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Expression of aguaporin PIP2;1 as an indicator
of Zea mays L. cultivar tolerance to reduced soil moisture
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Purpose. To investigate expression of aquaporin PIP2;1 in maize cultivars ‘Pereiaslavskyi’ and ‘Dostatok’, (moderately
drought-resistant) and ‘Yachta” and ‘Flahman’ (drought-resistant), which grew for 10 days in low humidity substrate
(30%). To evaluate possible influence of lipids and fatty acids on the functional activity of PIP2;1 under above humidity
conditions. Methods. Biochemical: study of lipids and fatty acids in cytoplasmic membrane fraction from the roots (liquid
chromatography); molecular: detection of the relative expression of aquaporin PIP2;1 in the roots (polymerase chain
reaction, PCR); morphometric measurements and statistical methods for result processing. Results. Studies showed that
in moderately drought-tolerant maize cultivars ‘Pereiaslavskyi” and ‘Yachta’, PIP2;1 expression decreased, while in drought-
tolerant ‘Dostatok” and ‘Flahman’, on the contrary, it increased. In ‘Dostatok” and ‘Flahman” smaller root water deficit
compared with ‘Pereiaslavskyi’ and ‘Yachta” in conditions of low humidity of the substrate was recorded. In addition, the
quantity of sterols and phospholipids increased in the plasma membrane of all hybrids. Conclusions. Reduced expression
of PIP2;1 observed in ‘Pereiaslavskyi’ and ‘Yachta’, is a characteristic feature of not drought tolerant plants and indicates
reaction to a decrease in substrate moisture and counteraction to dehydration, since a smaller amount of aquaporins
ensures water retention in the cells. Contrary, at a substrate moisture content of 30%, PIP2;1 expression in drought-
resistant hybrids ‘Dostatok’ and ‘Flahman” increased which was accompanied by lesser root water deficiency (comparing to
that of ‘Pereiaslavskyi” and ‘Yachta’). It is quite probable that the enhanced expression of the PIP2;1 isoform in cultivars
‘Dostatok’ and ‘Flahman’ is a specific indicator of hybrids drought resistance. The obtained data are important for improving
the selection of drought resistant maize hybrids.
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Introduction

Moisture deficit is one of the main abiotic
stresses affecting a yield, therefore the study
of mechanisms of adaptation possibilities in
plants, including crops, becomes relevant. It
is known that one of the primary targets of
external stress is the cellular membrane [1],
which reacts to the lack of moisture by bio-
chemical alterations of the lipid bilayer and
the change in its viscosity. The fluid state of
the cytoplasmic membrane and the activity of
aquaporines ensure the stable functioning of
the membrane under conditions of lack of
moisture. Small hydrophobic aquaphorin pro-
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teins (27-30 kDa) in cell membranes are or-
ganized in the form of highly conserved tetra-
meric structures [2—-4]. Aquaporins form
transmembrane channels through which pas-
sive transport of water and dissolved sub-
stances occurs among cells, which is the main
waterway under drought conditions [5]. 36
genes encoding aquaporines have been identi-
fied in the Zea mays L. genome [6]. The most
numerous family of aquaporines in plants is
plasma membrane intrinsic proteins (PIP)
aquaporines, divided into two groups: PIP1
and PIP2. The aquaporines of the PIP2 group
are expressed primarily in plant roots and
characterized by a higher ability to pass water
than PIP1-aquaporines [5, 7].

Since PIP2-aquaporines play an important
role in the water balance of cells, the level of
their genes expression may change during soil
dehydration. It is known that moisture defi-
ciency enhances the functioning of aquapo-
rines and increases the number of transcripts
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[8]. The function of aquaporines depends on
the stiffness of the lipid bilayer of the cyto-
plasmic membrane; therefore, in order to un-
derstand the nature of the drought resistance
of maize hybrids, it is important to investi-
gate the composition of the membrane lipids,
determine the level of aquaporin function and
reveal their role in the reaction of plants to
reduce soil moisture.

The purpose of the research was to study
the molecular signs of maize hybrids drought
resistance, namely, the quantitative and qual-
itative composition of the lipids of the root
cytoplasmic membrane and the level of ex-
pression of the aquaporin PIP2;1 isoform. In
the experiment, drought-tolerant hybrids of
corn (‘Dostatok’, ‘Flahman’) were compared
with moderately drought-tolerant (‘Pereia-
slavskyi’, ‘Yachta’) under conditions of sub-
strate low humidity (30%). Along with this,
the morphological parameters of the roots
(length) were evaluated, the water deficit of
the roots and leaves was determined, as well
as the composition of the fatty acids of the
cytoplasmic membrane.

