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The activity and isoenzyme content of superoxide dismutase (SOD) and changes in the leaf ultrast-
ructure have been studied comparatively in chloroplasts of mesophyll and bundle sheath cells isola-
ted from maize plants (Zea mays L.) grown in an artificial climate chamber at various concentrati-
ons of NaCl (0 mM, 50 mM, 100 mM, 200 mM). The SOD activity was found to increase in plants
exposed to 50 mM and 100 mM NacCl, but at 200 mM NacCl it was partly inhibited. The study of the
isoenzyme activity of SOD revealed Fe-SOD isoform, which intensity increased with enhancing salt
concentrations. The analysis of the ultrastructures of mesophyll (M) and bundle sheath (BS) cell
chloroplasts by electron microscopy showed that chloroplasts of M cells were sensitive,whereas
chloroplasts of BS cells were tolerant to stress. At the high salt concentration (200 mM), a partial
transition of the agranal structure of BS cell chloroplasts to the granal structure occurred.
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INTRODUCTION

Maize plants (Zea mays L.) use Cs4 pho-
tosynthetic pathway for the assimilation of CO;
and this process is divided into two cycles. This
division within the leaf is implemented by two
specialized photosynthetic cells: M cells surroun-
ded BS cells, located compactly around the veins.
BS and M cells differ in their metabolic functions
in the maize plant: PEP-carboxylase and C4 pho-
tosynthesis function in M cells, whereas RBP car-
boxylase and Calvin cycle function in BS cells
(Raines, 2003, von Caemmerer and Furbank,
2003). M cell chloroplasts of maize leaves have a
granular structure and they possess all compo-
nents of the electron transport chain, which ensu-
res the photochemical functioning of PS | and PS
Il. In contrast, the granular structure is not clearly
visible in BS cell chloroplasts where mainly PS |
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functions. Electron microscopy studies revealed
differences between the structures of M and BS
cells. Thus, M cells are characterized by granal
structure, stromal thylakoids and small amounts
of starch granules, whereas BS cells are distingu-
ished by their agranal structure and a greater amo-
unt of starch granules (von Caemmerer et al.,
2003, Shao et al., 2015)

Currently, changes in the molecular, memb-
rane and cellular levels are brought to the fore in
the study of the response of living organisms to
various extreme conditions. During long-term and
intense stress, oxidation of free radicals occurs in
the cell (Ramegowda and Senthil-Kumar, 2015).
One of the initial responses to stress is the lipid
peroxidation process induced by the formation of
reactive oxygen species (superoxide anion radical,
0?7, - H0,, etc.). Chloroplasts and peroxisomes
are the main places for the formation of reactive
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oxygen species (ROS) (Asada, 2006). Oxidative
stress is often accompanied by photoinhibition.
On the other hand, a correlation between the acti-
vity of antioxidant enzymes and the inhibition
degree of the photosynthetic apparatus was estab-
lished (Gadjev et al., 2006). Enzymatic antioxi-
dants such as superoxide dismutase (SOD), ascor-
bate peroxidase (APO) and catalase (CAT) are the
main components of the cell antioxidant defense
system.

Superoxide dismutase is known to catalyze
the reduction of superoxide radical to hydrogen
peroxide: ‘O+02+2H"=H,02+0;

Based on recent reports, SOD molecules ha-
ve several isoforms differing in their cellular loca-
lization, primary structure, molecular mass and
nature of the metals in the active center — Cu/Zn-
SOD, Mn-SOD and Fe-SOD (Alscher et al., 2002;
Gill and Tuteja, 2010; Mahanty et al., 2012). Cu /
Zn-SOD (30-33 kDa) was found mainly in the
cytosol, mitochondria, peroxisome; Mn-SOD (75-
94 kDa) - in mitochondria, peroxisome; Fe-SOD
(36-48 kDa) - in chloroplasts and cytoplasm of so-
me legumes. Superoxide dismutase was revealed
in various organisms, including plants (Kumar et
al., 2013). Contrary to SOD in animal cells, plant
SOD is distinguished by its numerous isoenzy-
mes. As a result of multiple investigations, it has
been found that during the plant protection from
oxidative stress, the SOD activity changes depen-
ding on the plant species, the stage of develop-
ment and the degree of the stress effect (Alscher
et al, 2002).

The main purpose of the study was to deter-
mine the effects of various concentrations of NaCl
on the ultrastructure of chloroplasts isolated from
mesophyll and bundle sheath cells and the activity
of superoxide dismutase in maize leaves.

