrophotometer. POD activity was calculated 
by using the EC485 of p-phenylenediamine (2.8 mM–1 cm –1). 

SOD activity was measured in a reaction mixture containing 
200 mM PPB (pH 7.8), 250 μM nitro blue tetrazolium (NBT), 
10 μM riboflavin, 0.1% tetramethylethylenediamine, and 
enzyme extract. With the use of a UV-Vis spectrophotometer, 
activity was calculated as the degree of inhibition of the 
photochemical reduction of NBT at 560 nm (EC560 = 
2.1 mM–1 cm –1). The enzyme extract that corresponded to a 
50% inhibition of the reaction was considered to be one 
enzyme unit. 

Standard reference materials (SRMs) 

To verify the results, spinach leaves SRM (1573a) from 
the National Institute of Standards and Technology (NIST) 
were used as standard reference materials (SRMs). Spinach 
leaves were digested following the same protocol as 
employed for the plant samples. The recovery percentages 
of the samples were 92% and 91% for Zn and Cd, respectively. 

Statistical analysis 

Data were analysed with the statistical package JMP Pro 
14.2.0 software. Means were compared through the two-
way ANOVA using Student’s t-test. Correlations between 
different traits were done using JMP Pro 14.2.0 software, 
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and two significant levels of P < 0.05 and 0.01 were used in 
presenting the results. Figures were generated using 
GraphPad Prism Software (version 9.0.0). Computation of 
standard errors (s.e.) were done (n = 4) using Microsoft Excel. 

Zn/Cd transfer/translocation factors (TFs) were calculated 
by the following formulae: 

TF of Zn=Cd from root to stem ðTFroot–stemÞ 
= concentration in stem=concentration in the root (5) 

TF of Zn=Cd from root to leaf ðTFroot–leaf Þ 
= concentration in leaf=concentration in the root (6) 

TF of Zn=Cd from stem to leaf ðTFstem–leaf Þ 
= concentration in leaf=concentration in the stem (7) 

Results 

Shoot and root dry matter yield 

Shoot dry matter was significantly varied by Cd (P < 0.01) but 
non-significantly by ZnO NPs and their interactions (Fig. 1a). 
For instance, the reduction in shoot dry matter was about 20% 
(1.05 g) at lower Cd (0.5 μM) and 44% (0.73 g) at higher Cd 
(1.0 μM) levels as compared to the control (1.31 g). Although 
not significant, individually Zn increased shoot dry matter 
and reached the peak (1.68 g) at 16 μM ZnO NPs 
treatment, about 1.3 times greater than control (1.31 g). 
While Cd at 0.5 μM and 1.0 μM in solution exerted their 
detrimental effects through producing only 1.05 g and 
0.73 g shoot dry matter, their interactions with ZnO NPs 
prevented the yield loss and yield in turn was boosted. 

Interaction of 8 μM ZnO NPs with lower and higher Cd levels 
increased dry matter to 1.53 g and 1.10 g, respectively, which 
was about 1.5 times larger than that of their sole Cd levels. 
However, the effect of elevated levels of ZnO NPs was less 
prominent at higher Cd (1.0 μM) than lower Cd (0.5 μM) 
concentration in solution. 

Similar to shoot dry matter, root dry matter was also 
significantly (P < 0.01) influenced by Cd but not with ZnO 
NPs or their interactions. Root dry matter diminished to 
about 83% (0.235 g) and 77% (0.218 g) from the control 
(0.283 g) due to the presence of 0.5 μM and 1.0 μM Cd in  
solution, respectively (Fig. 1b). Sole application of ZnO NPs 
from 1.0 μM to  16  μM did not significantly increase root 
biomass, and this was followed by a slight decline at the 
highest level (32 μM). Although not significant, adding ZnO 
NPs to Cd-treated solution gradually enhanced root growth 
of mung beans and Zn at 8.0 μM yielded the highest amount. 

Zn concentration in tissues 

The concentration of Zn in leaf was significantly (P < 0.01) 
influenced due to ZnO NPs, Cd and their interactions 
(Fig. 2a–c). Without Cd added to the solution, leaf Zn 
concentration linearly increased as a result of elevated ZnO 
NPs levels. The highest Zn concentration in leaf 
(180 mg kg−1) was obtained at the highest Zn addition 
(32 μM) which was about 27 times more than the control 
(6.61 mg kg−1). However, the rate of increase in leaf Zn 
concentration was drastically reduced because of the 
interactions between ZnO NPs and Cd. When plants were 
grown in 0.5 μM Cd concentration, the addition of ZnO NPs 
in solution gradually increased leaf Zn concentration where 
the lower doses of ZnO NPs were not significantly affected. 
Interaction between 32 μM Zn and 0.5 μM Cd accumulated 
approximately five times the leaf Zn concentration 

Fig. 1. Shoot (a)and root (b) dry matter (mean ± s.e.) of mung bean as influenced by zinc oxide nanoparticles (ZnO NPs) and Cd supply 
to root medium. Levels not connected by same letter are significantly different. 
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(41.2 mg kg−1) than the sole Cd in solution (6.39 mg kg−1). 
Application of elevated ZnO NPs to a higher level of Cd 
(1.0 μM) also gradually increased leaf Zn concentration 
although this was non-significant. 