Materials and methods

Conditions for plants growing. In vegeta-
tive experiments, four hybrids of Z. mays
were grown: ‘Dostatok’ (droughtproof and
ecologically plastic), ‘Pereiaslavskyi’ (modera-
tely drought-resistant) — the originator of the
Institute of Plant Physiology and Plant Ge-
netics of the National Academy of Sciences of
Ukraine (Kyiv), as well as ‘Flahman’ (high
drought tolerance) and ‘Yachta’ (moderate
drought tolerance) — the originator Plant
Breeding and Genetics Institute — National
Center of Seed and Cultivars Investigation
(Odesa). Maize hybrids were harvested in
2014-2017, kept at a temperature of 12-14 °C
in the darkness condition in paper envelopes
with silicagel.

Corn seeds were presoaked with water on fil-
ter paper in the darkness condition for three
days. Sand was chosen as a substrate for culti-
vation, its full moisture capacity was deter-
mined and the required humidity was calculat-
ed, which amounted to 15.9 g of water per 100
g of dry substrate (sand) 70% of the total ca-
pacity of moisture (control) and 6.8 g of water
per 100 g of dry substrate 30% of full capacity
(experiment) [9]. Three-day-old corn sprouts
were planted in vegetation vessels (28 cm
in diameter, 20 plants each, filled with a sandy
substrate with a humidity of 70% . The plants
grew under a transparent tent during the
growing season (May-July); the moisture con-
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tent of the substrate was monitored every
other day. In the experiment, the humidity of
the substrate was gradually brought to 30%
of the total moisture capacity by stopping ir-
rigation and plants were grown on this sub-
strate for the next 10 days. For the experi-
ments plants were used in the fifth leaf phase
(according to F. M. Kuperman), 21-22 day
age. Material for molecular biological reac-
tions was taken at 10:00 on the day of plant
RNA extraction from, the length of the main
root was measured (n = 75 for each sample)
and the water deficiency of leaves and roots
was determined (n = 30 for each sample),
which was calculated by the formula: water
deficit = 100 x [(amount of water that satu-
rates the organ) — (initial amount of water)] /
amount of water that saturates the organ [9].
The experiments were performed in three bio-
logical replicates.

PIP2;1 gene expression study. The search
for the PIP2;1 aquaporin gene was performed
using the BLAST program (http://blast.ncbi.
nlm.nih.gov/Blast.cgi) in the international
GenBank database, the BLAST online service
(http: //www.ncbi. nlm.nih.gov/) was used
during the selection and testing of primers to
the DNA site encoding the conserved part of
the protein PIP2;1. Primers were synthesized
by commercial company Metabion Interna-
tional AG (Germany) on request.

The expression of the aquaporin gene PIP2;1
was evaluated by performing semi-quantita-
tive reverse transcription polymerase chain
reaction (PCR) based on the accumulation of
PCR products (amplicon). To isolate the total
RNA, 100 mg of the roots of the plants under
study were taken, homogenized in a mortar on
ice, and isolated by applying the innuPREP
Plant RNA kit (AJ Innuscreen GmbH, Ger-
many) according to the manufacturer’s speci-
fication. Quantitative RNA analysis was car-
ried out using the spectrophotometric method
(260 and 280 nm), and the RNA integrity was
checked through electrophoresis in a 1% aga-
rose gel. RNA was stored at -70 °C for no
longer than three days. Reverse transcription
of RNA (1 ng) was performed on the Tercyk
amplifier (DNA technology, Russia) using the
Revert AidH Minus First Strand ¢cDNA Syn-
thesis Kit (Thermo Fisher Scientific) kit.

To determine the expression of the aquaporin
gene PIP2:1, specific primers were used: 5’-
GTT CCA GAG CGC CTA CTT C -3’, 5’- GGG
CTT GTC CTT GTT GTA GAT -3’ (product
length 297 pairs of nucleotide sequences).
Density of the aquaporin amplicon PIP2;1
was compared to that of the 18S rRNA gene
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(internal control) with the primers: 5’- GCG
AAA GCA TTT GCC AAG G-3’, 5’-ATT CCT
GGT CGG CAT CGT TTA-3’ (product length
— 104 pairs of nucleotide sequences). The am-
plification program included the following
steps: initial denaturation — 95 °C, 3 minutes,
25 cycles: 95 °C, 30 seconds; association of
primers 59 °C, 30 s; synthesis: 72 °C, 30 s;
incubation 72 °C, 1 min. The reaction was
stopped by cooling the samples to 4 °C. A solu-
tion for amplification without DNA encoding
of the sample was taken as a negative control.
The amplification product was separated in a
1.5% agarose gel with a TRIS-acetate buffer
in the presence of ethidium bromide and visu-
alized in UV light using the Bio-Vision (VIL-
BER LOURMAT) system. DNA Marker — 1 Kb
Plus DNA Ladder, Thermo Fisher Scientific.
The density of the amplitudes was measured
using the GelAnalyzer2010a program (www.
GelAnalyzer.exe). The level of relative expres-
sion of aquaporin PIP2;1 was calculated tak-
ing into account the density ratio in the gel of
the sample products with the product density
of the 18S rRNA gene in the samples taken
per unit (Fig. 1).

