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Abstract
The concentrations of cadmium (Cd) and zinc (Zn) in arable lands exceed the maximum permissible levels due to the
excessive use of phosphorus fertilizers and fungicides by farmers. The increasing issues related to the application of
agrochemicals have lead to the demand for the implementation of sustainable agricultural approaches. Association of
arbuscular mycorrhizae with crop plants is an appropriate strategy due to the potential of these microorganisms to augment
the metals tolerance of plants through the immobilization of Cd and Zn in an eco-friendly manner. In the present study, 45 d
old Zea mays (var. CoHM6) plants inoculated with AM fungi (Claroideoglomus claroideum) were exposed to 1.95 g Zn
Kg−1 soil and 0.45 g Cd Kg−1 soil. The major objective of this study was to determine the metabolic alterations in the leaves
and roots of mycorrhizal and non-mycorrhizal plants exposed to CdCl2 and ZnSO4. Both non AM and AM plants exhibited
alterations in the quantity of primary and secondary metabolites on exposure to Zn and Cd toxicity. Moreover, Zn and Cd-
induced accumulation of γ-sitosterol reduced the quantity of neophytadiene (a well-known terpenoid) and aided the
production of 3-β-acetoxystigmasta-4,6,22-triene in maize leaves. Mycorrhization and heavy metal toxicity induced
significant metabolic changes in the roots by producing 4,22-stigmastadiene-3-one, eicosane, 9,19-cyclolanost-24-en-3-ol,
pentacosane, oxalic acid, heptadecyl hexyl ester, l-norvaline, and n-(2-methoxyethoxycarbonyl). In addition, the metal-
induced variations in leaf and root lignin composition were characterized with the aid of the FTIR technique. Mycorrhization
improved the tolerance of maize plants to Cd and Zn toxicity by stabilizing these metal ions in the soil and/or limiting their
uptake into the plants, thus ensuring normal metabolic functions of their roots and shoots.
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Introduction

In the present scenario, heavy metal (HM) contamination in
agricultural land increases the intensity of the biomagnifi-
cation of toxic metal ions in edible crops and thereafter in
the human body, which causes serious health issues. As in
animals, plants also suffer from the negative impact of these
xenobiotics by decreasing the rate of photosynthesis,
reducing the yield, impairing different developmental pro-
cesses, hindering the mineral acquisition, and accumulating
reactive oxygen species (ROS) (Mishra and Sangwan
2019). Of the different metal contaminants, cadmium (Cd)
and zinc (Zn) are highly toxic because of the high solubility
of these metals. Cadmium is introduced into the environ-
ment by anthropogenic activities, and the crop plants sur-
viving in high levels of Cd exhibits many physiological
disorders (Rostami et al. 2020). At the same time, Zn is an
essential element and becomes toxic only when it exceeds
the tolerable level (Kaya et al. 2018).
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Phytoremediation is a sustainable technique in which the
metal tolerance potential of plants are utilized for the recla-
mation of heavy metal contaminated lands (Sarath and Puthur
2020). Zea mays is one of the important crop plants with metal
tolerance potential, and the phytostabilization of metal ions in
the rhizosphere could increase its level of tolerance (Tovar-
Sánchez et al. 2018; Naz et al. 2021). Further enhancement in
its metal tolerance potential is possible with the association of
different soil microorganisms (Shahzad et al. 2021). Of the
different micro-fauna used for this purpose, mycorrhizae can
be considered as the best candidate as it is an eco-friendly and
cost-effective method (Janeeshma and Puthur 2020; Adeyemi
et al. 2021). The mycorrhizal association is an interesting
achievement of co-evolution in the biological world, and this
symbiotic association is an established strategy of stress tol-
erance in plants (Liu et al. 2014; Begum et al. 2019).

Metabolic alterations associated with heavy metal toxicity,
especially with Cd and Zn toxicity was reported in multiple
works published earlier (Garg and Singh 2018; Sruthi and
Puthur 2019). Arbuscular mycorrhizal (AM) fungi have been
demonstrated to alleviate heavy metal stress on plants and thus
provide an attractive platform to advance plant-based envir-
onmental clean-up (Mendoza et al. 2015). AM can alter the
concentration of heavy metals in plants by immobilizing heavy
metals in the cell wall of intra- or extra-radicular hyphae,
chelating the metals by secretion of several compounds such as
glomalin, or by compartmentalization of metals in fungal cells
(Janeeshma and Puthur 2020). Changes in plant metabolite
concentrations of AM plants may be due to enhanced mineral
nutrition and/or plant reaction to fungal colonization (Rivero
et al. 2015). Rhizophagus irregularis and Funneliformis mos-
seae aid to improve the nutritional status with a strong meta-
bolic rearrangement in roots of tomato (Rivero et al. 2015).
Nevertheless, changes in primary and secondary metabolic
composition in mycorrhizal and non-mycorrhizal plants,
emphasizing the role of these metabolites in improving metal
tolerance potential, have not been well studied (Garg and Singh
2018). The present study focuses on the alterations in the pri-
mary and secondary metabolic composition in mycorrhizal and
non-mycorrhizal plants, emphasizing the role of these meta-
bolites to improve the metal tolerance potential of maize plants.
We hypothesize that the association of arbuscular mycorrhizal
fungi will protect the maize plants by improving the tolerance
against trace element toxicity by altering the metabolomics.

Material and methods

Plant material, fungal inoculum, growth conditions
and treatments

Maize (variety CoHM 6) seeds were collected from Centre
for Plant Breeding and Genetics, Department of Millets,

Tamil Nadu Agriculture University (TNAU), Coimbatore,
India and AM (Claroideoglomus claroideum) inoculum was
obtained from the Centre for Mycorrhizal Culture Collec-
tion (CMCC), The Energy and Resources Institute (TERI),
New Delhi.

Growth conditions and treatments

Surface sterilized maize seeds (3 nos) were placed 8 cm
below the sterilized soil filled in polythene bags (18 ×
13 cm). Two sets of plants were maintained for the
experiment, one with AM inoculation and the other without
AM inoculation. For AM inoculation 20 g of C. claroideum
inoculum (containing approximately 320 spores per gram)
was introduced into the soil. These polythene bags were
kept in polyhouse maintained at 60 ± 2% relative humidity,
25 ± 2 °C temperature and 12 h daylight ranging from
700–900 μmol/m2/s. Plants were initially watered with dis-
tilled water and fertilized with 50 mL of quarter-strength
modified Hoagland solution (The Hoagland solution was
prepared by avoiding ZnSO4. 7H2O). After 45 d of growth,
mycorrhizal and non mycorrhizal plants were treated with
40 mL (field capacity of the soil) solutions containing
1.95 g Zn Kg−1 soil as ZnSO4 and 0.45 g Cd Kg−1 soil as
CdCl2. For the selection of these stress imparting con-
centrations, plants were exposed to different concentrations
of CdCl2 (0, 0.225, 0.45, 0.675 g Cd Kg

−1 soil) and ZnSO4

(0.0, 0.65, 1.30, 1.95 g Zn Kg−1 soil) and analysis of var-
ious parameters were conducted in 4 d intervals (0, 4, 8 and
12 d). The second lower leaf and the roots of the maize
plants were taken for various analysis, where the non AM
plants unexposed to any metal stress were considered the
control. The experiments were conducted as three inde-
pendent experiments with three replicate, and a randomized
block design (RBD) was adopted for the experiment.

Multiplication of inoculum

For the multiplication of C. claroideum spores, the pot
culture method was adopted. Pots were filled with 3 kg of
sterilized soil (soil:sand in 1:1). Soil sterilization was done
according to the method of Raj and Sharma (2009), and the
physicochemical characteristics of this soil were determined
as; 72.50% sand, 6.25% silt, 21.25% clay, pH6.8, 1.26% of
organic carbon, 6200 mg kg−1 of N, 5160 mg kg−1 of K,
1265 mg kg−1 of P, 1625 mg kg−1 of Ca, 1123 mg kg−1 of
Mg, 90.6 mg kg−1 of Fe, and 23 mg kg−1 of Zn. The soil
was inoculated with 100 spores of C. claroideum prior to
sowing. After surface sterilization with 0.1% HgC12 (w/v)
solution for 5 min, the maize seeds were sown in each pot at
8 cm depth. After 2 months of growth, when the AM fungus
colonization level was 90%, shoots of maize were cut and
the remaining root parts were uprooted. The roots along
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with the soil in the pot, were taken as the AM inoculum and
it contained spores, mycelium and root fragments.