Accumulation of Zn in the stem was significantly (P < 0.01) 
influenced by ZnO NPs, Cd and their interactions. The 
addition of individual ZnO NPs gradually enhanced stem Zn 
concentration and reached 60 mg kg−1 at 16 μM application 
which was approximately 10 times higher than the control. 
In comparison to the respective sole Zn and Cd treatments, 
their interactions exerted more influence on the accumulation 
of Zn in the stem. Concentration of Zn in the stem increased 
more than ten times with Zn at 32 μM coupled with either of 
the Cd levels (Fig. 2b). 

Concentration of Zn in roots was significantly (P < 0.01) 
influenced by ZnO NPs, Cd and their interactions as well. 
Elevated levels of ZnO NPs linearly increased root Zn 
concentration and skyrocketed to 314 mg kg−1 at 16 μM Zn  
level which was approximately 33 times higher than the 
control (9.55 mg kg−1) (Fig. 2c). Slightly less accumulation 
of Zn in roots was observed in the case of ZnO NPs×Cd 
interaction as compared to sole ZnO NPs treatments. 
Interaction between the elevated Zn levels with either 
concentration of Cd contamination increased Zn accumula-
tion in roots, where the highest figure was obtained with 
top levels of ZnO NPs and Cd. 

Cd concentration in tissues 

Cd accumulation in leaf was significantly (P < 0.01) 
affected by individual ZnO NPs and Cd but not by their 
interactions. Cadmium concentration at 0.5 and 1.0 μM 
increased in the leaf by more than six times (0.296 mg kg−1) 
and seven times (0.334 mg kg−1) compared to the control 
(0.047 mg kg−1) (Fig. 3a). However, no significant variation 
was observed in leaf Cd concentration between the two Cd 
levels. Application of ZnO NPs in solution containing 0.5 
and 1.0 μM Cd did not restrict translocation of Cd to leaf. 
With the addition of up to 4 μM ZnO NPs, leaf Cd 
concentration linearly and significantly increased, and this 
was followed by a decline at further doses (Fig. 3a). 

When compared to the control (0.123 mg kg−1) stem Cd 
concentration rose to 6.92 mg kg−1 (56 times) and 
7.75 mg kg−1 (63 times) as a result of 0.5 μM Cd and 
1.0 μM Cd, respectively, in solution (Fig. 3b). Interaction 
with Cd, ZnO NPs increased the stem Cd concentration. As 
compared to the accumulation due to sole Cd (0.5 μM and 
1.0 μM), the presence of ZnO NPs with Cd displayed a 2–3 
times higher accumulation in the stem. The highest level of 
ZnO NPs (32 μM) with either level of Cd accounted for 
higher concentrations of stem Cd (21 mg kg−1). 

ZnO NPs and Cd individually as well as in combination 
significantly (P < 0.01) influenced Cd accumulation in the 
mung beans’ roots. Plants grown in non-spiked media 
(control) demonstrated only 0.957 mg Cd kg−1 in roots 

which sharply increased to 28 mg kg−1 and 83 mg kg−1 due 
to the addition of 0.5 and 1.0 μM Cd in solution, 
respectively (Fig. 3c). Like other tissues, Cd accumulation in 
roots was also enhanced by the addition of ZnO NPs to the 
solution containing Cd. This increase in Cd concentration 
was as high as 40.7–70 mg kg−1 and 90.4–136 mg kg−1 as a 
result of this addition, leading to increasing levels of Zn in 
lower (0.5 μM) and higher Cd-contaminated (1.0 μM) 
solutions. 

Chlorophyll pigments in leaves 

Both ZnO NPs and Cd displayed their significant 
(P < 0.01) effect on chlorophyll a contents in mung bean 
leaf but their interaction did not. Chlorophyll a concen-
tration reduced to about 88% (0.718 mg kg−1, fw) and 79% 
(0.650 mg kg−1, fw) from the control (0.817 mg kg−1, fw.) 
due to the addition of 0.5 and 1.0 μM Cd in solution 
(Fig. 4a). On the other hand, individual application of Zn 
gradually boosted chlorophyll a contents and at 16 μM for 
the ZnO NPs level this content doubled. Chlorophyll a 
pigment was less prominent in the interactions between 
ZnO NPs and Cd in comparison to the main effect of ZnO 
NPs. When the solution contained either of Cd levels, 
chlorophyll a accumulation revealed an upward trend for 
4 μM of ZnO NPs application. 