KSR KT ES2ES 1K 3K 1E[ 3EL M)

Fig. 1. Agarose gel electrophoresis of products of the
reverse transcription reaction of aquaporin PIP2;1:
M — molecular marker; 1 — 18S rRNA internal control for all
hybrids; 2 — PIP2;1 ‘Pereyaslavskyi” hybrid; 3 — PIP2;1
‘Dostatok’ hybrid; 4 — PIP2;1 ‘Yachta' hybrid; 5 - PIP2;1
‘Flahman’ hybrid. K — control, substrate humidity of 70%,
E - experiment, substrate moisture of 30%

Study of the cytoplasmic membrane frac-
tion. The microsomal fraction enriched with
plasmalemma fragments was obtained from
the maize roots by partition in an aqueous
polymer two-phase system [10] using Optima
L-90K centrifuge (Beckman). The purity of
the fraction was checked by electron micros-
copy after the specific coloration of the cyto-
plasmic membrane vesicles with phosphotung-
stic acid (PTA) [11]. For this, the plasmalem-
ma fraction was fixed in glutaraldehyde and
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processed according to a standard procedure
for electron microscopy. On ultrathin sections,
the ratio of stained PTA vesicles to unpainted
(Fig. 2) was counted. The fraction purity was
on average 52—-55% (n = 5).

Fig. 2. Microsomal fraction of corn roots enriched with
plasma membrane fragments (The arrow indicates plasma
membrane vesicles. Scale: 0.5 um)

The lipid composition of the cytoplasmic
membrane fraction was analyzed by high per-
formance phase liquid chromatography on
the Agilent 1100 system in the center of
HPLC, N. N. Hryshko National Botanical
Garden National Academy of Sciences of
Ukraine (Kyiv). To isolate lipid components,
cytoplasmic membrane preparations separat-
ed from the buffer were extracted with iso-
propanol at a rate of 2 ml per 50 mg of the
weight of the isolated membrane. Medium-,
low- and non-polar metabolites, in particular
sterols and phospholipids, were evaluated
semiquantitatively (total pool, chromato-
graphic profile).

To obtain lipid profiles, including sterols
and their esters with FA and phospholipids,
a tri-eluent scheme was used (eluent
A = 0.01 M aqueous solution of orthophos-
phoric acid, B — was not used, C = acetoni-
trile, D = isopropanol) on the Thermo Scien-
tific Hypersil™ BDS C18, 3um, 2.1 x 100
mm. Text and graphic data processing was
performed in MS Word 2010, MS Excel 2010
and Corel Draw X3. The position of phospho-
lipids on the chromatogram was determined
by the standard preparation of soybean phos-
pholipids (Sigma) and sterols according to
the stigmasterol standard (standard stigmas-
terol solution 10 pg/ml, in chloroform, Su-
pelco) (Fig. 3).

The analysis of fatty acids (FA) was carried
out after alkaline hydrolysis of membrane

201



@izionoein pociuH

sterols

A - ]

glycolipids

phospholipids

3 triacylglycerols

16

e U A LR AT MEMSHLEA 14 050

5 ’w 20

4 4...-J1‘§»u 4
' ’\\

e

| o o
30 4D 5 min

Fig. 3. Chromatographic profiles of plasmalemma lipids, including sterols and phospholipids of maize hybrids:
‘Pereiaslavskyi’ (11 - control: 70% of substrate moisture, 12 — experiment: 30% of substrate moisture content); ‘Yachta’
(13 - control, 14 — experiment); ‘Dostatok’ (15 — control, 16 — experiment); ‘Flahman’ (19 - control, 20 — experiment)

phospholipids in the form of n-phenacyl bro-
mide derivatives using reverse-phase high
performance liquid chromatography on the
Angilent 1100 system. A di-eluent system (el-
uent A was 0.05 M aqueous solution of or-
thophosphoric acid, eluent B — methanol) on a
column of Angilent ZORBAX Eslipse XDB-
C18, 5 pm, 4.6 x 250 mm. The basic detection
of FA was carried out at 258 nm, the detection
threshold of FA > 0,02-0,03 mol%, the ana-
lytical error < 2% . Fatty acids were identified
by comparing the relative peaking time to the
standards [12]. The unsaturated coefficient
(C) of the FA was determined as the ratio: X
unsaturated FAs / ¥ saturated FAs.
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The experiments were performed in three
biological repetitions. The statistically de-
rived data was processed using the Microsoft
Excel 2013 program. For each indicator, its
mean value and the standard deviation from
the mean value were determined.