Root colonization analysis

Root segments (1 cm length) of collected samples were first
washed thoroughly in distilled water and then placed in
10% KOH and heated to 90 °C for 15–30 min. Root colo-
nization was confirmed by the method of Phillips and
Hayman (1970). Cleared roots were stained using 0.01% of
trypan blue. A minimum of 100 root segments for each
sample was examined for the assessment of percentage
colonization of AM using the following formula,

Root colonization %ð Þ ¼ Number of segments colonizedwith AM
Total number of segments analyzed

� 100

Fresh weight (FW) and dry weight (DW)

The fresh weight of the plants was directly measured using
an electronic weighing balance. For dry weight measure-
ments, the weighed samples were dried at 100 °C for 1 h
and followed by 60 °C in a hot air oven until the weight
attained a constant value.

Tissue moisture content %

The moisture content of leaves and roots was determined by
measuring the fresh and dry weights of the leaves. Leaf
moisture content percentage (MC%) was calculated using
the following equation (Lokhande et al. 2011).

Moisture content% ¼ FW� DWð Þ=FW½ � � 100

Estimation of primary metabolites

Five hundred milligrams of leaf and root tissue was
homogenized in 5 mL of 0.1 M phosphate buffer (pH 7),
and the soluble protein content of the plant material was
estimated using Bradford reagent (Bradford 1976). The
protein content in the shoot and root of Z. mays was
expressed in mg g−1 FW.

Total soluble sugar content was extracted from leaf
samples using 5 mL of 80% ethanol and estimated by
Dubois et al. (1956). The standard curve was plotted with
D-glucose as standard. The soluble sugar content in the
shoot and root of Z. mays was expressed in mg g−1 FW.

Free amino acids were extracted from leaf samples using
80% ethanol, and estimation of the same was carried out
following the method of Moore and Stein (1948) using
ninhydrin reagent. Total free amino acids were calculated
from a standard curve prepared with glycine. The free

amino acids content in the shoot and root of Z. mays was
expressed in mg g−1 FW.

Free proline content was extracted from shoot and root of
maize plants using 3% sulphosalicylic acid and estimated
following the method of Bates et al. (1973) using L-proline
as standard. The free proline content in the shoot and root of
Z. mays was expressed in µg g−1FW.

Estimation of secondary metabolites

Total phenolics content was extracted using 80% ethanol
and estimated according to the procedure described by Folin
and Denis (1915) using Folin–Ciocalteau reagent (0.5 mL
of 1 N). A standard curve was prepared using different
concentrations of catechol. The phenolics content in the
shoot and root of Z. mays was expressed in mg g−1 FW.

Two hundred milligrams of fresh leaf samples were
homogenized in a clean mortar and pestle with 5 mL of the
solvent containing acidified methanol (methanol: HCl: H2O
in 79:1:20). After 24 h, the estimation of flavonoids content
was performed according to Mirecki and Teramura (1984).
The flavonoids content in the shoot and root of Z. mays was
expressed in mg g−1 FW.

Fresh leaf and root samples (0.2 g) were homogenized
and extracted in 5 mL of acidified methanol (1:99, HCl:
methanol, v/v). Further, the anthocyanin content was
determined according to the method of Mancinelli et al.
(1975). The anthocyanin content in the shoot and root of
Z. mays was expressed in mg g−1 FW.

Three hundred milligrams tissue was homogenized with
dimethyl sulphoxide (DMSO), and the alkaloid content was
measured according to Talluri et al. (2018) using bromo-
cresol green. The alkaloid content in the shoot and root of
Z. mays was expressed in mg g−1 FW.

Five hundred milligrams of leaf tissue was homogenized
with 5 mL of 5% (w/v) TCA and centrifuged at 12,000 rpm
for 15 min at 4 °C. The supernatant was collected, and
the estimation of ascorbic acid (ASA) content was done
according to the method of Chen and Wang (2006). The
ascorbic acid content in the shoot and root of Z. mays was
expressed in mg g−1 FW.

For the GC-MS analysis, the roots and leaves of
mycorrhizal and non mycorrhizal maize plants subjected to
Cd and Zn stressors were collected and washed with water
and shade dried at room temperature. Extracts were pre-
pared by the method of Grover and Patni (2013) using
methanol as the solvent. The identification of metabolites in
the samples was carried out using GC-MS (Shimadzu,
QP2010, Kyoto, Japan). A Rxi-5Sil MS column (30 m
length × 0.25 mm ID × 0.25 µm thickness) was used for gas
chromatographic separation. Initially, the column tempera-
ture was 80 °C for 4 min, increased to 260 °C, and held for
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6 min. The identity of the components in the extracts was
assigned by comparing their retention indices and mass
spectra fragmentation patterns with those stored in the
computer library (NIST 11 and WILEY 8).

Fourier transform infrared (FT-IR) spectroscopic
analysis of lignin

Isolation of lignin

Fourier Transform Infrared (FT-IR) spectroscopic analysis of
lignin was performed according to the protocol of Dom-
ínguez-Robles et al. (2017). Two hundred milligrams of dried
leaf and root samples were cut into 1 × 1mm size and
immersed in 7% NaOH, and heated at 100 °C for 150min.
After this pulping process, lignin isolation was performed by
acid precipitating the dissolved lignin using a concentrated
solution (95%) of sulfuric acid. After lowering the pH,
solutions were kept for 24 h to allow the sedimentation of the
precipitated lignin. To isolate the precipitated lignin, the
samples were centrifuged at 8000 rpm for 20min. Then the
precipitates were washed with distilled water twice to discard
possible impurities such as sugars or inorganic particles;
finally, the samples were dried at 60 °C in an oven for 48 h.

Characterization of lignin

For the characterization of lignin, samples were mixed with
potassium bromide (KBr) in a ratio of 1:150 mg (sample:
KBr) with 10 tons of hydraulic pressure. FTIR analysis of
the samples was carried out at midinfra-red region of
400–4000 cm−1 (Jasco 4100, Shanghai, China).

Estimation of bioaccumulated Zn and Cd

The leaves of maize plants were harvested and dried in an
oven at 100 °C for 1 h and then at 60 °C until a constant
weight was achieved. The same was used for Zn and Cd
bioaccumulation studies according to the method of Allan
(1969). From each sample, 1 g was digested by refluxing
in 5:3 ratio of nitric:perchloric acid until the solution
became colourless using Kjeldahl flask heated (60 °C) in a
heating mantle. Subsequently, the digest was transferred to
a standard flask, and the volume was made up to 100 mL.
Atomic absorption spectrophotometer (AA-7000, Shi-
madzu, Kyoto, Japan) was used to estimate Zn and Cd
present in the digested samples, and the concentration of
metal in plants tissue was expressed in mg g−1 DW. The
translocation factor (TF) of Cd and Zn was determined
using the equation,

Translocation factor TFð Þ ¼ Concentration of metal in shoot
Concentrationmetal in root

Statistical analysis

Statistical analysis of the results was carried out according
to Duncan’s multiple range tests at a 5% probability level.
Data were subjected to one-way ANOVA using the SPSS
software 16.0. Pearson’s correlation analysis was performed
to evaluate the relationships between the most important
variables obtained in Z. mays under Cd and Zn toxicity. The
data is an average from three independent experiments, each
with three replicates. The data represent mean ± standard
error. The biocomponents with a percentage higher than 1%
of the total oil were subjected to a hierarchical cluster
analysis (HCA) using SPSS v20.0 software. In the case of
HCA, the dendrogram (tree) was produced using Ward’s
method of hierarchical clustering with squared Euclidean
distance between the samples.

Results

AM root colonization

The percentage of AM root colonization was increased to
90–100% in the roots of maize plants on 45 d of growth
(Fig. 1) which was confirmed by the presence of different
structures like arbuscules, vesicles along with the exten-
sive ramification of fungal hyphae. At the same time,
non AM plants did not show any mycorrhizal structures
in the root.

Selection of stress imparting concentrations of Cd
and Zn

Zea mays was exposed to different concentrations of
CdCl2 (0, 0.225, 0.45, 0.675 g Cd Kg

−1 soil) and ZnSO4

(0, 0.65, 1.30, 1.95, 2.62 g Zn Kg−1 soil). Of these,
0.45 g Cd Kg−1soil (as CdCl2) and 1.95 g Zn Kg−1 soil
(as ZnSO4) were selected as stress imparting concentra-
tions as these concentrations caused ~50% growth
reduction in plants on exposure to Cd and Zn stresses on
8 d. The 50% growth reduction was determined based on
the enhancement in the MDA content and reduction in
the total chlorophyll and tissue moisture contents
(Supplementary Fig. 1). Treating Z. mays with lower
concentrations of Zn (0.65, 1.30 g Kg−1 soil) and Cd
(0.225 g Kg−1 soil) does not impose a stress condition
when compared to the control plants on 8 d of heavy
metal exposure. Conversely, higher concentrations of
Zn (2.62 g Kg−1 soil) and Cd (0.675 g Kg−1 soil) were
found to be detrimental to the plants as they developed
symptoms of severe wilting upon the increase in the
treatment period (12 d). Hence for the evaluation of
mycorrhizal mediated heavy metal stress tolerance
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potential in Z. mays, the soils were supplied with 0.45 g
Cd Kg−1 and 1.95 g Zn Kg−1 soil.

