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Abstract Cadmium (Cd) in soil–plant system can abridge

plant growth by initiating alterations in root zones.

Hydroponics and rhizoboxes are useful techniques to

monitor plant responses against various natural and/or

induced metal stresses. However, soil based studies are

considered more appropriate in order to devise efficient

food safety and remediation strategies. The present

research evaluated the Cd-mediated variations in elemental

dynamics of rhizospheric soil together with in planta

ionomics and morpho-physio-biochemical traits of two

differentially Cd responsive maize cultivars. Cd-sensitive

(31P41) and Cd-tolerant (3062) cultivars were grown in

pots filled with 0, 20, 40, 60 and 80 lg/kg CdCl2 supple-

mented soil. The results depicted that the maize cultivars

significantly influenced the elemental dynamics of rhizo-

sphere as well as in planta mineral accumulation under

applied Cd stress. The uptake and translocation of N, P, K,

Ca, Mg, Zn and Fe from rhizosphere and root cell sap was

significantly higher in Cd stressed cv. 3062 as compared to

cv. 31P41. In sensitive cultivar (31P41), Cd toxicity

resulted in significantly prominent reduction of biomass,

leaf area, chlorophyll, carotenoids, protein contents as well

as catalase activity in comparison to tolerant one (3062).

Analysis of tolerance indexes (TIs) validated that cv. 3062

exhibited advantageous growth and efficient Cd tolerance

due to elevated proline, phenolics and activity of antiox-

idative machinery as compared to cv. 31P41. The cv. 3062

exhibited 54% and 37% less Cd bio-concentration (BCF)

and translocation factors (TF), respectively in comparison

to cv. 31P41 under highest Cd stress regime. Lower BCF

and TF designated a higher Cd stabilization by tolerant

cultivar (3062) in rhizospheric zone and its potential use in

future remediation plans.

Keywords Maize � Rhizosphere � Ion dynamics � Nutrient

physiology � Morpho-physio-biochemical attributes � Cd

tolerance

Introduction

Maize (Zea mays L.) is one of the most important staple

cereal crop worldwide and is the third largest cultivated

cereal in Pakistan. Heavy metal accumulation in agricul-

tural soil has increased to a large extent due to industrial-

ization which in turn cause health and environmental

problems on global scale (Zhao et al. 2019). Cadmium (Cd)

is naturally occurring toxic trace metal which is found at

a concentration of 0.1–0.5 ppm in earth’s crust. Cadmium

deposition in the agricultural soil from natural and

anthropogenic activities not only leads to soil poisoning but

also affects food quality (Ran et al. 2020).

Cadmium is non-essential for plants and humans but is a

metal of high concern with regard to accumulation in food

chain owing to its higher uptake rate by roots and acropetal

transport (Cai et al. 2020). In plants, Cd-induced phyto-

toxicity extends at morphological, physiological and
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molecular levels which lead to stunted plant growth by

disrupting the essential metabolic processes and by deci-

mating the membrane integrity (Khanna et al. 2019).

Cadmium stress initiates mechanisms of leaf necrosis as

well as chlorosis and obstructs photosynthetic apparatus by

reduced uptake of mineral nutrients and denaturation of

photosynthetic enzymes, thereby leads to less plant bio-

mass (Khan et al. 2019). Procreation of reactive oxygen

species (ROS) i.e. hydroxyl radicle, hydrogen peroxide etc.

was triggered by Cd stress which can dismantle essential

biomolecules such as nucleic acids, lipids and proteins

(Singh et al. 2019).

Being a divalent cation, Cd also competes for its

transport with different nutrients at absorption site which in

turn decreases the uptake of vital nutrients from soil i.e. Zn,

Mn, Ca, Mg and Fe (Zhang et al. 2020). It is well rec-

ognized that soil–plant interface play an important role for

the bioavailability of Cd to plant tissues (Qin et al. 2020).

Plants hold strong ability to modify metal absorption in the

rhizosphere through root exudates (Tao et al. 2020).

Plant roots uptake Cd through transporters of mineral

nutrients such as Fe2?, Zn2?, Ca2? and Mg2? (Gallego

et al. 2012). Uptake of essential nutrients from rhizosphere

is influenced by Cd which triggers severe nutrient defi-

ciency stress in plants (Qin et al. 2020). Antagonistic

interaction between Cd and essential nutrient accumulation

differ with plant genotype and Cd concentration in soil

solution (Abbas et al. 2020).

Maize can tolerate certain levels of Cd without showing

toxicity symptoms and can be cultivated on Cd polluted

soils (Yang et al. 2014). However, metal tolerance capa-

bilities vary amongst and within plant species based upon

biomass accumulation (Muszyńska et al. 2017). Plants have

established diverse intrinsic and extrinsic mechanisms to

cope with heavy metal toxicity. These extrinsic strategies

include complexation of metal ions with low molecular

weight organic acids (LMWOAs), sequestration into root

cell wall, organic acid based enhanced nutrient uptake in

roots, rhizospheric microbial interaction, rhizospheric

acidification/basification responses, precipitation and redox

reactions (Han et al. 2018). Subsequently, variations in

responses of maize cultivars may exist against Cd stress

including the restriction of metal’s translocation from roots

to shoot, cellular antioxidant enzymes based detoxification

and sequestration, phytochelatins dependent metallic

complexation and vacuolar compartmentalization which

might play an important role in phytomanagement of metal

contaminated soil for food safety (Yang et al. 2014). Fur-

thermore, metallophytes may also own various categories

of metal transporters that are involved in complex inter-

action between Cd accumulation and nutrients homeostasis

in soil/plant tissue which impart Cd tolerance by increasing

accumulation of essential ions.