Results

The study of growth parameters of corn hy-
brids roots showed a tendency to increase the
total length of the main root both in drought-
resistant hybrids — ‘Dostatok’ and ‘Flahman’,
and a moderately drought-tolerant hybrid
‘Yachta’ under conditions of substrate humid-
ity of 30% (Fig. 4).
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Fig. 4. Average length of the roots of Z. mays L. hybrids
under conditions of substrate humidity of 70 and 30%
(n =75 for each specimen)

An increase in the length of the main root
is a nonspecific reaction of plants to condi-
tions of decreasing substrate moisture, be-
cause the longer and more spacious the root
system ensures survival in conditions of water
deficiency [13]. In this regard, the almost con-
stant length of the main root of the hybrid
‘Pereiaslavskyi’ is interesting.

Research on water deficiency of the roots
showed an increase in this indicator in mode-
rately drought-resistant hybrids ‘Pereiaslavs-
kyi’ and ‘Yachta’ (in ‘Yachta’ — significantly),
which indicates the reaction of plants to
stressful conditions (Fig. 5).

In drought-resistant hybrids ‘Dostatok’ and
‘Flahman’ root water deficiency with a sub-
strate moisture of 30% was insignificant,
which proves the resistance of plants to such

30 4
25
20
15 ~

10

Relative water deficit, %

conditions. Measurements of leaves water de-
ficiency, on the contrary, did not reveal sig-
nificant changes in all maize hybrids (not
shown), which suggests that 30% moisture of
the substrate for 10 days does not noticeably
affect the state of the leaves of the studied
hybrids.

The determination of the relative expres-
sion of aquaporin PIP2;1 revealed its decrease
in the moderately drought-resistant hybrids
‘Pereiaslavskyi’ and ‘Yachta’ (Fig. 6), what is
the result of the plant resistance to the loss of
water.

This is a non-specific feature of drought-
tolerant plants, since similar observations
were made for many crops [14]. According to
[15], and in Arabidopsis thaliana, six PIP2
group genes that are expressed in roots, under

70%
H 30%

‘Pereiaslavskyi’

‘Dostatok’

“Yachta’ ‘Flahman’

Corn hybrids

Fig. 5. Water deficit in Z. mays L. hybrids roots under conditions
of substrate humidity of 30 and 70%
(n =30 for each sample)
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Fig. 6. Relative expression level of PIP2;1 in the roots of the Z. mays L.
hybrids under conditions of substrate humidity of 30 and 70%

the influence of drought, showed a significant
decrease in mRNA accumulation. Similarly,
in Nicotiana tabacum, the expression of aqua-
porins of the PIP-family decreased according
to the level of drought [8], which is also charac-
teristic of species such as Fragaria vesca [16]
and Camellia sinensis [17].

Artificial stress modeling with 250 mM
mannitol solution also affected the rapid dec-
line by almost ten times of PIP2;2, PIP2;3,
and PIP2;6 and prolonged decrease in PIP2;7
and PIP2;8 expression in A. thaliana L. [10].
In turn, the ectopic hyperexpression of PIP2;5
in N. tabacum led to increased water loss du-
ring dehydration [19].

According to our research, in conditions of
low humidity of the substrate (30%) expres-
sion of PIP2;1 increased in drought-resistant
hybrids ‘Dostatok’ and ‘Flahman’, in contrast
to moderately drought-resistant hybrids
(‘Pereiaslavskyi’ and ‘Yachta’), (Fig. 6). It
should be noted that the level of water loss did
not increase in plants (Fig. 5), which proves
their resistance to these conditions. The re-
vealed increased expression of PIP2;1 in
drought-resistant maize hybrids somewhat
contradicts the general trend of a decrease in
the amount of aquaporin proteins in plants
under dehydration and drought [8, 14-17].
Therefore, it is possible that increased expres-
sion of PIP2;1 in conditions of reduced sub-
strate moisture is a characteristic feature of
drought-resistant hybrids ‘Dostatok’ and
‘Flagman’ and may be a specific sign of drought
resistance in corn hybrids as a whole.

