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Evaluation of zinc accumulation, allocation, and tolerance in Zea
mays L. seedlings: implication for zinc phytoextraction
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Abstract This work investigated the accumulation, alloca-
tion, and impact of zinc (Zn; 1.0 μM–10 mM) in maize (Zea
mays L.) seedlings under simulated laboratory conditions.
Z. mays exhibited no significant change in its habitus (the
physical characteristics of plants) up to 10–1000 μM of Zn
(vs 5–10 mM Zn). Zn tolerance evaluation, based on the root
test, indicated a high tolerance of Z. mays to both low and
intermediate (or relatively high) concentrations of Zn, whereas
this plant failed to tolerate 10 mM Zn and exhibited a 5-fold
decrease in its Zn tolerance. Contingent to Zn treatment levels,
Zn hampered the growth of axial organs and brought de-
creases in the leaf area, water regime, and biomass accumula-
tion. Nevertheless, at elevated levels of Zn (10 mM), Zn2+ was
stored in the root cytoplasm and inhibited both axial organ
growth and water regime. However, accumulation and alloca-
tion of Zn in Z. mays roots, studied herein employing X-ray
fluorimeter and histochemical methods, were close to Zn ac-
cumulator plants. Overall, the study outcomes revealed Zn
tolerance of Z. mays, and also implicate its potential role in
Zn phytoextraction.
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Introduction

Metals/metalloids have made their entry into agricultural soils
worldwide mainly as a result of rapid installation of industries
and/or indiscriminate use and disposal of metal/metalloid-
containing products. Zinc (Zn) belongs to the list of transition
metals and stands 24th among the most abundant elements on
the Earth. Low levels of Zn are significant in plants, animals/
humans, and microorganisms (Alloway 2013). However,
commercial fertilizers, liming materials, or manures, being
added to Zn-deficient agricultural soils to achieve enhanced
plant growth and productivity, have become major factors
contributing elevated levels of Zn in world agricultural soils
(Alloway 2013; Liu et al. 2008). Considering known toxic
consequences of Zn in plants (such as inhibited plant growth
and development, elevated oxidative stress, and impaired cel-
lular metabolism) and their eventual impact on plant produc-
tivity (reviewed by Anjum et al. 2015a), sustainable minimi-
zation of Zn in agricultural soils is imperative.

Plant-based technology has emerged as a panacea for the
sustainable control of elevated levels of various metals/
metalloids in soils. Though the use of field crop plants for
the management of the risk of a long-term pollutant dispersion
(Vamerali et al. 2010), much emphasis has been given in this
context to crop plants from Brassicaceae followed by
Fabaceae (Leguminosae) and Poaceae (Vamerali et al. 2010;
Anjum et al. 2012, 2014a; Zaidi et al. 2012). Maize (Zea mays
L.) is one of important cereal crops and belongs to Poaceae.
Notably, while exposed to metals/metalloids, plants have been
reported to change their phenotype, and also their major
growth traits. Since changes in plant growth traits can be
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easily visible and analyzed in metal/metalloid-exposed plants,
the evaluation of plant growth traits has been used as an easily
measurable parameter for monitoring the metal/metalloid im-
pacts. Nevertheless, low and high levels of toxic metals/
metalloids and high levels of plant-beneficial metals/
metalloids (including Zn) can impact plant-water relation,
and also bring anatomical and ultrastructural changes in roots
and leaves (Poschenrieder and Barceló 2004; Mahajan and
Tuteja 2005; Gajewska et al. 2006; Todeschini et al. 2011;
Anjum et al. 2015b). Despite the previous facts and though
Z. mays has promising attributes of a heavy metal accumula-
tor, and its use in the phytoextraction technology has been
advocated (Wuana and Okieimen 2010), literature is scarce
on the research reports aimed at gaining a clear understanding
of Zn accumulation, allocation, and tolerance in Z. mays
employing appropriate and important traits/markers.

Given above, taking into account Z. mays (cultivar
Tzaritza), exposed to varying Zn treatment levels
(1.0 μM–10 mM), this study aimed to unveil Zn accu-
mulation and allocation employing X-ray fluorimeter
and histochemical methods. Additionally, efforts were
also made to assess Z. mays seedling habitus (the phys-
ical characteristics of plants), tolerance (based on the
root test), and impact on growth traits (such as growth
of axial organs, and leaf area, water regime, and bio-
mass accumulation).