The Cd deposition ranges from 0.02 to 184 mg/kg

(normal soil) to 1.14–24.34 mg/kg (mining areas of Sindh)

in Pakistan (Waseem et al. 2014). Furthermore, in urban

and industrial wastewater of Faisalabad, Lahore and Kar-

achi regions in Pakistan, Cd concentration ranges from

0.18 to 5.35 mg/l which is higher than the permitted value

(0.10 mg/l) given by NEQS-Pak (Mahmood and Malik

2014). The increased levels of Cd in biotic systems across

Pakistan threaten the plant and human health. The selection

and cultivation of Cd tolerant crops is practicable and cost-

effective approach to minimize the influx of Cd into human

food chain. Therefore, research and field trials are required

for the identification of traits associated with metal toler-

ance capacity of commonly grown maize cultivars. To be

effective, a plant needs to be tested for heavy metal tol-

erance both in solution and soil culture. Exploration of

plant system is very complex in soil as uptake of pollutants

by a plant is influenced by soil physical and chemical

properties as well as soil microbiota (Armas et al. 2015).

Less variations in Cd uptake was reported in soil system as

compared to hydroponics in Arundo donax L. (Sabeen et al.

2013). It is, therefore, pertinent to examine the maize

cultivars in soil system (natural system) to analyze the

growth responses of differentially Cd responsive genotypes

under Cd stress as our previous studies were performed in

hydroponics and rhizoboxes (artificial systems). The

genotype 3062 revealed better accumulation of biomass,

photosynthetic pigments, antioxidant activities, nutrients

uptake in roots and shoots, release of organic acids together

with less production of MDA and H2O2 as compared to

31P41 growing under Cd stress in hydroponics and rhi-

zoboxes (Tanwir et al. 2013; Javed et al. 2017).

The present study was, therefore, designed for selection

of low Cd accumulating maize cultivars with high biomass

production to gain better insights into Cd tolerance mech-

anisms in soil system. This is the first study which evalu-

ated the rhizospheric mineral contents before and after

cultivation of Cd tolerant (cv. 3062) and Cd susceptible

(cv. 31P41) maize cultivars. Furthermore, the correlations

were established among Cd retention ability, mineral ion

uptake and physio-biochemical attributes of both maize

cultivars for their ultimate use in sustainable food pro-

duction and phytomanagement in Cd polluted soil. Current

study was aimed to find possible alterations in ion

dynamics in the rhizospheric soil of two differentially Cd

responsive maize cultivars as well as Cd impact on nutrient

uptake and growth. The study objectives were to monitor

(a) the ion dynamics in the rhizospheric soil of two Z. mays

cultivars under Cd treatments (b) Cd-mediated fluctuations

in rhizospheric system and their possible correlation with

in planta ionomics and physio-biochemical attributes of

maize cultivars (c) cultivar based rhizospheric alterations

in soil system and their possible role in food safety aspects
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under Cd polluted environment. The research outcomes

would ultimately be beneficial to devise strategies for

growing maize in Cd polluted areas as well as effective

remediation tools to combat Cd pollution.

Materials and methods

Experimental soil

Soil (upper layer 0–20 cm) was obtained from a botanical

garden located at Government College University, Faisal-

abad (31�24/N, 73�04/E), a city in northeastern Punjab,

Pakistan. The soil was mixed thoroughly, dried in air,

ground and passed through a 10 mm sieve before using in

the experiment. Subsequently, the representative soil

samples were air dried, ground, and passed through a sieve

with pore size of 2 mm. Thereafter, soil physico-chemical

properties were assessed by the methods of Alloway

(1995) and presented in Table 1.

Experimental layout for pot experiment

The seeds of two maize cultivars 31P41 (Cd-sensitive) and

3062 (Cd-tolerant) were provided by Pioneer Seeds,

Sahiwal, Pakistan. Prior to seed sowing, experimental soil

was spiked with different CdCl2 concentrations (0, 20, 40,

60 and 80 lg/kg) and was kept in polythene bags for two

weeks for metal stabilization. Forty plastic pots, filled with

10 kg of dry Cd spiked soil, were used to grow maize seeds

in a greenhouse with 14/10 h mean day/night length and

25/15 �C ± 2 day/night temperature. The average daytime

relative humidity was maintained to 70% during the course

of the experiment. Initially, eight maize seeds/pot were

sown which after emergence were thinned to five plants.

Plants were maintained for fifty days and irrigated with

half-strength/0.5 Hoagland’s solution (Arnon and Hoag-

land 1940) by applying 500 ml of nutrient solution to each

pot after every ten days interval to fulfill water and nutrient

requirements. Each treatment was maintained in four

replicates which were managed in a completely random-

ized design (CRD). Plants were subsequently harvested to

analyze the morpho-physio-biochemical parameters and

mineral element composition. Representative soil samples

were collected from each pot after harvesting the plants

and assessed for physico-chemical properties by the

methods of Alloway (1995) as presented in Table 1.

Plant ion analysis

Maize plants were harvested after 50 days and roots were

washed twice with distilled water, given a quick dip in

20 mM EDTA and then, washed again with distilled water T
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in order to remove adsorbed metallic cations from plant

surfaces. The washed samples were then oven dried for

24 h at 105 �C. The oven-dried roots and shoots (0.5 g

each) were separately added into the digestion flasks con-

taining 8 ml of digestion mixture [HNO3: HClO4 (7:3 v/v)]

and left overnight for digestion. Next day, these flasks were

heated on hot plate until the fumes color change to white.

After cooling, dH2O was poured into each flask and filtered

through Whatman filter paper grade 1 and diluted up to

50 ml with redistilled water. The digested plant samples

were analyzed by using atomic absorption spectropho-

tometer (Varian FAAS-240, Triad Scientific, NJ, USA) for

determination of root and shoot Cd, Ca, Mg, Zn, Fe and K

contents. Interactions with the sample matrix were elimi-

nated by using standards addition method. The digested

material was analyzed for P and N contents spectrophoto-

metrically by using Barton’s reagent and method of

Bremner and Keeney (1965) respectively.

Bio-concentration (BCF) and translocation factors

(TF) and tolerance indexes (TIs)

BCF and TF of Cd accumulation for maize were calculated

by using the follow formulae;

BCF= Cadmium concentration in shoot (lg kg-1)/

Cadmium concentration in soil (lg kg-1).

TF= Cadmium concentration in shoot (lg kg-1)/

Cadmium concentration in root (lg kg-1).

A given plant species with lower BCF and TF values

depicts its inability to extract large amount of metals from

soil and limited metal translocation to areal parts

respectively.