Increased expression of PIP2;1 was also
noted when wild plants responded to different
soil moisture. In particular, a significant dif-
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ference in the expression of PIP2;1 was found
in the upland Sium latifolium L., in which
PIP2;1 expression remained elevated during
ontogenesis compared with that in air-aquatic
Sium sizaroideum L. [20]. An increase in the
PIP2;1 expression level in the upland S. lati-
folium L. may be a species sign of plant adap-
tation to the land. This is consistent with re-
ports [21] that the expression of the TaAQP7
aquaporin gene from Triticum aestivum,
which also belongs to the PIP2 subgroup, de-
termined resistance to the drought of trans-
genic N. tabacum, while the plants were char-
acterized by a stable water status, a decrease
in the accumulation of reactive oxygen species
and the prevention of membrane destruction
[21]. It should be noted that despite the rath-
er long history of studies of aquaporins, many
of drought resistance mechanisms with their
participation still remain undisclosed. Differ-
ent gene expression of aquaporins of the PIP2
subgroup in response to water stress suggests
that different aquaporin isoforms play differ-
ent roles in the regulation of water transport
[22], which, in general, greatly expands the
adaptive capacity of plants.

It is known [23, 24] that the transport of
water through aquaporins is regulated by the
physical properties of the cytoplasmic mem-
brane, namely its rigidity / fluidity, which
contributes to the functioning of proteins.
The physical state of the membrane also af-
fects the diffusion of water through the lipid
bilayer, and diffusion, in turn, is determined
by changes in the composition of lipids (the
number of phospholipids, sterols and unsatu-
rated fatty acids) and their packaging in the
membrane [25]. Some authors [26] suggest
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that changes in the composition of membrane
lipids lead to changes in permeability through
aquaporins.

Our studies revealed an elevated level of
sterols in all hybrids under conditions of 30%
moisture content of the substrate, indicating
the response of the plasmalemma of the root
cells to external stress, namely, the weaken-
ing of fluidity and some “thickening” of the
membrane. It is known that the functioning of
sterols is directly related to their ability to
influence the structure of the membrane and
its permeability. By interacting with the side
chains of fatty acids of phospholipids and the
integral proteins of the steroid membrane,
they affect the packaging of the membrane
bilayer, thereby altering membrane fluidity
[27]. It is revealed that the increase in mem-
brane stiffness due to the raise in the number
of sterols contributes to the increase of water
permeability and gas exchange precisely be-
cause of aquaporins proteins.

In particular, it is believed that the effi-
cacy of the aquaporins is closely related to
their interaction with the domains of the
membrane enriched with sterols [28]. This as-
sertion is based on the fact that the high local
concentration of aquaporins in the membrane
is observed in domains enriched with sterols
with a characteristic high permeability [29].
In addition, it was reported that an increase
in the proportion of aquaporins in a deter-
gent-resistant membrane fraction (DRM) en-
riched in sterols and substantially different
from the general fraction of the plasma mem-
brane increases the osmotic penetration of wa-
ter in the cell membrane at low temperatures
and freezes, thereby increasing the survival of
the organism [30].

Investigations on the regulation of intracel-
lular transport of aquaporins and their subcel-
lular localization in response to external
stresses, such as dehydration and salt stress,
revealed that domains enriched with sterols
are key in the dynamics of cell surface and
endocytosis of aquaporins of the plasma mem-
brane [28, 31]. In particular, the content of
sterols is associated with increased or weake-
ned resistance to salt stress, to which aqua-
porins are also involved [26, 32]. It has been
shown that increased salt content generally
results in an increase in the total amount of
sterols [26, 33].

Based on a decrease in the membrane fluid-
ity with increasing functioning of aquaporins,
Frick et al. [24] suggested that membrane ri-
gidity may affect the conformational state of
PIP2;1 shifting the equilibrium toward its
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open conformation, which facilitates the pas-
sage of water. It was also found that the hy-
dration of the membrane increases the space
between the acyl chains of fatty acids [34].
Thus, with an increased number of water mol-
ecules at the boundary of the lipid / protein
compound, due to the increased unsaturation
of fatty acids, an increase in permeability
through aquaporins was observed [35]. In our
studies, it was found that the substrate mois-
ture content of 30%, which increases the ex-
pression of PIP2;1 in general, does not affect
water loss in the roots of drought-tolerant hy-
brids ‘Dostatok’ and ‘Flahman’. It is possible
that in these hybrids, the isoform PIP2;1 par-
ticipates in the regulation of a different func-
tion associated with the transport of soluble
substances through the membrane during de-
hydration. Therefore, it is possible that the
increased expression of PIP2;1 is a specific
sign of drought resistance of the hybrids
‘Dostatok’ and ‘Flahman’ and differs from
that in moderately drought-tolerant ‘Pereia-
slavskyi’ and ‘Yachta’.

