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GENE EXPRESSION OF H-PUMPS IN PLASMA AND VACUOLAR
MEMBRANES OF CORN ROOT CELLS UNDER THE EFFECT
OF SODIUM IONS AND BIOACTIVE PREPARATIONS
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Four isoforms of H-ATPase of plasma membrane: MHAI, MHA2, MHA3, MHA4 are expressed in
the corn seedling roots with prevalence of genes MHA3 i MHA4. The exposure of seedlings in the presence
of 0.1 M NaCl activated the expression of MHA4 gene isoform, that demonstrates its important role in the
processes of adaptation to salinization conditions. In vacuolar membrane, where potential is created by
two H-pumps, sodium ions activated gene expression of only H-ATPase of V-type, taking no effect on the
expression of H -pyrophosphatase. The seeds pretreatment by synthetic preparations Methyure and Ivine did
not affect gene expression of H-pumps. Thus we can suppose that the ability of the above preparations to
activate functioning of H-pumps in the presence of sodium ions is realized at the post-tranlation level.
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epresentatives of the animal and plant king-
R doms of nature are cardinally different as to

their response to the ions of sodium which is
vital for the former ones but unnecessary for others;
in high concentrations it becomes a toxic element
that is displayed at a cell level. In animal’s cells Na*
is a necessary participant of metabolic processes,
while in plant cells it violates their occurrence. That
is why the plant cells try to prevent accumulation of
Na* in cytoplasm and thus remove it outside and to
vacuolar space with the help of secondary active
Na*/H"-antiporters, which function in the plasma
and vacuolar membranes, using energy of electro-
chemical potentials created on them by primarily
active H™-pumps [1].

Differences as to Na* role in these organisms
begin from the plasma membrane, since its elec-
trochemical potential is created in the animal cell
by electrogenic Na*-pump — Na”/K"-ATPase, and in
plant cells — by electrogenic H"-pump — H*-ATPase
[2], the both enzymes belonging to E1-E2-type of
transport ATPase. It plays the important role in nu-
merous physiological processes: opening and closing
of stomata, osmoregulation, absorption of nutrients,
root growth, adaptation to abiotic stresses, saliniza-
tion conditions in particular [1]. As to functions, the
regulation of this enzyme function is rather com-
plex, it is manifested at genetic and molecular level,

and it underlies numerous physiological processes in
plants [3]. The ability of sodium ions to increase the
expression of protein gene of plasma membrane H*-
ATPase was shown in the cells of glycophyte and
halophyte plants [2]. At the same time the increase of
this enzyme transport activity in the presence of Na*
in a number of plant species has been established
[5-7].

Electrochemical potential on the vacuolar mem-
brane is created by two H"-pumps, the Na™ presence
activating the functioning of only weaker pump, H*-
ATPase of vacuolar V-type, and taking no effect on
gene expression of its subunit A and content of en-
zymatic protein [5, 7]. In contrast to this, the other
H*-pump — H"-pyrophosphatase (H"-PPase) does not
respond to the presence of Na*, and is even hindered
[5, 7]. Thus Na® removal from cell cytoplasm is pro-
vided energetically by two H™-pumps, their mecha-
nisms being represented by transport H-ATPases.

Investigation of the negative response of plant
organisms to Na' is important for plant growing
practice on salinized soils which area is quickly ex-
tended through the global warming of climate. This
makes us to search for the ways of increasing salt-re-
sistance in plants. There exists the method of radical
activation of salt resistance in plants by implanting
foreign genes which code proteins of stronger Na*/
Hr-antiporters and their regulatory systems [9].
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Thus, a search of a safe and cheap (though non-
radical) method of increasing salt resistance of plants
still remains a very urgent problem. This problem
may be settled by using biologically active drugs.
Testing of salt-protective ability of a number of com-
pounds has attracted our attention to pyrimidine de-
rivatives which were preparations Methyure (6-me-
thyl-2-mercapto-4-hydroxypyrimidine) and Ivine,
(N-oxyde-2,6-dimethylpyridine). The former drug
is distinguished by a twice less toxicity (Fig. 1). The
elucidation of mechanisms of salt-protective action
of Methyure and Ivine, which we have performed
earlier, has revealed the ability of Methyure to in-
crease considerably transport activity of H'-ATPases
and functioning of Na*/H"-antiporters in the plasma
and vacuolar membranes of root cells [5, 10].