TIs were calculated to visualize the impact of Cd stress

on studied morpho-physiological parameters as follows;

TI

(%)

Parameters of Cd treated plants/respective

parameters of control plants 9 100.

Analysis of plant growth and photosynthetic

pigments

Leaf area meter (L12000, L1-COR, USA) was used to

measure the leaf area of individual maize plants. Chloro-

phyll pigments were measured by mixing frozen leaf tissue

(0.25 g) in 10 ml acetone (80%). After 1 h, the mixture

was centrifuged at 5000 g for 15 min at 4 �C. The super-

natant was utilized for chlorophyll a, b and total chloro-

phyll estimation by measuring absorbance at 650 nm and

665 nm respectively through spectrophotometer (Minocha

et al. 2009). For carotenoid quantification, supernatant was

added in 1 M NaOH (5 ml) together with 15 ml dimethyl

ether. The absorbance was measured at 450 nm for the

estimation of carotenoid contents (Alba et al. 2005).

Determination of MDA and H2O2

The frozen plant tissue (0.1 g) was homogenized in 2 ml

0.1% TCA (trichloro acetic acid) and 4 ml thiobarbituric

acid (5%) in TCA (20%) for the estimation of MDA. The

optical density was noted at 440, 532 and 600 nm wave-

length by using spectrophotometer (Hitachi U-2910,

Tokyo, Japan) (Heath and Packer 1968).

The frozen plant tissue was extracted in (5%) TCA, the

0.1 ml plant extract was added in 1 ml of phosphate buffer

(5 mM) and 2 ml of KI (1 M). The absorbance of reaction

mixture for H2O2 was measured at 390 nm (Velikova et al.

2000).

Determination of antioxidant activities

Superoxide dismutase (SOD) activity was quantified by

homogenizing 0.5 g plant tissue with 3 ml sodium car-

bonate buffer and centrifuged at 12,000 rpm for 15 min. 70

ll supernatant was added in 500 ll NBT (24 mM), 100 ll

EDTA (0.1 mM), 100 ll NH2OH.HCl (1 mM), ll Tri-

ton X-100 (0.03%) and 1.630 ml sodium carbonate buffer

maintained at pH 10.2. The absorbance of reaction mixture

was detected at 560 nm for quantification of SOD activity

(Gong et al. 2005).

Peroxidase (POD) activity was determined by mixing of

0.5 g frozen plant tissue in 5 ml of 50 mM KH2PO4 main-

tained at pH 7. This mixture was centrifuged for 15 min at

12,000 rpm. The supernatant (100 ll) was added in 50 ll

guaiacol solution, 30 ll H2O2 and 3 ml phosphate buffer.

The absorbance of reaction mixture was measured at 436 nm

for determining POD activity (Cakmark et al. 1993).

Catalase concentration was measured by using 70 ll

aliquot prepared for measuring POD activity and adding

930 ll of H2O2 (15 mM), vortexed and finally mixing

1.500 ml phosphate buffer. The absorbance for catalase

activity of reaction samples were measured at 240 nm

(Cakmark et al. 1993).

Determination of total phenolic and proline contents

For quantification of total phenolic contents, extract of

the frozen fresh plant material (1 g) was prepared in 50%

methanol (5 ml). The plant extract (50 ll) was taken in a

test tube, added 1 ml water, Folin–Ciocalteau reagent

(500 ll) and after 5 min added 2% Na2CO3 (2.5 ml). After

fifty minutes of incubation at room temperature, absorbance

was recorded at 710 nm. The calibration curve was per-

formed with gallic acid and total phenolic concentration was

expressed as gallic acid equivalents (Julkunen-Tiitto 1985).
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For proline estimation, plant extract was prepared by

homogenizing (0.1 g) frozen plant material in 5 ml

sulphosalicylic acid (3%). Plant extract was mixed with

1 ml glacial acetic acid, acidic ninhydrin and 4 ml toluene

and the absorbance was measured through spectropho-

tometer at 521 nm (Bates et al. 1973).

Total soluble protein

Plant (0.25 g) extract was prepared in 5 ml phosphate

buffer, mixed with 2 ml Bradford reagent and placed in a

water bath for approximately 30 min. The reaction mixture

was used for absorbance measurement through spec-

trophotometer at 595 nm for the determination of total

soluble protein (Bradford 1976).

Statistical analysis

Before statistical analysis, data normalization was carried

out by using the inverse or logarithmic transformation

whenever necessary. The statistical analysis of the data was

executed by analysis of variance (ANOVA) and least sig-

nificant difference method (Fisher’s LSD) was used to

compare the means at p value of B0.05 level. Pearson’s

correlation analysis and principle component analysis

(PCA) biplots were prepared with XLSTAT software ver-

sion 2016.1.

Results

Plant and rhizospheric ion dynamics

In the present study, we anticipated Z. mays cultivars in soil

system exhibiting different potential for Cd accumulation

and root to shoot translocation as detected in earlier

hydroponic experiments. Acquired results provided evi-

dence of variation in Cd uptake and root to shoot translo-

cation among 3062 and 31P41 cultivars suggesting that the

former cultivar exhibited significantly less Cd uptake and

Fig. 1 Cadmium (A), zinc (B), iron (C) and potassium (D) accumulation in two cultivars of maize (31P41 and 3062) grown under different

levels of CdCl2. Different letters (a–h) and (A–G) indicate significant difference for root and shoot Cd concentrations, respectively
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root to shoot translocation capabilities in comparison to

later in soil system. Plant root and shoot Cd contents were

significantly higher in cv. 31P41 which exhibited 23%

higher uptake from root and 52% higher root to shoot

translocation as compared to cv. 3062, respectively under

80 lg/kg Cd treatment (Fig. 1).

Acquisition of Zn was different in the roots and shoots

of both cultivars under varying levels of Cd. Roots of cv.

3062 contained higher Zn as compared to cv. 31P41 at 80

lg/kg Cd level. Moreover, root to shoot translocation of Zn

was slightly higher as compared to its control and signifi-

cantly increased in cv. 3062 than cv. 31P41 at 80 lg/kg Cd

level (Fig. 1).