MATERIALS AND METHODS

Material: Seedlings of the maize plant ( Zea
mays L.), which is a cereal crop, were cultivated
in the hydroponic growing mediums — Knop’s so-
lution. Seeds were transferred to the filter paper
wrapped in roll after being sterilized in 2.5%
KMnQO; solution for 15 min. The seeds were ger-
minated in the nutrient medium containing vario-
us NaCl concentrations (0 mM, 50 mM, 100 mM,

200 mM NacCl), for 14 days, with a photoperiod
of 12h/12, at 25°C. At the same time, plants
grown in soil under phytotron conditions were al-
so used (photoperiod — 14 h/10 h, t — 26°C, light
intensity - 3000 lux).

Isolation of subcellular fractions of chlo-
roplasts from mesophyll and bundle sheath cells:
Maize seedlings were used in the experiments af-
ter the complete maturation of the second leaf.
The plants were exposed to salt stress (0 mM, 50
mM, 100 mM, 200 mM) for 5 days. The differen-
tial centrifugation method was used to isolate sub-
cellular fractions (chloroplasts, etc.) from me-
sophyll and bundle sheath cells of leaf samples.
To obtain assimilating tissues, leaves were detac-
hed from stems, washed with distilled water and
cut into small segments 2-3 mm wide. These seg-
ments were homogenized in 25 mM HEPES buf-
fer (pH 7.8) containing 0.3 M sucrose, 1 mM ED-
TA, 15-20 mM 2-mercaptoethanol (buffer A)
using MPW-302 (Poland) mechanical disintegra-
tor, for 4 sec, at 7000 rev/min.

The homogenate obtained was filtered thro-
ugh 4-fold capron and then throughthe Shotov
funnel with a pore diameter of 80 um. The obtai-
ned filtrate contained only M cells, the residual
part called pulp contained a mixture of M and BS
cells. The filtrate was centrifuged for 15 min, at
300 g. The obtained supernatant contained the
cytosolic fraction of M cells, whereas the pellet
was the chloroplast fraction.The obtained pellet
was washed with a buffer A. Then 10 ml of the
buffer A without sucrose was added and centrifu-
gation was performed for 15 min, at 300 g. The
pellet remained in the filter (pulp) was washed se-
veral times with the buffer A, suspended and then
homogenized first for 60 sec, at 6000 rev/min and
then for 80 sec at 8,000 rev/min. The obtained
filtrate was applied to the Shotov funnel with 211
um diameters of pores. The obtained filtrate con-
tained a mixture of homogenates of M and BS
cells. The pellet was suspended in the buffer A
and homogenized for 60 sec, at 6,000 rev/min and
then for 15 sec, at 8,000 rev/min. The filtrate was
centrifuged for 20 min, at 10,000 g. The obtained
supernatant contained the cytoplasm of BS cells,
whereas the pellet contained chloroplasts of BS
cells (Guliev et al., 2003). The pellet was suspen-
ded in the buffer A without sucrose, then centrifu-
ged for 20 min, at 10,000 g. This resulted in the
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separation of the membrane and stroma of the
chloroplasts. All experiments were performed in a
cold room with a temperature of 4°C.

Determination of superoxide dismutase
using the spectrophotometric method: The enzy-
me activity was determined at 450 nm using SOD
Assay Kit (Sigma, Aldrich). The enzyme activity
was found to be higher in BS cells compared with
M cells.

Determination of the isoenzyme content of
superoxide dismutase: Electrophoresis on 10%
native polyacrylamide gel (PAGE), for 3h, at 4°C
and direct current (30mM) using Tris-glycine (pH
8.3) buffer was performed for the analysis of the
isoenzyme content of SOD in maize leaves. After
electrophoresis, gel was stained in the darkness
for 30 min in 100 ml 1.0 M Tris-HCI (pH 8.2)
buffer containing 10 mg NBT, 75 mg EDTA-Na
and 3 mg riboflavin.

Ultrastructure of mesophyll and bundle she-
ath cells: Ultrastructure of M and BS cells were
studied using the electron microscope in the 2™
leaves of the maize plant cultivated under artifici-
al climate conditions. The samples were fixed in
0.1 M phosphate buffer (pH 7.4) containing 2%
paraformaldehyde, 2% glutaraldehyde and 0.1%
picric acid. The samples were kept in the fixative
solution for at least one day, then postfixed for 2
hours, in 1% osmium tetroxide solution prepared
in phosphate buffer (pH 7.4). Araldite-Epon
blocks were made from the material based on ge-
neral protocols adopted in electron microscopy
(Kuo, 2007). Ultra-thin sections (1-2 um) were
made with an ultramicrothome Leica EM UC7,
stained with methylene blue, azure Il, and basic
fuchsin or toluidine blue. Promo Star (Zeiss) mic-
roscope was used and the necessary parts were
photographed with a Canon D650 digital camera
(D’Amico, 2005). The 50-70 nm ultra-thin secti-
ons from the same blocks were first stained with
2% uranyl acetate solution, then with 0.6 % pure
lead citrate prepared in 0.1 N NaOH solution. Ult-
ra-thin sections were investigated on the electron
microscope JEM-1400 at a voltage of 80-120 kw
and electronograms were obtained. Morphometric
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analysis of the image was carried out with TIF
format electronograms using computer software
(The TEM imaging platform) developed by the
German company “Olympus Soft Imaging Soluti-
ons Gmbh”.