Today the data concerning gene expression of
H*-pumps of the plasma and vacuolar membranes in
corn plants are uncoordinated and ambiguous, thus,
this work is aimed at studying and comparison of
their expression level on one object and investigation
of the effect of bioactive preparations Methyure and
Ivine on these processes in the presence of sodium
ions, for revealing availability of their genetic regu-
lation under given conditions.

Materials and Methods

Experiments were made on corn seedlings (hy-
brid Oster), which were grown on water culture in
Hoagland medium. In a week age they were trans-
ferred to fresh medium, which contained 0.1 M
NaCl, that is the critical concentation for corn plants,
and exposed during 1 and 10 days. The preparations
Methyure and Ivine were used by seed retting in
their 10 M solutions during a week.

Gene expression was estimated on the basis
of accumulation of their transcripts by the method

ONa

A

Methyure (6-methyl-2-mercapto-
4-hydroxypyrimidine)

SH Hj

of semiquantitative reverse transcription-poly-
merase chain reaction (RT-PCR ). To isolate total
RNA we used a set of reagents GenelJetTM plant
RNA purification mini kit (Fermentas, Lithuania).
Quantitative analysis of RNA was performed by
spectrophotometry method, and qualitative one — by
electrophoresis in 1% agarose gel under denaturating
conditions [11]. Reverse transcription of total RNA
(1 pg), and amplification was carried out on a ampli-
fier “Tercik” with commercial sets of reagents (Fer-
mentas, Lithuania).

Specific primers to separate isoforms: MHAL,
MHA2, MHA3, MHA4, were used to determine the
expression level of genes of H*-ATPase of plasma
membrane. Primers to the gene which codes a cata-
lytic subunit of V-H™-ATPase were chosen for deter-
mining its expression. Primers were also chosen for
a gene of H*-PPase. The expression of gene of corn
a-tubuline (ZmTUA 5) served as endogenic control-
ler of the reaction proceeding (Table).

PCR amplification included the following
stages: initial denaturation — +95° 3 min, then 25
cycles: +95° 30 sec; primers association from +55° to
+60° 30 sec; synthesis +72° 30 sec; at the final stage
we performed incubation at +72° 1 min and stopped
reaction, cooling to +4°, with the use of negative
controls — without cDNA and with total RNA. The
amplification product was separated in 1.5% agarose
gel with tris-acetate buffer in the presence of ethidi-
um bromide. Gels were visualized in ultraviolet light
and photographed, the photographs were analyzed in
GelAnalyzer program.

Coding gene sequences were obtained from
information base NCBI (http://www.ncbi.nlm.nih.
gov/), primers were selected with the help of Primer
Quest program.

X
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Ivine (N-oxyde-2,6-dimethylpyridine)

Fig. 1. Structure of bioactive drugs Methyure and Ivine
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Table. Use of primers’ sequence in the work

Length of
Name of the primer Sequence (5'-3") amplicone (pairs Number of access
of nucleotides) to GenBamlk

MHAT1 direct TTTGGAAGTTTGACTTCCCA 215 U09989
MHAI inverse AAGAAGTCGGTCTTGTACGC
MHA2? direct AAGACCATGTGTTGCTGTTGGCTG 181 X85805
MHAZ2 inverse TCGGCATCAATGTACGTCAGAGCA
MHA3 direct GAGAACAAGACCGCCTTCAC 436 AJ441084
MHA3 inverse AAGACGGGTACCCAACCATA
MHA 4 direct TCAACGACGGCACTATCATGACCA 189 AJ539534
MHA 4 inverse ACCTCACACCGAATTTGTCCGAGA
V-H"-ATPase direct ATGGGTTACCCAGCTTACTTGGCT 189 U36436.1
V-H*-ATPase inverse | TTGCGGAGGTAACAGGGTCTGAAA
H*-PPase direct GACTATTTGGTGCGTTTGTAAG 305 CAG29369.1
H*-PPase inverse GATCAGTGGTGTGAGCATAA
ZmTUA direct ACGGTTGGGAAGGAGATTGTCGAT 106 NM _001111854.1
ZmTUA inverse CACCACCAACAGCATTGAACACCA

All experiments were performed in three bio-
logic repeats, reliability of results obtained was
checked by the Student criterion.