In all studied hybrids, the number of phos-
pholipids structurally and functionally in-
volved in the plant response to external stress
increased. It is known that the composition
of phospholipids, their major groups and acyl
chains affects the physical properties of plas-
ma membraine, which is essential for the
functioning of proteins. The ratio of phos-
phatidylcholine (PC) to phosphatidyletha-
nolamine (PE) is indicative. It is believed
that an increase in the ratio of PC / PE is a
sign of maintaining the integrity of the mem-
brane and normalizing of proteins function-
ing [36].

In experiments, PC / PE ratio significantly
increased in moderately drought-resistant hy-
brids ‘Pereiaslavskyi’ and ‘Yachta’, while
drought-resistant vice versa: did not undergo
changes in the ‘Dostatok’ hybrid or even de-
creased in the ‘Flahman’ hybrid (Table 1).

An increase in the ratio of PC / PE is a non-
specific response and indicates the response of
plants to the reduced soil moisture. In par-
ticular, studies of wheat plasmalemma under
drought conditions revealed an increase in the
ratio of PC / PE and the level of unsaturation
of phospholipid fatty acyl chain. It is believed
that this provides a more fluid matrix, pre-
serves the physiological functions of the lipid
bilayer [36]. An increase in the PC / PE index
was also observed in the sunflower cytoplas-
mic membrane under conditions of water
stress [37]. In our case, an increase in the
ratio of PC / PE to moderately drought-tole-
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Table 1
The content of phosphotidylcholine and phosphotidylethanolamine
in the plasma membrane fraction of corn hybrids roots under conditions
of low moisture content of the substrate
Comn hybrid Substrate The content of phospholipids, pg/ml Correlation
moisture, (%) | Phosphatidylcholine (PC) | Phosphatidylethanolamine (PE) | PC/PE

“Pereiaslavsky 70 26.10 14.20 1.80
30 26.40 6.90 3.80

‘Dostatok’ 70 34.00 4.70 7.20
30 16.40 5.20 3.20

/ 70 0.64 3.32 0.19
Yachta 30 0.45 0.51 0.88
‘Flahman’ 70 0.77 0.13 5.90
30 0.57 0.77 0.74

rant hybrids ‘Pereiaslavskyi’ and ‘Yachta’
may indicate a counteraction to dehydration
in unadapted to drought plants, which is
aimed at improving the fluidity of the mem-
brane maintaining its functionality. However,
regardless of the fact that the composition of
phospholipids can modulate the functioning of
aquaporins due to the effect on the plasma

membrane flow, in general it is believed that
the adaptation of plants to stress depends to
a greater extent on aquaporins than on lipid
composition [23].

The composition of fatty acids, especially un-
saturated ones, also ensures the maintenance
of the functional state of the plasmalemma un-
der conditions of dehydration (Table 2).

Table 2

Qualitative and quantitative composition of fatty acids of the roots plasma membrane fraction
of corn hybrids under conditions of low substrate moisture content

Corn hybrids
The content of ‘Pereiaslavskyi’ | ‘Dostatok’ \ ‘Yachta' \ ‘Flahman’
phospholipids, pg/ml Substrate moisture, %
70 30 70 30 70 30 70 30
Saturated fatty acids
Palmitic acid 16:0 34.1 34.6 36.9 36.4 25.5 25.3 30.6 29.7
Stearic acid 18:0 10.4 8.9 8.1 9.3 4.4 2.9 4.2 6.1
> 44.6 43.5 45.0 45.7 29.9 28.2 34.8 35.8
Unsaturated fatty acids
Oleic acid 18:1 4.5 5.0 6.6 6.0 6.3 3.7 4.2 4.9
Linoleic acid 18:2 34.1 23.8 40.5 39.3 32.4 45.5 34.1 23.8
Linolenic acid 18:3 1.9 1.7 2.2 2.8 2.6 2.8 1.9 1.7
p) 40.9 30.4 49.3 48.1 41.3 52.0 40.9 30.4
saturated_coefficient 1.2 0.8 1.1 1.0 1.4 1.8 1.2 0.8

In all hybrids (except ‘Yachta’), the unsatu-
rated coefficient was close to 1, although the
amount of some acids changed (Table 2). In
the moderately drought-resistant ‘Yachta’ hy-
brid, the unsaturated coefficient was close to
2, what indicates an increase of root mem-
brane fluidity, as a reaction to a reduction in
substrate moisture. It is worth noting that the
hybrid ‘Yachta’ was also characterized by the
greatest water deficiency in the roots (Fig. 5),
which is characteristic of reactions to water
stress of unadapted plants.

