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Abstract. Antioxidant defense systems have been studied in the mesophyll (MC) and bundle
sheath cell (BSC) chloroplasts of maize (Zea mays L.) leaves cultivated in an artificial climate
chamber under various concentrations (0%, 1%, 2%, 3%) of NaCl. The amounts of some of the
main products of lipid peroxidation malondialdehyde (MDA) and reactive oxygen species hydrogen
peroxide (H202) as well as activities of superoxide dismutase (SOD) and ascorbate peroxidase
(APO) were determined in MC and BSC chloroplasts. BSC chloroplasts were found to be more
tolerant to salt stress compared with MC chloroplasts. The MDA amount increased in both
chloroplasts. H>O, was found to be localized mainly in MC chloroplasts at various NaCl
concentrations. The SOD and APO activities increased in both chloroplasts of the plants exposed to
salt stress.

Annomayus. VI3ydeHsl cUCTEMbl aHTUOKCHJAHTHOW 3aIUTHI B XJIOPOILIACTaX Me30(puIa U
OOKJIaZIKU COCYIOHUCTBIX Iy4KOB JIUCTbEB KYKypy3bl (Zea mays L.), KyIbTUBHPYEMBIX B Kamepe
HCKYCCTBEHHOTO KJMMaTa HpU pa3iauuHblXx KoHueHTpauusx (0%, 1%, 2%, 3%) NaCl. B
XJioporiactax Me3o(pusuia 1 00KIa K1 ONpeAessuId KOJIMYeCTBO HEKOTOPhIX OCHOBHBIX MPOAYKTOB
MEPEKUCHOTO OKHUCIICHUS JMMHI0B MaJOHAMANIBAETUIA U aKTUBHBIX (OPM MEpEeKHCH BOAOPOAA
(H202) m axkTUBHOCTH CYyNEpOKCHAJMCMYTa3bl U acKopOaTrepoKcuiasbl. YCTaHOBJIEHO, YTO
XJIOpOIIacThl OOKJIaJKK Oojiee YCTOHYMBEI K COJIEBOMY CTPECCY MO CPaBHEHUIO C XJIOPOIJIaCTaMHU
Me3oduiuia. KoanuecTBo MaloHIMaNIbIeTuAa yBEINUUBAIOCh B XJIOPOIJIaCTax Kak Me30o¢uiia, Tak
u oOxianku. YeraHosneHo, 4ro H>Os sokann3yercs B OCHOBHOM B XJIOPOILIACTAaX Me30(puilIa Ipu
pa3nuuHbiX KoHLEHTparusax NaCl. AKTUBHOCTb CyNepOKCHAIMCMYTAa3bl U acKOpOATHEPOKCUAA3HI
YBEIMYMBAIACh B XJIOPOIUIacTax Me30(pHIUIa U OOKIJIAIKH, TOJBEPIIINXCS COJIEBOMY CTPECCY.

Keywords: maize, mesophyll chloroplasts, bundle sheath chloroplasts, malondialdehyde,
hydrogen peroxide, superoxide dismutase, ascorbate peroxidase.
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Salt stress is one of the ecological hazards sharply limiting plant growth and productivity.
High salinity impedes plant growth and development mostly due to osmotic stress and toxicity [1].
In arid and semi-arid regions, plants are more exposed to salt stress because of the high degree of
evaporation leading to water loss. The cessation of growth of many plants under salt stress is
closely related to the decrease in photosynthesis [2]. High salinity decreases the photosynthetic
activity of plants and due to the chlorophyll degradation, chloroplast substrate is damaged leading
to the destruction of membranes and enzymatic proteins [3]. Moreover, secondary stresses, such as
oxidative stress, are frequently accompanied by osmotic stress and ion toxicity that are harmful to
plant cells due to the accumulation of reactive oxygen species (ROS). ROS can significantly
damage membrane lipids, proteins, nucleic acids, and photosynthetic pigments. Therefore,
antioxidant and photosynthetic abilities of plants are very important for the normal growth and
development under salt stress [4].

