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ABSTRACT

The main objective of the current study was to elucidate photochemical
and antioxidant strategies in two maize genotypes, namely DK626 and
3223 at the early seedling stage under zinc (Zn?*) toxicity. The seedlings
were grown in a controlled growth room at a temperature regime of 25+1
°C, with 40+5 % humidity, 16 h photoperiod and at 300 pmol m~ s light
intensity for 8 days. Then, the seedlings were exposed to toxic zinc
concentrations (2, 5 and 8 mM ZnSO4.7H,0) for 12 days. Both genotypes
accumulated approximately the same amounts of Zn in leaves; however,
the shoot and root lengths, and biomass decreased further in DK626
compared to 3223. The malondialdehyde content in the leaves increased
gradually depending on the Zn concentrations, and the deterioration of the
membrane structure was greater in DK626 compared to 3223 at highly

the reaction centers by fluorescence and non-radiative inactivation in
genotypes under Zn toxicity. The chlorophyll and carotenoid contents
were significantly decreased, and the anthocyanin accumulation was
increased with increasing Zn levels, especially in DK626. In addition, the
activities of antioxidant enzymes and isoenzymes were induced at
different levels in genotypes depending on the Zn toxicity level. The
seedlings exposed to toxic Zn concentrations had achieved to sustain their
growth by regulating their photosynthetic efficiency and their antioxidant
defence system. Consequently, these genotypes could potentially be
successfully used for the phytoremediation of Zn-contaminated areas.
However, further studies are required to screen all growth stages for Zn
tolerance capacity before making a more informed decision regarding the
phytoremediation potentials of these two genotypes.

toxic Zn levels. A reduction in photochemical activity was accompanied
by non-photochemical quenching and excess energy was removed from

Keywords: Antioxidant defence system, Chlorophyll a fluorescence induction, Growth characteristics, Maize (Zea mays L.), Photochemical activity,
Zinc toxicity

1. Introduction

Heavy metal accumulation in terrestrial and aquatic environments disrupts the normal functioning of ecosystems by causing
strong toxicological effects on all living forms, including microorganisms, plants, animals and humans (Anwaar et al. 2015;
Paunov et al. 2018; Alsafran et al. 2023; Sharma et al. 2023). Due to industrial and agricultural activities, such as mining,
electroplating, leather tanning, traffic, use of sewage sludge or agrochemicals and fertilizers (stable manure) obtained from
animals fed with feed containing heavy metals has become a global environmental crisis (Glinska et al. 2016; Chen et al. 2017).
Elements such as cadmium (Cd), aluminum (Al), copper (Cu), arsenic (As), manganese (Mn), iron (Fe), mercury (Hg), nickel
(Ni), zinc (Zn), cobalt (Co) and lead (Pb) are among these heavy metals. However, some of these metals (Cu, Fe, Mn and Zn)
are classified as essential nutrients for the many structural and biochemical functions of plants (Karahan et al. 2020; Dobrikova
et al. 2022; Alsafran et al. 2023).

