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Effects of soil drought at flowering stage on the functional state of photosynthetic
apparatus and chloroplast enzymatic antioxidant defense systems in flag leaf du-
ring reproductive period, and the productivity of winter wheat plants of high-pro-
tein Natalka variety and drought-tolerant Podolyanka variety were studied in pot
experiment. Until flowering and for the control plants during the entire vegeta-
tion, the soil moisture content was maintained at a level of 60—70 % of field
capacity (FC). Drought treatment (soil moisture 30 % FC) was applied for 7 days
covering flowering—early kernel watery ripe period (BBCH 61—71). After that,
watering of plants was resumed to a control level which was maintained until the
end of the growing season. The estimation of the chlorophyll and Rubisco con-
tent, the chloroplast antioxidant enzymes activity, and the net CO, assimilation
and transpiration rates was carried out on flag leaves. The measurements were
taken on the third day of watering cessation (the first day the soil moisture
reached 30 % FC, BBCH 61), at the end of the drought period (seventh day at
30 % FC, BBCH 71), and after watering resumed at the medium milk (BBCH
75) and late milk (BBCH 77) stages. The components of plant grain productivity
were determined by weighing air-dry material at grain full ripeness. It was
revealed, that drought stress during flowering inhibited CO, assimilation and
accelerated induction of senescence processes in wheat plants associated with
degradation of photosynthetic apparatus and manifested in quicker ontogenetic
drop in chlorophyll and Rubisco contents and loss of leaf photosynthetic activi-
ty. This exacerbated the drought impact on the plant organism so that after opti-
mal watering return, the physiological and biochemical parameters were not
restored to the values of control plants that were all time under optimal moisture
supply. Stress-induced premature senescence reduced the supply of plants with
assimilates and ultimately led to a decrease in their grain productivity. Impact of
drought on flag leaf photosynthetic activity and especially on senescence induc-
tion were much more pronounced in the high-protein wheat variety Natalka with
a genetically programmed earlier start of the nitrogen-containing compounds
remobilization from leaves than in Podolyanka variety. The drought-tolerant
variety Podolyanka keep ability to maintain much higher CO, assimilation acti-
vity during drought period and to preserve photosynthetic apparatus from early
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induction of senescence due to likely more efficient chloroplast antioxidant defense
systems, thereby gaining a better assimilates supply for yield formation.

Key words: Triticum aestivum L., drought, senescence, CO, assimilation rate,
Rubisco, antioxidant enzymes, productivity.

Nowadays, the main problem in plant sciences is the development of tech-
nologies that will increase food production and ensure the sustainability of
crop yield, especially in the context of global climate change [1]. Recent
findings show that yield and nutritional value, as well as resistance to stress,
can be changed by regulating the senescence of plant organism [2].

The natural plant senescence syndrome in many molecular and phe-
notypic aspects resembles the response of plants to abiotic stresses [3, 4].
It is often difficult to separate the effects of age-related senescence from
senescence caused by stress, since both affect many similar biochemical
processes and ultimately lead to plant death [3]. Both processes are of glo-
bal agro-economic importance, since early senescence of plants is the main
cause of losses during grain filling and in biomass growth due to decrease
in photosynthesis because of leaves yellowing. Abiotic stresses can exacer-
bate dramatically yield losses [5].

Leaf senescence is characterized by a decrease in the leaf chlorophyll
content and photosynthetic rate [6], and includes cell organelles autophagy
and other processes of programmed cell death [7]. However, leaf senes-
cence is not only a destructive process, but also plays a vital role in the
recycling of nutrients, especially in nitrogen remobilization [8, 9]. During
natural senescence, the nitrogen remobilization from the photosynthetic
apparatus requires that the cell membranes remain intact and, unlike cell
death under the influence of a stressor, cell compartmentalization persists
until the last stages.

The onset of leaf senescence should be optimized depending on envi-
ronmental conditions [8]. Too early senescence will reduce the plant over-
all ability to absorb CO,, while too late senescence will interfere with nutri-
ent remobilization, thereby disrupting the maturation of the reproductive
organs. It can be expected that the early onset of senescence will be favo-
rable when the availability of photoassimilates is high or when the supply of
inorganic nutrients such as nitrogen is low. Therefore, leaf senescence is con-
sidered as a plastic feature that can regulate adaptation to growth conditions,
thereby maintaining the overall plant carbon and nitrogen balance [2].

The study of the mechanisms that control senescence is hampered by
the fact that senescence is a gradual process and therefore difficult to quan-
tify [4, 5]. In addition, senescence can be caused by many different fac-
tors, and a complex system of signaling pathways is involved in its regula-
tion [3]. So, the leaves senescence rate is affected by light conditions, CO,
concentration, nitrogen supply, water and salt stresses, as well as infection
by pathogenic microorganisms.

