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ELECTRON AND PROTON TRANSPORT IN CHLOROPLASTS OF
PEA PLANTS AFTER NIGHT EXPOSURES TO CHILLING
TEMPERATURES
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Plant growth and development slow down when the temperature drops below a
critical level (10—12 °C). One of the main mechanisms of plant adaptation to
lower temperatures is an increase in the fluidity of the lipid phase of the mem-
branes, which makes it possible to maintain the necessary membrane processes for
survival, in particular, the activity of photosynthetic electron transport. In the tem-
perate climate zone, plants often tolerate nighttime temperature drops to frost. Pea
(Pisum sativum L.) refers to cold-resistant species that can withstand a prolonged
decrease in temperature. In this work, pea plants were grown at a constant tem-
perature of 20—22 °C for 11 days, then for 6 days at night, the plants were placed
in chambers at a temperature of 6 °C. The temperature dependence of the photo-
chemical activity in chloroplasts isolated from control and chilled leaves was stu-
died. It was shown that the maximum value of the rate of uncoupled electron
transport from water to potassium ferricyanide in control chloroplasts was observed
at a temperature of 22 °C, i.e. at the temperature of plant growth. In the chloro-
plasts of plants subjected to night cooling, the temperature dependence of the
uncoupled electron transport was shifted to lower temperatures and the maximum
reaction rate was recorded at a temperature of about 12 °C. When measuring the
value of light-induced proton uptake (AH*) and the rate of O, uptake in the reac-
tion of electron transfer from H,O to methyl viologen in coupled chloroplasts, a
sharp decrease in these parameters was observed with a change in the temperature
of the reaction medium from 14 to 10 °C in the control, and from 10 to 6 °C in
the experimental plants. The sharp decrease in the rate of photochemical reactions
with decreasing temperature may be due to a phase transition of membrane lipids
and a slowing down of diffuse processes. These results allow us to consider the AH*
as an indicator of the fluidity of the lipid phase of chloroplast membranes in com-
parative studies. The transmembrane proton gradient (ApH), which was estimated
by light-dependent quenching of the fluorescent label of 9-aminoacridine, excee-
ded the control level in chloroplasts of plants subjected to night cooling, which
may be due to an improvement in the insulating function of the membranes. The
data obtained indicate that when pea plants adapt to lower night temperatures, the
state of the photosynthetic chloroplast membranes changes, which ensures the
preservation of their functional activity.
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Low temperature is one of the most important ecological factors that may
restrict plant growth during each stage of life from germination to maturi-
ty [1, 2]. Chilling includes the swelling of chloroplasts, deformation of thy-
lakoid membranes, and decrease in number or size of starch granules [3—
5]. The extent of temperature acclimation of photosynthetic processes
differs among species. Some species are able to acclimate, whereas others
are not [6, 7]. When adapted to chilling, cool-resistant plants develop
essential tolerance to survival under cold stress through various levels of
biochemical and cellular biological changes [5, 8]. The mechanisms under-
lying the acclimation of photosynthesis to low temperatures vary with the
plant species, and a high photosynthetic acclimation potential to thermal
conditions is associated with a highly plastic response of electron transport
to temperature [7]. Plants grown at chilling temperature (0—15 °C) show
maximum rates of photosynthesis at lower temperatures than do plants
grown under warm temperature [§—10]. The mechanism for supporting of
photosynthetic activity during cooling is maintaining membranes in a fluid
state that allow them to resist low temperatures [1, 2, 5, 6].

The primary effects of low temperature on plant metabolism include
the impact of cold on the fluidity of membrane lipids, which is likely to
affect lipid-associated enzymes of plant membranes, membrane proteins
themselves, cytoskeletal proteins, and soluble enzymes [11]. When the
temperature drops below a critical level (12 °C), the physical state of the
lipid membranes changes, a physical phase transition from a liquid crystal
structure to a solid gel structure occurs and, therefore, the diffusion of
mobile carriers in thylakoid membranes is significantly slowed down [12,
13]. The lateral movement of plastoquinone, the two-electron and two pro-
ton carrier providing electron transfer between the second and first photo-
systems and participating in proton transport and the formation of the
transmembrane gradient of protons, is most vulnerable to the action of cold
[14].