Zinc (Zn?*) is the second transition metal after Fe according to its abundance in plants. The uptake of Zn by plants from the
soil depends on its concentration, soil clay fraction and soil pH (Andreji¢ et al. 2018; Antoniadis et al. 2018). Zn takes charge of
many metabolic processes including the maintenance of the integrity of cell walls and membranes, regulation of the activity of
many enzymes (isomerases, hydrolases, oxidoreductases, transferases, carbonic anhydrase, etc.), photosynthesis, carbohydrate,
lipids and nucleic acid metabolism, regulation of the activities of hormones, pigment synthesis, gene expression and regulation,
protein synthesis, and defence against stressors (Diaz-Pontones et al. 2021; Dobrikova et al. 2022). However, if the physiological
range is exceeded, zinc concentrations rise above tolerable levels and a toxic effect occurs. Meanwhile, acidic soil pH increases
the Zn solubility and uptake by plants (Chaney 1993; Kaur & Garg 2021; Natasha et al. 2022). High Zn concentrations in soil,
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leading to the accumulation of approximately 400-500 mg kg* DW Zn in the leaf tissues (Chaney 1993; Marschner 1995), can
induce disruptions in the morphological, physiological and biochemical processes, limiting plant growth and development. Major
indications of Zn toxicity include decrease in yield, reduction in leaf area, a lower biomass accumulation, formation of chlorosis
and necrotic areas on leaves, root damages, reduced germination and stunted growth (Anwaar et al. 2015; Chen et al. 2017;
Dobrikova et al. 2021). Zn toxicity is also associated with water imbalance, altered uptake and translocation of nutrients (such
as P, Fe, and Mg deficiency) and change in membrane permeability (Ramakrishna & Rao 2015; Petrovic & Krivokapic 2020;
Seregin et al. 2023). Moreover, Zn toxicity can restrict photosynthesis at a range of different structural-functional levels by
reducing pigmentation, transpiration rate and stomatal and mesophyll conductivity, increasing respiration, reducing the activity
of Calvin cycle enzymes and/or limiting photochemical reactions (Andreji¢ et al. 2018; Szopinski et al. 2019). Studies have
shown that the photosynthetic responses of plants exposed to Zn toxicity vary depending on the plant species, Zn concentration
or genetic variance (Paunov et al. 2018; Szopinski et al. 2019; Fatemi et al. 2020). In addition, the imbalance between absorption
and consumption of light energy in the photosynthetic pathway by Zn toxicity triggers the overproduction of reactive oxygen
species [ROS - hydroxyl radical (OH-), superoxide radical (O2™), and hydrogen peroxide (H202)]. Excessive ROS production
disrupts redox homeostasis in cells and eventually causes oxidative stress in the plant (Chen et al. 2017). To cope with the
destruction caused by ROS, plants have complex antioxidant protection systems consisting of enzymatic [superoxide dismutase
(SOD), guaiacol peroxidase (POD), ascorbate—glutathione cycle enzyme (ascorbate peroxidase-APX and glutathione reductase-
GR), etc.] and non-enzymatic (ascorbate, glutathione, anthocyanins, flavonoids, carotenoids, etc.) components (Miller et al.
2008; Yin et al. 2018).

Maize is one of the main cereal crops cultivated globally along with rice and wheat and is used as a raw material in the starch,
syrup, industrial alcohol (ethanol for beer or whiskey) and bioplastic making industries as well as human and animal nutrition
(Diaz-Pontones et al. 2021; Abedi et al. 2022). According to the 2021 data of FAOSTAT, maize is the most produced plant
worldwide after sugarcane. Furthermore, due to its adaptability to many different environmental conditions, maize has a wide
cultivation area from temperate to tropical regions (Saboor et al. 2021). As a consequence of its widespread use and enormous
potential maize is sometimes referred to as the “miracle crop” and/or “queen of cereals” (Suganya et al. 2020). Unfortunately,
maize kernels are naturally poor in zinc minerals, so maize is used as an indicator plant for the evaluation of Zn deficiency in
soil (Ayyar & Appavoo 2017). Although most of the studies conducted with maize are related to the effects of Zn deficiency on
plants and improving Zn deficiency, several studies have examined the effects of Zn toxicity on growth, photosynthesis,
antioxidant system, yield and/or Zn content in different development stages as well as germination, stalk elongation and tassel
formation, and reproductive stage (Alonso-Blazquez et al. 2015; Janeeshma et al. 2021). Despite relatively rich database on the
effects of toxic Zn levels on plant metabolism, it is evident that there are still some unresolved issues. For example, the effect of
toxic Zn levels on photochemical activity and antioxidant defence mechanisms at the cellular level is not sufficiently clear at the
early seedling stage, when the organs necessary for maize to perform their vital functions begin to develop and mature.
Considering the lack of information on this subject, the main objective of this study is to elucidate the photochemical and
antioxidant defence strategies in the seedlings of two maize genotypes exposed to zinc toxicity. The relationship between Zn
toxicity and tolerance of genotypes at the early seedling stage was comparatively investigated from the point of the membrane
structure, photosynthetic pigment contents, functionality of photosystems and antioxidant defence mechanisms.

2. Material and Methods
2.1. Plant materials, growth and treatment conditions

The seeds of the maize (Zea mays L. namely DK626 and 3223) genotypes were used in this study. In previous studies conducted
by Unalan (2006), it was determined that DK626 was tolerant and 3223 was sensitive to Zn toxicity at the germination stage.
The seeds were germinated onto filter papers wetted with distilled water in germination boxes (20 x 13.5 x 8 cm) at 23+2 °C in
dark conditions for 5 days. Subsequently, the seedlings of the genotypes were transferred to plastic pots (14 x 13 cm) filled with
perlite and watered with Hewitt's nutrient solution (N, 168; P, 41; K, 156; Mg, 36; Ca, 160; S, 48; Fe, 2.8, Mn, 0.55; B, 0.54;
Cu, 0.064; Zn, 0.065 and Mo, 0.048 mg L) every other day. The plants were grown in a controlled growth room at a temperature
regime of 25+1 °C, with 40+5% humidity, 16 h photoperiod and at 300 umol m= s light intensity. On the 8" day after transfer,
zinc treatment was initiated for the next 12 days by applying Hewitt’s nutrient solution containing 2, 5 and 8 mM ZnSO4.7H,0
to seedlings. At the end of the zinc treatment period, the seedlings were harvested for the morphological, physiological and
biochemical analyses.