Plants possess enzymatic antioxidant mechanisms having the ability to confront the negative
effects of salt stress. Enzymatic antioxidants include superoxide dismutase (SOD) and ascorbate
peroxidase (APO) [5]. Usually, the inconsistency between the formation of radical species and cell
antioxidant defense systems results in the emergence of oxidative stress [6].

Superoxide dismutase (SOD) converts O2- anion into less reactive species O2 and H>O».
Based on metal cofactors located at the enzyme active site SODs are classified into 3 members: Fe-
SOD, Mn-SOD, and Cu/ZnSOD [7]. As a result of the SOD enzymatic reactions, H,O> and O are
formed [8]. To avoid the harmful effect of H>O>, it should be removed from the cell at once.
Because H»O> forms the highly reactive OH radical in the presence of certain metal ions and
chelates. The regulation of superoxide dismutases plays a vital role in combating oxidative stress
caused by biotic and abiotic factors, and the ability of plants to survive under environmental
stress [9].

Ascorbate peroxidase (APO) plays an important role in the antioxidant system of plants by
breaking down H20,. The APO family consists of at least five different isoforms in the soluble
form, including stromal, cytosolic, and apoplastic enzymes that bind to the thylakoid and
microsomal membranes [5].

The maize plant (Zea mays L.) is the third most important cereal after rice and wheat and
grows in a wide range of soils and climates. It is a C4 plant of the Poaceae family and is moderately
sensitive to salt stress [10]. The salt level over 0.25 M damages the maize plant, impedes its growth
leading to weakened development [11]. The carbon assimilation process in maize (Zea mays L.)
leaves consists of two cycles. These cycles are carried out through two photosynthetic cells
separated and specialized inside the leaf: bundle sheath cells (BSC) compactly located around
conductive vessels and mesophyll cells (MC) surrounding them. BSC and MC perform different
metabolic functions in maize plants: PEP-carboxylase and C4-carbon fixation pathway operate in
MC and RBP-carboxylase and the Calvin cycle operate in BSC [12]. Electron microscopy studies
revealed differences in the structure of mesophyll and bundle sheath cells. Thus, mesophyll cells are
characterized by a granular structure, stromal thylakoids, and a small number of starch grains, while
bundle sheath cells are characterized by an agranal structure and more starch grains. Sodium is a
major toxic ion that affects potassium uptake and therefore disrupts the stroma fluctuations that
cause water loss and necrosis in maize [13]. Besides, salt stress causes oxidative damage to plant
cells by excessive production of active oxygen species [14].

The present study investigated the cellular localization H>O», in MC and BSC in maize plants
exposed to salinity.
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Materials and methods

Plant material and growth conditions: Seedlings of the maize plant (Zea mays L.), which is a
cereal crop, were cultivated in soil under controlled phytotron conditions (photoperiod — 14 h/10 h,
t — 26 °C, light intensity — 600 pmol m2 s™! and relative humidity of about 70%) based on the
method presented by Hasan et al. [15]. Salinity treatment was started after the second leaf blades of
the plants were fully developed by supplying 50 ml of 0 (control), 1%, 2% and, 3% NaCl stock
solutions every day. Distilled water served as control. The soil was kept moist by the addition of
respective stock salt solutions at regular intervals. Each treatment was replicated five times in which
a pot was considered as one replicate. After salt treatment for 5 days, the plant samples were taken.

Chloroplast and thylakoid isolation: The mesophyll (M) and bundle sheath (BS) chloroplasts
were isolated mechanically according to Edwards and colleagues [16]. The differential
centrifugation method was used to isolate subcellular fractions (chloroplasts, etc.) from mesophyll
and bundle sheath cells of leaf samples. To obtain assimilating tissues, leaves were detached from
stems, washed with distilled water, and cut into small segments with a width of 2—3 mm. These
segments were homogenized in 25 mM HEPES buffer (pH 7.8) containing 0.3 M sucrose, 1 mM
EDTA, 1520 mM 2-mercaptoethanol (buffer A) using MPW-302 (Poland) mechanical
disintegrator for 4 sec at 7,000 rev/min.