It is known that after short-term exposure to low temperature cold-
resistance of plants increases [15]. This occurs, in particular, due to a
change in the fatty acid composition of lipids and a decrease in the criti-
cal freezing temperature. In nature, in temperate regions, plants are often
exposed to daily periodic temperature changes up to night frost.

The mechanisms of cold-tolerant plants resistance to these destructive
changes are not fully understood. Still, the ability to adapt membrane reac-
tions and modify metabolism at low temperature are among the processes
which require further study.

In this work, we studied the effect of lowered night temperatures on
the photosynthetic processes in pea plants (Pisum sativum L.) which is a
cold-resistant plant. Its seeds begin to germinate at a temperature of +1...
+2 °C, and seedlings can tolerate frosts of —4...—6 °C. Due to its high
resistance to low positive temperatures, it is cultivated to the very northern
border of agriculture (68° N), although when the temperature drops to 8—
14 °C, some inhibition of growth begins, and productivity decreases by 10—
30 % [16].

The aim of the work was to investigate the effect of regular drops of
the night temperature on temperature dependence of electron and proton
transport in the photosynthetic membranes isolated from the pea plants.
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Materials and methods

The object of the study was pea (Pisum sativum L.) Damir 2 variety,
obtained from the Institute of Agriculture of National Academy of Agrarian
Sciences of Ukraine. Plants were grown on Pryanishnikov medium for 19
days (counting from the time of seeds soaking) at a temperature of 21 °C
and a photoperiod of 12 hours. The illumination source was LB40 fluores-
cent lamps (Poltava, Ukraine) with a photosynthetic photon flux density in
the PAR area (PPFD) of 200 umol/(m? - s). PPFD at the plant level was
determined using a USSQS spherical micro-quantum sensor and a LICOR
(LI250) measuring device, USA.

Starting from 11th day of growing, the experimental group of plants
was cooled daily over 6 days for 12 h at 6 °C during the night period.

Chloroplasts (class B, [17]) were isolated from the leaves of 17-day old
seedlings according to the procedure published previously [18]. Freshly cut
pea leaves of the middle tier were wrapped in moist filter paper and kept
at 4—6 °C in the refrigerator for 2 hours. All procedure for the isolation of
chloroplasts was carried out at a temperature of 0—4 °C. The cooled leaves
were disrupted using a blender (BRAUN 250W, Germany) for 20 s in a
medium of the following composition: 0.4 M sorbitol, 0.01 M NaCl, 0.01 M
Tris-HCI, (pH 7.8) and 5 mM sodium isoascorbate. The homogenate was
filtered through 2 layers of nylon fabric and centrifuged at 800 g for 3 min
to precipitate large cell fragments. The supernatant was centrifuged at 3500 g
for 10 min to obtain a chloroplast fraction. Chloroplast sediment was resus-
pended in the storage medium (0.4 M sorbitol, 2.5 mM MgCl,, 10 mM
NaCl, 10 mM Tris-HCI, pH 7.8) and used to determine the rate of pho-
tochemical reactions. Chlorophyll concentration in the chloroplast suspen-
sion was estimated according Arnon method [19].

The uncoupled electron transport from H,O to K;Fe(CN), was deter-
mined as previously described [20] by light-induced pH-changes in the
reaction media contained 200 mM sorbitol, 2.5 mM MgCl,, 10 mM NaCl,
10 mM KCI, 0.5 mM of HEPES (pH 7.0), 1 mM tricine-NaOH, 5 mM
NH,CI, 0.5 pM gramicidine, I mM K, Fe(CN), and chloroplasts (0.01 mg
Chl/ml) (initial pH was 7.7).