Statistical analysis was performed in 3 biolo-
gical replicates using the computer program Excel
2016.

RESULTS AND DISCUSSION

Spectrophotometric analysis of mesophyll
and bundle sheath cells revealed a higher SOD ac-
tivity in BS cells compared with M cells (Figure
1). As seen in the figure, the SOD activity did not
increase markedly in M and BS cells of the plants
grown at 50 mM NaCl compared with the control.
However, a significant enhancement in the enzy-
me activity (55% and 69%, respectively) was ob-
served in both subcellular fractions at 100 mM
NaCl and the activity decreased at 200 mM con-
centration of salt. The enzyme functioning resul-
ted in the formation of the reactive oxygen species
H20,, which amount enhanced in the plant cells
with the increasing salt concentration. As H,O is
an inhibitor of SOD, its excessive accumulation in
the cell at the high salt concentration (200 mM)
led to partial inhibition of the enzyme (Jalali-e-
Emam et al.,, 2011) (Figure 1). Omoto et al.
(2013) obtained similar results. According to the
authors, after emerging the 4th leaf, maize seed-
lings were watered for 5 days with 3% NaCl solu-
tion, which resulted in an increase in the SOD ac-
tivity both in M and BS cells compared with the
control. Whereas, activities of glutathione reduc-
tase and monodehydro reductase were observed
only in the mesophyll. The ascorbate peroxidase
activity and the total amount of ascorbic acid were
higher in BS cells exposed to salt stress. Accor-
ding to Hasan et al. (2015), the structure of me-
sophyll cells in NADP-malic enzyme type (NADP
—ME) C4 plants are more sensitive to salt stress
compared with that of bundle sheath cells.
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Fig. 1. Changes in the SOD activity in mesophyll and bundle sheath cells of the maize plant
depending on the NaCl concentration.

Electrophoretic analysis of mesophyll and
bundle sheath cells revealed 1 isoform of the
enzyme in BS cells. (Figure 2). Based on literatu-
re data, this isoform is suggested to be Fe-SOD
(Menezes-Benavente, et al., 2004). As seen in the
figure, the isoform intensity increased depending
on the salt concentration.

BS M

L |

12341 234

SOD——

Fig. 2. Isoenzyme content of superoxide dismutase in

M and BS cells of the maize plants grown at various

NaCl concentrations: 1- 200 mM NacCl, 2 - 100 mM
NacCl, 3 - 50 mM NaCl, 4 - 0 mM NacCl.

Changes in the ultrastructure of chloroplasts
were analyzed using the electron microscope in
leaves of the maize plant grown at various con-
centrations of NaCl (0 mM, 50 mM, 100 mM,

200 mM) (Figure 3A-D). Mesophyll cell chlorop-
lasts of plants grown under normal conditions ha-
ve a thylakoid membrane with a well-developed
granal structure and a small amount of lipid
droplets (plastoglobules) (Figure 3A). Granal
thylakoid membranes surrounded by thylakoid
membranes, lamellae connecting them and 8 li-
pid droplets are clearly seen in Figure 3A. Some
authors reported the existence of starch granules
(Hasan et al. 2005, 2006). But according to elect-
ronograms obtained in our research, there is no
starch granules in the stroma of the mesophyll
cell chloroplasts. As seen in Figure 3B-D, the
structure of mesophyll chloroplasts was damaged
and swollen after exposure to salt, with the follo-
wing destruction of the thylakoid membranes
(Figure 3). Along with the above ultrastructural
changes, chloroplast integrity (external and inter-
nal membranes) was also destroyed (Figure 3D).
Similar results were obtained by other researc-
hers (Hasan et al. 2005, 2006).