2.2. Growth parameters

The shoot (the distance from perlite surface to the tip of the longest leaves) and root lengths (the longest seminal roots) of the
maize seedlings were measured (cm plant?) for each zinc treatments. In addition, three plants were randomly taken from shoot
and root for each treatment and their fresh weight (g plant™) was measured and then kept in an oven at 80 °C for 48 hours to
determine the dry weight of these plants (g plant™?).
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2.3. Zinc content

The leaves of the harvested seedlings were washed in deionized water, then dried in oven at 80 °C for 48 hours and subsequently
mill ground to powder. The tissues powder was burned in a muffle furnace at 550 °C for 4 h. The ash was brought to a standard
volume with 1 M HNOgs. The Zn content in the tissues was determined using flame atomic absorption spectrophotometer
(Unicam, 929 AAS) and the Zn contents of the leaves was calculated (mg kg* DW). Additionaly, the bioaccumulation factor
(BF) were calculated according to Roccotiello et al. (2010).

The bioaccumulation factor (BF): metal contentshoor/metal contentsil Q)
2.4. Chlorophyll a fluorescence measurements

Chlorophyll a fluorescence measurements were performed with a portable, modulated fluorescence monitoring system (FMS2;
Hansatech Ltd., Norfolk UK) on randomly selected leaves of the maize cultivars (6 replicates). Following at least 30 min of dark
adaptation, the minimum chlorophyll a fluorescence (Fo) was determined using a measuring beam of 0.2 pmol m~2 s! intensity.
A saturation pulse (1 s of white light of 7500 pmol m~ s intensity) was used to obtain the maximum fluorescence (Fw) after a
dark-adapted state was reached. The maximal quantum efficiencies of PSII of dark-adapted plants (Fv/Fwm and its more sensitive
Fv/Fo) were calculated using Equation 2. Fy is known to be the variable fluorescence (Equation 3). Light-induced changes in
chlorophyll a fluorescence following actinic illumination (300 pmol m—2 s—1) were recorded prior to the measurement of F'o
(minimum chlorophyll a fluorescence in light-saturated state) and F'm (maximum fluorescence in light-saturated state. The
quantum efficiency of PSII open centers in the light-adapted state, referred to as ®PSII (Equation 4), was determined from F'y
and Fs (steady-state fluorescence in the light-saturated state) values. The quantum efficiency of the excitation energy trapping
of PSII (Equation 5) was calculated according to Genty et al. (1989). After the actinic light was shut off, the minimum
fluorescence in the light-adapted state (F'o) was determined by illuminating the leaves with far-red light (7 pmol m=2 s). The
photochemical quenching (Equation 6) and the nonphotochemical quenching (Equation 7) were calculated according to Genty
et al. (1989). The electron transport rate (ETR) was determined by multiplying the quantum efficiency by incident photon flux
density and an average factor of 0.84 for leaf absorbance and dividing by a factor of 2 to account for the sharing of absorbed
photons between the two photosystems (PSI and PSII, Equation 8) (Genty et al. 1989). Additionally, the quantum vyields of
chlorophyll photophysical decay of light-adapted leaves referred to as ®c (Equation 9) were calculated (Guadagno et al. 2010;
Calvo et al. 2017). Based on these, the energy partitioning in the PSII complex occurs in three parts; the photochemical processes,
nonphotochemical quenching (heat dissipation) and chlorophyll photophysical decay. These three mechanisms are competitive
and their sum is equal to 1 (Equation 10).

Fv/Fm = (Fm— Fo) / Fu )
Fv=Fu—-Fo (©)
®PSII = (F'v— Fs) | F'v 4
Fv/Fum' = (Fu' —Fo) I Fu’ Q)
P = (F'm—Fs) / (F'm— F'o) (6)
NPQ =Fu—F'm/ F'm (7
ETR = (F'w—Fs) / (F'v) x PAR x 0.84 x 0.5 8)
®c = Fs/Fu )
®PSII + NPQ + ®c=1 (10)

2.5. Pigment analysis

The photosynthetic pigment [chlorophyll (Chl a, b) and carotenoids (Car x, c)] contents were determined from the leaf sample
and calculated as mg g FW! according to Lichtenthaler (1987). The absorbance values of the solutions were recorded at the 470,
644.8 and 661.6 nm and the pigment contents were calculated using the following equation:

Chl a = (11.24 x AB61.6) — (2.04 x A644.8) (11)
Chl b = (20.13 x A644.8) — (4.19 X A661.6) (12)
Total Chl = (7.05 x A661.6) — (18.09 x A644.8) (13)
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Car = [(1000 x A470) — (1.9 x Chl a) — (63.14 x Chl b)] / 214 (14)

In addition, the Chl a/b ratio was calculated from the Chl data. The anthocyanin content (mg g FW') was determined
according to the method of Mancinelli et al. (1975). The absorbances were recorded at the 530 and 657 nm and the content was
calculated using the following equation:

Anthocyanin content = A530 — (A657/3) (15)
2.6. Antioxidant enzyme and isoenzyme activities

Fresh leaf samples (0.5 g and 3 replicates) were ground with liquid nitrogen and the soluble protein was extracted in the
antioxidant enzyme related extraction buffer. Protein concentrations from leaf extracts were determined according to (Bradford
1976). Fine powder was homogenized in 1 mL of buffer containing 9 mM Tris—HCI buffer (pH 6.8) and 13.6% glycerol and
SOD (EC 1.15.1.1) enzyme and isoenzyme activities were determined (Laemmli 1970; Beauchamp & Fridovich 1971; Beyer &
Fridovich 1987). Guaiacol POD (EC 1.11.1.7) enzyme activity was based on the determination of guaiacol oxidation (& = 26.6
mM cm1) at 470 nm by H,O, (Piitter 1974). In addition, POD isoenzyme was assayed according to Rao et al. (1995). APX
(EC1.11.1.11) enzyme and isoenzyme activities were assayed according to the method of Wang et al. (1991) and the staining of
non-denatured polyacrylamide gels was performed according to Mittler & Zilinskas (1993). GR (EC 1.6.4.2) enzyme activity
was determined by following the decrease in absorbance at 340 nm due to NADPH oxidation (Sgherri et al. 1994) and GR
isoenzyme was determined to make the bands in non-denatured polyacrylamide gels apparent according to the method of Rao et
al. (1995). SOD, POD, APX and GR isozyme bands were visualized and analyzed using the Bio-Profil V99 software program
of the Vilber Lourmart imaging system (Marne la Vallee, France).

2.7. Statistical analysis

The experiments were performed in a completely randomized design by three replicates. Differences among the treatments as
well as between the genotypes were analyzed using the SPSS 20.0 (Chicago, IL, USA). Statistical variance analysis of the data
was performed using ANOVA and compared with the least significant differences (LSD) at the 5% level.

3. Result and Discussion

Zinc (Zn) plays a crucial role in various biological functions for all living organisms; however, plants employ different strategies
to cope with the uptake, transport, and retention of high Zn concentrations, which can lead to toxicity (Anwaar et al. 2015;
Petrovic & Krivokapic 2020; Kaur & Garg 2021; Stanton et al. 2022). In this study, it was investigated that the effects of Zn
toxicity on the morphological structure, photochemical efficiency and antioxidant defence systems of maize genotypes. The
bioaccumulation factor (BF) is accepted to be one of the important indexes for phytoremediation that imply the potential of
plants to regulate the uptake, transport and accumulation of metals in their aerial parts (Rai et al. 2019; Wieczorek et al. 2023).
Elevated toxic Zn concentration caused the decrease in BF of both maize genotypes (Figure 1). Although the amount of Zn
required for optimum growth is universally assumed to be in the range of 30 to 200 pg g™* DW within plants, some species can
accumulate zinc of more than 10.000 pg gt DW without showing any indication of toxicity (Sofo et al. 2013; Sperdouli et al.
2022). By contrast, Zn is accepted to be toxic for plants when the tissue concentration is above 400 pg g* DW (Sofo et al. 2013).
The amount of Zn in the control leaves of DK626 and 3223 genotypes were measured as 342 and 347 pg gt DW, respectively,
and these values were below the threshold considered to be toxic (Figure 1). In all Zn treatments, both genotypes accumulated
Zn significantly and similarly in their tissues, and this accumulation generally increased in parallel with the increase in
application levels (41, 123 and 119-fold in DK626, and 47, 119 and 128-fold in 3223 at the 2, 5 and 8 mM compared to the
control, respectively). This could be indicative that the leaves were approaching the saturation point in Zn uptake and
accumulation under high toxicity conditions. When the results above are evaluated together, maize genotypes have exhibited
almost similar tolerance to Zn toxicity, and these genotypes could be used as accumulator crops for contaminated soil with toxic
zinc metal due to both genotypes having a bioaccumulation factor (BF) > 1. Wieczorek et al. (2023) have reported that if the BF
values of plants are greater than 1 under zinc toxicity, it can be considered as a bioaccumulator plant.
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Figure 1 - Zinc content (g kg™ DW) in leaf tissue of maize genotypes