Chlorophyll b was also significantly (P < 0.01) influenced 
by ZnO NPs and Cd, although their interaction effect was 
non-significant. Concentration of chlorophyll b fell by 9% 
(0.787 mg kg−1, fw) and 18% (0.713 mg kg−1, fw) from the 
control (0.865 mg kg−1, fw) as a result of adding Cd at 0.5 
and 1.0 μM, respectively (Fig. 4b). Presumably, ZnO NPs 
enhanced chlorophyll b accumulation steadily at approxi-
mately an increase of 1.6 times (1.40 mg kg−1, fw) was 
observed at the treatment of 16 μM Zn than the control. 
However, the influence of elevated levels of ZnO NPs on 
chlorophyll b accumulation was restricted in the presence 
of Cd in solution. Adding more than 4 μM of ZnO NPs to 
either of the solutions containing Cd caused a gradual 
decline in chlorophyll b content. 

A similar trend that was evident in chlorophyll a and b was 
observed for the total chlorophyll contents in mung bean 
leaves. Up to 15% reduction and a 41% increase in total 
chlorophyll concentration were observed due to the main 
effect of Cd and ZnO NPs, respectively (Fig. 4c). Combined 
presence of ZnO NPs and Cd in solution displayed larger 
and smaller accumulation compared to sole Cd and ZnO 
NPs, respectively. However, total chlorophyll contents were 
identical with the larger and smaller Cd levels when they 
reacted in combination with Zn. 

TFs of Zn within mung beans 

The TFs of Zn within tissues, e.g. from root-to-stem 
(TFZnroot–stem), root-to-leaf (TFZnroot–leaf), and from stem-to-
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Fig. 2. Zn concentration (mean ± s.e.) in 
(a) leaf, (b) stem and (c) root tissues of mung 
bean as influenced by zinc oxide nanoparticles 
(ZnO NPs) and Cd supply to root medium. 
Levels not connected by same letter are 
significantly different. dw, dry weight. 

leaf (TFZnstem–leaf) are presented in Table 1. Added ZnO NPs 
decreased Zn transfer from root-to-stem (TFZnroot–stem) where 
no Cd was added, implying that Zn was mostly retained in 

roots and difficult to translocate to stem. With the 
exception of ZnO NPs application at 2 μM, translocation 
of Zn was almost steady from root-to-leaf (TFZnroot–leaf), 
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Fig. 3. Cd concentration (mean ± s.e.) in (a) leaf, (b) stem and 
(c) root tissues of mung bean as influenced by zinc oxide nanoparticles 
(ZnO NPs) and Cd supply to root medium. Levels not connected by 
same letter are significantly different. 

which means Zn absorption by leaf mostly occurred 
from roots. In the Cd control translocation of Zn from 
stem-to-leaf (TFZnstem–leaf) was the highest, showing that 
Zn was not sequestrated to stem. The trend of Zn transfer 
from root-to-stem (TFZnroot–stem) was downward for both 
the main effect of ZnO NPs and its interaction with Cd. 
Due to the  interaction  between  Zn  and Cd in solution,  a  
similar downward trend was observed for Zn translocation 
from root-to-leaf which indicates Zn was sequestrated 
to roots. 

TFs of Cd within mung beans 

The TFs of Cd from root-to-stem (TFCdroot–stem), root-to-
leaf (TFCdroot–leaf), and from stem-to-leaf (TFCdstem–leaf) 
are presented in Table 2. The TFs of Cd within different 
parts of mung bean differed greatly. At Cd control the 
TFCdstem–leaf were about 3–5 times and 8–9 times higher 
than those for TFCdroot–leaf and TFCdroot–stem, respectively, 
suggesting a higher translocation of Cd from root-to-leaf. 
On the other hand, in presence of Cd, the highest 
translocation of Cd was observed from root-to-stem 
(TFCdroot–stem) which indicates the higher absorption 
capacity of Cd by stem than those for leaf. While added 
ZnO NPs gradually enhanced the absorption of Cd by leaf 
to 0.818 (at 32 μM Zn) from 0.388 (at control), its transfer 
was drastically restricted by added Cd to as low as 0.053 
at same levels of added ZnO NPs, suggesting that the the 
additional Cd was sequestrated to stem. However, the 
translocation of Cd from root-to-leaf was always the 
lowest  irrespective  of  ZnO  NPs  and Cd added in solution  
as compared to the TFCdroot–stem and TFCdstem–leaf, 
showing that it was  very  difficult for Cd to be transported 
from root-to-leaf and very easy to transport from stem 
(Table 2). 