Figure 4 shows changes in the ultrastructure
of BS cell chloroplasts of maize plants exposed
to salt (NaCl) (4B-D) and in leaves of the control
plants (4A). As can be seen, BS cell chloroplasts
of the maize plant have a typical NADP-ME
structure. As in Cs plants,they have thylakoid
membranes with arganal structures and lipid drop-
lets occur in the stroma (white and black arrows
in Figure 4A). It has been established that there is
no apparent damage to the thylakoid membrane
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system of the BS cell chloroplasts due to salt ex- Figure 4C, D). It should be noted that salt stress
posure.The structures of the thylakoids are not causes a change of the agranal structure to the
destroyed with the increasing salt content (Figure granal structure in BS cell chloroplasts (white
4B-D). But the volume and number of the lipid bold arrows in Figure 4C, D).

droplets increase multiple times (black arrows in

Fig. 3. Ultrastructural changes in mesophyll cell chloroplasts of maize plants exposed to salt stress (B-D)
compared with the control group (A). B - 50 mM NaCl; C - 100 mM NaCl; D - 200 mM NaCl;
Abbreviations: Tm-thylakoid membrane, S-stroma, white arrows in 3A-lipid droplets (plastoglobules), white
arrows in 3B and 3C-formation of spaces between thylakoid membranes with granular structures and damage
to the membranes. A-D-Electronograms of ultra-thin sections (50-70 nm). Stain- uranyl acetate and pure lead
citrate. The explanation is in the text.
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Fig. 4. Ultrastructural changes in bundle sheath cell chloroplasts of maize plants exposed to salt stress (B-D)
compared with the control group (A). B - 50 mM NaCl; C - 100 mM NaCl; D - 200 mM NaCl; White arrows
in A and B - thylakoid membranes having a granular structures. Black arrows in A, B, C and D - lipid drop-
lets (plastoglobules), Bold white arrows in C and D - zones of the transition of the agranal thylakoid membra-
nes to the granal ones. A-D - Electronograms of ultra-thin sections (50-70 nm). Stain-uranyl acetate and pure
lead citrate. The explanation is in the text.

According to the results obtained from the stu-
dies, as well as the literature data, M cell and BS
cell chloroplasts of C. plants contain granal and
stromal lamellae, which differ greatly in their bioc-
hemical composition, function and localization in
the cell. It was found that at low salt concentrati-
ons, the activity of SOD - one of the main compo-

nents of the antioxidant defense system in the cell -
enhanced relative to the control. However, at 200
mM concentration of salt, the enzyme activity was
partly inhibited. One isoform of the SOD enzyme
was observed in BS cells, contrary to M cells. The
intensity of this isoform was shown to increase
with increasing salt concentrations.
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The results of the experiments showed that
SOD localized in BS cells plays a major role in
the adaptation of maize plants to salt stress. The
ultrastructure of chloroplasts in salt-exposed mai-
ze leaves was analyzed by electron microscopy.
The structure of M cell chloroplasts was shown to
be damaged due to salt exposer. They became
swollen which led to the destruction of thylakoid
membranes. However, there was not such a chan-
ge in the thylakoid membrane system of BS cell
chloroplasts and even apartial transition of the ag-
ranal structure to the granal structure occurred.
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Duz (NaCl) stresinin qargidah bitkisinin (Zea mays L.) mezofil va ortiiktopa hiiceyralorindo
xloroplastlarin ultrastrukturuna va superoksiddimutaza fermentinin aktivliyino tasiri

N.X. Oliyeval, E.E.Qafaroval, D.R. Oliyeva®, S.Y. Siilleymanov?,
F.H. Rzayev 2, E.Kasimov ®

YAMEA Molekulyar Biologiya va Biotexnologiyalar Institutu
*Azarbaycan Tibb Universitetinin ETM Elektron Mikroskopiya laboratoriyast
¥ Azorbaycan Tibb Universitetinin Histologiya, embriologiya va sitologiya kafedras:

Toaqdim olunan isdo NaCl duzunun miixtalif gatiliglarinda (0 mM, 50 mM, 100 mM, 200 mM) suni iglim
kamerasinda becorilon qargidali bitkisindon (Zea mays L.) ayrilmis mezofil vo ortiiktopa hiiceyralarinin
xloroplastlarinda superoksiddismutazanin (SOD) aktivliyi, izoferment torkibi vo yarpagin ultrasrukturun-
da bas veran dayisikliklor muqayisali 6yranilmisdir. Aparilan tadgigatlar naticasinds miioyyan olunmus-
dur Ki, stresin tosirindon SOD-un aktivliyi kontrola nisbaton duzun 50 mM va 100 mM gatiliginda artmus,
lakin 200 mM gatiliginda fermentin faalligi qismon inhibirlagmigdir. SOD fermentinin izoenzim torkibi-
nin tayini zamani ortiiktopa hiiceyralorinds 1 izoformas: (Fe- SOD) miisahido edilmisdir vo miioyyon
edilmisdir ki, duzun gatilig1 artdigca izoformanin intensivliyi artir. Elektron mikroskopu vasitasilo mezo-
fil (MH) vo ortiiktopa hiiceyralori (OTH) xloroplastlarinin ultrastrukturunun todgigi zaman1 mezofil xlo-
roplastlarmin stress gars1 daha hassas, OTH xloroplastlarinin iso nisbaton davamli oldugu miioyyan olun-
musdur. Duzun yiiksok qatilhiginda (200 mM) OTH xloroplastlarmin aqranal qurlusunun gismen qgranal
gurulusa kegmasi agkar edilmisdir.