Zn accumulation in leaves caused growth restrictions by altering the ion balance and disrupting metabolic processes (Tiecher
et al. 2017; M’Rah et al. 2023). The root and shoot lengths of maize genotypes were significantly declined in especially 5 and 8
mM Zn treatments (more than 8%) (Figure 2). In addition, a gradual reduction in biomass accompanied these alterations, and
the fresh and dry weights of shoot and root decreased under all Zn treatments in DK626 (24-60% and 16-70% compared to
control, respectively), whereas the decreases in biomass were more pronounced under the 5 and 8 mM Zn concentration in 3223
(21-54% and 35-67% compared to control, respectively) (Figures 2 and 3). Declines in biomass production and lengths are
general responses of Zn toxicity and, therefore, these parameters are frequently a reliable indicator of the plant's susceptibility
to stress (Glinska et al. 2016). Moreover, the root/shoot dry weight ratio and total biomass values indicated that root and shoot
growth were similarly affected in DK626 under Zn toxicity, with the exception of the 2 mM Zn concentration, while the root
growth was more inhibited in 3223 only at the highest toxicity (8 mM) (Figure 3). Many researchers have stated that roots are in
direct contact with zinc toxicity, so the toxicity is first perceived by the roots, which triggers a reduction in cell division and a
change in hormone balance and a retardion of minerals and water acquisition, thus limiting root growth (Glinska et al. 2016;
Kaur & Garg 2021). In addition to these, all growth parameters values decreased more dramatically in DK626 compared to 3223,
revealing that DK626 was slightly sensitive to zinc toxicity.
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Figure 2- Length of shoot (A) and root (B), fresh weight of shoot (C) and root (D), and dry weight of shoot (E) and root (F) of
maize genotypes exposed to Zn toxicity. The values are presented as the mean + standard error (SE), n=15 for length of shoot
and root and n=5 for fresh and dry weight of shoot and root. The bars and different letters indicate significant differences
between treatments and cultivars at P<0.05 according to the LSD test
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Figure 3 - The effects of Zn toxicity on root/shoot dry weight ratio and total biomass accumulation in maize genotypes. Values
shown are mean + SE

Oxidative stress, which occurs due to uncontrolled and excessive production of reactive oxygen species (ROS), is among the
main factors that impair metabolic function by affecting cellular structures in plants exposed to heavy metal stress conditions.
The non-quenched ROS trigger peroxidation in cellular membranes, resulting in an increase in malondialdehyde (MDA), an
indicator of lipid peroxidation (Ramakrishna & Rao 2015; Dobrikova et al. 2021; Kaur & Garg 2021). MDA content increased
3.0 and 6.3- fold in DK626 at 5 and 8 mM Zn concentrations, while it elevated gradually 1.4 to 3.1-fold in 3223 at all Zn
treatments (Table 1). It has been reported that under toxic Zn conditions, ultrastructural alterations of cellular organelles such as
chloroplasts and mitochondria occur due to the disruption of the membrane structures of these organelles (Mukhopadhyay et al.
2013). In addition, Jayasri & Suthindhiran (2017) have suggested that heavy metals such as Zn and Pb could demolish the
structure and function of chloroplast by attaching to sulfhydryl (-SH) group of the chloroplast proteins and could limit the
chlorophyll biosynthesis by targeting Fe and Mg. The increase in MDA content, which indicates degradation in the membrane
structures, could have limited plant biomass production in maize genotypes by destroying the structure of chlorophyll pigments
and photosynthetic apparatus (Figures 4 and 5).