Fresh weight and dry weight

Mycorrhizae associated Z. mays showed a significant
increase in the fresh weight of both shoots and roots as
compared to non AM plants in optimal conditions, but on
exposure to heavy metal stress, the fresh weight was
reduced. On exposure to Cd stress, non AM and AM plants
of Z. mays showed 73 and 40% reduction in fresh weight as
compared to the control plants. Zn caused a 56% reduction
in the fresh weight of non AM plants, but Zn did not sig-
nificantly reduce the fresh weight of AM plants (Table 1). In
the case of Z. mays, root fresh weight was increased, and the
increase was insignificant in non AM plants, but in AM
plants, the increase under Cd and Zn toxicity was
211–212% (Table 1).

Mycorrhizal association increased the dry weight of
Z. mays in optimal condition, but the exposure to heavy
metal stress decreased the dry weight. In the shoot of non
AM plants of Z. mays, Cd and Zn induced reduction in the
dry weight, which was insignificant on 12 d of treatment.
However, the dry weight of the mycorrhizal plants
increased to the extent of 86–145% as compared to the
control, even under metal stress. In the root, the dry weight

was reduced to 49–50% in non AM plants exposed to Cd
and Zn stress. But the root dry weight showed an 8–9 fold
increase in the mycorrhizal roots exposed to Cd and Zn
stressors compared to the control (Table 1).

Tissue moisture content percentage

Heavy metal treatment significantly reduced the moist-
ure content of the shoot system. The shoot tissue
moisture content of Z. mays showed 32–37% reduction
in non AM plants under Cd and Zn stresses, but the
reduction was less in AM plants. On exposure of plants
to Cd and Zn, the root moisture content was slightly
increased in non AM plants, but it was decreased in AM
plants (Table 1).

Primary metabolites

Primary metabolites such as soluble sugar, proteins, amino
acids, and proline content were significantly altered in the
shoots and roots of non AM as well as AM plants on
exposure to Cd and Zn stresses. Both Cd and Zn stressors
augmented the soluble sugar content in the leaves of non
AM and AM plants (Fig. 2A) on initial days of exposure.
The increase was 132–167% in Cd and Zn treated non AM
plants and AM plants on the 8 d of exposure. Further, the

Fig. 1 Micrographs of maize,
non AM plants (A) and AM
plants (B, C, D)
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sugar content was reduced (28–34%) in non AM plants as
compared to the control, whereas the AM plants maintained
the sugar content in the leaves even on the 12 d of exposure
to Cd and Zn stressors. The sugar content was decreased in
roots of non AM and AM plants on the 12 d of exposure to
Cd and Zn stressors (Fig. 2B). The reduction was to the
extent of 92–86% in non AM plants but was only 35–44%
in AM plants under metal stress.

Both Cd and Zn stressors induced an increase in the
protein content in the leaves of non AM and AM plants
(Fig. 2C). Non AM plants had recorded 72 and 48%
enhancement in protein content under Cd and Zn stressors
respectively as compared to the control, whereas the
increase was 39 and 73% in AM plants under Cd and Zn
stressors on 8 d. Contrary to that of leaves, the protein
content was reduced in roots of non-AM and AM plants of
Z. mays subjected to both Cd and Zn stresses (Fig. 2D). On
12 d of Cd stress, the protein content was insignificantly
reduced in non-AM plants; at the same time, there was an
insignificant increase in AM plants. But the reduction was

53 and 11% in the roots of non-AM and AM plants on 12 d
exposure of Zn stress.

Cd and Zn stressors elicited amino acids accumulation
in the leaves of non AM and AM plants (Fig. 2E). The
increase was 92 and 206% in Cd and Zn treated
non AM plants, but it was only 34 and 40% in AM plants
on 4 d of exposure. Furthermore, on 12 d of stress, the
amino acids content was decreased to the extent of 58%
in Cd treated non AM plants, but not in AM plants. In
roots, the amino acids content was decreased in non-AM
plants of Z. mays on exposure to Cd and Zn stresses, and
it was to the extent of 64–65%, but the reduction was
only 13 and 26% in Cd and Zn treated AM plants
(Fig. 2F).

Both Cd and Zn stressors induced an increase in the
proline content in the leaves of non AM and AM plants
(Fig. 2G). The enhancement in proline content was up to
4 and 21 fold in non-AM plants under Cd and Zn stresses
respectively, as compared to the control. But, in the
leaves of AM plants, only 44–64% increment in proline

Table 1 Heavy metal-induced changes in the fresh weight, dry weight and moisture content of non AM and AM plants of Z. mays

Days Treatments Shoot Root

Fresh weight (g) Dry weight (g) Moisture content % Fresh weight (g) Dry weight (g) Moisture content %

0 d Non AM 4.433 ± 0.575d 0.373 ± 0.065e 91.301 ± 1.719a 1.287 ± 0.338c 0.058 ± 0.012b 94.818 ± 0.999a

AM 6.053 ± 0.66b 0.843 ± 0.024c 85.778 ± 1.422c 5.413 ± 0.122a 0.627 ± 0.026a 88.397 ± 0.708b

Non AM+CdCl2 4.673 ± 0.08d 0.473 ± 0.018d 95.273 ± 0.528a 1.287 ± 0.327c 0.063 ± 0.012b 94.121 ± 1.971a

AM+ CdCl2 7.82 ± 0.587a 0.927 ± 0.076b 87.99 ± 1.392b 5.08 ± 0.327a 0.617 ± 0.026a 87.61 ± 0.559b

Non AM+ ZnSO4 5.3 ± 0.587c 0.43 ± 0.191d 88.034 ± 3.526b 1.62 ± 0.666c 0.063 ± 0.012b 94.357 ± 2.207a

AM+ ZnSO4 7.72 ± 0.212a 0.97 ± 0.078a 87.393 ± 1.214b 4.747 ± 0.433b 0.627 ± 0.026a 86.578 ± 1.412b

4 d Non AM 4.767 ± 0.332b 0.383 ± 0.061d 92.043 ± 0.734b 1.287 ± 0.338d 0.063 ± 0.012d 94.818 ± 0.999a

AM 6.387 ± 0.354a 0.67 ± 0.078a 84.752 ± 1.336c 5.413 ± 0.122a 0.66 ± 0.044a 87.8 ± 0.823b

Non AM+CdCl2 3.153 ± 1.115c 0.39 ± 0.016 cd 81.821 ± 8.833c 0.917 ± 0.105e 0.0727 ± 0.015c 92.466 ± 4.488a

AM+ CdCl2 5.923 ± 0.471a 0.417 ± 0.217c 92.662 ± 3.679b 4.677 ± 0.444b 0.447 ± 0.028b 90.304 ± 0.959a

Non AM+ ZnSO4 3.317 ± 0.508c 0.347 ± 0.032e 95.359 ± 1.159a 0.873 ± 0.092e 0.093 ± 0.012c 96.862 ± 2.274a

AM+ ZnSO4 6.037 ± 0.136a 0.567 ± 0.266b 90.565 ± 4.377c 4.547 ± 0.325b 0.47 ± 0.071b 91.542 ± 2.333a

8 d Non AM 4.4333 ± 0.575c 0.323 ± 0.015c 92.502 ± 0.84a 1.287 ± 0.338d 0.063 ± 0.012c 94.818 ± 0.999a

AM 6.0533 ± 0.66a 0.627 ± 0.024b 82.644 ± 1.939b 5.413 ± 0.122a 0.627 ± 0.026a 88.397 ± 0.708b

Non AM+CdCl2 1.1533 ± 0.123e 0.309 ± 0.016 d 65.649 ± 2.657d 1.517 ± 0.176c 0.043 ± 0.107d 97.043 ± 1.688a

AM+ CdCl2 2.59 ± 0.227d 0.617 ± 0.065b 75.436 ± 4.552c 4.343 ± 0.187b 0.42 ± 0.006b 90.303 ± 0.33b

Non AM+ ZnSO4 1.983 ± 0.402e 0.263 ± 0.006e 64.718 ± 9.015d 1.454 ± 0.097c 0.035 ± 0.009d 97.834 ± 0.756a

AM+ ZnSO4 4.947 ± 0.12b 0.69 ± 0.121a 81.889 ± 2.092b 4.347 ± 0.268b 0.437 ± 0.065b 89.866 ± 1.718b

12 d Non AM 3.767 ± 0.332c 0.313 ± 0.015d 91.351 ± 0.422a 1.287 ± 0.338d 0.063 ± 0.012d 94.818 ± 0.999a

AM 5.387 ± 0.478a 0.887 ± 0.05a 81.45 ± 1.66b 5.413 ± 0.122a 0.627 ± 0.026a 88.397 ± 0.708b