Results and Discussion

Gene expression profile of four protein iso-
forms of H"-ATPase of E1-E2-type of plasma mem-
brane - MHA1, MHA2, MHA3 ta MHA4 has been
shown. The highest expression level was noticed in
isoforms belonging to the second subgroup — MHA3
i MHA4, which were in the roots of 8-day seedlings
2.38 and 2.12 conventional units, respectively, while
the level of gene expression of the first group was al-
most 1.5 times lower, being 0.66 in MHA1 and 1.32
in MHA?2 (Fig. 2). Under these conditions the rela-
tion of their expression levels did not change in 17-
day seedlings. This demonstrates that the isoforms
MHA3 and MHA4 are those which play a leading
part in formation of electrochemical potential on the
root cell plasma membrane.

Such correlation of isoforms expression at the
same plant object was also noted by other authors,
thereat the expression of MHAI isoform was not re-
vealed in some corn hybrids, that points to its incon-

Relative level mMRNA
MHA/TUA 5, convent. units
a

Fig. 2. Gene expression of isoforms of plasma mem-
brane H'-ATPase in the corn seedling root cells
(8 days): 1 — MHAI, 2 — MHA2, 3 — MHA3, 4 —
MHA4, 5 — TUA 5-o tubulin
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siderable participation in creating electrochemical
potential on the root cell plasma membrane [12].

In our experiments a 1-day exposure of seed-
lings in 0.1 M NaCl had no essential effect on cor-
relation of gene expression of the given isoforms of
plasma membrane H*-ATPase (Fig. 3), while 10-day
expression activated MHA4 isoforms by 30% with
respect to control (Fig. 4). Gene expression activa-
tion of MHA4 isoform under salinization was also
established earlier in the corn leaf cells [13]. Its ex-
pression disturbance under salinization in Arabi-
dopsis plants weakened growth of rosette, correla-
ting with the increase of Na*/K" relation in the leaves
[14]. On this basis it may be considered that the iso-
form MHAA4 of plasma membrane H"-ATPase plays
a leading part in plants adaptation to conditions of
sodium salinization.

Biologically active preparations used by the
authors did not cause any changes in the expression
of genes which code isoforms of plasma membrane
H*-ATPase (Fig. 5).

Investigation of the expression of genes, coding
proteins of two H*-pumps of vacuolar membrane in
the roots of 8-day seedlings under control, has re-
vealed a two-fold advantage of H*-PPase gene ex-
pression compared with the gene of vacuolar H-
ATPase (Fig. 6). The difference between them in
17-day seedlings decreased twice at the expense of
weakening of H*-PPase gene expression, while no
essential changes as to gene expression of vacuolar
H*-ATPase were observed (Fig. 7). Correlation was
found between accumulation of above enzymes by
mRNA and intensification of their transport activity
which we observed before [5].

One-day expression of seedlings in the presen-
ce of 0.1 M NaCl had no effect on protein gene
expression of the both vacuolar H*-pumps (Fig 6),
while its continuation to 10 days activated almost
twice just V-H"-ATPase gene (Fig. 7).