Table 1 - Effects of elevated toxic zinc concentration on malondialdehyde (MDA) content in the leaves of two maize cultivars.
Each value represents the mean £ SE (n = 3)

Zn concentration

Cultivars

Control 2 mM 5mM 8 mM
DK 626 3.84 £ 0.032 3.66 +0.062 11.38+0.03" 23.12+0.20°¢
3223 2.96+0.102 4.15+0.09° 6.86+0.01°¢ 9.15+£0.09¢

LSD 5% 0.39

The novelty of this study is to address the lack of research data concerning the effects of zinc toxicity on photosynthetic
functionality strategy of maize genotypes in the early seedling stage. For this purpose, the effect of Zn toxicity on energy fluxes
of utilization and dissipation of light energy absorbed by PSII was evaluated by using the chlorophyll a fluorescence technique
(Figure 4). The maximal quantum efficiency of PSII (Fv/Fw) slightly decreased in both maize genotypes at the 5 and 8 mM Zn
treatments (Figure 4C). The alterations in Fv/Fw ratio reflect disruptions in the photochemical activity of PSII (Kiipper &
Andresen 2016). The Fv/Fo value, which provides information regarding the maximum quantum yield of PSII photochemistry
(Lichtenthaler et al. 2005), was significantly decreased due to zinc toxicity compared to Fv/Fum (Figure 4D). Lichtenthaler et al.
(2005) have also reported that Fv/Fo is more sensitive parameter than Fv/Fu. The decreases in Fv/Fum and Fv/Fo of genotypes
were due to the increases in Fo and decrease in Fu, particularly under 5 and 8 mM Zn treatments (Figures 4A and B). The decline
in Fum could indicate that the reduced Qa ratio increases and accordingly the electron transfer from Qa to the Qg slows down
(Andrejic et al. 2018) and could also imply PSII photoinhibition (Sapeta et al. 2023). In addition, Paunov et al. (2018) suggested
that the decrease in Fy may be partially related to a decrease in the content of chlorophyll a. A similar relationship between Chl
a+b content and Chl a/b ratio was found in this study (Figures 5A and C). The increase of Fo could be a result of the decline in
the transfer of excitation energy from the antenna complex to the reaction center of the PSII, but also to the direct effect of Zn
on the reaction centers of PSII (Vaillant et al. 2005). These alterations in Fo and Fw of genotypes have indicated that there was
damage to the acceptor and donor sides of PSII at high Zn concentrations. In a similar manner to Fv/Fu and Fv/Fo ratios, the
value of F'v/F'w diminished marginally in both maize genotypes at 5 and 8 mM Zn concentrations (Figure 4E). The decline in
F\/F'v indicated that Zn toxicity also caused a deterioration in the efficiency of trapping the excitation energy by open PSII
reaction centers. The observed decreases in Fv/Fum and F'v/F'w could be due to Zn-induced deterioration in the structure of PSII
reaction centers or photoinhibition of PSII, which could trigger a decrease in the electron transfer rate from Qa to Qg and a
subsequent reduce in electron flow from PSII to PSI (Paunov et al. 2018). Moreover, the ETR of both genotypes were also
adversely affected by elevated Zn toxicity (especially at higher Zn levels) (Figure 4J). Other studies have reported that
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photosynthetic electron transport was decreased in wheat, Arabidopsis and young bean by zinc toxicity (Paunov et al. 2018;
Szopinski et al. 2019). It has been suggested that the detrimental effect of Zn on photosynthetic electron transport is due to the
loss of membrane integrity, decreased permeability of biomembranes, and the disassembly of the thylakoid membrane due to the
production of reactive oxygen species under stress (Balafrej et al. 2020). The ®PSII value which expresses the efficiency of the
energy used to drive photosynthesis slightly declined only in DK626 at 5 and 8 mM Zn concentrations (Figure 4F). Despite the
changes in Fv/F'm and ETR, photochemical quenching (gP) was not significantly affected in maize genotypes at any Zn
concentrations (Figure 4G). The gP expresses the trapping photon energy that derives photosynthesis and also results from the
activation of light-induced enzymes involved in carbon metabolism and the opening of stomata (Calvo et al. 2017). The stability
of gP under Zn toxicity indicated that maize genotypes could protect a balance between the captured photon energy and the use
of electrons passing through the photosynthetic electron transport chain (Cigek & Cakirlar 2008). The excitation energy absorbed
by plants is accomplished in the dissipation in three separate ways: it can be used in the photochemical pathway, it can be
distributed in photophysical processes (fluorescence, inductive rezonans and radiationless transfer) or it can be dispersed by
thermal deactivation (non-photochemical quenching) (Iriel et al. 2019). However, non-photochemical quenching (NPQ)
markedly reduced at all Zn treatments in DK626 (16, 26 and 25% decrease at 2, 5 and 8 mM Zn concentrations, respectively)
and only at 2 mM Zn concentration in 3223 (26%) (Figure 4H). The findings reveal that the excess excitation energy not used in
the photochemical pathway was dissipated by using photophysical processes instead of the photoprotective pathway NPQ in
maize genotypes, especially in DK626, under Zn toxicity. The ®¢, expresses the quantum yield of chlorophyll photophysical
decay, displays the efficiency of photophysical processes, and is associated with radiative degradation of chlorophyll (Guadagno
et al. 2010). The ®c increased significantly at 5 and 8 mM Zn treatments in DK626 (17 and 14%, respectively), and only at the
highest Zn concentration in 3223 (8%) (Figure 41). These indicated that Zn toxicity induced a greater fraction of the excession
energy to be lost from the reaction centers as fluorescence and non-radiative inactivation of reaction centres (Cordon et al. 2018).
Moreover, these three mechanisms are competitive in sharing the absorbed energy, and, therefore, any alteration in the quantum
efficiency of one can typically induce changes in the efficiency of the others (Maxwell & Johnson 2000; Iriel et al. 2019).
Consequently, all chlorophyll a fluorescence results have revealed that the effects of toxic Zn levels on photochemical activity
were minor. Also, along with somewhat occurrence of photoinhibition in the photosynthetic apparatus due to zinc toxicity, the
results obtained may suggest that an adaptation mechanism has been working and a balance has been established.