Data trend for the mentioned section is given in Fig. 1

where cv. 31P41 is absorbing more Fe but root to shoot

translocation is lower as compared to cv. 3062 at 80 lg/kg

Cd levels.

Potassium retention capacity of both cultivars under

various Cd levels depicted maximum decline under 80 lg/

kg Cd. Interestingly, cv. 3062 exhibited improved K uptake

at 20 lg/kg Cd as compared to cv. 31P41. However in

comparison to cv. 3062, plants of cv. 31P41 responded

with 61.30% decline in root K and 82.95% decline in shoot

K uptake under maximum applied Cd stress of 80 lg/kg

(Fig. 1).

Calcium acquisition exhibited maximum reduction at

80 lg/kg Cd treatment where higher reduction in roots

(60.78%) and shoots (75.25%) was observed in cv. 31P41

as compared to cv. 3062 (Fig. 2). Our results validated that

under increasing Cd levels intermediate levels of Ca con-

tent was recorded in cv. 3062 than cv. 31P41 at varying Cd

levels and the effect of Cd was less in cv. 3062.

The root and shoot Mg content was decreased in both

cultivars under various applied Cd treatments. The root Mg

Fig. 2 Calcium (A), magnesium (B), nitrogen (C) and phosphorous (D) accumulation in two cultivars of maize (31P41 and 3062) grown under

different CdCl2 levels. Different letters (a–g) and (A–G) indicate significant difference for root and shoot Cd concentrations, respectively
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content of cv. 3062 showed slightly higher value

(14.85 mg/kg DW) than cv. 31P41 under applied Cd stress

whereas Mg content exhibited lower root to shoot

translocation at 80 lg/kg Cd stress in both the cultivars but

reduction was more pronounced in cv. 31P41 as compared

with cv. 3062 (Fig. 2).

Results revealed that N uptake efficiency of cv. 3062

was higher as compared to cv. 31P41 where 86.70%

decreased root N and 89.32% shoot N content was recorded

in cv. 31P41 under 80 lg/kg Cd as compared to cv. 3062

(Fig. 2). Furthermore, the roots of cv. 3062 showed slightly

higher levels of root P content at 20 and 40 lg/kg Cd.

However, root and shoot P contents were significantly

decreased in cv. 31P41 (64, 80% respectively) as compared

to cv. 3062 under 80 lg/kg Cd stress (Fig. 2).

Elemental dynamics in rhizospheric soil of both the

cultivars altered significantly but exhibited cultivar and

applied Cd stress specificity. Based on soil analysis before

and after maize cultivation, we anticipated that Cd reten-

tion in soil cultivated with cv. 3062 (78.84 lg/kg) was

found higher as compared to soil where cv. 31P41 was

maintained at 80 lg/kg Cd stress, indicative of higher Cd

uptake and acropetal translocation in the later cultivar

(Table 1). Furthermore, we compared soil mineral nutrient

contents before and after maize cultivation under various

applied Cd regimes and found decreased levels of essential

nutrient (Ca, N, K, Mg, P, Fe and Zn) in rhizospheric

soil samples of cv. 3062 which contributed significantly in

growth and development of cv. 3062 as compared to cv.

31P41 where increased root and shoot Cd levels were

recorded which antagonistically affected essential nutrient

uptake from rhizospheric soil (Table 1).

Bioconcentration (BCF) and translocation factors

(TF)

Applied Cd stress in maize cultivars (3062, 31P41) influ-

enced the uptake and translocation of Cd in term of BCF

and TF (Table 1). The maximum increase in BCF (2.44)

and TF (0.63) in cv. 31P41 was recorded, respectively at 60

and 80 lg kg-1 applied Cd. The cultivar 31P41 exhibited

gradual increase in BCF value up to 60 lg kg-1 and then

slight decrease at 80 lg kg-1 while TF value was contin-

uously increased up to 80 lg kg-1 applied Cd. On the

other hand, BCF values of 1.59 and 1.13 were obtained in

cv. 3062 at Cd treatment levels of 20 and 80 lg kg-1,

respectively, indicating 54 and 35% lower values than

exhibited by cv. 31P41. However, TF values continuously

decreased up to 60 lg kg-1 Cd stress and slightly

increased at 80 lg kg-1 in both the cultivars.
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Effect of Cd on plant biomass and photsynthetic

pigments

Increase in biomass was significantly higher in cv.3062

than cv.31P41 under applied Cd regimes (Table 2). It was

found that cv. 3062 retained 55.55 and 24.41% higher

shoot dry and fresh weights as compared to cv. 31P41 at

80 lg/kg Cd stress. Furthermore, root dry and fresh

weights in cv. 3062 depicted a better growth of 53.22 and

25.84% in comparison to cv. 31P41 at 80 lg/kg CdCl2. In

both Z. mays cultivars, photosynthetic attributes were sig-

nificantly decreased under all applied Cd stress levels,

however cv. 3062 showed better levels of Chl. a, Chl. b,

carotenoids and total chlorophyll in contrast to cv. 31P41 at

maximum Cd stress level of 80 lg/kg.

Tolerance index

The tolerance index (TI) revealed a variation in both maize

cultivars under applied Cd regimes where cv. 3062

depicted higher values (84, 85%) for shoot dry and fresh

biomass in comparison to cv. 31P41 which exhibited TIs

(44, 64%) under 80 lg/kg Cd stress. The root dry and fresh

weight of cv. 3062 showed TIs of 64, 58% in contrast to cv.

31P41 where 31, 44% TIs was observed at 80 lg/kg Cd

level. Similarly TIs of 50, 52, 54, 50% were recorded in

leaf area, Chl. b, Chl. a, carotenoids and total chlorophylls

of cv. 3062 in comparison to cv. 31P41 under maximum

Cd stress. Together these results about TIs demonstrated

that cv. 3062 maintained higher biomass, photosynthetic

traits and showed different mode of growth tolerance as

indicator of Cd tolerance.

Cadmium effect on MDA and H2O2 content

Increase in soil Cd treatment levels significantly enhanced

the production of MDA in both maize cultivars (Table 3).