Hydrogen peroxide (H>0:) content: The amount of hydrogen peroxide was determined
spectrophotometrically using the Bellinkampi method [17]. Optical density was determined at
560 nm in Thermo Scientific Evolution 350 UV-Vis Spectrophotometer. Standards were prepared
using 30% H20,.

Determination of the malondialdehyde (MDA) content. The main product of the lipid
peroxidation in plant tissues-MDA was determined based on the reaction with thiobarbituric acid
(TBT) [18]. 50 pl of the plant material was homogenized after adding 650 pul of TBA reagent. Then
supernatant and the obtained mixture were kept in the water bath for 30 min, at 95 °C and cooled
using ice. The optical density of the supernatant was determined by the spectrophotometer
(A=532 and 600 nm) after the repeat centrifugation for 10 min, at 15,000g. The MDA content was
calculated using an extinction coefficient of 155 (nmol/g™! fresh weight) with the subtraction of
non-specific absorption at 600 nm.

Superoxide dismutase (SOD, EC 1.15.1.1) assay: The enzyme activity was determined at
450 nm using SOD Assay Kit (Sigma, Aldrich).

Ascorbate peroxidase (APX, EC 1.11.1.11) assay: The activity of the enzyme was determined
spectrophotometrically based on the decomposition of H,O; by the ascorbate peroxidase enzyme for
I min, at 290 nm [19]. The reaction medium consisted of 0.1 mM EDTA (pH 8.0), 0.05 mM
ascorbic acid, 0.1 mM H>02, 50 mM Na-Phosphate (pH 7.6) buffer and 100 pl of the enzymatic
extract. The APO activity was estimated based on the decline in the optic density during the first
30 sec of the reaction and was expressed in mmol ascorbate/(mg protein min) at the extinction
coefficient (¢) of 2.8 mM 'cm™!

Statistical analysis: The paper presents data of three experiments carried out in three
replicates. Calculations, graphs, and their descriptions were performed using the applications
Microsoft Office Word 7 and Excel 7 for Windows XP.

Results and discussion

H>O:> plays a dual role in plants. At low concentrations, it acts as a secondary signal molecule
that participates in the stimulus signal and raises the level of tolerance to various stresses. On
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the other hand, H2O> accumulation causes membrane lipid peroxidation when it reaches a high
concentration [5]. Hydrogen peroxide a form of reactive oxygen species, was not found in the MC
and BSC chloroplasts of the control plant in maize leaves during our experiments. H>O> was found
in MC chloroplasts under the influence of salt stress. Whereas it was not found in the chloroplasts
of BSC (Figure 1).
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Figure 1. Changes in the H.O, content in mesophyll and bundle sheath chloroplasts of the maize plants
exposed to salt stress. ND, not detectable.

As seen, H>O; is formed in the mesophyll and bundle sheath chloroplasts exposed to salt
stress. In chloroplasts, H>O> is assumed to be formed around photosystem II (FS II), which is
located mainly in the granular structure [20]. In NADP-ME-type C4 plants, the granular structure of
BSC chloroplasts is generally less common and therefore, FS II activity is less or absent in BSC
chloroplasts [21]. Thus, H20: is less formed in BSC and these cells are more tolerant to salt stress
than MC. Less H2O2 amounts in BSC compared with MC were observed also in the maize plants
exposed to low temperatures [22]. These results can be attributed to both structural and
physiological differences between MC and BSC chloroplasts.