Regarding pigments, exposure to Zn toxicity dramatically decreased chlorophyll and carotenoid concentrations in maize
genotypes (Figures 5A and B). The Chl a+b content decreased by 35-71% and 23-56% with increasing Zn concentration in
DK®626 and 3223, respectively. The reduction of the chlorophyll content may be due to many possible and interrelated causes:
obstruction of enzyme activities involved in chlorophyll biosynthesis such as 3-aminolevulinic acid dehydratase (ALA-D) and
protochlorophyllide reductase as a result of interference to the functional sulfhydryl region of Zn and/or activation of the
chlorophyll-degrading enzyme chlorophyllase as well as competition of Zn with Fe and Mg in the structure of the intermediate
or final product during chlorophyll synthesis (Anwaar et al. 2015; Ramakrishna & Rao 2015; Kaur & Garg 2021) as well as
lipid peroxidation, especially photosynthetic membrane damage.
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Zn toxicity caused a decrease in the Chl a/b ratio as well as reducing pigment content, and the reduction was remarkable in
DK626 at 5 and 8 mM Zn treatments (17 and 25%, respectively) (Figure 5C). The decline indicated that Chl a had a higher
sensitivity to Zn exposure than Chl b. Moreover, the Chl a/b ratio in an indicator that reveals the status of light harvesting
complexes (LHC) and reaction center of PSs, because LHC contains Chl a and Chl b, whereas the reaction centers only contain
Chl a (Cigek & Cakirlar 2008). In addition, the Car content decreased by 37-71% in DK626 and 23-55% in 3223 under Zn
toxicity. The ratio of Chl (a+b) / Car (x+c) was also decreased by zinc toxicity, indicating the Chl content declined more than
the Car content (Figure 5D). Several studies show that excess Zn could induce the decrease in carotenoid content (Ramakrishna
& Rao 2015; Paunov et al. 2018). In addition to chlorophylls and carotenoids, leaf colors in plants are associated with a change
in the relative content of other pigments including anthocyanin (Pan et al. 2020). The anthocyanin content increased by 73 and
82% in DK626 at the 5 and 8 mM Zn concentrations, respectively, and 41% at 8 mM Zn treatments in 3223 compared to controls
(Figure 5E). It has been reported that Zn-induced anthocyanin synthesis and accumulation may play a role in protecting cell
macromolecules from oxidative stress and/or increasing metal chelation in plants (Sofo et al. 2018; Szopinski et al. 2019; Kaur
& Garg 2021). Moustaka et al. (2018) have claimed that the biosynthesis of anthocyanin was strongly related to the redox state
of plastoquinone pool the in red leaves of poinsettia under high light intensity conditions and this accumulation could serve a
protective role, limiting the production of ROS.
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differences between treatments and cultivars at P<0.05 according to the LSD test