Non AM+CdCl2 0.987 ± 0.207e 0.283 ± 0.064de 61.625 ± 13.919d 1.297 ± 0.2d 0.031 ± 0.06e 97.603 ± 10.851a

AM+ CdCl2 2.257 ± 0.532c 0.583 ± 0.095c 67.892 ± 13.731c 4.01 ± 0.268b 0.537 ± 0.124c 86.841 ± 2.204b

Non AM+ ZnSO4 1.65 ± 0.437d 0.263 ± 0.006e 57.062 ± 9.285d 1.347 ± 0.088c 0.032 ± 0.215e 97.6218 ± 19.83a

AM+ ZnSO4 3.613 ± 0.436b 0.767 ± 0.098b 83.226 ± 2.012b 4.013 ± 0.159b 0.603 ± 0.105b 89.785 ± 3.114b

Values are expressed as mean ± SE of three independent experiments. Different letters superscript to the values indicate a significant difference
between treatments (Duncan’s test, p ≤ 0.05). Where BDL indicates below detectable level
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content occurred on 8 d of Cd and Zn stresses. Contrary
to that of shoots, proline content was reduced in roots of
Z. mays, the reduction in proline content was 33–43% in
Cd and Zn treated non-AM plants, whereas the reduction
was only 9–12% in AM associated roots (Fig. 2H). Total
proline content showed a strong significant positive cor-
relation with sugar content in the leaves of AM plants
(r= 0.932, p ≤ 0.05), but it was negative and insignificant
in non AM (r=−0.310, p ≥ 0.05) plants exposed to Cd
and Zn toxicity (Supplementary Table 1).

Secondary metabolites

Phenolics content was increased to the extent of 59 and
84% in the leaves of non AM plants on exposure to Cd
and Zn respectively. The increase was only 44% in Cd
treated, and it was insignificant in Zn treated AM plants
on 4 d of treatment (Fig. 3A). However, this trend of
phenolics accumulation changed with the extension of
days of exposure, and AM plants accumulated more
phenolics content on 8 d of exposure to Cd and Zn

Fig. 2 Alterations observed in primary metabolite accumulation of
maize plants associated with mycorrhiza exposed to ZnSO4 and CdCl2;
total soluble sugar content in the leaves (A) and roots (B), total soluble

protein content in the leaves (C) and roots (D), total free amino acid
content in the leaves (E) and roots (F), and total proline content in the
leaves (G) and roots (H) of HM treated and control plants
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stressors. Phenolics content was decreased in roots of
non AM and AM plants on exposure to Cd and Zn
(Fig. 3B). The reduction was 77 and 64% in Cd and Zn
treated non AM plants, and the reduction was only 56
and 24% in AM plants as compared to the control on 8 d
of exposure. Total phenolics content had a strong sig-
nificant positive correlation with amino acids content
in the leaves of non AM plants (r= 0.870, p ≤ 0.05) and
in AM (r= 0.947, p ≤ 0.05) plants exposed to Cd and
Zn toxicity.

Both Cd and Zn stressors induced an increase in the
flavonoids content in the leaves of non AM and AM plants
(Fig. 3C). Non AM plants showed 15–26% enhancement in
flavonoids content under Cd and Zn stress as compared to
the control. But, in the leaves of AM plants, only 17–19%
increment in flavonoids content occurred on 4 d of Cd and
Zn treatment. Contrary to that of shoots, both Cd and Zn
stressors reduced the flavonoids content in roots of non AM
and AM plants (Fig. 3D). The reduction in flavonoids
content was 62–67% in roots of Cd and Zn treated non AM

Fig. 3 Alterations observed in secondary metabolite accumulation of
maize plants associated with mycorrhiza exposed to ZnSO4 and CdCl2;
total phenolics content in the leaves (A) and roots (B), total flavonoid

content in the leaves (C) and roots (D), anthocyanin content in the
leaves (E) and roots (F), and alkaloid content in the leaves (G) and
roots (H) of HM treated and control plants
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plants, whereas the reduction was insignificant in AM
associated roots on 12 d of metal treatment.

Cd and Zn stressors elicited anthocyanin accumulation in
the leaves of non AM and AM plants (Fig. 3E). The
increase was 4 and 9 fold in Cd and Zn treated non AM
plants, and it was 1 and 10 fold in AM plants on 8 d of
exposure. Anthocyanin content was increased in the roots of
non AM to the extent of 25% in Cd-treated plants, and the
increase was only 32% in AM plants exposed to Cd
(Fig. 3F). Zn toxicity did not induce any significant change
in the anthocyanin content of roots on 8 d of exposure. Total
anthocyanin content showed a strong significant positive
correlation with proline content in the leaves of non AM
plants (r= 0.855, p ≤ 0.05), but it was insignificant in AM
(r= 0.480, p ≥ 0.05) plants exposed to Cd and Zn toxicity.
Similarly, total anthocyanin content had a significant posi-
tive correlation with total amino acid content in the leaves
of non AM (r= 0.717, p ≤ 0.05) and AM plants (r= 0.992,
p ≤ 0.05) exposed to Cd and Zn toxicity. But the total
anthocyanin content of non AM plants and AM plants were
differentially correlated with the sugar content, and it had a
significant negative correlation in non AM plants (r=
−0.731, p ≤ 0.05) and a significant positive correlation in
AM plants (r= 0.702, p ≤ 0.05)

Cd and Zn toxicity increased the alkaloid content in the
leaves of non AM plants to the extent of 27 and 42%. In
AM plants, the enhancement in alkaloid content under Cd
stress was only 13%, and it decreased (27%) under Zn
treatment on 4 d of exposure (Fig. 3G). Both Cd and Zn
stressors reduced the alkaloid content in roots of non AM
and AM plants (Fig. 3H). The reduction in alkaloid content
was 24–38% in Cd and Zn treated non AM plants, whereas
the reduction was only 8–31% in AM associated roots.

Bioactive compounds

Cadmium and zinc-induced modulation in the phytochem-
ical composition in leaves of non AM and AM plants is
compiled in Table 2. Neophytadiene, 3,7,11,15-tetramethyl-
2-hexadecen-1-ol, (E)-phytol, methyl palmitate, 3,6-octa-
decadienoic acid, squalene, hahnfett, linolenic acid methyl
ester, and phytol were the different bioactive compounds
detected generally in the leaves of non AM and AM plants.
Whereas 1,2-benzenedicarboxylic acid and cholesta-4,6-
dien-3-ol, benzoate, (3β)- were specific to the leaves of
mycorrhizal plants. Cd-induced the accumulation of γ-
sitosterol, 3β-acetoxystigmasta-4,6,22-triene and cholesta-
4,6-dien-3-ol, benzoate, (3β) in non-mycorrhizal plants. At

Table 2 The bioactive
compounds detected in leaves of
Z. mays plants associated with
mycorrhiza, exposed to ZnSO4

and CdCl2 stress

Bioactive compounds Non AM AM Non AM
+ Cd

AM+
Cd

NonAM+
Zn

AM+
Zn

1,2-benzenedicarboxylic acid,
diisooctyl ester

– 1.87 – – – –

3β-acetoxystigmasta-4,6,22-triene – – 3.35 – – –

Β-linalool – – – 2.47 – –

Cholesta-4,6-dien-3-ol, benzoate, (3β)- – 2.34 5.48 2.18 3.31 3.86

γ-sitosterol – – 7.1 10.72 – –

Hahnfett 6.96 3.09 6.76 9.49 2.47 1.4

Hexadecadienoic acid, methyl ester 13.05 2.58 – – – 7.83

8-hydroxylinalool – – 3.75 – – –

Methyl linolenate 2.52 2.52 – 2.56 2.81 4.42

Methyl palmitate 2.41 7.49 5.04 6.23 3.6 4.1

Methyl stearate – 1.49 1.51 2.59 1.04 1.04

Neophytadiene 24.21 25.16 12.01 14.1 21.71 20.43

Octadecedien-1-ol – – – – 2.37 4.53

Octadecadienoic acid, methyl ester – 3.62 1.18 – – 1.05

1-Oxacyclopentadecan-2-one, 15-
ethenyl-15-methyl

– – 1.73 – – –

Palmitate – 2.58 – – 15.68 –

2-Pentadecanone, 6,10,14-trimethyl- 2.97 2.21 5.8 4.46 4.81 7.2

(E)-phytol 11.81 9.12 4.91 7.68 16.49 17.15

Phytol 26.96 17.06 23.41 31.11 13.8 13.72

Squalene 1.25 0.86 1.56 1.86 1.01 –

3,7,11,15-Tetramethyl-2-hexadecen-1-ol 7.86 15.53 8.03 4.56 9.22 9.36
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the same time, Cd elicited the production of β-linalool and
γ-sitosterol in mycorrhizal plants. Exposure to CdCl2 also
reduced the area percentage of neophytadiene in mycor-
rhizal and non-mycorrhizal plants.