The reactive oxygen species (ROS) generation is one of the earliest
plant cell responses to abiotic stress and senescence [10, 11, 12]. Plants
adapt to the stressful effects of the environment through an acclimation
process that includes effective control of the ROS generation in combina-
tion with antioxidant protection [13]. The latter is also a characteristic of
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wheat genotypes exhibiting stay-green phenotype, that is, the ability to
retain green leaves for a long time during fruit formation [11]. Chloroplasts
are the main site of protein degradation in leaf cells, and Rubisco quickly
and selectively degrades during senescence and stress [10]. The process of
protein degradation is initiated by ROS, and includes the action of proteo-
lytic enzymes.

Drought-induced stress encompasses reactions ranging from modi-
fying the patterns of gene expression to changes in metabolism and plant
growth [5]. Drought can initiate and accelerate leaf senescence, as a result
of which the leaf area index, net assimilation and productivity are reduced.
The water stress effect on the endogenous level of plant hormones in rela-
tion to senescence was studied for cytokinin, auxin, gibberellin, salicylic
and jasmonic acids, ethylene, brassinosteroids, and, perhaps, the deepest
for abscisic acid (ABA) [14]. It was revealed that the increase in the ABA
content caused by drought positively correlated with the remobilization of
carbon from senescent leaves into grain in wheat plants [15]. On Arabidopsis,
it have been shown that when plants are exposed to drought, ABA signals trig-
ger ROS accumulation mediated by the transcription factor NTL4/NACO053,
which binds directly to promoters of genes encoding ROS biosynthesis
enzymes, which leads to the induction of leaf senescence [16].

The aim of our work was to study the peculiarities of soil drought impact
during flowering on the dynamics of photosynthetic apparatus functional
state, the pro/antioxidant status of flag leaves during grain filling, and the pro-
ductivity of high-protein and drought-tolerant winter wheat varieties.

Materials and methods

The research was carried out with bread winter wheat plants ( 7Triticum aes-
tivum L.) of Podolyanka and Natalka varieties grown in pots with 10 kg of
fertilized soil at natural light. Fertilizers were added in equal quantities
(NgoPgoKygy + Ng Peo K, mg/kg of soil) when the pots were filled with soil,
and at the middle of the stem elongation period (BBCH 34). For each vari-
ety, 10 pots with 20 plants each were set up.

Until flowering, and for the control plants during the entire growing
season, the moisture content of the soil was maintained at a level of 70 %
of field capacity (FC). Drought treatment was applied to one half of the
pots at the start of flowering stage. Another half of pots were used as a
watered control. The plants were exposed to soil drought during flowe-
ring—kernel watery ripe period (BBCH 61—71) by withholding watering
plants and reducing the soil moisture within three days to the level of 30 %
FC, which was maintained for the next seven days. After that, watering
plants was resumed to a control level that was maintained until the end of
the growing season. The soil moisture in the pots was controlled gravimet-
rically 1—2 times a day.

The determination of the CO, assimilation rate, transpiration rate,
contents of chlorophyll and Rubisco as well as the chloroplasts antioxidant
enzymes activity were carried out using flag leaves. Measurements were
taken on the third day of watering cessation (the first day the soil moisture
reached 30 % FC, BBCH 61), at the end of the drought period (seventh
day at 30 % FC, BBCH 71), and after control watering regime resumed at
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the medium milk (BBCH 75) and late milk (BBCH 77) stages. The indices
of control plant leaf were determined at the same time. The components
of plant grain productivity were determined by weighing air-dry material
after achieving the grain full ripeness.

The total chlorophyll content in the leaf lamina was determined by the
non-maceration method by extraction with dimethyl sulfoxide, followed by
determination of the extracts extinction coefficients using spectrophotome-
ter [17].

The net CO, assimilation rate (Ay) was recorded under controlled
conditions using an infrared gas analyzer GIAM-5M (Russia). The intact
flag leaves (2 in parallel) were placed in a temperature-controlled (+25 °C)
chamber (3x7 ¢m) and illuminated (1800 umol/(m? - s) PAR) by the TA-
11 50W LED spotlights with a light temperature of 5200 K. Atmospheric
air was blown through the chamber at a speed of 1 1/min. The transpira-
tion rate was measured by a portable gas analyzer EGM 5 (USA) based on
the difference in air humidity at the inlet and outlet of the chamber. Gas
exchange parameters were calculated according to standard methods [18].