The production of MDA was higher by 21.39% in 3062 as

compared to 31P41 cultivar. Surprisingly, non-significant

variations were recorded for H2O2 content of both cultivars

at all applied Cd stress conditions (Table 2).

Antioxidant enzyme activity

We analyzed that varying Cd treatment levels significantly

increased peroxidase and superoxide dismutase activity in

studied maize cultivars (Table 3). Maize plants exhibited

18.42, 27.95% higher POD and SOD levels respectively in

comparison to cv. 31P41 at 80 lg/kg Cd stress. In addition,

cv. 3062 recorded 158 and 130% better tolerance index in

comparison to cv. 31P41 at higher Cd regimes.
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Total phenolics and proline content

It was found that total phenolic and proline contents of

maize cultivars were not significantly different under dif-

ferent applied Cd stress levels (Table 3). However cv. 3062

showed 13.15% elevated level of proline contents as

compared to cv. 31P41.

Effect of Cd on total soluble protein and catalase

activity

Total soluble proteins and catalase activity were signifi-

cantly reduced with increasing level of applied Cd treat-

ments (Table 3). However, this decrease was cultivar

dependent and cv. 31P41 exhibited more reduction

(0.32 lmol/g FW) in protein and a 1.02 mg-1 Protein

catalase activity was recorded under 80 lg kg-1 Cd level

as compared to cv. 3062. The cv. 3062 showed lower
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Fig. 3 Pearson correlation

biplots for significantly

important morpho-physio-

biochemical attributes of 31P41

(a) and 3062 (b) grown under

different CdCl2 treatments. Red

dots represents correlations

among the studied parameters

while the blue ones among the

applied Cd treatments.

Cat = catalase, LA = leaf area,

P FW = plant fresh weight, P

DW = plant dry weight,

Car = carotenoid, Tot.

Chl = total cholorophyll,

MDA = malondialdehyde, T S

Pro = total soluble protein,

Prol = proline, K P = plant

potassium contents, Zn

P = plant zinc contents, P

P = plant phosphorus contents,

Mg P = plant magnesium

contents, N P = plant nitrogen

contents, Cd P = plant calcium

contents.
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values by 64% and 46% of tolerance index of protein and

catalase activity in comparison to cv. 31P41.

Pearson’s correlations and principal component

analysis

Principal component analysis biplots for applied Cd treat-

ments (T1–T5) and plant morpho-physio-biochemical

attributes of maize cultivars (31P41 and 3062) was exe-

cuted to summarize the correlations among significantly

important variables which exhibit smaller set of linear

combinations (Fig. 3). For cv. 31P41 and 3062, biplots

depicted variations of 94.94% (Fig. 3a) and 86.33%

(Fig. 3b) respectively. The variables present very close to

each other and in the same quadrant were correlated pos-

itively. Correlations among the studied parameters were

represented by red dots while correlations among the Cd

treatments were represented by blue dots. Furthermore,

correlation analysis indicated that significant positive and/

or negative correlations exist among growth, physiological,

biochemical attributes and root minerals uptake in maize

cultivars (Table 4). Growth attributes like shoot and root

fresh and dry weights, leaf area, chl a, chl b, total

chlorophyll and carotenoid contents were positively cor-

related with root sodium, potassium, magnesium, phos-

phorus, zinc. However a significant negative correlation

Table 4 Pearson correlation coefficient (r) values among nutrient contents, morpho-physio-biochemical attributes, bio-concentration and

translocation factors of (Zea mays L.) cultivars grown under different CdCl2 concentrations

Variables Ca R N R K R Mg R P R Fe R Zn R Cd R

SDW 0.315 ns 0.888*** 0.900*** 0.884*** 0.932*** -0.063 ns 0.717*** -0.750***

SFW 0.289 ns 0.886*** 0.790*** 0.819*** 0.862*** -0.162 ns 0.813*** -0.589***

RDW 0.236 ns 0.775*** 0.830*** 0.873*** 0.842*** -0.213 ns 0.754*** -0.826***

RFW 0.304 ns 0.832*** 0.937*** 0.939*** 0.924*** -0.141 ns 0.730*** -0.887***

Chl b 0.316 ns 0.544*** 0.733*** 0.695*** 0.676*** 0.112 ns 0.384* -0.776***

Chl a 0.327 ns 0.741*** 0.906*** 0.899*** 0.889*** -0.003 ns 0.561*** -0.900***

Car 0.238 ns 0.581*** 0.808*** 0.778*** 0.768*** -0.060 ns 0.429** -0.902***

T. Chl 0.254 ns 0.638*** 0.812*** 0.805*** 0.775*** -0.063 ns 0.511*** -0.918***

TSP -0.287 ns -0.612*** -0.752*** -0.802*** -0.734*** 0.214 ns -0.499*** 0.814***

Phe -0.038 ns 0.386* 0.462*** 0.570*** 0.469*** -0.146 ns 0.316 ns -0.670***

MDA -0.346* -0.783*** -0.931*** -0.925*** -0.918*** 0.105 ns -0.609*** 0.929***

H2O2 0.285 ns 0.809*** 0.791*** 0.828*** 0.818*** -0.220 ns 0.732*** -0.664***

Pro -0.321* -0.674*** -0.851*** -0.800*** -0.778*** 0.019 ns -0.374* 0.760***

SOD -0.351* -0.377* -0.733*** -0.647*** -0.673*** -0.009 ns -0.188 ns 0.838***

POD -0.024 ns 0.414** 0.055 ns 0.168 ns 0.171 ns -0.240 ns 0.566*** 0.182 ns

Cat 0.443* 0.546*** 0.776*** 0.713*** 0.736*** -0.059 ns 0.458*** -0.739***

Ca S -0.020 ns 0.285 ns 0.440*** 0.295 ns 0.371* 0.165 ns 0.239 ns -0.263 ns

N S 0.352* 0.944*** 0.846*** 0.893*** 0.889*** -0.079 ns 0.825*** -0.664***

K S 0.365* 0.935*** 0.933*** 0.936*** 0.951*** -0.011 ns 0.631*** -0.876***

Mg S 0.295 ns 0.933*** 0.893*** 0.959*** 0.942*** -0.156 ns 0.706*** -0.894***

P S 0.296 ns 0.894*** 0.908*** 0.973*** 0.926*** -0.042 ns 0.667*** -0.833***

Fe S -0.035 ns -0.034 ns -0.095 ns -0.009 ns -0.092 ns -0.089 ns -0.207 ns 0.156 ns