As compared to the control plants, Zn induced the
accumulation of octadecadien-1-ol and cholesta-4,6-dien-3-
ol, benzoate in AM and non AM plants. Exposure to ZnSO4

also caused a modification in the ratio between phytol and
(E)-phytol. Two forms of phytol with two different reten-
tion times (Rt) were detected in the methanolic extract of
maize leaves, (E)-Phytol (Rt-27.387) and phytol (Rt-
31.849). In the present study, CdCl2 altered the ratio
between phytol and (E)-phytol in both mycorrhizal and non-
mycorrhizal plants (Table 3). The alteration in the ratio
between phytol and (E)-Phytol was significant, and it was
metal-dependent. In non AM and AM plants, the ratio was
1.8–2.2, but under Cd toxicity, it was increased to 4 in both
non AM and AM plants. When the non AM and AM plants
were exposed to Zn toxicity, the ratio between phytol and
(E)-Phytol was reduced to 0.8.

Mycorrhizae and heavy metal-induced alterations in the
chemical constituents were clearly observed in the root
(Table 4). 1,2-benzenedicarboxylic acid, bis(2-methylpropyl)
ester, 1,2-benzenedicarboxylic acid, γ-sitosterol, eicosane, tet-
racosanoic acid, squalene, nonadecane, n-nonadecanol-1,
methyl stearate, methyl palmitate, methyl isopimarate, methyl
9,12-octadecadienoate, glycerol β-palmitate, longifolenbromid-
I, diethylene glycol dibenzoate, cholesta-4,6-dien-3-ol, (3β.)-,
3β-acetoxystigmasta-4,6,22-triene, 10-octadecenoic acid,
methyl ester are the compounds detected in the roots of non
AM plants. Different from this, 1,2-benzenedicarboxylic acid,
bis(2-methylpropyl) ester, 10-octadecenoic acid, 4,22-stig-
mastadiene-3-one, 9,19-cyclolanost-24-en-3-ol, (3β)-, 9,19-
cyclolanost-24-en-3-ol, (3β)-, cholest-22-ene-21-ol, 3,5-dehy-
dro-6-methoxy-, pivalate, stigmasta-5,22-dien-3-ol, (3β,22e)-,
oleic acid, propyl ester, octadecane, methyl palmitate, methyl
9,12-octadecadienoate, hexadecanoic acid, 2-hydroxy-1-
(hydroxymethyl)ethyl ester, heptadecane were the compounds
observed in mycorrhizal roots.

Cd and Zn also induced significant alterations in the
phytochemistry of root, 16-β-hydroxydigitoxigenin,

elixene, linoleic acid, methyl ester, hexahydrofarnesyl
acetone, methyl melissate are the Cd-induced compounds
detected in the maize roots. Furthermore, mycorrhization
induced the production of retinol, acetate, pentacosane,
oxalic acid, heptadecyl hexyl ester, oleic acid, methyl
ester, l-norvaline, n-(2-methoxyethoxycarbonyl)-, hex-
adecyl ester in maize roots on exposure to Cd. The metal-
dependent phytochemical modification was observed in
the root, which was evidenced by the detection of new
biomolecules in the roots as a result of Zn toxicity. 2-
pentadecanone, 6,10,14-trimethyl-, cycloartenol, eicosa-
noic acid, methyl ester, longifolenbromid-I, solanesol are
the Zn induced compounds observed in non mycorrhizal
plants. Different from the non AM plants, mycorrhizal
association induced the production of 4,22-Stigmasta-
diene-3-one, eicosane, 9,19-cyclolanost-24-en-3-ol, (3β)-
heptadecane, hexahydrofarnesyl acetone in the maize roots
exposed to Zn toxicity.

From the dendrogram produced by HCA, the shoot
system of heavy metal-treated maize can be classified into
two main clusters at a distance of 25 units (Fig. 4A). The
essential oil profile of samples connected by a shorter dis-
tance is more similar than those connected by a longer
distance. The first cluster (cluster 1) is represented by Cd
treated non AM and AM plants, and it indicates metal-
specific modifications in the essential oil composition of the
shoot system. The second cluster (cluster 2) represents four
groups, including non AM, AM, Zn treated non AM and
AM plants. It indicates the Zn treated samples showed less
deviation from the essential oil composition of non AM and
AM plants.

But in the case of root, where mycorrhization can
directly influence the chemical composition, the grouping
was entirely different (Fig. 4B). The dendrogram exhibited
two main clusters in a distance of 25 units, and each cluster
contained three samples. The first cluster (cluster 1)
represented by non AM plants includes control, Cd treated
and Zn treated plants, whereas Cd treatment does not
induce a significant modification in the essential oil com-
position of the root as compared to the Zn treated roots. In
the second cluster (cluster 2), AM plants including Cd and
Zn treated plants were aligned together, and it points to the
strong modifications in the essential oil composition eli-
cited by mycorrhization. In mycorrhizal plants, Cd-
induced significant modifications as compared to Zn and
thus Zn treated AM plants were connected to AM plants
by a shorter distance.

Characterization of lignin

The FT-IR spectra of the lignin samples from the shoots and
roots of maize plants were recorded in the range of
4000–400 cm−1 (Figs. 5, 6).

Table 3 The difference in the phytol composition in leaves of maize
plants associated with mycorrhiza, exposed to ZnSO4 and CdCl2 stress

Treatments Phytol (%) (E)-phytol (%) Phytol/(E)-phytol

NON AM 26.96 11.81 2.28

AM 17.06 9.12 1.87

NON AM+ CdCl2 23.41 4.91 4.77

AM+ CdCl2 31.11 7.68 4.05

NON AM+ ZnSO4 13.8 16.49 0.84

AM+ ZnSO4 13.72 17.15 0.80
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Table 4 The bioactive compounds detected in the root of maize plants associated with mycorrhiza, exposed to ZnSO4 and CdCl2 stress

Bioactive compounds Non AM AM Non AM
+Cd

AM+ Cd NonAM
+Zn

AM+
Zn

Eicosane 2.53 – – 12.07 – 1.97

γ-sitosterol 12.62 3.51 9.91 0.00 5.84 0.00

1,2-benzenedicarboxylic acid 12.41 10.31 10.61 11.48 10.82 5.13

1,2-benzenedicarboxylic acid, bis(2-
methylpropyl) ester

7.06 4.32 6.34 – – –

10-Methyl-10-nonadecanol – – – 3.80 – –

10-Octadecenoic acid, methyl ester 3.76 12.78 7.77 4.71 8.92 4.53

16-β-hydroxydigitoxigenin – – 4.56 0 0 0

1-heneicosanol 3.25 – – 1.73 2.65 6.27

1-hexadecanol – – – – 0 2.75

2-pentadecanone, 6,10,14-trimethyl- – – – – 1.37 –

3β-acetoxystigmasta-4,6,22-triene 4.37 – 1.79 2.097 1.16 –

4,22-Stigmastadiene-3-one – 7.04 3.73 – – 12.41

9,19-Cyclolanost-24-en-3-ol, (3β)- – 1.31 – – – 2.36

9-octadecenamide – – – 4.9 3.64 2.22

Cholest-22-ene-21-ol, 3,5-dehydro-6-
methoxy-, pivalate

– 2.65 – – – –

Cholesta-4,6-dien-3-ol, (3.β.)- 2.64 – 1.68 – – –

Cycloartenol 0 – – – 1.59 –

Diethylene glycol dibenzoate 2.54 – – – 2.12 –

Eicosanoic acid, methyl ester – – – – 6.27 –

Elixene – – 2.22 - 0 –

Glycerol β-palmitate 9.21 – 8.94 1.98 11.71 –

Heptadecane – – – – – 1.93

Hexadecane – 1.21 – – 1.52 –

Hexadecanoic acid, 2-hydroxy-1-
(hydroxymethyl)ethyl ester

– 16.22 – – – –

Hexahydrofarnesyl acetone – – 2.77 – – 1.66

Linoleic acid, methyl ester – – 5.77 – – –

L-Norvaline, N-(2-
methoxyethoxycarbonyl)-,
hexadecyl ester

– – – 2.71 – –

Longifolenbromid-i – – – – 8.27 –

Methyl 9,12-octadecadienoate 5.42 6.01 – – – 2.4

Methyl isodextropimarate – – – – – 8

Methyl isopimarate 1.38 – – 1.82 – –

Methyl lignocerate – – – 3.98 – 3.85

Methyl melissate – – 1.77 – – –

Methyl palmitate 15.39 20.54 23.93 17.44 12.53 15.02

Methyl stearate 5.32 – 6.00 11.43 11.43 6.99

N-Nonadecanol-1 2.13 – – – 0 –

Nonadecane – – – – 1.81 2.13

Octadecane – 1.42 – 3.61 – –

Oleic acid, methyl ester – 0 – 4.34 – –

Oleic acid, propyl ester – 6.33 – – – –

Oxalic acid, heptadecyl hexyl ester – – – 1.71 – –

Pentacosane – – – 3.86 – –
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The shoot lignin samples showed almost similar
spectroscopic patterns in control and plants under Cd and
Zn stress. The peaks observed at 3403, 2911, 2846, 1716,
1624, 1466, 1395, 1322, 1285, 1233, 1178, 1067, 887,
849, 616, 575 and 458 cm−1 are the common peaks to the
lignin isolated from the leaves of non mycorrhizal
and mycorrhizal plants exposed to Cd stress (Fig. 5).

