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In nature, a plant organism is exposed to many stress factors that negatively affect
the photosynthetic apparatus and especially PSII, which is most vulnerable to
stress. Determination of the site of toxic action of stress factors in the electron
transport chain (ETC) of PSII was the aim of this work. The functional state of
the of PSII ETC in the leaves of wheat seedlings subjected to the complex toxic
effect of Co?™ and photoinhibition was determined based on various characteristics
of delayed chlorophyll a fluorescence (ms DF Chl a). The effect of Co?* was
expressed in a sharp decrease in the characteristic value of ms DF Chl a of the
PSII reaction center (RC) and in a weaker blocking of the donor side characte-
rizing the state of the Mn,O,Ca cluster and Y,. Reactive oxygen species (ROS)
generated in the process of photoinhibition also blocked to a greater extent the
acceptor side of the PSII ETC. With an increase in the adaptation time, a signif-
icant decrease in activity on the donor side of the ETC of PSII was observed. The
combined effect of both factors had little effect on the change in fluorescent charac-
teristics, which remained almost at the level of Co?" action. It was shown that the
adaptive capabilities of photochemical reactions occurring in the PSII ETC under
combined stress are stimulated by the low-molecular antioxidant Na-ascorbate.
Restoration by Na-ascorbate of the processes suppressed by the simultaneous
action of photoinhibition and Co?" occurs during the induction period of the
ms DF Chl a, and is apparently expressed as a result of effective neutralization of
the formed ROS. This indicates that the mechanism leading to a change in the
character of the induction pattern of the ms DF Chl a as a result of the action of
both factors has a single nature. The stress resistance of the photosynthetic appa-
ratus increases due to an increase in the activity of antioxidant enzymes or the
effectiveness of low-molecular antioxidants. As a result, the photosynthetic appa-
ratus switches to the adaptive program, which ensures an increase in its stress
resistance. It is assumed that Na-ascorbate plays a decisive role in protecting
chloroplasts from oxidative stress by quenching O, and "OH".

Key words: Triticum aestivum L., PSII, ETC, Co?*, photoinhibition, ROS, Na-
ascorbate.

To maintain the growth and development of a plant organism, natural pro-
grammed cell death occurs [1]. However, extreme abiotic factors negative-
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ly affect the plant organism, causing oxidative stress and suppressing phy-
siological processes [2, 3]. Under these conditions, ROS are generated as
by-products of most energy-producing processes, in particular, during pho-
tosynthesis. Chloroplasts are the main organ producing ROS [4, 5, 6]. The
antioxidant system is not always able to maintain a balance between ROS
formation and removal. In this situation, protection becomes ineffective [7,
8].

In nature, a plant organism is exposed to the simultaneous influence
of many negative factors. The most vulnerable are PSII and its component,
the oxygen-evolving complex [9]. Its destruction under stress conditions
leads to denaturation, protein proteolysis and lipid peroxidation in the RC
and suppression of electron transport in the ETC [10, 11, 12]. An impor-
tant task is to determine the site of toxic action of stress factors in the PSII
ETC.

It has been shown that heavy metals, being included in the photosyn-
thetic pathways of electron transport in many areas, affect its photoche-
mical activity [13, 14]. Photoinhibition reduces the rate of electron trans-
fer at high light intensity and promotes the formation of photochemically
inactive RC of PSII. Photoinhibition is determined by the rate of degra-
dation and resynthesis of one of the key proteins of PSII — DI protein
[15, 16]. Inactivation of the PSII RC during oxidative stress can be
restored only through degradation and synthesis of D1 protein de novo [16].
It is known that in nature, long-term exposure to stress factors leads to a
non-specific increase in plant resistance called cross-adaptation. Perhaps,
this phenomenon is associated with increased activity of high and low
molecular weight protective antioxidant compounds, capable of neutraliz-
ing free radicals [18, 19].

The aim of this work was to determine the mechanism of effect of Na-
ascorbate on the restoration of the PSII ETC function suppressed by dual
stress — action of Co?" and photoinhibition.

Materials and methods

We used 7-day wheat seedlings (Triticum aestivum L.) grown on an
aqueous medium under controlled conditions 24 °C, humidity 80 %,
lighting 250 uW/cm?. The seedlings were exposed to CoCl, (103 M) for
48 h and to high-intensity light 4000 pmol photon/(m? - s) for 24 h.
Seedlings treated with double stress were transferred to water (/) and to a
CoCl, solution at the presence of Na-ascorbate 4 - 10~* M (2). The stud-
ies were carried out on leaves in vivo.