The value of the light-induced oxygen evolution or its absorption in
the Mehler reaction was investigated by the amperometric method using a
Clark closed platinum electrode mainly as previously described [21]. The
composition of the reaction medium was the same as when measuring iso-
lated electron transport except that concentration of HEPES was 20 mM
(pH 7.0) and 0.1 mM methyl viologen (MV) was used instead K,Fe(CN),.

Light-induced proton uptake (AH*, umol H*/mg Chl) [22] was re-
gistered in a glass thermostated cell using a glass electrode in the reaction
medium contained 200 mM sorbitol, 2.5 mM MgCl,, 10 mM NaCl, 10
mM KCI, 0.5 mM tricine-NaOH, 1 mM of MES and 0.5 mM of HEPES,
0.1 mM MYV, and chloroplasts (0.05 mg Chl/ml). The photochemical
activity of chloroplasts was induced by a white light of a KGM-250 halo-
gen lamp (PPFD 500 pmol/(m?2 - s)). The amount of protons absorbed in
the reaction was calculated from the magnitude of the light-induced changes
in pH (6pH) and the buffer capacity of the reaction medium. The buffer
capacity was determined by titrating the suspension with small (10 wmol)
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amounts of 10 mM sodium hydroxide. The composition of the reaction
medium was the same as when determining the electron transport rate.

The transmembrane proton gradient (ApH) was estimated by measu-
ring the ApH-dependent fluorescence quenching of lipophilic label 9-
aminoacridine (9-AA) at room temperature using an XE-PAM fluorome-
ter (Walz, Germany) [23]. The composition of the reaction medium was
the same as in the determination of AH™, except that the concentration of
chloroplasts corresponded to 10 ug Chl/ml, and the concentration of
tricin-KOH (pH 8.0) was 20 mM. The ApH value was calculated accor-
ding to [24] under the assumption that the internal volume of thylakoids is
unchanged at 10 pul/mg Chl. The concentration of 9-AA in the reaction
medium was 1 uM, the intensity of the exciting light — 1000 umol/(m? - s).

ApH was estimated by 9-aminoacridine fluorescence quenching as
described by Mills [24] except that the 9-aminoacridine concentration was
5 uM. The intensity of the measuring ray was 0.4—0.8 umol/(m? - s), and
the ApH was driven by a quartz halogen lamp filtered through a Corning
2-62 glass filter. ApH was calculated from the fractional quenching, ¢,
according to ApH = log [¢/(1 — ¢)] + log (V/v), where V is total reaction
volume, and v is the internal volume of the thylakoids (assumed to be
10 pl/mg Chl).

Experiments were performed in 3—5 biological (#) and analytical
replicates. Experimental data are presented as the arithmetic mean value
(M) with a standard error m = -2-. Evaluation of the significance of dif-
ferences between the samples was performed using two-sample t-test with
different dispersions. Calculations were performed using Microsoft Excel
2010 program.

Results and discussion

The growth of pea plants, exposed to low night temperatures for six days,
was suppressed compared with the control. The length of the seedlings and
the leaf area markedly decreased (Table).

The effect of the night chilling on the photosynthetic processes has
been investigated by determining the rate of the light-induced electron
transport in thylakoid membranes isolated from subjected to low tempera-
tures and control pea leaves. The electron transfer rate in chloroplast mem-
branes is controlled by the level of the transmembrane proton gradient (the
so-called photosynthetic control). In non-phosphorylating chloroplasts, the
electron transfer rate is low and increases significantly under photophos-
phorylation, when the proton efflux through the proton channel of ATP-
synthase is coupled with ATP synthesis accelerates and ApH decreases [25].
The same effect is achieved by using uncouplers — protonophores or
ionophores which form channels in membranes, and facilitate the outflow

Growth indices of 17-day old pea seedlings in control and after six day night chilling

Variant | Plant height, cm | Leaf area of one plant, cm?
Control plants 18+3 5248
Plants subjected to low night 11£3 2716

chilling during 6 days
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of protons from the inner space of thylakoids bypassing ATP-synthase [26],
thereby eliminating the photosynthetic control. The uncoupled electron
transfer in this case is not limited by proton transfer via ATP-synthase that
allows one to estimate the electron transfer potential. In this work, we
determined the rate of electron transfer from water to potassium ferri-
cyanide in the presence of uncoupling concentrations of NH,Cl and gra-
micidin.