Rubisco content in the leaves was determined by quantitative elec-
trophoresis [19]. The protein was extracted into 5 ml of a buffer solution
containing 50 mM Tris-HCI (pH 7.8), 2 mM MgCl,, 1 mM EDTA. The
homogenate was centrifuged at 1200 g and a temperature of +4 °C for
10 min. Protein electrophoresis was performed according to the Laemmli
method [20]. The mixture of the protein preparation with denaturing buffer
contained: Tris-HCI1 (pH 6.8) — 0.125 M, 2-mercaptoethanol — 10 %,
glycerol — 10 %, SDS — 2 %, bromphenol blue — 0.2 %. Samples were
applied to the wells on a polyacrylamide plate consisting of a concentra-
ting 4 % gel and a separating 12.5 % gel. Three calibration samples of
bovine serum albumin (BSA) of known different concentrations were
applied to each plate. Electrophoresis was performed at a current of 10 mA
until the bromphenol blue completely penetrated the gel, and then at 5 mA.
After electrophoresis, the gel was stained in a 0.1 % Brilliant Blue solu-
tion, followed by washing the gel in a solution of 10 % acetic acid and
10 % ethyl alcohol. The gels were scanned and the color intensity of the
large Rubisco subunit bands was determined using the Gel-ProAnalyzer
program, and the contents were calculated from the calibration relation
for BSA.

For the determination of antioxidant enzymes activity, chloroplasts
were isolated mechanically at a temperature of 0—4 °C. The sample (2 g)
of wheat leaves was homogenized in a 7-fold volume of buffer solution of
the following composition: 0.33 M sorbitol, 5 mM MgCl,, 0.1 % BSA, 4 mM
ascorbic acid and 50 mM Tris-HCI (pH 7.5). The homogenate was filtered
through two layers of nylon fabric and centrifuged in a centrifuge K-24D
at 80 g and a temperature of 0—4 °C for 5 minutes to precipitate heavy
particles. The supernatant was poured into other pre-cooled centrifuge
tubes and centrifuged at 2000 g for 10 minutes to obtain a fraction of
chloroplasts. The chloroplasts sediment was resuspended in isotonic medi-
um with 4 mM ascorbic acid, 50 mM Tris-HCI (pH 7.5) in a volume of
2 ml and subsequently used to determine the activity of superoxide dismu-
tase (SOD) and ascorbate peroxidase (APX).
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The superoxide dismutase (SOD, EC 1.15.1.1) activity was determined
spectrophotometrically using nitrotetrazolium blue at a wavelength of 560 nm
[21]. The ascorbate peroxidase (APX, EC 1.11.1.11) activity was measured
in the ultraviolet region of the spectrum at 290 nm using the Chen & Asada
method [22].

Analytical repeatability of photosynthetic pigments content determi-
nation using pooled sample of leaves of 5 individual plants — 3-fold, deter-
mination of gas exchange, Rubisco content, and enzymes activity — 4-fold.
Data on components of grain productivity were determined as average of
measurements of 20 individual plants. The obtained data were processed by
generally accepted methods of variation statistics. The figures and the tables
show the arithmetic mean and standard error of the mean. The significance
of the difference between controls and treatments were evaluated using
ANOVA. Differences were considered significant at p < 0.05.

Results and discussion

In general, the dynamics of the total chlorophyll content in the flag leaves
of control plants of both varieties was similar: the maximum was observed
at BBCH 71 stage, followed by an accelerating decline (Fig. 1). However
the rate of the decline was significantly different. Thus, the chlorophyll
content in flag leaf at BBCH 75 stage decreased by 33 % compared with
the maximum value in Natalka variety and only by 11 % in Podolyanka
variety. Then at BBCH 77 stage, the chlorophyll content in Natalka vari-
ety decreased by almost 6 times compared with BBCH 71 stage, while in
Podolyanka variety — by 3 times.

Such differences in the chlorophyll content decline might be
explained by the genotypic peculiarities of the studied varieties related to
their economic use: Podolyanka is a drought-tolerant variety with high
ecological plasticity and stay-green traits providing stable high yield under
a wide range of growing conditions, whilst Natalka is a high-protein-con-
tent variety with excellent seed baking qualities [23]. It is known that pro-
tein-gluten complex formation in wheat varieties with high grain quality is
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Fig. 1. The total chlorophyll content in the flag leaves of control and drought-treated (du-
ring BBCH 61—71 stages) wheat plants: @ — Podolyanka, » — Natalka
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accompanied by intensive remobilization of nitrogen-containing com-
pounds from vegetative organs, primarily from leaves [24]. Since most of
the leaf nitrogen is concentrated in the proteins of photosynthetic appara-
tus, grain filling in high protein varieties is accompanied by accelerated
degradation of photosynthetic structures and enzymatic complexes [25].
One of the manifestation of these processes is a decrease in the chlorophyll
content [6]. Nitrogen remobilization processes are primarily associated
with an increase in the proteolytic enzymes activity and are similar to the
processes of natural senescence and programmed cell death [26]. Their
similarities and differences, as noted in the introduction, are actively dis-
cussed in the literature, since the management of their mechanisms will
give new approaches to increasing the yield and quality of plant products,
in particular wheat grain.