However, compared to all other samples in Zn treated
non AM and AM plants, the peaks at 2911 and 2846 were
absent.

In roots, the basic spectroscopic patterns of lignin were
almost the same in all six samples, but metal-treated plants
showed some differences in the pattern (Fig. 6). 3403, 2911,
2846, 1716, 1624, 1466, 1395, 1322, 1285, 1233, 1178,
1067, 887, 849, 616, 575 and 458 cm−1 were observed in
root lignin composition also. Three peaks at 1285, 1233,
1178 cm−1 were prominent in plants subjected to Cd and Zn
stressors but were not shown in the non-treated non AM and
AM plants.

Bioaccumulation of Cd and Zn

The pattern of Cd and Zn accumulation in maize roots
and leaves was different, and the roots showed an
increase in the metal accumulation as compared to the
leaves of non AM and AM plants subjected to Cd and Zn
treatments (Table 5). In the plants exposed to Cd stres-
sor, maximum Cd ion accumulation was recorded in the
roots of non AM plants (5.0488 ± 0.2524 mg g−1 DW)
followed by AM plants (3.7446 ± 0.1872 mg g−1 DW) on
8 d of exposure. Leaves accumulate low concentrations
of Cd as compared to roots; it was 0.6094 ± 0.0305 mg g
−1 DW and 0.6525 ± 0.0326 mg g−1 DW in non AM and
AM plants respectively on 8 d of exposure (Table 2).
Under Zn stress also, maximum Zn accumulation was
observed in the roots of non AM plants (0.7409 ±
0.037 mg g−1 DW) as compared to AM plants (0.251 ±
0.0013 mg g−1 DW). The Zn accumulation by the leaves
was very low; it was 0.1222 ± 0.0061 mg g−1 DW in non
AM plants and 0.0888 ± 0.0044 mg g−1 DW in AM
plants. At optimal conditions, translocation factor (TF)
of Zn was observed as 0.35 and 0.45 in non AM and AM
plants respectively, but under Zn toxicity, it was reduced
to 0.16 in non AM plants, and it was maintained as 0.35
in AM plants. Whereas the TF of Cd was 0.12 and 0.17
in non AM and AM plants respectively on 8 d of expo-
sure to Cd stressor.

Table 4 (continued)

Bioactive compounds Non AM AM Non AM
+Cd

AM+ Cd NonAM
+Zn

AM+
Zn

Phytol – – 2.2 – – 3.44

Retinol, acetate – – – 1.69 – –

Solanesol – – – – 12.78 –

Squalene 3.74 – – 4.65 – –

Stigmasta-5,22-dien-3-ol, (3.β.,22e)- – 7.04 3.73 – – 12.41

Tetracosanoic acid, methyl ester 3.36 4.79 – – – –

Trans-13-Octadecenoic acid, methyl ester – – – – 2.54 1.61

Fig. 4 Hierarchical cluster analysis of the biocompounds observed in
maize plants associated with mycorrhiza exposed to ZnSO4 and CdCl2;
dendrogram obtained in shoot (A) and root (B)
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Discussion

Selection of stress imparting concentrations of Cd
and Zn

In the present study, 1.95 g Zn Kg−1 soil and 0.45 g Cd
Kg−1 soil were selected as stress imparting concentra-
tions because these concentrations caused ~50% growth
reduction in Z. mays on 8 d of exposure. In the case
of Zn, it was earlier proved by our own group that 1.95 g

Zn Kg−1 soil caused ~50% growth reduction in Z. mays
(Janeeshma et al. 2020) The 50% growth reduction was
determined based on the enhancement in the MDA con-
tent and reduction in the total chlorophyll and tissue
moisture content. But, the metal concentrations selected
as stress imparting concentrations to plants, established in
the previous reports were different from this. For a pot
experiment conducted in three-month-old rice plants, the
minimal inhibitory concentration of Cd was 3500 μg/ml
(Mitra et al. 2018). Whereas the concentration of Cd

Fig. 5 Characterization of lignin isolated from the maize leaves associated with mycorrhiza exposed to ZnSO4 and CdCl2; FTIR spectrum of
Non AM (A), AM (B), Non AM+ CdCl2 (C), AM+CdCl2 (D), Non AM+ ZnSO4 (E), and AM+ ZnSO4 (F)
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selected for the experiments in Brassica napus was 15 μg
Cd2+ g−1 soil (Dell’Amico et al. 2008). In the case of Zn,
300 µM ZnSO4 solution caused toxic effects in Beta
vulgaris in a hydroponics study. But in soil, 200 mg/kg of
Zn caused growth retardation in 105 days old Lyco-
persicon esculentum (Vijayarengan and Mahalakshmi
2013). These variations in the stress imparting con-
centration of Cd and Zn depended on the duration
of the study, soil type, plant species, etc. (Janeeshma and
Puthur 2020).

Growth parameters

Mycorrhization induced an increase in plant growth of Z.
mays as compared to plants without AM association. Earlier
studies have reported mycorrhizal mediated enhancement in
the shoot fresh weight and dry weight of Z. mays plants
(Kothari et al. 1991; Danneberg et al. 1993; Zhao et al.
2015). This growth enhancement observed in AM plants
was due to efficient phosphorous absorption and enhanced
photosynthesis rate (Yang et al. 2021; Wu et al. 2020).

Fig. 6 Characterization of lignin isolated from the maize roots associated with mycorrhiza exposed to ZnSO4 and CdCl2; FTIR spectrum of
Non AM (A), AM (B), Non AM+ CdCl2 (C), AM+CdCl2 (D), Non AM+ ZnSO4 (E), and AM+ ZnSO4 (F)
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At the same time, Cd and Zn-induced reductions in the fresh
weight of Z. mays were reported in various studies (El
Dakak and Hassan 2020; Ahmad et al. 2019). Heavy metals
significantly reduce water and mineral transport and impair
the normal growth and development of the plants (Kand-
ziora-Ciupa et al. 2017; Jimoh and Afolayan 2020; Liu et al.
2021). Moisture content in the leaf tissues of Z. mays was
reduced due to the stress imparted by Cd and Zn. An
appreciable reduction in the moisture content was observed
in Z. mays due to Zn toxicity, where the moisture content
showed a progressive reduction with an increase in the
concentration of Zn (Janeeshma et al. 2020). This is due to
the blockage of xylem water transport due to metal com-
plexation (Sruthi and Puthur 2019). In contrast, the moisture
content in the roots of Z. mays was increased under severe
stress due to less water transport to the shoots, ending up in
degeneration of root cells due to hyper-hydricity. Solanum
lycopersicum exhibited a similar trend in root water status,
where the root water content was increased in plants
exposed to 10 d of Cd stress (300 µM of CdCl2) (Zoghlami
et al. 2011). In the present study, it was clear that mycor-
rhization aid to alleviate the reduction in the moisture
content of the shoot and also prevents the excess of water
storage in root cells. This may be due to the potential of
mycorrhizae to maintain the transpiration rate similar to
control under suboptimal conditions (Miransari 2010).

Primary metabolites

The drastic increase of sugar content observed in the leaves
of maize plants under Cd and Zn stress indicates the upre-
gulation of sugar metabolism so as to meet the higher car-
bon/energy requirement to cope up with the stress
conditions (Rosa et al. 2009; Mishra et al. 2014). But such a
trend may not remain the same, with an increase in the
metal concentration, the sugar content decreases, denoting
hindrance in the synthesis process of the same. Moreover,
the senescence stage due to intolerable levels of metals
could be the added reason for this. At a higher concentration
of Cd (300 µM), the soluble sugars such as sucrose and
glucose were reduced in the leaves and roots of Solanum
lycopersicum, which indicates the synthesis process of these
sugars is seriously hampered (Zoghlami et al. 2011). This
phenomenon becomes more prominent in non AM plants,
wherein the soluble sugar content showed a drastic reduc-
tion on 12 d of Cd and Zn exposure. The mycorrhizal
association helped the plants to continue with the increased
rate of sugar synthesis even on the 12 d of stress exposure.
Similar results were obtained in Z. mays associated with
Glomus sp. on exposure to Cd stress (Kumar and Dwivedi
2018). It indicates that mycorrhizae can maintain the bio-
synthesis of sugars in plants under metal stress, and it may
be accomplished due to the efficient restriction in the uptakeTa
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and mobilization of Cd and Zn to the leaves. A previous
study conducted in maize plants proved the mycorrhizal
mediated stress mitigation with a special emphasis on the
crucial role of soluble sugars (Mirshad and Puthur 2016;
Kumar and Dwivedi 2018). Similar to our results, in the
previous study conducted in maize plats, the mycorrhization
increased the sugar content, and it potentially aids in
overcoming the oxidative stress exerted by excess Cd ions
(Kumar and Dwivedi 2018).