Fig. 1 shows the temperature dependence of the uncoupled photosyn-
thetic electron transport rate in thylakoids isolated from pea seedlings sub-
jected to night cooling (2) in comparison with the control (1). The rate of
the light-induced H,0—K, Fe(CN), reaction was determined after 5 min
dark incubation in the reaction media under excitation at all indicated
temperature values. The temperature dependences of the electron transport
rate were bell-shaped with maximum at 20—24 °C for the control and 12—
13 °C for thylakoids isolated from the night-chilled seedlings. It should be
noted that uncoupled electron transport in thylakoids isolated from chilled
seedlings only slightly exceeded the control in the temperature range 6—
18 °C. At the same time, at temperatures of 20—30 °C, the electron trans-
fer rate in uncoupled thylakoids isolated from chilled plants was signifi-
cantly lower than in the control. This data suggest that regular drop of the
growth temperature in the night is enough to induce the thylakoid mem-
brane transformation in pea leaves.

Fig. 2 shows the rate of oxygen uptake in the reaction of photosyn-
thetic electron transfer from water to methyl viologen (MV) in chloroplast
suspension without the uncouplers. It can be seen that the rate of the
H,0—MYV reaction at temperatures of 6—18 °C in chloroplasts isolated
from chilled leaves was significantly higher than in the control.

350
= 300 |
- )
=
= 250 |
o
0 2
E 200 |
°
ﬁ 150
= 1 — control
100 2 — experiment
50
0
0 10 20 30 40

Temperature, °C

Fig. 1. The dependence of uncoupled electron transport on temperature of the reaction
media: / — control, chloroplasts were isolated from control plants grown at 20—22 °C; 2 —
experiment, chloroplasts were isolated from experimental plants grown at day/night air tem-
perature of 20—22/6 °C. The rate of the light-induced H,0—K,Fe(CN); reaction was deter-
mined after 5 min dark incubation of chloroplasts in the reaction medium under excitation
at all indicated temperature values. The reaction media contained 200 mM sorbitol, 2.5 mM
MgCl,, 10 mM NaCl, 10 mM KCI, 0.5 mM of HEPES (pH 7.0), 1 mM tricine-NaOH,
5 mM NH,CI, 0.5 uM gramicidine, 1 mM K;Fe(CN),, and chloroplasts (0.01 mg Chl/ml)
(initial pH was 7.7). The photochemical activity of chloroplasts was induced by a white light
of a KGM-250 halogen lamp (PPFD 500 pmol/(m? - s)

ISSN 2308-7099. ®usuonorus pacrennii u renernka. 2020. T. 52. Ne 4 299



A.V. POLISHCHUK, [V.V. PODORVANOV]|, E.K. ZOLOTAREVA

0T W control
O experiment

30

umol O,* (mg chl)™H'

10 |

6 10 14 18 22 26 30
Temperature, °C

Fig. 2. The dependence of light-induced O, uptake in chloroplasts suspension on tempera-
ture of the reaction media in control and experiment. The reaction media contained 200 mM
sorbitol, 2.5 mM MgCl,, 10 mM NaCl, 10 mM KCI, 20 mM of HEPES (pH 7.0), 1 mM
tricine-NaOH, and chloroplasts (0.01 mg Chl/ml) (initial pH was 7.7), (pH 7.0) and 0.1 mM
methyl viologen (MV)

In general, as expected, electron transport in coupled membranes was
considerably lower than in uncoupled chloroplasts over the entire tempe-
rature range tested. At temperatures above 18 °C, both in coupled and
uncoupled chloroplasts, the electron transport rate in control samples
exceeded the rate in chloroplasts isolated from chilled plants. In contrast
to the uncoupled samples, the electron transfer rate at temperatures of 6—
18 °C was significantly higher in chloroplasts isolated from chilled leaves
than in the control (see Fig. 1 and 2). Since uncouplers remove photosyn-
thetic control, i.e. the dependence of the electron transfer on ApH, the dif-
ference in the data in Fig. 1 and Fig. 2 may be related to a change in pro-
ton exchange in chloroplasts of chilling plants.