Conclusions

Reduced expression of PIP2;1 is a hallmark
of moderately drought-resistant hybrids of
corn ‘Pereiaslavskyi’ and ‘Yachta’ and indi-
cates the reaction of plants to a decrease of
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moisture by up to 30% in substrate. This may
be due to the reduced amount of PIP2;1 pro-
tein, and the resulting resistance to water loss
through the membrane. The reaction of the
roots to these conditions is also indicated by
an increase in their length, root water defi-
ciency and a slight increase in the rigidity of
the cytoplasmic membrane.

However, with substrate 30% moisture con-
tent expression of PIP2;1 in drought-tolerant
hybrids of corn ‘Dostatok’ and ‘Flahman’ on
the contrary increased. At the same time, the
water deficit of the roots was less than that of
moderately drought-resistant hybrids. This
suggests that such a sign as the expression is
PIP2; 1 can be one of the defining signs of
drought resistance of these corn hybrids. It is
possible that the isoform PIP2;1 performs a
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specific function in ensuring the drought tole- 1°-

rance in plants. It is clear that the drought

resistance of corn hybrids is a complex mech-

anism and is also mediated by many other mo-

lecular factors. 16.
The observed molecular signs of drought

tolerance can be used to improve the selection

of maize aimed at adapting to drought.
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Mera. [ocnigntu ekcnpecito akeanopuny PIP2;1 'y
ribpuais kykypyasm ‘foctatok’ i ‘Onarman’ (nocyxocTiiiki), a
Takox y ‘Mepescnascbkuii’ 1a “fixta’ (nomipHo nocyxocTiliki),
AKi 10 4i6 3pocTanyu B yMOBax 3HWUKEHOT BONOrocTi cybcTpaty
(30%). OWiHWUTYM MOXAWBUI BNANB NiNiATB Ta UPHUX KUCNOT
LMTONMNA3MaTUYHOT MeMOpaHM Ha yHKUioHyBaHHA PIP2;1
3a Takux ymoB. Metopu. bioximiyHi: BUABNEHHSA CKna-
Ly ninipiB Ta XMpHWUX KMCNOT dpakuii uuTonnasmaruyHoi
MeMOpaHu KopeHiB pocnuH (piguHHa xpomatorpadis);
MONEeKYNAPHO-BioNoriuHi: LOCHiKEHHSA BilHOCHOT
ekcnpecii akBanopuHy PIP2;1 (nonimepasHa naHulorosa
peakuis, MJIP); mopdomeTpuyHi BUMipn Ta CTaTUCTUYHI Me-
TOAM 06po6KM pesynbTatie. Pesynbratu. MokasaHo, wWwo B
ribpuais kykypyasu ‘Mepescnascbkuit’ Ta ‘fAxTa’ eKcnpecis
PIP2;1 3uuxyBanacs, a B ‘floctatok’ Ta ‘®narman’, HaBnakw,
nipsuwysanacs. Y kopeHsx ‘focratok’ i ‘DnarmaH’ B ymoBax
3HUKEHOT BosorocTi cybcTpaty dikcyBanu MeHwuin gediuynt
BOAM nopiBHAHO 3 ‘Nepescnascbknit’ Ta ‘fAxta’. Kpim Toro, y

YOK 577.218: 577.115: 582.542.11: 581.43: 58.032.3

LMTONNA3MaTUYHI MeMbpaHi Bcix ribpuais 36inbwyBanacs
KinbKicTb cTepuHiB i docdoninigis. BUCHOBKU. 3HUKEHHS
ekcnpecii PIP2;1, Big3HadeHe B ‘[lepescnascbkuit’ Ta ‘Axta’,
€ XapaKTEPHUM [N HECTIIKUX POCAMH i CBifYUTL NPO TXHIO
peakLUilo Ha 3HUXEHHA BONOrOCTi cyGCTpaTy Ta NpoTULito
3HEBO[HEHHIO, OCKiNlbKM MeHWa KiNbKicTb aKBanoOpUHiB
3abe3neyye yTpUMaHHA BOAM B KAiTMHax. BopHouac, 3a
Bosiorocti cyocTpaty 30% ekcnpecis PIP2;1y nocyxoCTiikux
ribpugis ‘foctatok’ Ta ‘®narmaH’, HaBnakw, nigBuiyBanacs
Ha QoHi MeHwWworo BogHoro AediunTy KOpeHiB (NOpiBHAHO 3
‘Mepescnascbkuit’ Ta ‘Axta’). Llinkom imoBipHO, wo nocune-
Ha eKcnpecis i3ocdopmu PIP2;1 came B ‘flocTatok’ Ta ‘®nar-
MaH’ € cneundiyHUM iHAMKATOPOM NMOCYXOCTiHKOCTi riGpuaiB.
OTpuMaHi gaHi € BaXNMBUMM ANA BAOCKOHANEHHA cenekuii
NOCYXOCTINKNUX riBpMAiB KYKypya3H.