At the same time, the stay-green phenotype is most pronounced in
preserving the chlorophyll content in the leaves until the last stages of grain
filling and ripening, and is associated with increased resistance to stress fac-
tors, especially drought [27, 28]. Provided the spike highly attracting abi-
lity and the photosynthetic apparatus assimilation activity, this leads to an
increase in grain productivity. However, the grain protein content may
decrease due to the «dilution» with carbohydrates. It was also noted the
presence among stay-green wheat genotypes those able to absorb intensively
mineral nitrogen from the soil, provided that this element is well supplied,
and to assimilate it efficiently which contributes to an increase in the grain
protein content [29]. If the spike attracting ability is insufficient to utilize all
assimilates produced by the stay-green photosynthetic apparatus, their excess
accumulates in the vegetative organs, and yield does not increase [30].

Numerous published data reveal that under stress conditions, senes-
cence processes may begin earlier and proceed faster than under normal
ones [3, 5, 31]. Indeed, in our experiments, the chlorophyll content in the
flag leaf of drought-treated plants of both varieties was lower than in the
control ones (see Fig. 1). Moreover, even after the resumption of normal
watering, this index in treated plants continued to be lower than the cor-
responding control values. Consequently, considering the content of the
main photosynthetic pigments, the drought has launched irreversible
processes of photosynthetic apparatus degradation, outwardly very similar
to those observed during natural senescence under normal conditions.

At the same time, differences between varieties in the drought effects
on the flag leaf pigment content were observed. In Podolyanka variety, the
chlorophyll content did not practically differ from the control at the first
day of reaching soil moisture of 30 % FC and only after a week growing
at this level of soil moisture it was less than the corresponding control value
by 11 %. However in stressed plants of Natalka variety, chlorophyll con-
tent on the first day of drought was 13 % lower than the control, and
almost 30 % on the seventh. After the soil moisture for treated plants was
restored to 70 % FC, the chlorophyll content in the leaf at BBCH 75 stage
was 36 % lower than the control in Podolyanka variety, and 48 % — in
Natalka variety. In the treated plants of the last variety, the leaves at
BBCH 77 stage lost almost all their green color and, therefore, the chloro-
phyll content in them was not determined. At the same time, the leaves of
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the treated plants of Podolyanka variety still contained some chlorophyll,
although its level was 2.2 times lower than in the control.

In general, the chlorophyll content in the leaves of control and trea
ted plants of Podolyanka variety was higher than that of Natalka variety
during all experiment except stage BBCH 61. That is, the varietal peculi-
arities noted above (stay-green trait in Podolyanka variety and rapid degra-
dation of the pigment apparatus after flowering in Natalka variety) were
retained in treated plants. The drought treatment accelerated chlorophyll
content decline during grain formation and filling almost in parallel to the
control indices. Therefore, it can be assumed that some stress responses of
drought-treated plants may serve as a trigger for the earlier start of irre-
versible senescence processes. This, in our opinion, explains the lack of
chlorophyll content restoration in the leaves of treated plants after the
resumption of normal watering. Moreover, in plants of the high-protein
variety Natalka with a genetically programmed earlier start of the nitrogen-
containing compounds remobilization from leaves, the senescence of trea-
ted plants began earlier than in the drought-tolerant Podolyanka variety. In
treated plants of the latter one, it was even observed an increase in chloro-
phyll content at the end of the drought period compared with its onset,
slightly lower than it was spotted for control plants for this period. The fall
in chlorophyll content in treated plants of Podolyanka variety started only
after the end of the drought period, whilst in Natalka plants, such irre-
versible decline was observed already on the beginning of drought.

The CO, assimilation rate dynamics in flag leaf of control plants du-
ring the studied period differed somewhat comparing to the changes of the
chlorophyll content (Fig. 2). The CO, assimilation in Podolyanka variety
remained almost at the same level during BBCH 61—75 stages, and only
at BBCH 77 stage a sharp decrease was observed. At the same time, in
control plants of Natalka variety, the photosynthetic rate after flowering
gradually decreased with acceleration to the BBCH 77 stage. These results
fit well with the notion about stay-green traits of the first variety, and the
earlier beginning of the remobilization in second one, which is undoub-
tedly accompanied by a complex of processes characterized as senescence.
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Fig. 2. The net CO, assimilation rate (Ay) in the flag leaves of control and drought-treated
(during BBCH 61—71 stages) wheat plants: ¢« — Podolyanka, b — Natalka
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The photosynthetic rate dynamics in flag leaf of treated plants of
Podolyanka variety was similar to the control, however, the values of CO,
assimilation rate amounted to 72—75 % of the control (see Fig. 2). After
the normal irrigation resumption, the photosynthetic rate at BBCH 75
stage remained at the level corresponding for the drought period (i.e., there
was no recovery). However, it should be noted that, having decreased
already at the beginning of the stress, the CO, assimilation in Podolyanka
remained quite stable until drought-treatment end, which was one of the
most prominent differences between varieties in their reaction to drought.
Thus, in Natalka variety plants, the photosynthetic rate on the first day of
reducing soil moisture to 30 % FC fell by 2 times compared to the con-
trol, and then, to the end of the drought period — by 2 times compared
with the first day of the stress. The decline in assimilation activity conti-
nued even after the resumption of normal irrigation (at BBCH 75 stage 1.9
times lower compared with BBCH 71). As noted above, at BBCH 77 stage
the leaves of this variety practically lost chlorophyll, therefore, gas
exchange was not determined in them.