It is known that Na* presence in the medium
causes a rise of potentials on the plasma and vacuo-
lar membranes [5], and that it occurs on molecular

Relative level mMRNA

MHA/TUA 5, convent. units

Fig. 3. Gene expression of isoforms of plasma membrane H*-ATPase in the corn seedling root cells (8 days)
under the exposure in 0.1 M NaCl (24 h): 1 — MHAI-control, 2— MHAI-NaCl, 3 — MHA2-control, 4 — MHA2-
NaCl, 5 — MHA3-control, 6 — MHA3-NaCl, 7 — MHA4-control, 8 — MHA4-NaCl, 9 — TUAS control, 10 —

TUAS5-NaCl
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Fig. 4. Gene expression of isoforms of plasma membrane H'-ATPase in the corn seedling root cells (17 days)
under the exposure in 0.1 M NaCl (10 days): 1 — MHAI-control, 2 — MHAI-NaCl, 3 — MHA2-control, 4 —
MHA2-NaCl, 5 — MHA3-control, 6 — MHA3-NaCl, 7 — MHA4-control, 8 — MHA4-NaCl, 9 — TUAS5 control,

10— TUAS5-NaCl

and genetic level at the expense of amplification of
functioning of H™-pumps, which mechanisms are
represented by transport H"-ATPases. At the same
time it appeared that biologically active preparations
used by the authors, in particular Methyure, which is
distinguished by considerable salt-protecting ability,
had no effect on the expression of genes coding pro-
teins of H™-pumps in the plasma and vacuolar mem-
branes (Fig. 6, 7). This coincides with the absence of
their effect on gene expression of protein of plasma
membrane Na*/H"-antiporter (10).

The results obtained permit supposing that
salt-protective effect of the above biologically active
compounds, in particular, more efficient preparation
Methyure, is realized only at the post-translation
level of regulation of H*-pumps. One of the ways of
their effect may be mediated by phytohormones, al-
lowing for the data we have obtained before. These

data have shown Methyure ability to amplify accu-
mulation of phytohormones ABA and IAA in corn
seedling root cells (unpublished data). In turn, it has
been shown that adding exogenous ABA stimulated
activity of V-H"-ATPase in the leaves of Mesem-
bryanthemum crystallinum [15] and H"-ATPases of
the both membranes in the cucumber seedling roots
[8]. Besides, when studying the effect of synthetic
growth regulators, including Methyure and Ivine, on
the processes of organogenesis in vitro, the authors
have also proposed a hypothesis of their phytohor-
mone-mediated action on these processes [16]. The
other link of the preparations’ effect may also be the
regulative effect of phospholipid content of the plas-
ma membrane on the functioning of H*-ATPases, al-
lowing for the ability of these preparations to cause
changes in their correlation under salinization condi-
tions [17].
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Fig. 5. Gene expression of isoforms of plasma membrane H-ATPase in the corn seedling root cells (8 days)
under the effect of drugs Methyure and Ivine: 1 — MHAI-xonmpons, 2-MHAI-Methyure, 3 — MHAI-Ivine,
4 — MHA2-control, 5 — MHA2-Methyure, 6 MHA2-1vine, 7— MHA3-control, 8§ — MHA3-Methyure, 9 — MHA3-
Ivine, 10 — MHA4-control, 11 — MHA4-Methyure, 12 — MHA4-Ivine, 13 — TUA 5-control, 14 — TUA 5-Methyu-