Zn S 0.246 ns 0.862*** 0.770*** 0.833*** 0.799*** -0.217 ns 0.936*** -0.497***

Cd S -0.287 ns -0.787*** -0.901*** -0.953*** -0.877*** 0.226 ns -0.682*** 0.947***

BCF -0.184 ns -0.791*** -0.674*** -0.725*** -0.711*** 0.206 ns -0.763*** 0.571***

TF -0.310 ns -0.812*** -0.842*** -0.854*** -0.835*** 0.081 ns -0.758*** 0.762***

ns = non-significant and *,**,*** indicate significance at 0.05, 0.01 and 0.001 respectively

SDW = shoot dry weight, SFW = shoot fresh weight, RDW = root dry weight, RFW = root fresh weight, Car = carotenoids, T.chl = total

cholorophyll, Pro = proline, SOD = superoxide dismutase, POD = peroxidase, Cat = catalase, Ca R = calcium in roots, Ca S = calcium in

shoots, Na R = sodium in roots, Na S = sodium in shoots, K R = potassium in roots, K S = potassium in shoots, Mg R = magnesium in roots, Mg
S = magnesium in shoots, P R = phosphorus in roots, P S = phosphorus in shoots, Fe R = iron in roots, Fe S = iron in shoots, Zn R = zinc in

roots, Zn S = zinc in shoots, Cd R = cadmium in roots, Cd S = cadmium in shoots, BCF = bioconcentration factor, TF = translocataion factor

306 Physiol Mol Biol Plants (February 2021) 27(2):297–312

123



was observed between the growth traits and root Cd con-

tents. For example, plant total chlorophyll contents were

positively correlated with root nitrogen (0.638***), root

potassium (0.812***), root magnesium (0.805***), root

phosphorus (0.775***) and root zinc (0.511***) contents.

However, significant negative correlation exist between Cd

content in roots (-0.918***) and total chlorophyll contents.

Discussion

Plant and rhizospheric ionomics of maize under Cd

treatment

In earlier studies, the tolerant (cv. 3062) and sensitive (cv.

31P41) Z. mays cultivars responded to Cd toxicity by

triggering rhizospheric basification both in nutrient solu-

tions and mucilage surrounding their roots (Javed et al.

2017). The current work, therefore, investigated the impact

of Cd-mediated fluctuations in soil system of the same two

maize cultivars as well as associated correlations with

rhizospheric plant ion dynamics and plant morpho-physio-

biochemical attributes. When soil was analyzed after plant

harvesting, it was observed that Cd stress differentially

trigger variations in soil ionic concentrations which were

cultivar specific (Table 1). Tolerant cultivar (cv. 3062)

maintained higher concentration of Cd in soil when ana-

lyzed after plant harvesting as compared to sensitive one

(cv. 31P41) at all applied Cd treatment levels. Furthermore,

lower BCF and TF values for cv. 3062 also indicated that

the cultivar is not able to extract large amount of Cd from

soil colloids and resist acropetal metal translocation. The

soil contents for Ca, N, K, Mg, P and Zn were found to be

lowered in the rhizosphere of cv. 3062 than cv. 31P41 after

plant harvesting under different Cd levels. These results

were according to our hypothesis that Cd tolerant cultivar

(cv. 3062) has some mechanism, which are absent in cv.

31P41, to prevent Cd from entering the plant roots which in

turn helps plants to maintain better nutrient acquisition. It

was perceived that cv. 3062 influenced the soil Cd avail-

ability owing to secretion of LMWOAs which in turn

modulated the rhizospheric pH and confer Cd tolerance

with concomitant enhanced nutrient acquisition under

applied Cd stress as compared to cv. 31P41 in soil system.

Secretion of root exudates influenced Cd bioavailability

and toxicity by changing rhizospheric pH, redox potential

and the activity of soil microbe for chelating Cd. Previous

studies reported that roots of some plants such as wheat

excrete organic acids such malic acid, oxalic acid and citric

acid which can chelate with Cd to prevent its entry into

root system (Nazar et al. 2012). It was reported that release

of organic acids under Cd stress would generate cadmium-

phosphate complex unavailable to plants and enhance

nutrient acquisition (Akhtar et al. 2019).

Root and shoot ion uptake and translocation

of maize cultivars under Cd stress

The roots and shoots Cd contents of maize cultivars were

significantly increased with applied Cd treatment levels

while the corresponding Cd contents were decreased in soil

after plant harvesting predominantly in cv. 31P41. Soil pH

is one of the dominant factors which influence Cd

bioavailability to plants and soil acidification of one unit

may increase HAc-extractable Cd by about 50%. Higher

Cd uptake by both cultivars observed in the present study is

also likely due to the Cd-triggered rhizospheric acidifica-

tion recorded at higher Cd treatment levels (Javed et al.

2017). Results of the current work revealed that Cd

localization in maize roots exceeded significantly than the

shoots in soil system (Fig. 1) which validates the findings

of earlier studies (Tanwir et al. 2015). (Redjala et al. 2009)

reported that higher levels of Cd treatment causes higher

Cd deposition in apoplasts of maize root cells which in turn

resulted in increased plant Cd retention (Sterckeman et al.

2011). Higher Cd retention capability to the cell wall of

maize hybrids was likely to be mediated by negative

charges and free electron pairs of oxygen (O) atoms of OH-

groups, the ring O atoms, the bridging O atoms of

monosaccharides as well as COOH- groups of glu-

curonic/galacturonic acids (Vatehová et al. 2016). It was

envisioned that Cd bound to root cell walls initiated reor-

ganization of pectins by the release of low methyl esterified

pectin units which leads to further deposition of Cd ions in

apoplasts of studied cultivars due to increased surface area

(Douchiche et al. 2007; Javed et al. 2014). In root tissues of

Z. mays, cell wall lignification and endodermal suberiza-

tion after Cd exposure restricted Cd loading to xylem and

exhibited higher metal retention in the roots (Lux et al.