The functional activity of PSII was assessed based on the analysis of
induction transitions of the kinetic curves of millisecond delayed fluores-
cence of chlorophyll a (ms DF Chl a) reflecting partial reactions of the
PSII ETC in chloroplasts [20, 21]. The measurements were carried out by
a fluorimeter including a phosphoroscope with a time interval between the
moment of excitation and measurement of luminescence of 1.25 ms [22,
23]. Analysis of the induction pattern of millisecond chlorophyll fluores-
cence characterizing the state of the reaction center and its immediate
environment, within PSII on the donor side — the fast phase, and the
acceptor side — the slow phase, as well as those associated with oxidation-
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reduction reactions of electron transfer — the stationary phase and their
changes formed the basis for assessing the impact of stress factors (Fig. 1).

O-1 state — reflects the restoration of the primary electron acceptor
during the photochemical reaction in PSII and the transition of PSII RC
to the closed state. I-D state — is associated with the transition stages of
electron transfer in the ETC on the acceptor side when PSII RC are in the
closed state. D-P state — reflects the electron transfer on the acceptor side
in the photosynthetic reaction Q,-Q to form an electrochemical gradient
of protons (pH"). P-S state — indicates the role of electrons released in
the PSII reaction in the formation of oxidized products of PSI. S-O
state — reflects the chlorophyll fluorescence, and arising as a result of
interconnected oxidation-reduction reactions on the donor and acceptor
sides of PSII RC.

Results and discussion

The activity of photochemical processes in the ETC of PSII after the
action of Co?" and photoinhibition on seedlings was estimated by the
change in the induction transitions of the kinetic curves of ms DF of Chl a.
The action of high-intensity light for 2 hours caused a decrease in the
activity of the donor side of the ETC. The value of the ratio of fast fluo-
rescence to steady-state fluorescence (f.ph/sl.ph), characterizing the donor
side, decreased after 2 hours of the lag phase by 1.6 times, and after 24
hours of the lag phase, this value decreased by 3 times (Fig. 2).

The value of the ratio of slow fluorescence to steady-state fluorescence
(sl.ph/st.ph), characterizing the activity of the acceptor side of the ETC,
decreased after 2 hours of the lag phase by 1.3 times, and after 24 hours —
by 2.3 times. When the seedlings were exposed to Co?* for 48 hours, the
f.ph/st.ph activity decreased after 2 hours of the lag phase by 1.3 times and,
to a greater extent, the sl.ph/st.ph value by — 2 times, and after 24 hours
the f.ph/st.ph value by 0.8 times, and the sl.ph/st.ph value remained almost

I

Light ON

Fig. 1. Standart induction curves of delayed fluorescence of Chl a in millisecond range (ms
DF Chl a) of plant leaves in vivo characterizing electron transport chain of photosystem II:

O-1 — fast phase (f.ph); D-P — slow phase (sl.ph); S-O — steady state (st.s)
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Fig. 2. Changes in the ratio of fast and slow fluorescence to steady-state fluorescence
(f.ph/st.ph; sl.ph/st.ph) characterizing the work of the donor and acceptor sides of the PSII
ETC under the conditions of CoCl, (10—3 M), and photoinhibition 4000 umol photon/(m? - s):

I — control; 2 — Co?" (48 h); 3 — Co?* (48 h) after 24 h; 4 — photoinhibition (2 h); 5 — photoinhi-
bition (2 h) after 24 h

at the same level (see Fig. 2). After the simultaneous action of Co?" and
photoinhibition on the seedlings, no special deviations in the ETC activi-
ty were observed. The f.ph/st.ph and sl.ph/st.ph values remained almost at
the level of the Co?* effect.

The treated seedlings after double stress were placed for 24 hours on
a solution containing Co?*, and on water. A sharp decline in the ETC
activity was observed. The f.ph/st.ph value on water decreased by 2.2 times,
and sl.ph/st.ph — by 2.3 times. Under the condition with Co?*, the
f.ph/st.ph value decreased by 2.4 times, and sl.ph/st.ph — by 3 times
(Fig. 3). The action of Na-ascorbate restored the ETC activity suppressed
by the simultaneous action of Co?" and photoinhibition. After 5 hours of
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Fig. 3. Changes in the ratio of fast and slow fluorescence to steady-state fluorescence
(f.ph/st.ph; sl.ph/st.ph) characterizing the work of the donor and acceptor sides of the PSII
ETC under the conditions of the complex action of CoCl,, photoinhibition, and at the pres-
ence of Na-ascorbate (4 - 10~4 M):

I — control; 2 — Co*"+photoinhibition after 24 h; 3 — Co?"+photoinhibition — Co?* after 24 h; 4 —
Co?*+photoinhibition — 5 h Na-ascorbate; 5 — Co?"+photoinhibition — 24 h Na-ascorbate
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exposure to Na-ascorbate, the f.ph/st.ph and sl.ph/st.ph values approached
the control levels. After 24 hours of exposure to Na-ascorbate, these
indices slightly decreased, but were 1.3 and 1.8 times higher than the
indices under the complex action of stressors (see Fig. 3).