Materials and methods

Plant material, growth conditions, and treatments

Healthy and uniform-sized seeds of Z. mays were surface-
sterilized by treating them with 0.5 % KMnO4 for 5 min.
Subsequently, the surface-sterilized seeds were sown in Petri
dishes each having 50 Z. mays seeds and distilled water-
soaked paper towels. On day 7, uniformly germinated seeds
were transplanted in small glass jars with water supplemented
with different Zn concentrations (1.0 μM to 10 mM), supplied
as ZnSO4·7H2O, and were maintained at temperature 22–
24 °С, photoperiod 16/8 h (day/night), photon flux density
80 μmol m−2 s−1 for 21 days. Z. mays seedlings were harvest-
ed on the 21st day of start of Zn exposure and used for several
estimations as detailed below.

Zinc tolerance, growth traits, and water content

Wilkinson tolerance index (It) was applied to assess the toler-
ance of Z. mays seedlings to Zn employing the formula—It:
It=(lme/lc)×100 %, where lme indicates the increase in root
growth in a metal ion solution and lc is the increase in root
growth in the control (Koornneeff et al. 1997). Leaf area was
measured by analyzing the scanned leaves using Scion Image

for Windows v. 4.0.2. For the seedling biomass, the harvested
Z. mays plants were separated into roots and shoots, and sub-
sequently, their fresh and dry biomass were determined using
an electronic balance. Roots, shoots, or whole plants were
kept hot-air oven at 95 °C to till a constant weight. The water
content in Z. mays plants was calculated using the formula:
W=(Mf.−Md.)/Mf.×100 %, where W is the percent water
content in the plant; Mf is the fresh weight, and Md is dry
weight of roots or shoots.

Zinc accumulation and its allocation

Zinc accumulation in plant was determined spectrophotomet-
rically employing X-ray fluorescent spectrometer
(Spectroscan MAX-GV, St. Petersburg, Russia) as per the
methods detailed in the manual of Scientific and Production
Association BSpectron^ (1993). In brief, dried and milled
plant material (1.0 g) was treated with 3.0 ml HNO3 and min-
eralized by heating on a hotplate until no smoke. Combustion
was carried out in an electric furnace while gradually raising
the sample temperature from 250 to 450 °C to obtain white- or
light-colored powder. The obtained ash was dissolved in
10 ml of HNO3, filtered into a volumetric flask, the solution
was neutralized with 1.0 N NaOH to pH 7.0, and finally the
volume was made up to 100 ml with double distilled water.
For the precipitation of metal ions, 0.05 ml Zr(OH)4 was
added, and the solution was heated to boiling. The resultant
solution (50 ml) was filtered using a vacuum pump through
the filter BVladipor^ (pore size, 0.45 μm). The obtained
filtrate/residue was analyzed on an X-ray fluorescent spec-
trometer. The Zn content in plant samples was calculated in
mg kg−1 dry mass employing the mentioned below formula,
where c is the concentration of the metal in the plant sample
(mg); c1 is the metal concentration in blank sample (mg); m is
the plant sample dry weight (g).

x ¼ c−c1ð Þ⋅100⋅1000
m⋅50

Histochemical studies were performed to assess Zn alloca-
tion in Z. mays plants. To prepare the diphenyltiocarbazone
(ditizone) solution, just prior to slicing the Z. mays roots,
3.0 mg of a diphenyltiocarbazone was dissolved in 6.0 ml of
acetone to which 2.0 ml of the distilled water and 0.2 ml of
ice-cold acetic acid were added (Seryogin and Ivanov 1997).
Cross-slices of Z. mays roots in the differentiation zone were
prepared manually with a razor blade, maintained in ditizone
solution, then rinsed well with distilled water, and were ob-
served under a a LUMAMR8 (LOMO, Russia) microscope at
×300 magnif icat ion. However, some sl ices were
photographed with a digital camera connecting tomicroscope.
Localization of Zn2+ ions could be identified by red-colored
tissues. The stronger the color intensity confirms the more
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intense Zn accumulation. Sensitivity of the method is 10 μM
of Zn2+.

Statistical analysis

All experiments were conducted in triplicate, and each exper-
iment consisted of 150 seeds or seedlings. For all measure-
ments, averages and standard errors were calculated in
Microsoft Excel 2007. Differences between means were
assessed by the Tukey’s test at P=0.05.