In the case of soluble protein, an increase was observed
in the non AM and AM plants indicating the upregulation in
the biosynthesis of enzymatic antioxidants and the stress-
induced proteins (Shah et al. 2020; Labidi et al. 2021).
These proteins are essential to mitigate the oxidative burst
elicited in the leaves due to the uptake of the toxic heavy
metals (Shackira and Puthur 2017). AM induced enhance-
ment in the activity of different antioxidant enzymes
involved in the ROS scavenging was observed in Canavalia
ensiformis under elevated copper stress (Andrade et al.
2010). However, both non AM and AM plants showed a
reduction in the protein synthesis on 12 d of Cd stress
exposure, indicating the failure of these plants to continue
with the same efficiency of protein biosynthesis at extreme
stress. But in the case of Z. mays exposed to Zn stress, the
protein biosynthesis increased on 12 d of stress showing
that Zn had no major inhibitory action in the protein bio-
synthesis process of Z. mays. Cd (300 µM) stress caused a
reduction in the soluble protein content in the leaves and
roots of non AM Solanum lycopersicum, indicating the
inhibition of the protein synthesis process as similar as to
the senescence stage of the plants (Zoghlami et al. 2011).
When maize plants with the mycorrhizal association were
exposed to Zn stress, the degradation of proteins was pre-
vented, and similar results were obtained in Solanum
lycopersicum (Zoghlami et al. 2011). This may be due to the
reduced toxic metal ions in AM plants that were observed in
the results of the AAS analysis.

Accumulation of proline was observed in leaves of dif-
ferent plants in response to heavy metal stress, and this
could be due to reduction in proline degradation, and/or
increase in proline biosynthesis and also by hydrolysis of
protein to free amino acids (Mirshad and Puthur 2016;
Sameena and Puthur 2020). In the present study, the proline
content of maize leaves increased in non AM and AM
plants on exposure to Cd and Zn stressors. Non AM plants
accumulated more proline as compared to AM plants and
could be a strategy to counter the high level of Cd and Zn
ions bioaccumulated in the shoot. Proline can effectively
counter the metal stress in several ways; by mitigating
metal-induced water deficit (Schat et al. 1997), protecting
the activity of glucose-6-phosphate dehydrogenase and
nitrate reductase (Sharma et al. 1998), and chelating the
metal ions (Sharma et al. 1998). When Cassia italica was

exposed to Cd stress, non AM plants accumulated more
proline as compared to AM plants (Hashem et al. 2016a)
which were similar to our observations. Contradictory to the
above, it was seen that the proline content in roots was
dramatically reduced in the roots of non AM plants exposed
to Cd and Zn stress. But, mycorrhization lowered the
reduction in the proline content under Cd as well as Zn
toxicity, which enhanced the metal tolerance potential of
maize plants. Association with AM fungi has been reported
to induce proline synthesis in crop plants such as Helianthus
annuus, Solanum lycopersicum and Cajanus cajan (Ef et al.
2015; Hashem et al. 2016b; Garg and Singh 2018).
Mycorrhizae-induced proline accumulation helped to
maintain high proline levels in the cells even under Cd and
Zn stress. The negative correlation observed between pro-
line and sugar content in non AM plants indicates that one
does affect the biosynthesis of the other. A similar response
was observed in pea plants exposed to metal stress; the
increasing concentration of Cd caused an increase in proline
content with a simultaneous reduction in sugar content
(Sager et al. 2020). This could be due to the utilization of
sugar as the carbon source of proline biosynthesis (Sager
et al. 2020). However, AM plants accumulated proline and
sugar simultaneously that aid to cope up with the extreme
metal toxicity. AM plants exposed to different heavy metals
exhibited a positive correlation between the accumulations
of these two compounds; accumulation of proline could
induce enhanced biosynthesis of sugars, as seen in the case
of sugar beet (Ghaffari et al. 2021). The simultaneous
enhancement of sugar and proline content in AM plants
indicates the presence of a saturated carbon pool even under
extreme metal stress, and thus for proline biosynthesis, the
accumulated sugar was not utilized in these plants (Gurrieri
et al. 2020; Ghaffari et al. 2021).

Accumulation of amino acids under heavy metal stress is
a common strategy observed in different plants (Sharma
and Dietz 2006; Sruthi and Puthur 2019). In this study, the
leaves of non AM plants showed a drastic increase in the
amino acids content at the early phase of metal exposure as
compared to AM plants. When Canavalia ensiformis was
exposed to copper stress, non AM plants showed an
increase in the amino acids content than AM plants, and
this is in line with our observations (Andrade et al. 2010).
But at later stages, the amino acids content was drastically
reduced in the non AM plants indicating Cd and Zn
induced impairment in the amino acid biosynthesis. At the
same time, mycorrhization elevated the accumulation of
amino acids, indicating the capacity of AM plants to pro-
ceed with normal biosynthesis of amino acids even in
extreme metal toxicity. Similar results were observed in
Cajanus cajan associated with Glomus mosseae exposed to
Cd stress, where free amino acid accumulation was
increased due to the plant-fungus-metal interaction
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(Garg and Chandel 2012). The reduction of metal transport
observed in our results was the reason for the better amino
acid biosynthesis of AM plants.

Secondary metabolites

Secondary metabolism changes dramatically in the leaves
of mycorrhizal plants due to the hormonal variation induced
by AM association (Copetta et al. 2006; Toussaint et al.
2007). Of the different secondary metabolites, phenolics
compounds showed the greatest changes due to mycor-
rhization and heavy metal stresses (Kısa et al. 2016; Zhao
et al. 2016). In this study, Cd and Zn-induced accumulation
of phenolics compounds were observed in the leaves on 4 d
of metal exposure, which points towards the immediate role
of this secondary metabolite in ROS scavenging. The role
of phenolics in ROS management was studied in Withania
somnifera and Vaccinium corymbosum, and crucial con-
tributions of phenolics in ROS scavenging were evidenced
in both these studies (Manquián-Cerda et al. 2016; Mishra
and Sangwan 2019). But on 12 d of stress exposure, the
phenolics content was higher in AM plants, indicating a
greater and prolonged role played by phenolics compounds
in the metal tolerance of AM associated plants. Phenolics
biosynthesis pathway proceeded uninterrupted in AM
plants but not in non AM plants at extreme metal toxicity.
In roots, generally the phenolics content decreases with
exposure to metal stress, as observed in the case of Linum
usitatissimum roots exposed to a high concentration of
boron and aluminium (Heidarabadi et al. 2011). In the
present study, reduction in the phenolics content was pro-
minent in the roots of non AM plants as compared to AM
plants, which indicates the potential of mycorrhization to
mitigate the negative impact induced by HMs on the bio-
synthesis of phenolics.

Flavonoids are phenolic compounds with dihydroxy
B-ring in their structure and can scavenge the ROS gener-
ated under heavy metal stress (Davies et al. 2018). Heavy
metal-induced accumulation of flavonoids was reported in
Robinia pseudoacacia (Zhao et al. 2016). An increase in the
flavonoids content under Cd and Zn stress is a strategy to
detoxify ROS molecules in the leaves of Z. mays. At earlier
stages of the stress, mycorrhization insignificantly con-
tributes to the flavonoid synthesis, but at the later stages of
the stress, the mycorrhization aid to improve the flavonoids
content, which supports the effective scavenging of ROS
molecules. Anthocyanin is a water-soluble pigment with
strong antioxidant and metal chelating properties, which
showed an increase under metal toxicity (Landi et al. 2014;
Janeeshma et al. 2020). Zn stress induced a drastic increase
in the anthocyanin accumulation in the leaves of non AM
and AM plants as compared to Cd stress. Therefore, it can
be assumed that the intensity of anthocyanin accumulation

is more specific to the metal Zn and the complexation of Zn
with anthocyanin helps to maintain the metabolic process of
the shoot (Janeeshma et al. 2020). Roots also showed an
increase in anthocyanin accumulation, which aid in chelat-
ing the metal ions and transform metal ions into inactive
forms. This result could correlate with the overexpressing of
anthocyanin biosynthesizing genes under heavy metal stress
that aid to immobilize more metal ions and subsequently
increase the metal tolerance of plants (Ai et al. 2018;
Gao et al. 2020).