To determine the effect of low temperatures during plant growth on
proton exchange in chloroplasts, we compared the light-dependent proton
uptake (AH") and the transmembrane proton gradient (ApH) in chloroplast
membranes isolated from leaves of control and chilled plants. Uptake of
hydrogen ions in the stroma is associated with protonation of plasto-
quinone molecules (Q + 2¢~ + 2H" — QH,) that are reduced on the accep-
tor region of PS2 and in the Q, center of the cytochrome bf complex. This
results in a decrease in pH of the intrathylakoid space (pH, ) and in an
increase in pH of the stroma (pH_,) with formation of ApH [25].

Experimentally, the AH" value is determined by the light-dependent
alkalization of a weakly buffered chloroplast suspension [22] (Fig. 3). After
the light is turned on, the pH of the reaction medium rises to a certain sta-
tionary level, at which the absorption of protons by chloroplasts is com-
pensated by their outward leak. After turning off the light, the pH of the
external environment decreases to the initial one and is accompanied by
the release of protons to the outside during deenergization of the mem-
branes. The value of AH' depends on the integrity of the organelles.
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Fig. 3. pH changes in chloroplast suspension induced by illumination (PPFD 500 umol/(m? - s))

Uncouplers (gramicidin, penetrating amines, etc.), as well as inhibitors of
electron transport, suppress the light-dependent protons uptake. The ma-
ximal values of AH" (usually about 0.50 umol H*/mg Chl in the presence
of phenazine methasulfate or about 0.25 umol H*/mg Chl in the presence
of methyl viologen) are recorded at an external pH of 6.5—6.7. At pH va-

lues optimal for photophosphorylation (7.8—8.2), the value of AH™ is not
more than 0.1—0.15 umol H*/mg Chl.
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Fig. 4. The temperature dependence of the light-dependent proton uptake (AH™) by chloro-
plasts isolated from pea plants grown at different temperature conditions: / — control; 2 —
experiment. The reaction media contained 200 mM sorbitol, 2.5 mM MgCl,, 10 mM NaCl,
10 mM KCI, 0.5 mM tricine-NaOH, 1 mM of MES and 0.5 mM of HEPES, 0.1 mM MV,
and chloroplasts (0.05 mg Chl/ml)
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The protons entering the thylakoid are bound by membrane buffer
groups; the concentration of which (the intrathylakoid buffer capacity)
determines the amount of light-induced proton uptake (AH") [27, 28]. The
dependence of the AH" value on temperature in control thylakoids (curve
1) and thylakoid isolated from chilled plants (curve 2) is shown in Fig. 4.
The maximal AH* value was registered at 14—17 °C in control thylakoids
and at 10 °C in thylakoids of the night chilled plants. Generally, in thy-
lakoids isolated from chilled leaves, the temperature dependence of the
AH™ value is shifted towards lower temperatures. The AH™ value drops
sharply in control chloroplasts when temperature of the reaction medium
decreases from 14 °C to 10 °C and more smoothly reduced in chloroplasts
from chilled plants while temperature decreasing from 10 to 6 °C. We can
assume that a sharp drop of the AH" in control membranes near the cri-
tical temperature occurs due to a disorder of the transmembrane proton
transfer by plastoquinone, lateral diffusion of which is greatly hampered at
temperatures below 12 °C [14]. In the membranes isolated from chilled
plants, AH" value is much higher at temperatures <12 °C than in control
(see Fig. 4). This is probably due to an increase in the fluidity of thylakoid
membranes in chilled leaves, which is indispensable for the lateral move-
ment of plastohydroquinone (QH,) and supporting the proton transfer. For
normal operation, as we known, the membrane must be in a liquid crystal
state. Therefore, in living systems, with a prolonged decline in the ambi-
ent temperature, an accumulation of unsaturated fatty acids is observed,
which ensures a decrease in the phase transition temperature [13, 29].