The impact of drought on CO, assimilation was irreversible in both
varieties. That indicates on stress-induced damage to the photosynthetic
apparatus enzymes and structural proteins and their degradation [32]. This
is confirmed by data on the changes in leaf transpiration rate after drought
(Fig. 3). Thus in Podolyanka, transpiration rate during the period of
drought was lower than control by 31—34 %, however, after the resump-
tion of irrigation, it was almost recovered to the control values. Therefore,
a decrease in the photosynthetic rate during the drought period might be
well explained by a decrease in stomatal conductance, but an increase in
it that occurred after the termination of the watering limitation did not lead
to a corresponding restoration of CO, assimilation activity. Drought impact
on transpiration rate in Natalka variety was much stronger. Nevertheless,
the treated plants of the Natalka variety after normal watering restitution
had the same transpiration rate as at the end of drought period however
photosynthesis rate continued to decline.
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Fig. 3. The transpiration rate in the flag leaves of control and drought-treated (during BBCH
61—71 stages) wheat plants: @ — Podolyanka, » — Natalka
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It can be assumed that senescence processes and associated nitrogen-
containing compounds remobilization, both under normal conditions and
accelerated by a stressor, affect primarily the photosynthetic apparatus of
the mesophyll cells and only then — stomata. This is evidenced by the fact
that in the control plants of both varieties during the period of BBCH 75—
77 stages, the transpiration rate decreased on average 2.5 times, while the
photosynthetic rate decreased by 3.5—4 times. A smaller dependence of
stomata functional state on the nitrogen status of the leaf, compared with
the photosynthetic apparatus, was noted by us earlier in experiments with
different levels of mineral nutrition [33].

In general, the flag leaves photosynthetic apparatus of Natalka variety
plants showed itself to be much less resistant to drought compared to the
Podolyanka variety. Obviously in the first variety, the stress-induced senes-
cence processes started earlier and exacerbated direct drought negative
impact on the CO, assimilation than in the second. Perhaps, one of the
reasons for this was genotypic peculiarities of the Natalka variety noted
above.

This assumption is confirmed by the results of determination of
Rubisco content in leaves of control and treated plants. Fig. 4 shows that
drought decreased sharply the content of this enzyme in both varieties,
while Rubisco content in control plants only showed a tendency to
decrease (Podolyanka variety) or even slightly increased (Natalka variety).
When the soil moisture was restored to optimal (BBCH 73 stage), enzyme
amount in the Podolyanka variety stabilized at the level corresponding to
the end of the drought period. At the same time, Rubisco content in plants
of Natalka variety continued to decline and at BBCH 75 stage it
approached zero. Rubisco content in treated plants of Podolyanka variety
during post-stress period was much higher than in Natalka variety and
remained quite detectable at BBCH 77 stage, when leaf of treated plants
of Natalka variety practically lost this protein.

As it is known, Rubisco is a key enzyme for CO, assimilation in the
Calvin cycle and it amount in leaf is much larger than other proteins [33].
According to some authors, this protein, accumulating in excess amounts,
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Fig. 4. The Rubisco content in the flag leaves of control and drought-treated (during BBCH
61—71 stages) wheat plants: a — Podolyanka, & — Natalka
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serves as a kind of organic nitrogen storage, which is remobilized into the
grain during its filling [34].

There are contradictory in the literature concerning drought effect on
Rubisco content: some studies shown diminishing while others reported no
effect or even increase in enzyme content under drought [35]. It can be
assumed that a decrease in the Rubisco content in plants during the
drought period was provoked by assimilates deficiency due to decrease in
CO, assimilation. There is growing bulk of evidences on important protec-
tive role of drought-induced autophagy involving particularly Rubisco
degradation [36]. Autophagy can provide raw materials for synthesis pro-
tective proteins and compounds (e.g. osmolites), as well as remove dam-
aged proteins. Under these conditions, Rubisco reserves in the leaf may
serve as a major source of organic carbon and nitrogen for protective
changes in cell metabolism to ensure the vital processes in the plant.