Correlation matrix 

Shoot and root dry matter had a strong positive correlation 
with leaf Zn concentration and all the photosynthetic 
pigments (chlorophyll a, b and total chlorophyll) and strong 
negative correlations with Cd concentration of root, stem 
and leaf (Table 3). Similarly, root Zn concentration had 
strong positive correlations with Zn concentration of stem 
(r = 0.758**) and leaf (r = 0.595**) and positive correla-
tions with all other parameters except total chlorophyll 
contents. Root Cd concentration displayed strong positive 
correlations with stem Cd (r = 0.701**) and leaf 
Cd (r = 0.667**) and strong negative correlations with 
dry matter yield (r = −0.512**, −0.529**), leaf Zn 
(r = −0.419**) and all the photosynthetic pigments. 
A strong positive correlation was observed for stem Zn 
concentration with root Zn, leaf Zn, stem and leaf Cd 
concentration and negative correlation with root dry matter 
and chlorophyll a. Cd concentration in stem showed strong 
positive correlation with root Cd, stem Zn and leaf Cd and 
strong negative correlation with root and shoot biomass 
production, leaf Zn and all the chlorophyll contents. Leaf 
Zn had strong positive correlation with root (r = 0.436**) 
and shoot dry matter (r = 0.251*), root Zn, stem Zn and all 
the photosynthetic pigments and strong negative 
correlations were observed with Cd concentration of root, 
stem and leaf. Cd concentration in leaf demonstrated strong 
positive correlations with Cd concentration of root and 
stem and strong negative correlations with root and shoot 
dry matter, leaf Zn and all the chlorophyll types. 
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Chlorophyll a, chlorophyll b and total chlorophyll had strong 
positive correlations with root and shoot dry matter and 
strong negative correlations with Cd concentrations of root, 
stem and leaf (Table 3). Transfer of Zn from root-to-
leaf (TFZnroot–leaf) was significantly negatively correlated 
with Cd concentration of root (r = −0.682**), stem 

Fig. 4. Chlorophyll pigment (mean ± s.e.) in 
leaves of mung bean as influenced by zinc 
oxide nanoparticles (ZnO NPs) and Cd supply 
to root medium. (a) Chlorophyll a, (b) 
chlorophyll b, (c) total chlorophyll. Levels not 
connected by same letter are significantly 
different. 

(r = −0.667**) and leaf (r = −0.668**), suggesting that 
increase in the concentration of Cd in root, stem and leaf 
caused additional Zn to be sequestrated in the root, for that 
reason Zn treatment increased the concentration in the 
roots (Fig. 3c). An insignificant positive relationship 
(r = 0.118) was observed between root Zn concentration 
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Table 1. Transfer factors (TFs) of Zn from root-to-stem, root-to-leaf 
and stem-to-leaf. 

Table 2. Transfer factors (TFs) of Cd from root-to-stem, root-to-
leaf and stem-to-leaf. 

μM  TFroot–stem TFroot–leaf TFstem–leaf μM  TFroot–stem TFroot–leaf TFstem–leaf 

Zn Cd Zn Cd 

0 0 0.59 ± 0.11c–f 0.70 ± 0.11bc 1.24 ± 0.18ef 0 0 0.13 ± 0.02e 0.050 ± 0.006b 0.388 ± 0.027bc 

1 0 0.51 ± 0.05c–g 0.88 ± 0.12b 1.78 ± 0.29de 1 0 0.13 ± 0.01e 0.046 ± 0.012bcd 0.363 ± 0.085bc 

2 0 0.52 ± 0.09c–g 1.21 ± 0.08a 2.57 ± 0.44bc 2 0 0.15 ± 0.02de 0.062 ± 0.007b 0.415 ± 0.030bc 

4 0 0.29 ± 0.07ghi 0.70 ± 0.13bc 2.73 ± 0.69b 4 0 0.14 ± 0.03e 0.049 ± 0.014bc 0.375 ± 0.096bc 

8 0 0.28 ± 0.04ghi 0.60 ± 0.10cd 2.19 ± 0.32bcd 8 0 0.12 ± 0.01e 0.058 ± 0.016b 0.502 ± 0.150b 

16 0 0.19 ± 0.02hi 0.35 ± 0.03e–h 1.89 ± 0.20cde 16 0 0.12 ± 0.03e 0.047 ± 0.012bcd 0.403 ± 0.037bc 

32 0 0.17 ± 0.01i 0.69 ± 0.07bc 4.09 ± 0.64a 32 0 0.16 ± 0.05cde 0.087 ± 0.009a 0.818 ± 0.303a 

0 0.5 1.04 ± 0.31a 0.66 ± 0.15c 0.69 ± 0.09fg 0 0.5 0.24 ± 0.04b–e 0.011 ± 0.001efg 0.044 ± 0.004d 

1 0.5 0.66 ± 0.15b–e 0.40 ± 0.04def 0.67 ± 0.14fg 1 0.5 0.32 ± 0.10abc 0.016 ± 0.007efg 0.043 ± 0.010d 

2 0.5 0.89 ± 0.21ab 0.54 ± 0.08cde 0.69 ± 0.14fg 2 0.5 0.41 ± 0.12a 0.020 ± 0.003efg 0.088 ± 0.050d 

4 0.5 0.66 ± 0.06b–e 0.35 ± 0.04efg 0.55 ± 0.07fg 4 0.5 0.35 ± 0.16ab 0.029 ± 0.006cde 0.186 ± 0.115cd 

8 0.5 0.48 ± 0.03c–h 0.21 ± 0.03f–i 0.44 ± 0.07g 8 0.5 0.40 ± 0.05 ab 0.028 ± 0.006def 0.069 ± 0.007d 

16 0.5 0.42 ± 0.05e–i 0.22 ± 0.002f–i 0.54 ± 0.08fg 16 0.5 0.34 ± 0.02ab 0.020 ± 0.004efg 0.058 ± 0.011d 