Unlike control samples, the AH* in chloroplasts isolated from chilled
leaves decreased with temperature dropping below 10 °C more smoothly
then in control. This may be due to transformation of fatty acid composi-
tion of the thylakoid membranes in plants under night chilling. Since bio-
logical membranes usually consists of a large number of different lipids,
they may not have a pronounced phase transition and the phase transition
temperature shifts to lower values with an increase in the degree of unsa-
turation of the side chains of fatty acids.

4.0 r

1 — control
2 — experiment
36
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Jus
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28
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2 _0 L 1 L 1
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Temperature, °C

Fig. 5. The temperature dependence of transmembrane ApH in thylakoids isolated from pea
plants grown at 20—22 °C (/) and day/night air temperature of 20—22/6 °C (2)
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Thus the change of dependence of photochemical reactions on tem-
perature may be an indicator of lipid phase fluidity of chloroplast mem-
branes during comparative studies.

Light-induced proton uptake contributes to the formation of trans-
membrane ApH in thylakoids. ApH value depends on insulating properties
of membranes which could change under chilling of plants. In this work,
we determined the ApH value by the light-dependent quenching of the flu-
orescence of the lipophilic label 9-aminoacridine. ApH values were calcu-
lated from the light-induced 9-aminoacridine fluorescence quenching
(PPFD 1000 umol/(m? - s)).

The results presented in Fig. 5 show that ApH in chloroplasts isolated
from control and chilled plants did not practically differ in the entire range
of studied temperatures, except that at temperatures below 12 °C, ApH in
chloroplasts of plants subjected to night cooling exceeded the control level.
The results indicate an improvement in the insulating function of mem-
branes in the chloroplasts of chilled plants.

Thus results obtained revealed that when pea plants adapt to lower
night temperatures, the state of the photosynthetic chloroplast membranes
changes, which ensures the preservation of their functional activity.
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ELECTRON AND PROTON TRANSPORT IN CHLOROPLASTS

Iacturyt 60taniku im. M.I'. XosonHoro HailioHasibHOT akanemii HayK YKpaiHu
01004 Kwuis, Byn. TepeleHKiBcbKa, 2
e-mail: membrana@ukr.net