re, 15— TUA 5-Ivine

EKCHPECISI TEHIB H-HACOCIB
MJABMATUYHOI TA BAKYOJISIPHOI
MEMBPAH KJITUH KOPEHIB
KYKYPY/3HU 3A JIi IOHIB HATPIIO

I BIOAKTUBHUX ITPEIIAPATIB
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IlokazaHo, 1O B KOpEHSIX NPOPOCTKIB KY-
KYpyII3H EKCIIPECYIOThCS YOTUpH i30(opmu H-
ATPa3u nimazmatuuHoi memOpanu: MHA1, MHA?2,
MHA3, MHA4, cepen sikux mnepeBakae eKCIpecis
reris MHA3 1 MHA4. Excnio3uiisi mpopocTKiB y
npucyTtHocTi 0,1 M NaCl nocuiroBana ekcpecito
numie rera i3opopmu MHA4, mo pemoHcTpye ii
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BaXJIMBY POJIb Y TIpoIlecax ajarmTaiii 70 yMOB 3a-
COJICHHA. Y BakyoJsIpHIH MeMOpaHi, TOTEeHINal
SKOi CTBOPHOEThCS JBoMa H'-Hacocamu, 10HU
HATPIIO0 TOCHIIIOBAJIM  EKCIIpecito reHa ymmie H-
ATPa3u V-Tuny, He BIUIMBAIOYM Ha EKCIPECIiIo
H*-mipodocdarasu. 3acrocyBaHHS CHHTETHYHHUX
npemnapatis Metiyp Ta [BiH nmisxom nepenoopoo-
KM HAaciHHS HE TO3HAYaJoCh Ha eKcIpecii reHiB
H*-nacociB. TakuM 4UHOM, MPHUITYCKAEMO, IO TIO-
KazaHa HaMH paHillle 3JaTHICTh IUX TpenapariB
nocwitoBatd  QyHKIioHyBanHs H'-HacociB y
OPUCYTHOCTI 10HIB HaTpilo BiJOyBaeThCsl Ha
MOCTTPAHCIIAIIMHOMY PiBHI.

KnwouoBi cnoa: Zea mays L., nna3zma-
THUYHA MeMOpaHa, TOHOIUIACT, COJIOBHUU CTpec,
excrpecisi reniB, H-ATPaza, H'-PPaza, Mertiyp,
IBin.
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Fig. 6. Gene expression of V-H"-ATPase (A) and H'-
PPase (B) of vacuolar membrane in the corn seed-
ling root cells (8 days) under exposure in 0.1 M NaCl
(1 day): 1 — control; 2 — treatment with Methyure;
3 — treatment with Ivine; 4 — control + 0.1 M NaCl;
5 — Methyure + 0.1 M NaCl; 6 — Ivine + 0.1 M NaCl;
M — marker of molecular weight of DNA, TUA 5-a
tubuline
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Fig. 7. Gene expression of V-H*-ATPase (A) and H*-
PPase (B) of vacuolar membrane in the corn seed-
ling root cells (17 days) under exposure in 0.1 M
NaCl (10 days): 1 — control; 2 —treatment with
Methyure; 3 — treatment with Ivine; 4 — control +
0.1 M NaCl; 5 — Methyure + 0.1 M NaCl; 6 — Ivine
+ 0.1 M NaCl; M — marker of molecular weight of
DNA, TUA 5-o tubuline
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SKCIPECCHUSA T'EHOB H-HACOCOB
MJIA3ZMATUYECKOM

U BAKYOJSIPHOM MEMBPAH
KJETOK KOPHEM KYKYPY3bl 1PU
JNEMACTBUU MOHOB HATPUS U
BUOAKTUBHBIX ITPEITAPATOB

H. O. Kosanenko, T. A. annaouna

Wncturyt 6oranuku um. H. I. XonomHoro
HAH Vkpaunsi, Kues;
e-mail: tatiana_palladina@ukr.net

YCTaHOBIIEHO, YTO B KOPHSIX NPOPOCTKOB KY-
KYpY3bl 3KCIIpeccupyroTcst ueTeipe nzodopmer H'-
ATP-a3pl mma3marmueckoir memOpansl: MHAL,
MHA2, MHA3, MHA4, cpenn KOTOpBIX Tpeo0d-
nagaet skcnpeccus reHoB MHA3 u MHA4. Dxke-
mo3uIus mpopoctkoB B pucyTcTBun 0,1 M NaCl,
yCUJIMBAJIa SKCIPECCHIO TOJIBKO TeHa H30(opMBI
MHAA4, xoTopast AEMOHCTPUPYET €€ BAXKHYIO POJIb
B IIpoLIECcCax aJanTaluy K yCIOBHM 3acojieHus. B
BaKyOJISIPHOM MeMOpaHe, MOTeHLIHall KOTOPOil co3-
naetcs AByMsa H™-Hacocamu, MOHBI HATPHS YCHUIIU-
BaJIH DKCTIpeccuto TeHa Tonbko H™-ATPa3zsr V-Tuma,
He BiMssl Ha JKcnpeccuro H-nupodocdarasbr.
[IprMeHeHne CUHTETHYECKUX MTpenapaToB MeTuyp
n VMBuH myTeM npenoOpaboTKH CEMSIH HE BIMSUIIH
Ha 9Kcrpeccuto reHoB H™-macocoB. Takum o0Opa-
30M, IPEANOoIaracM, YTO yCTAaHOBJIEHHAs! HAMU pa-
Hee CIIOCOOHOCTH JAaHHBIX MPErnapaToB yCHUIMBATDH
¢yskauonupoBanue H-HacocoB B mpucyTCTBHU
HMOHOB HATPHsI MPOMCXOIUT Ha MOCTTPAHCISILUOH-
HOM YPOBHE.