Acar sozlor: Zea mays L., duz stresi, superoksiddismutaza, mezofil, ortiiktopa, xloroplast, ultrastruktur
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Buusinue cosieBoro (NaCl) crpecca Ha yJbTPacTPYKTYpPY XJI0POILIACTOB KJIETOK
Me30¢uiIa U 00KJIAIKH MPOBOASIIINX MYYKOB H AKTHBHOCTb pepMeHTA
CYNEPOKCHUTMCMYTa3bl B pacTeHHsIX KYKypy3sI (Zea mays L.)

H.X.Aauepal, 3.9.I'apaposal, JI.P. AnneBal, C.IO. Cyneiimanos?,
®.T'. P3aes?, J.K. Kacymos®

YUnemumym monexynsapuoti 6uonozuu u 6uomexnonozuti HAH Azepbaiioscana
2JTabopamopus InexmponHoti MUKPOCKOnUu A3epbatiodcanckoo MeOuyuHCKO20 YHUBEPCUMema
SKageopa eucmonozuu, sm6puonozuu u yumono2uu A3epbaiioicanckozo MeOuyUHCKo20 yHusepCumema

B mpencrasnennoii padore ObUIO MPOBEICHO CPAaBHHUTEIBHOE M3YUYEHHE aKTUBHOCTU M cocTaBa n3odep-
MeToB cynepokcuaaucmyTassl (COJl) XI0poIuiacToB KISTOK Me30(pHiIa U OOKIAIKU MPOBOSAIINX MTyY-
KOB, BBIJICJICHHBIX U3 pacTeHUs] KyKypy3sl (Zea mays L.), BeIpalieHHOW B KaMepe UCKYCCTBEHHOTO KIIH-
Mmara npu pazaudabix KonieHtpamusax NaCl (0 mM, 50 mM, 100 mM, 200 mM), u usmeHeHuit, mpouc-
XOJAIINX B YABTPACTPYKTYPE JIHUCTHEB. B X0/€e MPOBECHHBIX HCCIE0BaHMI ObLIO OOHAPYKEHO, YTO aK-
tuBHOCTh COJI MO/ BO37CHCTBHEM COJIEeBOTO cTpecca npu koHneHTpauusx NaCl 50 mM u 100 mM Bos-
pacTaa o CpaBHEHHIO ¢ KOHTpOJIeM, oiHaKo npu KoHreHTpamuu conmu 200 MM aktuBHOCTH (pepmeHTa
4acTHYHO WHTHOWpoBanack. lIpu ompeneneHnn cocTaBa M303H3MMOB Oblia OoOHapykeHa 1 m3odopma
depmenta COJl (Fe-SOD) u BBISBICHO, YTO TPH MOBBIIICHAN KOHIICHTPAIIMU COJIM HHTEHCUBHOCTh H30-
¢dopmbl BozpactaeT. C OMOIIBIO METOJIOB AJIEKTPOHHOH MUKPOCKOIIUH TIPH UCCIICIOBAHNH YIbTPACTPYK-
TYPBI XJIOPOTIACTOB KJIETOK Me30(riuia M 0OKIAAKU MPOBOAAIINX MYIKOB OBIJIO OOHAPYKEHO, UTO XJIO-
porutacTsl Me3oduia 6oJiee YyBCTBUTENBHBI K CTPECCy, YeM XJIOpOIIacThl 00kIaaku. Takxke BBISBICHO,
9TO MPH BBICOKO# KoHIeHTpanuu conu (200 mM) arpanansHas CTPYKTypa XJIOPOIIACTOB OOKITAIKH Ya-
CTUYHO TIEPEXOJIUT B TPAaHATBHYIO CTPYKTYPY.

Knroueswie cnosa: Zea mays L., conesoui cmpecc, cynepokcudoucmymasa, me3opuii, 00Kiaoka nposoosi-
WUX RYYKO8, XJIOPONIACH, YIbMPACMPYKMYpa
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