2011), as was recorded in the current study. Furthermore,

the differential root to shoot Cd localization of studied

cultivars (Fig. 1) might be linked with cultivar’s genetic

variations as well as variations in Cd localization capa-

bilities. Lower Cd translocation to shoots might also result

from metal complex formation with sulphur ligands in root

cells which restrict Cd accumulation to above ground parts

of maize cultivars (Tanwir et al. 2015).

Cadmium treatments decreased the Zn absorption by

maize root predominantly in sensitive cultivar (Fig. 1). The

reduction in root Zn contents might be due to Cd-induced

decrease in Zn acquisition and/or its leakage to the sur-

roundings rhizosphere (Qin et al. 2020). Interestingly, at

highest Cd treatment (80 lg/kg), the root Zn uptake

increased in cv. 3062 which possibly reflect the existence

of a metal tolerance mechanism in Cd tolerant cultivar.
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Applied Cd stress resulted in reduced Fe retention in

maize roots and the effect was prominent in the roots of Cd

tolerant cultivar (Fig. 1) which was opposite to our earlier

findings (Tanwir et al. 2015; Javed et al. 2017). The Fe

transporter IRTI was reported to be down regulated by Cd

stress in T. aestivum which revealed that Fe uptake is

inhibited by Cd ions (Greger et al. 2016).

Cadmium stress impaired K accumulation in Z. mays

particularly in the roots and shoots of 31P41 (Fig. 1) which

corroborates our earlier results (Tanwir et al. 2015; Javed

et al. 2017). Reduction in Cd-mediated K accumulation

could inhibit the biosynthesis of plant carotenoids and

chlorophyll pigments (Kurtyka et al. 2008). Cd stress at

lower treatment concentration has also been reported to

inhibit K accumulation in roots of sugar beet by reduced

activity of PM-ATPase enzyme (Lindberg and Wingstrand

1985). The reduction in root K contents might result from

Cd-mediated reduction in K accumulation and/or K leak-

age to rhizosphere (Zhang et al. 2020).

Calcium accumulation of cv. 3062 and cv. 31P41 were

significantly affected by different Cd treatment levels and

the effect was cultivar specific (Fig. 2). Since, Cd ions

utilized the Ca transport channels for influx into plant tis-

sues (Zhang et al. 2020) therefore, it is likely that Cd

antagonistic effect on Ca uptake originates from cationic

competition at uptake sites either for cellular influx or for

its acropetal transportation which in turn influenced the

plant metabolic processes (Perfus-Barbeoch et al. 2002).

With increasing applied Cd levels, Mg accumulation in

studied maize cultivars was decreased significantly and the

reduction effect was prominent in the sensitive cultivar

(Fig. 2). The relatively higher Mg contents in Z. mays roots

than shoots might result from a minor reduction in Mg

acropetal transport because both Cd and Mg ions compete

with each other for ZIP transporters (Wang et al. 2007).

Nitrogen is very essential for plant growth promotion

and plays an important role towards production of nucleic

acid, hormone, protein, amino acid, chlorophylls and

enzyme activity (Shi et al. 2017). It is likely that Cd-in-

duced N and P deficiency reduces maize photosynthetic

rate and growth as recorded in the present study. Reduction

in phosphorus and nitrogen uptake was recorded in maize

cultivars under Cd stress as reported in earlier studies (Bui

et al. 2018; Rqfique et al. 2019). Phosphorus is an essential

element for the growth and its deficiency hampers the

photosynthetic system and promotes ROS production

(Fig. 2) (Veronica et al. 2017).

Plants responded to Cd stress primarily by modifying

their internal architecture, nutrient mobility and solubility

patterns which in turn influenced Cd accumulation capa-

bility (Javed et al. 2017). Different plant genotypes differ

in their ability to uptake essential nutrient and Cd accu-

mulation can be estimated by calculating the efficiency of

essential nutrients; therefore, plants with higher nutrient

uptake capacity could minimize Cd uptake (Anjum et al.

2015). In the present study, cv. 3062 showed improved

nutrient retention efficiency (Ca, Zn, K, Mg, N, P) as

compared to cv. 31P41 by modulating rhizospheric activ-

ities and decreased Cd uptake from soil. Such an ability of

cv. 3062 (Cd tolerant cultivar) can be associated with

plants capacity to perform several processes which reduce

Cd bioavailability by adsorption on soil particles, precipi-

tation as phosphates or hydroxides promoted by soil basi-

fication (Javed et al. 2017; Hussain et al. 2013).

Impact of Cd stress on lipid peroxidation

and antioxidants of maize cultivars

In both the studied maize cultivars, H2O2 contents

increased under Cd stress which corroborates the findings

of (Anjum et al. 2016). Higher in planta H2O2 concentra-

tion inhibits the processing of Calvin cycle by initiating

oxidative stress which significantly reduced the plant’s

photosynthetic activities and growth (Anjum et al. 2015).

Furthermore, elevated plant malondialdehyde content

under Cd stress depicts that the metal stress initiated the

oxidative stress, damage to cellular membranes and

increased ions leakage as reported in Solanum (Hajaji et al.

2012).

The antioxidative machinery safeguard plants against

oxidative damages by scavenging of ROS under metal

stress (Ali and Ashraf 2011). Catalase contents both in

tolerant and sensitive cultivars were decreased signifi-

cantly, in the present study, with increasing Cd treatment

levels which validate the findings of previous investiga-

tions (Farid et al. 2013; Sun et al. 2013). Under Cd stress,

reduced CAT activity might be linked with inhibition of

enzymatic activity or with increasing lipid peroxidation

levels which mediates Cd stress in plants (Qin et al. 2020).

However, POD and SOD activity of the studied cultivars

was increased significantly with applied Cd treatments

where the increment was cultivar specific. Our findings

validate the results of earlier studies which reported

increasing activities of SOD and POD in Z. mays under Cd

toxicity and coined it as a metal stress tolerance response

(Anjum et al. 2016; Shah et al. 2020). Moreover, the

maintenance of higher CAT, SOD and POD activities in

tolerant maize cultivar (3062) as compared to the sensitive

one (31P41) indicates the involvement of these antioxi-

dants in minimizing Cd-induced damages under Cd stress.