32 0.5 0.43 ± 0.06d–i 0.18 ± 0.01ghi 0.42 ± 0.04g 32 0.5 0.31 ± 0.07a–d 0.016 ± 0.004efg 0.057 ± 0.018d 

0 1 0.73 ± 0.09bcd 0.68 ± 0.09bc 0.96 ± 0.14fg 0 1 0.10 ± 0.03e 0.005 ± 0.001g 0.052 ± 0.015d 

1 1 0.74 ± 0.09bc 0.31 ± 0.02fgh 0.43 ± 0.04g 1 1 0.16 ± 0.02de 0.010 ± 0.004efg 0.063 ± 0.029d 

2 1 0.43 ± 0.11d–i 0.19 ± 0.03ghi 0.48 ± 0.06g 2 1 0.14 ± 0.01e 0.010 ± 0.001efg 0.071 ± 0.004d 

4 1 0.31 ± 0.03f–i 0.15 ± 0.03hi 0.50 ± 0.15fg 4 1 0.14 ± 0.03e 0.011 ± 0.002efg 0.086 ± 0.024d 

8 1 0.27 ± 0.02ghi 0.10 ± 0.01i 0.37 ± 0.07g 8 1 0.15 ± 0.03de 0.010 ± 0.002efg 0.067 ± 0.004d 

16 1 0.15 ± 0.03i 0.05 ± 0.01i 0.36 ± 0.07g 16 1 0.15 ± 0.02e 0.009 ± 0.001fg 0.061 ± 0.005d 

32 1 0.27 ± 0.07ghi 0.07 ± 0.01i 0.34 ± 0.09g 32 1 0.18 ± 0.04cde 0.009 ± 0.002efg 0.053 ± 0.007d 

Values followed by the same letters indicate no significance between different 
treatments at P < 0.05. 

Values followed by the same letters indicate no significance between different 
treatments at P < 0.05. 

and TFCdroot–leaf, which indicates that the more accumulation 
of Zn in root, the less Cd was transferred to the leaf and more 
Cd was sequestrated to roots. 

Effects of Cd and Zn on antioxidant enzyme 
activities 

APX activity 
Results revealed that APX activity was significantly 

(P < 0.01) increased by Zn supply (up to 4 μM Zn) a nd Cd  
addition (up to 1.0 μM Cd) in mung bean leaves (Fig. 5a). 
APX activity boosted up to 400.4 U g−1 fw from 353.2 U g−1 fw 
due to the presence of 1 μMCd in solutionwhichw as about 1 3%  
higher than control. Similar increased APX activity (about 13% 
higher t han c ontrol) w as observed for t he added Zn (4 μ M) in 
solution. As compared to the individual effect of Zn and Cd, 
their interactions were responsible for higher increased APX 
activity (26% higher than control). 

CAT activity 
CAT activity was enhanced (P < 0.01) by increasing Zn 

(up to 16 μM Zn) and Cd concentration (up to 0.5 μM Cd). 

The least CAT activity was observed at control 
(41.75 U g−1 fw). At 0.5 μM Cd addition, CAT activity 
boosted up by about 19% (49.75 U g−1 fw) as compared to 
control (Fig. 5b). Increasing amount of Zn up to 16 μM was 
responsible for a gradual enhancement of CAT activity up 
to 60.00 U g−1 fw which was about 44% higher than 
control. Interaction between Zn and Cd further increased 
CAT activity by about 55% than control. 

POD activity 
Zn (up to 16 μM Zn) and Cd (up to 0.5 μM Zn) treatments 

were responsible (P < 0.01) for increasing POD activity 
(20.1 U g−1 fw) in a concentration-dependent manner in 
mung bean leaves. About 15% increased POD activity was 
observed due to 1 μM Cd addition as compared to control 
(17.5 U g−1 fw) (Fig. 5c). With the increasing of Zn supply, 
POD activity was also enhanced which reached to the peak 
(25.4 U g−1 fw) at 16 μM Zn application. As compared to 
the mean effect of Zn and Cd, their interactions induced 
more profound influence to enhance the POD activity. As 
compared to control, the highest increment (26.7 U g−1 fw) 
was observed at the interaction between 8 μM Zn and 1 μM Cd. 
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Table 3. Correlation between different traits under Zn–Cd interactions in mung beans (n = 21). 

Shoot 
DM 

Root 
DM 

Root 
Zn 

Root 
Cd 

Stem
Zn 

 Stem 
Cd 

Leaf Zn Leaf Cd Chl a Chl b Tot chl TFZnroot– 
stem 

TFZnroot– 
leaf 

TFZnstem– 
leaf 

TFCdroot– 
stem 

TFCdroot– 
leaf 

TFCdstem– 
leaf 

Shoot DM 0.635** 0.087 −0.512** 0.016 −0.428** 0.251* −0.236* 0.552** 0.554** 0.346** −0.226 0.172 0.318** 0.010 0.408** 0.289** 

Root DM 0.635** 0.107 −0.529** −0.063 −0.605** 0.436** −0.518** 0.561** 0.630** 0.315** −0.322** 0.394** 0.599** −0.278** 0.559** 0.575** 