The further drop in Rubisco content after the resumption of normal
watering in Natalka variety plants, in our opinion, indicates the continue
of drought-induced irreversible degradation processes associated with
senescence. The stabilization of Rubisco content in the leaves of treated
plants of Podolyanka after the drought termination, but not recovery as it
was found for transpiration rate, points irreversible damage to photosyn-
thetic apparatus yet without senescence development.

One of the nodal components that lie at the intersection of many sig-
naling systems in the plants are ROS and especialy hydrogen peroxide.
Today, it is known that this ROS plays the important role of signaling mo-
lecule, triggering a cascade of reactions related to the response to various
stressors [37]. Under normal conditions, H,O, is the product of many
metabolic reactions and is detoxified by a number of antioxidant enzymes.
Any violation of the homeostasis of these reactions under the stressor influ-
ence is accompanied by an increase in the H,O, formation and induction
of protective mechanisms, including activation of antioxidant enzymes.

The processes of macromolecules and cell structures degradation, spe-
cific for plant vegetative organs natural senescence, and the further remo-
bilization of biologically valuable substances into storage organs are also
accompanied by an increase in the H,O, formation [10, 12]. Therefore, an
increase in the H,O, concentration under stress can untimely start and
accelerate the senescence processes in plants, especially if they are «geno-
typically ready» to this [38].

Chloroplasts are one of the main H,O, sources in photosynthetic cell.
During the functioning of the photosynthetic electron transport chain of
which, some electrons can be transferred to molecular oxygen with the for-
mation of a superoxide anion radical [12]. The latter is a very dangerous
ROS, the detoxification of which is carried out by SOD. As a result of
reaction catalyzed by this enzyme, H,O, is formed, which is reduced by
APO to water. Under the influence of stressors, especially such as drought,
the superoxide anion radical formation increases with a corresponding
increase in the H,O, formation. Chloroplast enzymatic antioxidant defense
systems typically respond to this by increasing their activity to limit the
excessive ROS formation [39].
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Fig. 5. The chloroplast SOD (a, b) and APX (c, d) activity in the flag leaves of control and
drought-treated (during BBCH 61—71 stages) wheat plants: a, ¢ — Podolyanka; b, d —
Natalka. AA — ascorbic acid; f.w. — fresh weight

Our data on the chloroplast SOD and APO activity in the flag leaves
of control wheat plants indicate that these enzymes functioned almost syn-
chronously (Fig. 5). In both varieties, a gradual increase in their activity
during BBCH 61—75 stages had been observed with a subsequent sharp
decrease. This dynamics is obviously due to the increased ROS formation
as the degradation processes accompanying senescence develop. A sharp
drop in enzymes activity is associated with the final breakdown of proteins
that ensure the vital activity of leaf cells (remobilization is an active
process), and their death.

In the plants of Podolyanka variety on the first day of drought, the
SOD activity significant increase compared with the control was observed,
and even stronger — APQO. After a week of plants stay at soil moisture of
30 % FC, the SOD activity increased even more, and the APO activity
decreased under the control level. After the resumption of normal irriga-
tion, the SOD activity sharply decreased, and the APO activity remained
unchanged. At the stage of late milk ripeness (BBCH 77), in experimental
plants a synchronous with control decrease in the activity of both enzymes
was observed, but at a lower level.

In Natalka variety, the dynamics of the chloroplast SOD and APO acti-
vity in the leaves of drought-treated plants was generally identical to that
described above, with the only difference being that the increase in SOD acti-
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vity during the drought period was not as strong as in Podolyanka variety, and
the subsequent drop was almost twofold compared with control (in
Podolyanka — only 20 %).

So, at the beginning of the drought, a simultaneous increase in the
chloroplast SOD and APO activity occurred, while a week later, at a back-
ground of further increase in the SOD activity, a decrease in the APO
activity was observed. Only after soil moisture restoration to the optimum,
the SOD activity also decreased, i.e. again synchronized with the APO.
The increase in SOD activity during the drought period is most likely rela-
ted to increased superoxide anion radical formation. At this, a decrease in
APO activity should lead to a rise in the amount of H,O,, however it
should be noted that in plant cells there are many other H,O, detoxifica-
tion systems — catalase, a large family of peroxidases, etc., which are also
activated under stressful conditions.

Stress-induced damage to photosynthetic apparatus and accelerated
leaves senescence led to a decrease in the biological and grain productivi-
ty of plants treated by drought during the flowering period, and these were
more pronounced in the Natalka variety comparing to Podolyanka variety
(Tables 1 and 2). Thus, the main shoot grain productivity in treated
plants of the Podolyanka variety decreased by 15 % compared to the con-
trol, while in Natalka variety it decreased by 40 %. This was mainly due
to a reduction in the grain fullness, apparently as a result of assimilates
deficiency during their filling caused by irreversible damage to the pho-
tosynthetic rate, exacerbated in Natalka variety by accelerating senes-
cence under the stressor influence. The grain number in this case
decreased insignificantly. Grain productivity per whole plant declined
compared to control even more than this for main shoot due to a
decrease not only in the 1000 grains weight but also in grain number
resulted from reduction in productive tillering. Undoubtedly, the latter is
also associated with lessening assimilates availability in treated plants.
Decline in grain productivity was associated with significant decrease in
the harvest index of drought-treated plants: in the Podolyanka variety —
by 18 %, in the Natalka variety — by 25 %.