Zinc is a redox-inert element that cannot carry out monovalent oxidation-reduction reactions, but it can indirectly induce the
generation of ROS such as O, and H,0; (Diaz-Pontones et al. 2021). However, Zn also plays a role in scavenging ROS due to
its role as a component of antioxidant enzymes (Dalcorso et al. 2014). In this way, excess zinc causes an imbalance between
ROS and detoxification mechanism, and in this case, oxidative stress is triggered, which causes cellular damage (Ramakrishna
& Rao 2015; Sofo et al. 2018). Oxidative stress is generally determined by the change in MDA content, a marker of lipid
peroxidation (Sperdouli et al. 2021). In our study, the marked increase in Zn content and MDA contents, and the significant
decrease in plant biomass and lengths at the highest Zn concentrations are an indication of triggering oxidative stress. The
activities of four antioxidant enzymes and their isoenzymes in the cellular defence system of maize leaves under Zn toxicity
were examined in this study: SOD, which catalyzes the conversion of O, radicals to H,O, and O; subsequently; POD, APX
and GR in detoxifying the formed H,0, (Figure 6). Total SOD enzyme activity was increased in all Zn treatments compared to
controls; however, it was statistically significant only at the highest Zn concentration in DK626 (2.2-fold) and at 5 mM Zn
treatment in 3223 (1.8-fold) (Figure 6A). Also, three SOD isoforms were detected in leaves of both genotypes and the alteration
in band intensity of the isoforms supported changes in total SOD isoenzyme activity (Figure 6A, right side). Total POD enzyme
activity was increased only at 2 mM Zn concentration in DK626 and at 5 mM Zn treatment in 3223 (about 1.4 and 1.3-fold,
respectively) compared to their controls (Figure 6B). As a comparison, four POD isoforms in maize leaves, with one different
band in each genotype, were separated with non-denaturing PAGE. The band densities of POD isoforms enhanced at the same
levels of Zn treatment that the total enzyme activities were increased. APX activity remained unchanged in the DK626 genotype
(except 8mM), whereas it significantly increased in the 3223, especially under the highest zinc toxicity (Figure 6C). In addition,
the alteration of GR activity in DK626 exposed to Zn toxicity was found to be similar to that in APX activity, and GR activities
were found somewhat increased in DK626 under all Zn treatments (Figure 6D). For this reason, we suggest that POD may have
played a more active role in H,O, scavenging in DK626 under excess zinc treatments. In 3223, total APX activity was
significantly upregulated at 5 and 8 mM Zn treatments (about 1.41 and 1.75-fold, respectively) whereas increased GR activity
was detected at 2 and 5 mM Zn concentrations (approx. 1.7 and 2-fold, respectively). Moreover, alteration in the number of
bands and/or band intensity of the isoforms in the gel images of APX and GR enzymes in 3223 supported the changes in the
total enzyme activity (Figures 6C and D). These findings indicate that the 3223 genotype used the ascorbate-glutathione cycle
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to detoxify H,O; and in this pathway catalyzes ascorbate (AsA) to form monodehydroascorbate (increased APX activity) while
increasing recuperation of GSH from GSSG (increased GR activity). Various studies have exhibited that the increases in POD
and Asada-Halliwell pathway enzymes (APX, GR etc.) activities in plants were detoxified damaging effects of metal toxicity
(Ekmekgi et al. 2008; Mukhopadhyay et al. 2013; Tiecher et al. 2017; Baran & Ekmekgi 2022).
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Figure 6 - Alteration induced by Zn toxicity in the activities of total enzymes and isoenzymes in leaves of maize genotypes:
SOD (A), POD (B), APX (C) and GR (D). The error bars represent the standard error (+SE) for three replicates

4. Conclusions

The accumulation of excess Zn in leaves led to the restricted growth, loss of photosynthetic pigments and photochemical
efficiency of the two maize genotypes. However, DK626 showed more membrane deterioration than 3223 with highly toxic Zn
concentrations according to the MDA results. Furthermore, the decrease in photosynthetic pigment contents and the increase in
anthocyanin contents reveal that DK 626 was more affected by Zn toxicity than the other genotype. However, by slightly
increasing SOD and POD enzyme activities, DK626 overcome the damaging effects of oxidative stress induced by Zn toxicity
compared to 3223. The genotypes achieved an adaptation to zinc toxicity by increasing the anthocyanin content, regulating
antioxidant enzyme activities, and maintaining the functionality of the photosynthetic machineries.

In the previous study, the genotypes were identified as tolerant (DK626) and sensitive (3223) at the germination stage.
However, the results of this study have shown that both genotypes the differentiation in tolerance responses to zinc toxicity
between these genotypes disappeared during the early seedling stage. Therefore, tolerance levels to Zn toxicity of both genotypes
were quite high and of a similar nature. It may be declared that both genotypes have exhibited tolerant responses to Zn toxicity,
but with different strategies. Consequently, both genotypes of Zea mays L. might be suggested to be used for the
phytoremediation of highly toxic Zn-contaminated areas. However, further studies are required to screen all growth stages for
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Zn tolerance capacity before a more informed decision can be made regarding the phytoremediation potentials of these two
genotypes.
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