Knrouosi cnosa: xkykypyosa; aksanopuH PIP2;1; cmepu-
Hu; ¢ochoniniou; HeHacuYeHT KUPHT KUCIOMU; KOpeHi; 800-
Huli degiyum,; nocyxocmiliKicms.
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Llenb. Viccneposatb 3kcnpeccuto aksanopuna PIP2;1 y
rmbpuLoB Kykypy3bl ‘focTatok’ u ‘®narman’ (3acyxoycTou-
yusble), ‘MepescnaBcbkuit” u ‘Axta’ (YyMepeHHO 3acyxo-
ycTonuyMBbIe), KoTopble 10 CYTOK pocin Npu MOHWUKEHHOW
BAXHOCTM cy6cTpata (30%). OueHUTb BO3MOXKHOE BAUSHUE
COCTaBa IMNUAOB U XUPHUX KUCNOT HA (YHKLMOHANbHYIO
akTuBHOCTb PIP2;1 B paHHbIX ychosuax. Metoabl. buoxmmu-
yecKue: uccnefgoBaHue COCTaBa JIMMUAO0B U XUPHUX KUCOT
bpakuuMmM LMTONNA3MaTUYECKON MeMOpaHbl KopHel (xua-
KOCTHas xpomaTtorpacus); MonekynspHo-6uonoruyeckue:
BbIIBJIEHWE OTHOCUTENIbHOW 3KCnpeccun akeanopuHa PIP2;1
B KOpHAX (nonumepasHas uenHas peakuis, MLUP); mopdomet-
pUYECKME N3MEPEHUA W CTATUCTUYECKME MeTOLbl 06PabOTKM
pesynsbTatoB. Pesynbrathl. MokaszaHo, 4To y rMOpUAOB Ky-
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Kypy3bl ‘TlepesicnaBcbkuit” u ‘fAxta’ akcnpeccus PIP2;1 cHu-
Xanach, a y rubpupos ‘Loctatok’ n ‘Onarman’, HaobopoT,
nosbiwanace. B kopHax ‘focTtatok’ u ‘OnarmaH’ B ycnosusx
NOHWKEHHON BNAXHOCTW CyOCTpaTa OTMEYANU CHUMKEHHbIN
aeduunT Bogbl No cpaBHeHuto ¢ ‘TlepescnaBcbkuii’ n ‘fAxta’.
Kpome Toro, B LuTONNa3MaTuyeckoit membpaHe Bcex rubpu-
[OB YBENUYMBANOCH KONMYECTBO CTepUHOB U docdonmnu-
noB. BbiBogbl. CHuxeHne akcnpeccun PIP2;1, 0TMeYEHHOE
y rnépupos ‘TepescnaBcbkuit’ un ‘AxTa’ ABnseTca xapaktep-
HbIM [N15 HECTOMKMX K 3aCyxe PacTeHWUN U CBUAETENbCTBYET
006 1X peaKLmMu Ha CHUKEHME BNAXKHOCTH CyOCTPaTa, a TakxKe,
npoTMBOfeicTBUE 00E3BOXKMBAHMIO, MOCKOJbKY MEHbluee
KOJIMYeCTBO aKBanopuHOB oGecneyMBaeT 3afepXKy BOAbI
B KneTkax. B To e Bpems, npu BnaxHoctu cybctparta 30%
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aKkcnpeccus PIP2;1 y 3acyxoycToitumBbix rubpupos ‘flocTa-  ycToMuMBOCTU. oayyeHHble AaHHbIe BHOCAT CYLIECTBEHHbIi
TOK' M ‘GnarmaH’, Ha060pOT, ycunMBanach Ha hOHe MEHbLIETO  BKIAZ B COBEPLIEHCTBOBAHUE CENEKLMU 3aCyXOYCTONYMBLIX
BOAHOTO feduuuta KOpHel (No cpaBHeHWIo C rubpupaMmum  rMOPUAOB KYKYpPY3bl.

‘Mepescnascbkuii’ u ‘fxta’). He ucknioyeHo, 4to ycuneHHas Knrouessie cnosa: kykypysa; aksanopux PIP2;1; cmepu-
aKcnpeccus PIP2;1 UMeHHO y AaHHbIX TM6puaoB ‘[ocTaTok’ M Hbl; hocchonunudsl; HeHACkIUeHHbIE XKUPHbIE KUCIOMbI; KOp-
‘Dnarman’ aBnseTcA cneumpUYecKUM UHOMKATOPOM 3acyX0-  Hu; BOOHbIU deguyum,; 3acyxoycmoliyusocme.
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