3a temriepatypu HUXKYOI Bix KputudHOTO piBHSA (10—12 °C) picT i pO3BUTOK POCIWH Tajlb-
myeThbcss. OMHUM 3 OCHOBHMX MEXaHi3MiB afanTallii poCJIMH 10 3HWXKEHHSI TeMIIepaTypH €
30UIBIIEHHS 32 IMX YMOB IJIMHHOCTI JIiMigHOI (pa3u MemMOpaH, 110 Ja€ 3MOTYy MiATpUMYBa-
TA HEOOXiHY [IJIs1 BUXKMBAHHS LIBUIKICTh MEMOpPAHHUX MPOLIECiB, 30KpeMa aKTUBHICTb (Go-
TOCUHTETUYHOIO TPAHCIIOPTY €JIEKTPOHIB. Y 30HiI MOMIpPHOro KJIiMaTy Ha POCJIMHU 4YacTO
BIUIMBAE HiUHE 3HIDKEHHS TemrepaTrypu ax 10 TpuMoposkiB. Topox (Pisum sativum L.)
HAaJIeXUTh 10 XOJOAOCTIHKMX BUIiB, 3IaTHUX BUTPUMYBATU TPUBAJIe 3HVXKEHHSI TeMIepaTy-
pyu. Mu BUpOIIYBaJIM POCIMHU TOpOXY 3a MocTiitHO1 Temnepatypu 20—22 °C mnipotsrom 11
[IHIB, IICJISI YOTO IPOTITroM 6 IHIB YaCTHHY POCIMH Y HIYHUI 4Yac BMIIyBaIu B KaMepu 3
temmeparypoio 6 °C. BuBuaau temrepaTtypHy 3ajeXHICTb (DOTOXiMiUHOI aKTUBHOCTI XJIOPO-
IJIACTiB, i30JIbOBAHUX i3 JIMCTKIB KOHTPOJBHUX i OXOJOIKeHUX pociauH. IlToka3zaHo, 110
MaKCUMaJIbHE 3HAYEHHS LIBUIKOCTI PO3’€IHAHOIO TPAHCIOPTY €JIEKTPOHIB BiJ BOAU [0
rekcamianodepaty(I1l) kaito y KOHTPOJBHMX XJIOPOILIACTAX CITOCTEPIrayocs 3a TeMIepary-
pu 22 °C, ToOTO 3a TeMIepaTypu BUPOIILYBAaHHSI POCAMH, TOMAI SIK TICJsI HIYHOTO OXOJIOMI-
JKEHHST POCIIMH KpMBa TeMIEePaTypHOI 3aJIeXKHOCTI 3MilllyBajiacs B 0iK HU3bKUX TEMIEPATyp,
a MakcUMaJibHa IIBUIKICTh peakilil peecTpyBajiacs 3a temneparypu 0iu3bko 12 °C. YV He-
pO3’€IHAHUX XJIOPOILIACTAX BEJIMUYMHA CBITJIOIHAYKOBAHOIO MOIJIMHAHHS MPOTOHIB (AHT) i
LIBUIKICTh MOIIMHAHHA KUCHIO B PeaKlil IepeHeceHHs enekTpoHiB Bim H,O mo mertmn-
BIOJIOTEHY Pi3KO 3HMXKYBAJUCS TIPU 3MiHi TeMIepaTypy peakliiiHoro cepeaoBuiia Big 14 no
10 °C B KOHTpOII i GBI MIaBHO 3a Temrepatyp Bix 10 mo 6 °C B eKclepyMMEeHTaIbHUX
pocnuH. Pi3ke mamiHHS MBUAKOCTI (OTOXIMIYHMX peakiliii MpW 3HWXKEHHI TemIepaTypu
Moxe OyTH 3yMoBJieHe (Da30BUM II€pEXOIOM MEMOpaHHMX JiMiliB i YHMOBUIbHEHHSIM OM-
(dysiitnux npouecis. 1Ii pe3yabraTy qar0Th 3MOTy po3misaati nmokasHuk AH' gk iHgukatop
IJIMHHOCTI JIinigHo1 ¢da3u MeMOpaH XJOPOILIACTIB Yy MOPIBHSIBHUX AOCHiKEeHHSX. [Ipu
3HIDKEHHI TeMIlepaTypyd BeJWYMHA TPaHCMEMOpPaHHOTO TpajiieHTa TMpoToHIiB (ApH), sKky
OLIiHIOBAJIM 32 CBITJI03aJIEXKHUM TaciHHSIM (hIyOPECLIEHTHOI MiTKU 9-aMiHOaKpUANUHY, Tepe-
BUIILLyBaJla KOHTPOJIb Y XJIOPOILIACTAaX OXOJOMXKEHUX POCJIMH, 1110 MOXe OyTU MOB’SI3aHO 3
MOJIMIIEHHSM 13011010401 (pyHKI1ii MeMOpaH. OTpuMaHi JaHi cBinuaTh, 1110 3a ajanTalii poc-
JIMH TOPOXY JO 3HIDKEHHS HIYHUX TeMIlepaTyp CTaH (POTOCMHTETUYHUX MeMOpaH XJIOPO-
TJIACTIB 3MIiHIOEThCS, 110 3abe3meuye 30epekeHHsT iXHbOI (DYHKIIIOHATbHOI aKTMBHOCTI.

Karouosi caosa: Pisum sativum L., GOTOCHHTE3, XJIOPOILIACTH, OXOJOMKEHHS, TPAHCIIOPT
€JISKTPOHIB, HM3bKOTEMIIEpaTypHa ajanTalisi, IJIACTOXiHOH, MPOTOHHUI OOMiH, TpaHC-
MeMOpaHHUI MPOTOHHUI TPATi€HT.
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