Alkaloids are cyclic and nitrogen-containing compounds
in plants that get elicited by different environmental stimuli.
On exposure to lower concentrations of Cd and Pb, alkaloid
compounds increased in the leaves of Robinia pseudoacacia
(Zhao et al. 2016). Accordingly, both non AM and AM
plants showed increased alkaloid content under Cd and Zn
stresses, especially at the earlier days of the treatment per-
iod. But, with an increase in the days of exposure, the
alkaloid content was decreased in maize plants. Similarly, a
high concentration of Ni-induced inhibition in alkaloid
production was reported in Catharanthus roseus (Idrees
et al. 2013). At the same time, mycorrhization can further
elicit alkaloid production in plants (Copetta et al. 2006;
Toussaint et al. 2007). But, in the present study, the
mycorrhizal association did not significantly contribute
towards the alkaloid production, and thus both non AM and
AM plants showed a reduction in the alkaloid content on
12 d of Cd and Zn stresses.

Bioactive compounds

In the present study, both qualitative and quantitative dif-
ference was observed in the phytochemical composition of
both non AM and AM maize leaves. Mycorrhization
potentially induces the biosynthesis of bioactive com-
pounds, especially essential oils (Weisany et al. 2016). At
the same time, heavy metal toxicity also elicits alterations in
the composition of different bioactive compounds (Sruthi
and Puthur 2019). In the present study, mycorrhization
elicited the production of β-linalool and γ-sitosterol in the
leaves of plants subjected to Cd stress. The accumulation of
sterols is very important to plants, and the interaction of
sterols with phospholipids helps plant cells to maintain
plasma membrane fluidity and permeability during stress
conditions (Aboobucker and Suza 2019). The accumulation
of 3β-acetoxystigmasta-4, 6, 22-triene, which can activate
the plasma membrane H+-ATPase in non AM plants, aids in
the transportation of protons out of the cells (Aboobucker
and Suza 2019). The absence of this secondary metabolite
in mycorrhizal plants indicates no ionic imbalance in AM
plants due to the metal uptake as seen in non AM plants.
The reduced metal translocation observed in AM plants was
an aid to balance the secondary metabolites accumulation.
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Neophytadiene is a diterpene, which acts as an anti-
inflammatory agent, an antimicrobial agent and a plant
metabolite. A reduction in the concentration of neophyta-
diene and an increase in the concentration of sterols under
Cd treatment was observed in both AM and non AM
plants, indicating Cd-induced inhibition in the biosynthesis
of neophytadiene. However, at the same time, Cd stress
induces the biosynthesis of sterols. These sterols have a
crucial role in maintaining the plasma membrane fluidity
and permeability by interacting with the phospholipids and
help the plants to overcome the stress (Bartram et al. 2006;
Aboobucker and Suza 2019). Even under the high con-
centrations of Zn, non AM and AM plants of maize did not
exhibit any drastic changes in the phytochemistry, which
indicates the higher tolerance of maize toward Zn toxicity
than Cd stress.

The side chain of the chlorophyll molecule is known as
phytol and gets released during the hydrolysis of this pig-
ment. Moreover, it is a diterpene with antimicrobial, anti-
oxidant, and anticancer activities. Stress-induced
conversion of phytol into fatty acid phytol esters was
reported by Lippold et al. (2012). The higher Rt value of the
phytol (Rt-31.849) was due to the incorporation of lengthy
hydrocarbon chains, and the resulting compound detected
as (E)-Phytol. This change in the hydrocarbon chain can
modify the normal ratio between (E)-Phytol and phytol in
plants (Lippold et al. 2012). In the present study, Cd and Zn
stressors altered the ratio between phytol and (E)-phytol in
both mycorrhizal and non-mycorrhizal plants, and the
mycorrhizal association did not have any specific role in
maintaining the ratio between phytol and (E)-phytol in
plants exposed to both Cd and Zn toxicity.

Lignin characterization

Lignin is made of three phenyl propane units of p-hydro-
xyphenyl, guaiacyl, and syringyl, with a variety of func-
tional groups, including hydroxyls (phenolic and aliphatic
hydroxyls), methoxyls, carbonyls, and carboxyls (Zhou
et al. 2015). Lignin’s most characteristic functional group is
the hydroxyl groups (O-H), having the property of high
reactivity (Santos et al. 2015). A wide peak at 3403 cm−1

corresponds to the aromatic and aliphatic OH groups, which
is evident in all the lignin samples isolated from the shoot
and roots of maize plants. Among the different hydroxyl
groups, the phenolic hydroxyl group determines the lignin
content increase as it aid in the progress of the poly-
merization reaction. Reduction of the peak at 3403 cm−1 in
the shoots of Cd and Zn treated non AM and AM plants
indicates a lower content of hydroxyl group, denoting that
Cd and Zn stressors significantly hindered the polymeriza-
tion of lignin chain (Thielemans and Wool 2005; Katahira
et al. 2018).

The peaks at 1285, 1233, 1178 cm−1 correspond to the
stretching of C-O groups; further, these peaks represent
aromatic esters, alkyl or aryl ether and esters respectively.
These three bands were prominently observed in the plants
under both Cd and Zn stresses as compared to control
plants, indicating the stress-induced esterification of lignin.
Metal-induced esterification of lignin’s hydroxyl groups can
improve its organic solubility and hydrophobicity (Thiele-
mans and Wool 2005). This hydroxyl esterification leads to
decreased hydrogen bonding, reducing the permeability of
metal ions through water uptake and thus lowers the metal
uptake, protecting the plant from excess metal accumulation
(Steudle 2000). Here, also mycorrhization did not sig-
nificantly contribute towards the alterations in lignin com-
position and modifications.

The peaks at 2911, 2846, 1716, 1322, 1067, and 849 cm−1

are assigned to the symmetrical C–H stretching vibrations,
asymmetrical C–H stretching vibration, stretching vibrations
of C=O bonds in either ester linkages or carboxyl groups,
syringil ring breathing with C-O stretching, C–H bending,
and C-H groups respectively (Thielemans and Wool 2005).
The peak at 616 cm−1 indicated sulphuric acid, which
remains as a contaminant in the isolation protocol of lignin
samples, where the peak corresponds to C–S stretching.
These peaks were common to all the lignin samples isolated
from the non mycorrhizal and mycorrhizal plants exposed to
Cd and Zn stressors. Also, it could be deduced that metal
toxicity and the mycorrhizal association did not elicit any
changes in these specific functional groups of lignin.

Bioaccumulation of Cd and Zn

Mycorrhizal mediated reduction in the Cd accumulation of
maize root was regarded as an important tolerance
mechanism towards metal stress, and similar results were
reported in T. aestivum by Shahabivand et al. (2012) and
Sharma et al. (2016). Stabilization of metal ions and pre-
vention of its uptake are common strategies of mycorrhizae
to protect its symbionts from metal toxicity. With mycor-
rhizal association, different plants such as pigeonpea, rice,
and maize plants showed similar tolerance mechanisms
towards Cd toxicity (Liu et al. 2014; Garg et al. 2015;
Rizwan et al. 2018).

In the present study, mycorrhization reduces the uptake
of Zn ions to the roots, and the subsequent translocation of
Zn into the maize leaves was also reduced as compared to
non AM plants. The reduction in the uptake of Zn due to
mycorrhization was reported by different researchers (Bur-
leigh et al. 2003; Andrejić et al. 2018). Glomalin, a protein
produced by the external mycelium of Glomus, can chelate
metal ions (Gonzalez-Chavez et al. 2004). Moreover, the
mycorrhizal hyphae also have a very important role in
phytostabilization by enhancing the passive adsorption of
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heavy metal to the hyphae, which aid in reducing the uptake
of Zn ions by the root cells (Leyval and Joner 2001).

Conclusion

Dynamism observed in the quantity of primary and second-
ary metabolites such as soluble sugar, soluble protein, amino
acid, proline, phenolics, alkaloids, flavonoids and anthocya-
nin content in maize plants under heavy metal stress signifies
the importance of mycorrhization to reduce the impact of
metal toxicity by altering the level of these metabolites.
Metal-induced esterification of lignin’s hydroxyl groups is
another strategy of the plant to tolerate Cd and Zn toxicity.
Mycorrhization did not contribute to any significant structural
variations in lignin. The HCA of essential oils showed that
the metal-induced metabolic alterations were prominent in
the shoot. Mycorrhizae modified the root metabolites, which
further helped to stabilize the metal ions in the root or rhi-
zosphere and thus prevents the translocation of metals to
shoots. The significant metabolic alterations in the root and
stabilization of metal ions in the rhizosphere by the mycor-
rhizae potentially help the host plant to survive the Zn and Cd
stresses. This research highlights several new mechanisms
related to the role of arbuscular mycorrhizae fungus in eco-
logical studies, such as contaminated soil recovery projects,
which are based on the phytoremediation process.
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