TABLE 1. Productivity (calculated on dry matter) of main shoot of wheat plants subjected to
drought at stages of flowering—kernel watery ripe (BBCH 61—71) (x+SE; n = 20)

. Total weight, . . . 1000 grains
Variant g Grain weight, g Grain number, pcs weight, g
Podolyanka
Control 2.78%0.08 1.43%0.06 33.1%1.1 43.3%1.3
Drought 2.64%0.13 1.21£0.10 31.8%1.3 37.0£1.8
% relative to 94.9 84.5 96.2 85.3
control
Natalka

Control 3.160.09 1.55%0.07 34.3%1.1 45.3+1.2
Drought 2.43%0.12 0.93%0.07 334%1.5 27.7£1.5
% relative to
control 77.1 60.1 97.4 61.2
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TABLE 2. Productivity (calculated on dry matter) of whole wheat plants subjected to drought at
stages of flowering—kernel watery ripe (BBCH 61—71) (x£SE; n = 20)

Grain 1000 Total Productive
Variant Total Grain number rains Harvest shoots shoots
weight, g | weight, g cs > W§i ht index number, | number,
p ght, g pes ps
Podolyanka

Control  5.061£0.51 2.44+0.24 61.9+6.2 39.5£1.0 0.49+0.01 2.53+£0.28 2.47+0.28
Drought  4.33%£0.35 1.78+0.20 47.7+4.4  36.1x1.5 0.40+0.02 2.83%£0.21 2.17+0.16

% relative  gg ¢ 72.8 77.0 91.4 82.0 1122 87.6
to control

Natalka
Control ~ 5.35+£0.34 2.48%0.19 63.0£4.8 399+1.1 0.46+0.01 2.58%0.17 2.32+0.15
Drought  3.60£0.30 1.26%0.12 47.8%£3.7 259+1.3 0.34%0.02 2.18%£0.23 1.86%0.20

% relative 7 50.8 75.8 64.8 74.6 84.6 80.5
to control

In this regard, it should be noted that under drought treatment during
the early reproductive period (booting stages), when it is still far from the start
of natural senescence processes, negative effect of stress may be compensated
after normal watering resumption through physiological, biochemical, and
morphogenetic repair mechanisms (for example increased productive tille-
ring), which was previously shown by us [40] and other authors [41].