The changes in fluorescence upon reaching a steady state Ilevel
depends on the action of stressors separately and on their combined action:
control — 0.5+0.02; photoinhibition — 2.9+0.8; Co?t — 2.610.08; Co?"+
photoinhibition — 3.2+0.7; Co?"+Na-ascorbate — 1.440.02; Co?*+
photoinhibition — 24 h — 2.0+0.4; Co?*+ photoinhibition — Na-ascor-
bate 5 h — 1.0+0.03. The blocking observed during electron transfer at the
Qp site explains the changes in the ratio of f.ph/st.ph and sl.ph/st.ph values,
which is partially restored under the action of Na-ascorbate stress condi-
tions.

The oxidative stress induced by the action of heavy metals, generating
ROS, leads to the formation of long-lived P680** and Tyr, radicals, which
damaged their protein environment, thereby weakening the electron trans-
port between P680 and Tyr,. In addition, ROS, disrupting the functions of
Q,-Qyp acceptors, leads to the formation of singlet oxygen and to the inac-
tivation of the acceptor side in the PSII chain [22, 24]. The effect of pho-
toinhibition leads to the inactivation of the donor side of the ETC as a
result of the formation of a highly oxidized radical pair of P680" and Tyr,".
Inactivation of the acceptor side is also observed. ROS involved in the
process of photoinhibition leads to the destruction of protein D1, inhibit
the synthesis of protein D1 de novo more slowly than the inactivation of
PSII.

The toxic effect of Co?* leads to a disruption of the equilibrium
between the photosystems and a shift in the redox state of Q,, increasing
the electron outflow to PSI. This leads to an increase in steady-state fluo-
rescence and a decrease in the ratio of fast and slow fluorescence to steady-
state (see Fig. 2). It is possible that the decrease in fluorescent characte-
ristics is associated with a disruption of membrane function and the
destruction of chlorophyll in chlorophyll-protein complexes (CPC) in PSII
[25].

The observed greatest decrease in the sl.ph/st.ph value corresponds to
the assumption that the site of the toxic effect of Co?* is mainly deter-
mined by the acceptor side of the PSII ETC. Some recovery of fluorescent
characteristics after 24 h lag phases is possible as a result of activation of
protective antioxidant systems in the plant organism. The combined effect
of both stressors led to insignificant changes in the fluorescent characteris-
tics. Probably, the stress effect of high-intensity light and heavy metal led
to an increase in the resistance of plants to additional stress or an increase
in the activity of protective antioxidant systems important for the neutra-
lization of radicals.

The restoration by Na-ascorbate of the processes suppressed by the
simultaneous action of photoinhibition and Co?" occurs in the induction
period of ms DF Chl a and is expressed, apparently, as a result of the effec-
tive neutralization of the formed ROS [26, 27, 28]. This indicates that the
mechanism leading to a change in the nature of the induction pattern of
ms DF Chl a as a result of the action of both factors has a single nature.
The mechanism of increasing the stress resistance of the photosynthetic
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apparatus under the action of plant protective systems is an increase in the
activity of antioxidant enzymes or the efficiency of low-molecular anti-
oxidants. As a result, the photosynthetic apparatus switches to an adaptive
program, which ensures an increase in its stress resistance. Being a strong
antioxidant, Na-ascorbate is able to neutralize free radicals formed during
stress and maintain oxidation-reduction reactions in the ETC of PSII.

Thus, the toxic effect of Co?" ions and photoinhibition had a nega-
tive effect on the PSII functional state. It was found that under the com-
bined effect of these factors, the activity of photochemical reactions in the
PSII ETC remained at the level of the toxic effect of Co?t ions. It was
shown that the restoration of damage on both the donor and acceptor sides
of the ETC was stimulated by Na-ascorbate through quenching O, and
*OH! formed during oxidative stress.
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BITJIMB Na-ACKOPBATY HA 3AXMCT AKTUBHOCTI ®C II 3A YMOB
OOHOYACHOI AIi Co?* TA ®OTOIHTIBYBAHHS

P.A. TI'aniesa, C.A. Amakiwiesa, C.b. Jladawosa

IHcTuTyT G0oTaHiKM MiHicTepcTBa HayKu Ta ocBiTU PecryGiiku AsepOaiiaxaH
ByJ1. A. Abbac3ane, 99, AZ1004 baky, Pecnybiika Asep6aiiakaH
e-mail: rena.ganieva@gmail.com