Malondialdehyde is distributed differently in the chloroplasts of mesophyll and bundle sheath
cells of maize leaves. Thus, its amount was greater in MC chloroplasts compared with BSC
chloroplasts in control plants. Under salt stress, the MDA amount increased in both of BSC and MC
chloroplasts (Figure 2).
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Figure 2. Changes in the MDA content in mesophyll (M) and bundle sheath (BS) chloroplasts of the
maize plants exposed to salt stress.
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MDA is an effective indicator of cell oxidative damage [23]. NaCl causes an increase in the
MDA amount in MC and BSC chloroplasts of the maize plant [24]. Among organelles, chloroplasts
of mesophyll cell are considered the most sensitive to salt stress because they are the strongest
source of ROS production. Thylakoid membranes contain high amounts of unsaturated fatty acids,
and membrane damage is partially associated with a decrease in unsaturated lipids, which leads to a
decrease in the stability of membrane proteins [25]. Malondialdehyde is a product of peroxidation
of unsaturated fatty acids with phospholipids, and lipid peroxidation levels have been used as an
indicator of damage caused by free radicals to cell membranes under stress. The malonaldehyde
content was also expected to be low in BSC chloroplasts under salt stress, as ROS was significantly
lower. Thus, the disruption of thylakoid membranes observed in MC chloroplasts of salt-exposed
plants may be attributed to lipid peroxidation (Figure 1). Despite the similar lipid oxidation levels in
both tissue types of stressed plants, the BSC chloroplast structure was better preserved. The results
show that lipid peroxidation does not necessarily lead to structural damage. Halliwell [26] also
suggested that lipid peroxidation would not be the primary mechanism of tissue damage under
oxidative stress.

The activities of superoxide dismutase and ascorbate peroxidase increased in both mesophyll
and bundle sheath cells of maize plants exposed to 1%, 2%, 3% NaCl (after the emergence of the
2th leaf) compared with the control plants. The activity of SOD and APO reaches a maximum in
plants exposed to 2% NaCl, and a significant decrease was observed at 3% NaCl
Spectrophotometric analysis of the activity of antioxidant enzymes in mesophyll and bundle sheath
cells showed higher activity of enzymes in bundle sheath cells than in mesophyll cells (Figure 3).
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Figure 3. Activities of SOD and APO in mesophilic (M) and bundle sheath (BS) chloroplasts of maize
leaves under various NaCl concentrations.

As can be seen from the Figure 3, the activity of SOD is equally increased in the mesophyll
and bundle sheath chloroplasts of the leaves of the maize plant exposed to salt stress. APO activity
was more common in bundle sheath chloroplasts than in mesophyll. Similar results were obtained
by Omoto et al. [24]. According to the authors, in maize seedlings watered with 3% NaCl for 5
days, the activity of superoxide dismutase (after emerging of the 4th leaf) increased compared with
the control in both mesophyll and bundle sheath cells. The ascorbate peroxidase activity was higher
in BSC exposed to salt stress. Studies have shown that the structure of mesophyll cells in NADP-
type (NADP-ME) C4 plants is more sensitive to salt stress than that of BSC [15].

The activities of the SOD and APO enzymes, the main components of antioxidant defense
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systems in MC and BSC, isolated from maize leaves, increase compared with the control at low salt
concentrations and were partially inhibited at high salt concentrations. Based on the results of the
experiments, the SOD and APO enzymes localized in BSC play a major role in salt tolerance of the
maize plant [27]. The same results were obtained in the experiments performed with chloroplasts of
the maize leaves exposed to short-term water stress. The increased SOD and APO activities under
the influence of light, causing oxidative stress, were also observed [28]. Thus, according to the
results of the study, the SOD and APO enzymes localized in BSC play a key role in the adaptation
of the maize plant to stress.

Conclusion
Our results showed that the content of H2O2 in MC was higher than in BSC. The differential
response of MC and BSC chloroplasts to salt stress in maize may be related to the amount of
hydrogen peroxide formed in these cells. M cells are more sensitive to salt stress, and hydrogen
peroxide is mainly accumulated in these cells leading to oxidative damage. More tolerance of BSC
chloroplasts to salt stress compared with MC chloroplasts is not attributed to the amount of salt
accumulated in these cells.
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