Finally, both the cultivars retained higher content of lipid

peroxidation and antioxidant system, but cv. 3062 depicted

better lipid peroxidation levels and antioxidant contents as

deciphered from tolerance index which might represent a

strategy to cope with Cd toxicity in this cultivar.
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Influence of Cd stress on biomass and physio-

biochemical attributes of maize cultivars

Reduction in plant biomass under Cd stress was found to be

cultivar specific and might be associated with inherent Cd

tolerance of studied cultivars. Increasing Cd treatment levels

significantly decreased plant fresh and dry biomass pre-

dominantly in sensitive cultivar (cv. 31P41) and are likely

due to reduction in root water absorption (Sun et al. 2013) as

was obvious from wilting of leaves. The greater Cd

absorption and translocation in plants through phloem ves-

sels impaired the transpiration rate by stomatal closure

(Chaffei et al. 2004) and can be a reason for abridged shoot

fresh biomass of studied Z. mays cultivars. Applied Cd stress

significantly reduced the leaf area and biosynthesis of pho-

tosynthetic pigments in maize cultivars (Table 2) which in

turn reduced the plant’s photosynthetic rate. Reduction in

photosynthetic rate might be owing to lower CO2 availability

due to stomatal closure under metal stress (Singh et al. 2019).

Impaired chlorophyll contents under Cd stress have already

been reported by (Shah et al. 2020). Reduced biosynthesis of

chlorophyll and carotenoids under Cd stress might be due to

ROS formation, reduced nutrient uptake by roots or due to

elevated level of degrading enzyme chlorophyllase (Qin

et al. 2020). In the present study, marked reduction in dry

biomass as compared to fresh biomass in cv. 31P41 pointed

out that Cd stress exerted more negative impact on photo-

synthesis of susceptible cultivar than its water relation

attributes. Comparative studies of plant biomass and pig-

ments in both the cultivars showed that cv. 3062 had an

advantageous growth under Cd stress with greater influence

on rhizospheric processes and Cd uptake from soil. Better

nutrient retention probably caused an increase in plant bio-

mass and helped cv. 3062 to preserve photosynthetic

enzymes and pigments against Cd stress. Our study corrob-

orates the findings of (Ekmekçi et al. 2008) who reported that

the tolerant cultivar 32D99 maintains higher biomass under

Cd stress as compared to sensitive maize cultivar 3223.

Effect of Cd on protein, proline and phenolics

contents of maize cultivars

Cd stress significantly reduced protein contents of studied

maize cultivars, an effect probably due to the denaturation

of plant proteins, as metal stress can trigger the mecha-

nisms responsible for degradation of protein in Z. mays.

Reduced protein contents in Z. mays plants may modulate

anti-oxidative enzyme activities which cope with Cd-in-

duced ROS production and the biosynthesis of phy-

tochelatins for Cd compartmentalization within the cells

(Hossain et al. 2012). Although differential in tolerant and

sensitive cultivars, proline and phenolic contents were

significantly increased with Cd treatment levels, which

corroborate metal resistance properties and ultimately an

adaptation mechanism of cv. 3062 to Cd stressed envi-

ronment (Javed et al. 2017). Higher biosynthesis of phe-

nolic contents following Cd treatments were envisioned to

be connected with strengthening of the cell wall, interac-

tion with toxic metals and neutralization of oxidative stress

in cv. 3062 (Tanwir et al. 2013). Proline accumulation

under metal stress is one of the first signals which are

regarded as an indication of stress sensing in Z. mays

(Hussain et al. 2013). Increased proline contents may result

from Cd mediated production of ROS as the proline con-

tents have an active role to destroy the free radicals and

ROS species (Shah et al. 2020). Proline contents has been

reported to increase in Cymbopogon flexuosus when grown

in Cd polluted soils as compared to the uncontaminated

ones (Handique and Handique 2009). Elevated level of

proline contents were recorded in metal tolerant macro-

phytes in comparison to sensitive ones which was linked

with plant’s inherent metal stress tolerance (Maggio et al.

2002) as depicted by the results of the present study. Our

results are in agreement with the previous results (Ekmekçi

et al. 2008) who reported that 32D99 maize cultivars

showed improved tolerance with enhanced levels of

antioxidative machinery and osmolytes under Cd stress.

Conclusion

Cadmium stress negatively affects plant’s growth, photo-

synthetic activity as well as associated physio-biochemical

metabolic pathways in both maize cultivars (3062 and

31P41). Increasing Cd levels severely reduced the intake

and transfer of ions from soil and root system because it

competes with mineral ions for its transport from rhizo-

sphere to root, then from roots to shoot by occupying their

transport channels. Both the maize cultivars have differ-

ential tendency to bear the damaging impacts of Cd toxi-

city and ability to acclimatize in Cd polluted environment.

Based on analysis of tolerance indexes (TIs), it was

anticipated that cv. 3062 achieved systematically higher

growth in soil system, which was facilitated by the activ-

ities of antioxidant machinery and enhanced uptake of

nutrients (Ca, Zn, K, Mg, N and P) under Cd stress in soil

system. Results validated our previous studies suggesting

that cv. 3062 exhibited pH modulations and organic acid

exudation in the surrounding root mucilage assuring plant

survival in Cd polluted niche due to increased nutrient

uptake, pigment expression, biomass production and

antioxidant levels than cv. 31P41. Research outcomes are

important with regard to understanding the shifts in rhi-

zospheric mineral nutrient dynamics of Cd sensitive and

tolerant maize cultivars and may provide efficient

approaches to reduce Cd retention in edible plant parts and/
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or phytoremediation of Cd polluted soil colloids. Future

studies by involving Cd specific fluorescent dyes as well as

inhibitors for different channels together with ultra-struc-

tural modification in root architecture and leave segments

should be executed to further dissect the possible Cd

defense mechanisms of studied maize cultivars.
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