Root Zn 0.087 0.107 0.159 0.758** 0.148 0.595** 0.105 0.120 0.203 −0.015 −0.585** −0.442** 0.110 −0.066 0.118 0.156 

Root Cd −0.512** −0.529** 0.159 0.177 0.701** −0.419** 0.667** −0.537** −0.482** −0.418** −0.123 −0.682** −0.624** −0.090 −0.700** −0.561** 

Stem Zn 0.016 −0.063 0.758** 0.177 0.436** 0.358** 0.355** −0.029 0.035 0.026 −0.254* −0.470** −0.180 0.274* −0.019 −0.095 

Stem Cd −0.428** −0.605** 0.148 0.701** 0.436** −0.386** 0.785** −0.517** −0.437** −0.224* 0.108 −0.667** −0.694** 0.570** −0.599** −0.637** 

Leaf Zn 0.251* 0.436** 0.595** −0.419** 0.358** −0.386** −0.353** 0.516** 0.542** 0.329** −0.392** 0.172 0.714** −0.120 0.669** 0.694** 

Leaf Cd −0.236* −0.518** 0.105 0.667** 0.355** 0.785** −0.353** −0.317** −0.308** −0.072 −0.011 −0.668** −0.625** 0.339** −0.460** −0.474** 

Chl a 0.552** 0.561** 0.120 −0.537** −0.029 −0.517** 0.516** −0.317** 0.697** 0.663** −0.236* 0.305** 0.593** −0.153 0.600** 0.587** 

Chl b 0.554** 0.630** 0.203 −0.482** 0.035 −0.437** 0.542** −0.308** 0.697** 0.617** −0.338** 0.247* 0.531** −0.140 0.593** 0.585** 

Tot chl 0.346** 0.315** −0.015 −0.418** 0.026 −0.224* 0.329** −0.072 0.663** 0.617** −0.111 0.224* 0.396** 0.092 0.477** 0.426** 

TFZnroot–stem −0.226* −0.322** −0.585** −0.123 −0.254* 0.108 −0.392** −0.011 −0.236* −0.338** −0.111 0.368** −0.321** 0.385** −0.181 −0.273* 

TFZnroot–leaf 0.172 0.394** −0.442** −0.682** −0.470** −0.667** 0.172 −0.668** 0.305** 0.247* 0.224* 0.368** 0.616** −0.133 0.599** 0.507** 

TFZnstem–leaf 0.318** 0.599** 0.110 −0.624** −0.180 −0.694** 0.714** −0.625** 0.593** 0.531** 0.396** −0.321** 0.616** −0.315** 0.755** 0.824** 

TFCdroot–stem 0.010 −0.278** −0.066 −0.090 0.274* 0.570** −0.120 0.339** −0.153 −0.140 0.092 0.385** −0.133 −0.315** −0.072 −0.372** 

TFCdroot–leaf 0.408** 0.559** 0.118 −0.70** −0.019 −0.599** 0.669** −0.460** 0.600** 0.593** 0.477** −0.181 0.599** 0.755** −0.072 0.828** 

TFCdstem–leaf 0.289** 0.575** 0.156 −0.56** −0.095 −0.637** 0.694** −0.474** 0.587** 0.585** 0.426** −0.273* 0.507** 0.824** −0.372** 0.828** 

**Significant at P ≤ 0.01; *Significant at P ≤ 0.05. 
DM, dry matter; Chl, chlorophyll; Tot, total; TF, transfer/translocation factor. 
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Fig. 5. Antioxidant enzyme activities for (a) ascorbate peroxidase (APX), (b) catalase (CAT), (c) peroxidase (POD), and (d) superoxide 
dismutase (SOD) in mung bean leaves (mean ± s.e.) as influenced by zinc oxide nanoparticles (ZnO NPs) and Cd supply to root medium. 
Levels not connected by same letter are significantly different. 

SOD activity 
The induced activity of the SOD enzyme was noted 

(P < 0.01) in Zn (up to 16 μM Zn) and Cd-treated (up to 
1.0 μM Zn) mung beans in a concentration-dependent 
manner. Addition of 0.5 μM and 1 μM Cd were responsible 
for the increment of about 16% (19.9 U g−1 fw) and 37% 
(23.6 U g−1 fw) increased SOD activity as compared to 
control (17.2 U g−1 fw) (Fig. 5d). Also the mean effect of Zn 
up to 16 μM increased SOD activity to 23.9 U g−1 fw from 
17.2 U g−1 fw at control. The results revealed that Zn supply 
together with Cd accelerated SOD activity tremendously 
where 16 μM Zn  × 1 μM Cd caused about 86% higher 
activity as compared to control. 