Thus, our results show that transient one-week drought during flowe-
ring stage not only inhibited CO, assimilation but also accelerated senes-
cence processes in wheat plants causing the photosynthetic apparatus pro-
teins degradation associated with the nitrogen-containing compounds
remobilization into grain. This enhances the stressor negative impact on
the plant organism so that after stress termination, physiological and bio-
chemical parameters are not restored to the values of control plants that
were all time under optimal moisture supply. Reduced supply of plants with
assimilates during drought period due to photosynthesis inhibition and du-
ring post-stress period due to photosynthetic apparatus senescence and
degradation ultimately leads to a decrease in their grain productivity. All
these processes were much more pronounced in plants of the high-protein
variety Natalka with a genetically programmed earlier start of the nitrogen-
containing compounds remobilization from leaves than in Podolyanka
variety. The drought-tolerant variety Podolyanka keep ability to maintain
much higher CO, assimilation activity during drought period and to pre-
serve photosynthetic apparatus from early induction of senescence due to
likely more efficient chloroplast antioxidant defense systems, thereby gai-
ning a better assimilates supply for yield formation.
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B ymoBax BereTauliiHOro mOCiiay BUBYaJW BIUIMB I'PYHTOBOI Mocyxu y ¢asi IBiTiHHS Ha
GyHKIiOHANBHUI CTaH (POTOCHMHTETUYHOTO anapaty i hepMEeHTaTUBHUX CUCTEM aHTUOKCH-
JAHTHOTO 3aXMCTY XJIOPOIUIACTiB MpParopleBoro JUcTka B PENponyKTUBHUI Mepion, a Ta-
KOX MPOAYKTUBHICTh POCIMH O3MMOI MIIEHUIII BUCOKOOiNIKOBOro copty Hartanka i mocy-
xocrtilikoro copty IlogonsHka. sl KOHTPOJBHUX POCJIMH YIPOAOBX BCi€l BereTallii
BOJIOTIiCTh IPYHTY MinTpuMyBaiu Ha piBHI 60—70 % mnoBHOi Bomoroemuocti (I1B). [Ins
JIOCTIMHUX POCIMH mocyxy (Bojoricte rpyHTy 30 % IIB) cTBOpIOBau mpoTsiroMm 7 mi0,
OXOILTIOIOYM Tepiof LBiTiIHHSI—BomsHUCTa cTUrIicTh 3epHa (BBCH 61—71). Ilicast mporo
MOJIMB POCJIWH BiTHOBWIM JO KOHTPOJBHOTO PiBHS, KW MiATPUMYBaJIU MO KiHLS Bere-
Taiii. BuMipioBanHsi BMicTy xiopodiny i PybGicko, akTMBHOCTI aHTMOKCUAAHTHUX ¢ep-
MEHTIB XJIOPOILIACTIB, a TaKOX MoKa3HuKiB acuminsauii CO, i TpaHcmipalil NpoBOAMIN Ha
MpanopleBoOMy JIUCTKY Ha TPeTiit 1eHb MPUMUHEHHS MOJUBY (B MEPLINA JeHb AOCSITHEHHS
poJjiorocti rpyHty 30 % I1B, BBCH 61), B iHLi mepiony mocyxu (cbomuit aeHs mpu 30 %
IIB, BBCH 71) i micns BimHOBIeHHS nmoauBy — Yy ¢da3u cepeanboi (BBCH 75) i misHboi
(BBCH 77) monouHoi cturiocti. CkJIaoBi 3epHOBOI MPOAYKTUBHOCTI POCIUH BU3HAYaIX
3BaKYBaHHSIM TOBITPSIHO-CYXOTO MaTepiajly 3a TMOBHOI CTUIJIOCTI 3epHa. BusiBaeHo, 1o
BOJHMI CTpec Mil Yac LBITiHHA NpuUrHidysas acuMinauiio CO, i MpUCKOPIOBAaB iHAYKIIIO
MPOLECiB CTApiHHS y POCIMH MIUEHMI, MOB’SI3aHUX i3 Jerpaaauieo HOTOCUMHTETUYHOTO
amapary, 1110 MPOSBISUIOCS Y IIBUILIOMY OHTOT€HETUYHOMY MajiHHI BMIicTy Xjopodiny i
Pybicko, a TakoX y NMPUCKOPEHHI 3HMXEHHS (DOTOCMHTETMYHOI aKTUBHOCTI JUCTKiB. Lle
TMOCWIWJIO BIUJIMB MOCYXU Ha POCIMHHMEI OpraHi3M, Tak 11O MicJsl BiTHOBJIEHHS ONTUMAaJIb-
HOTO MoJIUBY (i3iosoriuHi Ta GioXiMiYHi XapaKTepUCTUKU HE BiTHOBIIOBAIUCS 10 3HAYEHb
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KOHTPOJIbHUX POCJMH, SKi BeCh 4ac MepeOyBajM 3a YMOB ONTUMAJbHOTO 3BOJIOXKEHHS.
CrpryrMHeHe CTpecoM IepenyacHe CTapiHHS MPU3BEJIO A0 3HMXKEHHS 3a0e3MeYeHOCTi poc-
JIMH acUMiJIATaMU i, B KiHLEBOMY ITiACYMKY, J0 3MEHIIEHHS 3€pHOBOI MPOAYKTUBHOCTI.
BruiuB mocyxu Ha GOTOCUHTETMYHY AaKTMBHIiCTh JIMCTKiB i, OCOOJMBO, Ha iHIYKIIilO
cTapiHHS OyJIo OBl BUPaXXEHO y BUCOKOOLIKOBOTO COpPTy MilleHUlli HaTtanka, 3 reHeTu4-
HO 3amporpaMOBaHUM paHilllMM MOYaTKOM peMoOiji3allii a30TOBMICHUX CITOJIYK i3 JIUCTKIB,
HiX y copty Ilomonsuka. [Tocyxocriiikuii copt IlomonsiHka 36epiraB 3AaTHICTh MiATPUMY-
BaTW Habararo BulLy akTuBHicTh acuMinauii CO, B mepion mocyxu i 3amobiraTv paHHii
iHOYyKI1Iii cTapiHHS (POTOCMHTETUYHOIO anapary, WMOBIpHO, 3aBASIKU €(EKTUBHIIIIUM CUCTE-
MaM aHTMOKCHMIAHTHOTO 3aXMCTy XJIOPOIUIACTiB, TAM CaMUM 3a0e3MeyvylouM Kpallle MocTa-
YaHHS acuMiIsITaMu Uit OPMYBaHHS BpoxkKalo.

Karwuoei cnoea: Triticum aestivum L., mocyxa, crapiHHs, wBuakictb acuminsauii CO,,
PyGicko, aHTMOKCUIAHTHI (hepMEeHTU, MTPOAYKTUBHICTb.
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