Y npuponi poCIMHHUI OpraHi3M MiIga€Thbcs Mii 0araTboX CTPECOBUX YMHHUKIB, sIKi Hera-
TUBHO BIUIMBAIOTh Ha (DOTOCMHTETUYHMIA amapaT i ocobauBo Ha DC I, sika HaiiBpasuBilia
JI0 cTpecy. MeToro A0CiaKeHb OyJI0 BU3HAYEHHST MiCLIsSI TOKCUYHOI il CTPeCOBUX UMHHUKIB
y enektpoHTpaHcriopTHoMy daHiio3i (ETJI) ®C II. ®dynkuionansuuii ctan ETJI ®C 11 y
JIMCTKAX IIPOPOCTKIB IMLIEHWLI, 10 3a3Hald KOMIUIEKCHOI TokcmyHoi aii Co2?* Tta ¢o-
TOiIHTiOYBaHHS, BM3HAYaJM Ha OCHOBi Pi3HUX XapaKTEPUCTUK 3aTPUMKU (hIyopecLeHIIil
xsopodiny a (ms DF Chl @). Bruius Co?" Bupaxasca B pi3KoMy 3MeHIIEHHi XapaKTepHO-
ro 3HayeHHs ms DF Chl a peakuiitnoro nentpy ®C Il ta B ciabiomy GJIOKYBaHHiI JOHOP-
HOi CTOPOHM, IO XapakTepusye cTaH Kiactepa Mn,O;Ca Ta Y,. AKTMBHi (pOpMU KHUCHIO,
SIKi YTBOPIOIOThCS B Mpolieci (hoToiHriOyBaHHS, TaKOX OibIIOI0 Mipolo OJIOKYBalu akKiern-
topHy ctopony ETJI ®CII. 3i 36imblieHHsIM 4acy ajanTallii CIocTepirajocsi 3HayHe Iia-
IiHHS akKTMBHOCTI Ha noHOpHii ctopoHi ETJI ®CII. CykynHuii BIUIMB 060X YUHHUKIB Ma-
JIO BIUIMHYB Ha 3MiHY (bJIyOPECLIEHTHUX XapaKTepUCTUK, sIKi 3aJMIIAJUCsl MaliKe Ha piBHi
nii Co?*. Byso nmokasaHo, 110 aJaNTUBHi MOXJIMBOCTI (POTOXiMIUHUX peakLiil, 1o BinOyBa-
1o1bcs B ETJI ®C II 32 KOMGIHOBAaHOTO CTPECY, CTUMYJIIOIOTHCSI HU3bKOMOJIEKYISIPHUM aH-
THOKCHUIAHTOM Na-ackop6aToM. BinHoBiaeHHs Na-ackop6aToM MpoLeciB, MPUTHIYEHUX O -
HOuacHOIo fiero ¢oroiHrioysanHa Ta Co2*, BinOyBaeThbCcs YIPOAOBX iHAYKLIHOrO Mepiomy
ms DF Chl a ta, oyeBuaHO, moJyiira€ B eeKTUBHIil HeiTpaiizauii yrBopenux ADK. Lle
CBiIUMTh, IO MEXaHi3M, IKUN MPU3BOAUTH A0 3MiH XapakKTepy iHAYKUiHHOIro maTepHy
ms DF Chl a B pe3ynbrari fii 000X YMHHMKIB, Ma€ eauHy npupoay. CTpecocTilKicTb do-
TOCUHTETUYHOIO arnapary 3pOcCTa€ 3i 30iJblIEHHSIM aKTUBHOCTI aHTUOKCHIAHTHMX (ep-
MEHTIB a00 e(PeKTUBHOCTi HU3bKOMOJIEKYISIPHUX aHTUOKCUIAHTiB. B pe3ynbrati hoTOCUH-
TeTUYHMI amapaT NMEepPeMUKAEThCS Ha alalTUBHY Mporpamy, 110 3abe3nedye MiABUILIEHHS
oro crpecocriiikocTi. [TpumnyckaeTtbes, o Na-ackopOar Bimirpae BUpilllajJbHY poJib y 3a-
XUCTi XJIOPOILIACTIB Bifl OKUCHIOBAIBHOIO CTPECY LIAXOM raciHHa O,  Ta *OH!.

Kaouoei caoea: Triticum aestivum L., PSII, ETC, Co?", GoToinriOyBaHHs, akTMBHI (GOpMu
KucHI0, Na-ackop0ar.

ORCID

R.A. GANIYEVA — https://orcid.org/0009-0003-8825-8312

S.A. ATAKISHIYEVA — https://orcid.org/0009-0005-4884-8064

S.B. DADASHOVA — https://orcid.org/0009-0003-1490-0595

ISSN 2308-7099 (print), 2786-6874 (online). Dizionoeis pocaun i zenemura. 2025. T. 57. Ne 4 315