Discussion 

The objective of this trial was to investigate whether ZnO 
NPs can remediate the adverse effect of Cd in mung  beans.  
Due to presence of Cd in solution, plants demonstrated a 
retarded growth (Fig. 1a and b). Studies have revealed 

that, as a toxic metal, Cd caused reduced growth and 
development (Bayçu et al. 2017). Our findings confirmed 
that ZnO NPs enhanced the growth and biomass yield 
of mung beans individually as well as by interactions with 
Cd (Fig. 1a and b). ZnO NPs at certain concentrations 
enhanced growth performance of crops (Faizan et al. 
2018). ZnO NPs supply Zn2+ which enhance plant growth 
(Liu et al. 2015). The toxic effect of Cd might be 
neutralised by accelerated uptake of Zn and decreasing Cd 
uptake in plants treated with ZnO NPs (Garg and Kaur 
2013). In their study, Venkatachalam et al. (2017a) 
observed superior growth of Leucaena leucocephala 
seedlings under Cd and lead (Pb) contamination as 
compared to the control as an effect of bioengineered ZnO 
NPs application. In another study with nanoscale zero-
valent iron, an increase in dry matter yield of Boehimeria 
nivea was observed under Cd stress (Gong et al. 2017). 
Similarly, Singh and Lee (2016) found enhanced soybean 
growth utilising nano-TiO2 particles under Cd stress. 
Moreover, enhanced growth was observed by ZnO NPs in 
different crops (Rizwan et al. 2019a). 
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The present study revealed that concentration of 
chlorophylls linearly increased up to 4 μM of ZnO NPs 
application followed by a decline (Fig. 4a–c) and that 
improved plant growth was the result of enhanced 
accumulation of chlorophyll (Fig. 2a–c). Photosynthesis is 
one of many metabolic processes of plants which is very 
sensitive to environmental stresses (Khan et al. 2017). The 
prevalence of heavy metals, e.g. Cd is responsible for 
reduced photosynthetic activities and breakdown of 
chlorophyll pigments, for which plants show toxicity 
symptoms (Malar et al. 2016). Exogenous supply of ZnO 
NPs improved chlorophyll concentration in different plant 
species under metal stress condition (Venkatachalam et al. 
2017a; Rizwan et al. 2019a). Enhanced photosynthetic 
activity caused by NPs is due to the acceleration of photolysis 
of water and the electron transport chain (Pradhan et al. 
2013). Our findings are in agreement with those of 
previous studies (Venkatachalam et al. 2017a). 

In our study the combined effects of ZnO NPs and 
Cd significantly increased Cd accumulation in tissues, 
although a decline in leaves was observed at certain levels 
(Fig. 3a–c). It is interesting that the root-to-stem, root-to-
leaf, and stem-to-leaf TFs of mung bean varied greatly with 
Zn and Cd concentration in solution (Tables 1, 2). In this 
study TFs of Cd from root-to-stem and from root-to-leaf 
decreased and that of stem-to-leaf increased with added Cd 
(Table 2) which is in conformity with Khaliq et al. (2019) 
on rice. In this study added ZnO NPs favoured the upward 
movement of Cd (Table 2). However, Khaliq et al. (2019) 
found the opposite result in rice with soil application of 
zinc sulfate where root-to-shoot TFs of Cd was decreased by 
28–41%. Root Zn concentration positively but non-
significantly correlated with root Cd (r = 0.159), stem Cd 
(r = 0.148) and leaf Cd (r = 0.105) in our study and 
positively and significantly correlated with stem Zn 
(r = 0.758), and leaf Zn (r = 0.595). In a study with upland 
rice, Khaliq et al. (2019) obtained negative correlations 
between Zn concentrations and Cd concentrations in root, 
stem, leaf and brown rice. Zn may either positively or 
negatively correlate with Cd concentrations in plants 
(Green and Olsen 2017). Lasat et al. (2000) stated that 
ZNT1 is a Zn transporter and enhanced Cd in plants and 
Cohen et al. (1998) found that IRT1 might facilitate the 
transport of divalent cations such as Zn2+, Fe2+ and Cd2+ . 

It appears that Cd concentration was larger in roots than 
any other parts (Fig. 3c), and this may be one of the plant’s 
protective mechanisms and also a consequence of direct 
contact of root with Cd in the solution (Rizwan et al. 2018). 
The influence of NPs on metal uptake by plants is not 
consistent in the literature (Singh and Lee 2016). Some 
literature supports our results, for example: in L. leucocephala 
plant by ZnO NPs (Venkatachalam et al. 2017b); in B. nivea by 
nano zero-valent Fe (Gong et al. 2017); and in soybean using 
TiO2 NPs (Singh and Lee 2016). However, other research 
came to very different conclusions (Qaswar et al. 2017). 