Results and discussion

Zinc accumulation and its allocation

Accumulation and distribution of Zn in Z. mays organs were
studied inmodel experiments with the germination of plants in
solutions of different Zn concentrations (Fig. 1a). As expect-
ed, significantly increased Zn concentrations were identified
in shoots and roots of Z. mays exposed to low (10–100 μM).
However, the accumulation of Zn was decreased slightly
when Zn concentration in the growth medium exceeded
0.1 mM. Accumulation of Zn was comparatively higher in
roots than shoots. In fact, varied metals/metalloids available
in plant’s immediate vicinity can first interact with roots,
where metal/metalloid sorption by plant roots helps to
stabilize/immobilize noxious metals/metalloids and protects
above-ground plant parts (Ali et al. 2013; Anjum et al.
2015c). Though the curve of Zn accumulation in the shoots
and roots of Z. mays did not reach a plateau with increasing of
Zn concentration in the growth medium up to 10 mM, the

uptake curve for roots was closer to that of Zn accumulator
plants (White 2012). Notably, despite the tight control of plant
roots on metals/metalloids, their considerable amount can
reach to above-ground plant parts (reviewed by Ali et al.
2013; Anjum et al. 2014b).

Histochemical studies performed herein confirmed the as-
sumption that the absence or presence of inherent plant-based
barriers for Zn uptake in roots and its subsequent translocation
to above-ground organs (such as leaves). At 10 μM, weak
coloring of cell membranes in exoderm and mesoderm cells
was visible (Fig. 1b). However, in the stele cells, Zn content
was almost indistinguishable from the control. Coloring of the
mesoderm and endoderm cell walls and cytoplasm increased
when plants exposed to 0.1 mM of Zn2+. In this case, the
intensified coloration of stele cells (especially phloem and
stele parenchyma). Notably, with 1.0 mM of Zn, cytoplasmic
coloring enhanced in all root cells of all root tissues.
Moreover, at 1.0 mM, visible coloring of conducting bundles
and neighboring cells was evidenced. These indicated both a
significantly increased accumulation of Zn in roots, and re-
stricted Zn translocation to shoots, one of the major character-
istics of metal/metalloid (Zn)-tolerant plants (Ali et al. 2013).
Though a significant saturation of all cells of root was evi-
denced at 10 mM, clearly visible areas of tissue maceration in
mesoderm testified the significant intoxication potential of
Z. mays plants for elevated Zn levels. It is known that cell wall
appeared to assume important roles in Zn fixation, which
could therefore limit Zn influx into the cell. In an earlier study
on tomato, exposed to 0.5–5 mM Zn, Zn fixation by the cell
wall was not only due to an increase in cell wall biomass but
also to an improvement of its binding capacity (Muschitz et al.
2009). At Zn level not more than 500 μM, elemental mapping
using an energy-dispersive X-ray microanalysis system
showed that Zn was preferentially accumulated in the idio-
blasts. The localization site of Zn was cell walls of a dome-
shaped protrusion (cap) of idioblasts (Katayama et al. 2013).
At elevated Zn, tolerance to Zn involves an expanded copy
number of an ancestral MTP1 gene, encoding functional pro-
teins that mediate the detoxification of Zn available in the cell
vacuole (Drager et al. 2004). In the present research, Zn-
binding capacity of cell walls appeared to have exhausted at
a concentration of 0.1 mM, where further increase in Zn con-
centration in the growth medium led to the accumulation of
Zn2+ in protoplast (cytoplasm or vacuoles).

Zinc tolerance, growth traits and water content,
and Z. mays habitus

Zn tolerance assessment, based on root tests, revealed the
insignificant decrease in Z. mays tolerance to Zn concentration
up to 1.0 mM (Fig. 2a). However, a 5-fold decrease in Z. mays
tolerance to Zn concentrations was evident and significant
with 10 mM of Zn. Root-based tests were reported earlier as
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Fig. 1 Zinc accumulation and its allocation in roots and shoots of Zea
mays exposed to different zinc treatment levels (a–b), where b presents
representative images from histochemical studies
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a major of marker of plant tolerance to different metals/
metalloids (Galardi et al. 2007). Further, at the end of the first
day of exposure, root and shoot length did not differ from the
water control; rather, root-shoot length tended to slightly in-
crease with 1.0 μM of Zn (Fig. 2a). Notably, the exhibition of
Z. mays tolerance to Zn concentrations up to 1.0 mM, evi-
denced herein as slight increase in root shoot length at
1.0 μM of Zn, seem obvious because Zn is a plan beneficial
trace metal required for proper functioning of many enzymes
involved in numerous physiological/metabolic processes in
plants (reviewed by Anjum et al. 2015a). Apart from the Zn
treatment level-dependent variation in the lengths of Z. mays
axial organs (Fig. 2a), roots and shoots exhibited their differ-
ential responses to Zn treatment levels, where compared to
shoots, sensitivity of roots to the increasing Zn concentrations
in the growth medium was displayed. In particular, increasing

of Zn in the medium (from 10 μM to 0.1 mM) caused a
decrease in the shoot growth of 35 % in relation to the water
control. But the strongest shoot growth inhibitionwe observed
at 10 mM of Zn. Even minor concentrations of Zn (1.0–
10 μM) caused a significant inhibition of growth of the main
root. However, a further increase in the concentration of Zn up
to 1.0 mM had no effect on the elongation of roots. The
highest concentration almost completely stops the root
growth. Root sensitivity to elevated Zn level can be apparent
because of the discussed above higher fraction of cytosolic Zn
in root cells, where Zn load might have caused root-cellular
metabolic activities and ceased root growth (reviewed by Ali
et al. 2013; Anjum et al. 2015a). Regarding the growth trait
modulation under Zn treatment level, the fresh and dry weight
of plants is an important indicator of the growth of the plant.
Zn is considered one of the essential trace elements, where its
deficiency and excess can negatively impact plant growth
(reviewed by Anjum et al. 2015a). This is true also in our
present study, where the lowest and the highest Zn concentra-
tions significantly inhibited the biomass accumulation
(Fig. 2b). Notably, 0.1 mM (for shoots) and 1.0 mM (for roots)
emerged as optimal concentrations of Zn inducing the accu-
mulation of biomass of shoots and roots, respectively.
However, the highest concentration of Zn (10 mM) inhibited
the accumulation of both root and shoot biomass (Fig. 2a).

In context with leaf area, and the plant water balance, at
low concentrations (10–100 μM) of Zn, Z. mays leaves ex-
hibited increased (though insignificant) in their lamina area,
whereas 1.0 mM of Zn was a threshold concentration above
which leaf area significantly decreased (Fig. 2c). Leaves
have been regarded as a major component of plant growth,
and decrease in leaf area was evidenced as one of the strat-
egies for conserving the internal water/moisture through the
reduced rate of transpiration under Bplant-water relation^
impacting stresses including metal/metalloids (Mahajan and
Tuteja 2005; Gajewska et al. 2006; Anjum et al. 2015b).
Notably, herein, severe and increasing disorders in the water
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Fig. 2 Modulation of index of tolerance (It) and axial organ length (a),
fresh and dry weight (b), and water content and leaf area (c) in Zea mays
exposed to different zinc (Zn) treatment levels

Fig. 3 Representative image highlighting the habitus of Zea mays when
exposed to different zinc treatment levels
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regime in seedlings were observed in Z. mays exposed up to
1.0 mM of Zn (Fig. 2c). However, the highest concentra-
tions of Zn (10 mM) caused a significant decrease in plant-
water content that was more expressed in roots than in
shoots (4.3 and 2.7 %, respectively). Elevated metal/
metalloid concentrations accrued alterations in water balance
(in particular, changes in the water content in tissues and
transpiration level) can be due to the decreases in the num-
ber and diameter of xylem vessels and phloem sieve tubes
that in turn might have significantly decreased the plant-
water balance with increasing Zn treatment levels
(Gabbrielli et al. 1999; Pandey and Sharma 2002;
Poschenrieder and Barceló 2004; Gajewska et al. 2006).
Regarding plant habitus, herein, after 21 days of exposition,
habitus of Z. mays plants vary greatly depending on the Zn
concentration. Habitus of plants exposed to 10–1000 μM of
Zn practically hardly changed, where most plants developed
3–4 leaves (Fig. 3). However, plants developed only 1–2
leaves when exposed to 5.0–10 mM Zn, whereas, at high
concentrations of Zn, in spite of strong inhibition of growth,
plants continued to maintain turgor and remained vital ca-
pacity. Zn treatment levels accrued changes in the growth of
axial organs, and leaf area, and biomass accumulation
emerged as a major factor controlling Z. mays habitus.
Together, our observations on plant habitus confirmed the
significant tolerance of Z. mays plants to elevated levels of
Zn in the growth medium.

Conclusions

Taking together, the obtained results and their recent
literature-based interpretation, main outcomes of this study
can be summarized into following two main points: (a) Zn
treatment levels (10–1000 μM of Zn) can improve Z. mays
health by improving growth of axial organs, and leaf area,
water regime, and biomass accumulation, whereas Z. mays
can tolerate Zn treatment levels below 10 mM; and (b) exhi-
bition of no significant change in the habitus (the physical
characteristics) of Z. mays, Zn accumulation close to Zn ac-
cumulator plants, and the storage of maximum accumulated
Zn in the root cytoplasm when exposed to 10 mM Zn can
implicate its potential role in Zn phytoextraction.
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