Consequently, it can be stated that the interaction of 
metals with NPs is influenced by the type of NPs, plants, 
conditions of growth, etc. A sharp increase in the 
accumulation of Zn in tissues was observed due to the 
application of ZnO NPs (Fig. 2a–c), and this has been 
confirmed in one analysis on green pea and beet (García-
Gómez et al. 2018). Plants experience a shortfall in 
essential nutrients and particularly Zn due to competition 
with Cd under Cd stress (Rizwan et al. 2016). According to 
our results, the influence of ZnO NPs on Cd uptake depends 
on concentration levels and this corroborates other 
studies confirming that higher Zn partially inhibits Cd 
toxicity for some mechanisms. These include, for example, 
co-precipitation of Cd and Zn in metabolically inactive 
parts (Rizwan et al. 2016). Expectedly, ZnO NPs may 
penetrate from roots or leaf surfaces and could transfer to 
other parts of plants, but more detailed studies are 
necessary to measure the Zn speciation and biotransformation 
of ZnO NPs in plants as well as underlying mechanisms. 
Generally in an oxidising environment plants continuously 
produce ROS [super oxide (O2 

−), singlet oxygen (1O2), 
hydroxyl radical (HO−), and H2O2] in cells as by products. 
An extensive production of ROS causes oxidative stress 
which leads to damage to DNA, lipid and proteins and 
causes cell death (Tripathy and Oelmüller 2012). As a 
defence mechanism plants activate enzymatic [APX, CAT, 
POD, SOD, and glutathione reductase (GR) etc.] and non-
enzymatic (proline) antioxidants (Tripathy and Oelmüller 
2012). In this study, application of ZnO NPs to solution 
enhanced antioxidant enzyme activity under Cd stress 
(Fig. 5a–d). The APX activity in our study ranged from 
323.0 to 456.0 U g−1 fw where the presence of 0.5 μM and 
1.0 μM Cd were responsible for about 6 and 13% enhance-
ment over control. Similar results (about 250–400 U g−1 fw) 
were found in mung bean leaves with an exception of a 
negligible decline due to Cd toxicity (Leng et al. 2021). 
However, as compared to control, an enhanced activity of 
APX enzyme due to Cd toxicity was observed in mung bean 
seedlings which also supports our results (Hassan et al. 
2021). About 19% increased (41.0–67.2 U g−1 fw) 
CAT activity due to Cd stress was observed in this study 
which was about 64% higher in mung bean seedlings 
(Leng et al. 2021) as compared to control. Likewise, 
CAT activity in mung beans ranged from 17.5 to 
18.2 μmoles min−1 mg−1 protein (Farahani and Taghavi 
2016). With increasing ZnO NPs and Cd up to a certain 
level, POD and SOD activities increased in our study which 
were from 16.6 to 29.7 U g−1 fw and 16.0 to 37.0 U g−1 fw, 
respectively. In literature, the POD activity in mung 
beans ranged from 30.4 to 32.6 μmol min−1 mg−1 protein 
(Farahani and Taghavi 2016). As compared to the 
uncontaminated control about 138–139% increased SOD 
activity was observed in mung beans due to Cd contami-
nation (Ramzani et al. 2017). However, under Cd 
treatments, Hassan et al. (2021) found an enhanced SOD 
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activity while a slight decreased activity was observed by 
Leng et al. (2021). In this study, activities of all the 
antioxidant enzymes were increased with ZnO NPs 
application under Cd stress. Improved antioxidant enzyme 
activities by ZnO NPs under Cd stress were documented in 
maize (Rizwan et al. 2019a) and in tomato (Faizan et al. 
2021). As a source of Zn, application of ZnCl2 to solution 
also improved SOD, CAT, APX, and GR activity in tomato 
under Cd stress, indicating the efficacy of Zn supply to 
boost these antioxidant enzyme activities as compared to 
no Zn application (Cherif et al. 2011). An improvement in 
the antioxidant defence system due to ZnO NPs application 
was also investigated on different crops (Rizwan et al. 
2019a). Such development of antioxidant defence system 
within plants is the outcome of the expression of genes 
(Nair and Chung 2014) or its association in different 
oxidative processes (Hossain et al. 2015). Overall, under Cd 
contamination, the application of ZnO NPs could be an 
effective tool to strengthen plants’ defence mechanisms, 
maintain yield performance and Cd tolerance. 

Conclusion 

ZnO NPs up to 8 μM level promoted growth performance in 
both control and Cd-stressed conditions, and thus prevented 
the adverse effect of Cd to some extent. Added ZnO NPs to 
Cd-treated solution favoured Cd accumulation consistently 
in all tissues except leaf. Up to 4 μM ZnO NPs application, 
Cd in leaf increased followed by a decrease at higher levels. 
Cd contamination limits accumulation of Zn in mung bean 
leaves to a great extent as compared to the accumulation in 
roots and stems, indicating that Zn transfer to leaves from 
roots and stems was impaired by prevalence of Cd in 
the media. ZnO NPs demonstrate a synergistic effect on 
Cd accumulation in mung bean tissues especially in the 
roots and stems, which is contrast to the antagonistic 
effects documented in some literature. Despite the higher 
accumulation of Cd in tissues, plant growth displayed an 
upward trend and this supports the hypothesis that Zn 
plays a key role in protecting plants from Cd stress. It does 
this through activation of robust antioxidant enzyme 
systems against Cd-induced oxidative stress. Further research 
on this topic at the field levels may help to better understand 
the influence of ZnO NPs along with their application 
protocols in diverse soil conditions. The emphasis must be 
on physiological mechanisms, metal accumulation and 
translocation to the edible portions of plants. 
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