KnioueBbie cnoBa: Zea mays L., nnas-
MaTh4deckass MeMmOpaHa, BaKyoJsipHas MeMOpaHa,
COJIEBOM cTpecc, akcmpeccuss reHoB, H™-ATPasza,
H*-PPa3za, Metuyp, BuH.

References

1. Janicka-Russak M, Kabala K. The role of plasma
membrane H*-ATPase in salinity stress of plants.
Progress Botany. 2015; 76: 77-93.

2. Serrano R. Structure and function of plasma
membrane ATPase. Annu Rev Plant Physiol
Plant Mol Biol. 1989; 40: 61-94.

3. Falhof J, Pedersen JT, Fuglsang AT, Palm-
gren M. Plasma Membrane H(+)-ATPase
Regulation in the Center of Plant Physiology.
Mol Plant. 2016; 9(3): 323-337.

4. Niu X, Narasimhan ML, Salzman RA,
Bressan RA, Hasegawa PM. NaCl regulation of

96

plasma membrane H(+)-ATPase gene expression
in a glycophyte and a halophyte. Plant Physiol.
1993; 103(3): 713-718.

5. Rybchenko Zhl, Palladina TO. Function of
transport H"-ATPases in plant cell plasma
and vacuolar membranes of maize under salt
stress conditions and effect of adaptogenic
preparations. Ukr Biokhim Zhurn. 2011; 83(6):
63-68. (In Ukrainian).

6. Janicka-Russak M. Plant plasma membrane
H*-ATPase in adaptation of plants to abiotic
stresses. Abiotic Stress Response in Plants —
Physiological, Biochemical and Genetic
Perspectives. 2011. P.197-218.

7. Klobus G, Janicka-Russak M. Modulation by
cytosolic components of proton pump activities
in plasma membrane and tonoplast from
Cucumis sativus roots during salt stress. Physiol
Plant. 2004; 121(1): 84-92.

8. Janicka-Russak M, Klobus G. Modification of
plasma membrane and vacuolar H-ATPases in
response to NaCl and ABA. J Plant Physiol.
2007; 164(3): 295-302.

9. Zhu J-K. Salt and drought stress signal
transduction in plants. Annu Rev Plant Biol.
2002; 53(1): 247-73.

10. Kovalenko NO, Bilyk Zhl, Palladina TO.
Effect of adaptogenic preparations on Na*/
H*-antiporter function in plasma membrane of
corn root cells under salinity conditions. Ukr
Biochem J. 2014; 86(5): 134-141. (In Ukrainian).

11. Sambrock J, Fritsch EF, Maniatis T. Molecular
Cloning. Moscow: Mir, 1984. 479 p. (In Russian).

12. Santi S, Locci G, Monte R, Pinton R, Varanini Z.
Induction of nitrate uptake in maize roots:
expression of a putative high-affinity nitrate
transporter and plasma membrane H*-ATPase
isoforms. J Exp Bot. 2003; 54(389): 1851-1864.

13. Zorb Ch, Stracke B, Tramnitz B, Denter D,
Stimer A, Miihling KH, Yan F., Schubert S.
Does H" pumping by plasmalemma ATPase
limit leaf growth of maize (Zea Mays) during the
first phase of salt stress? J Plant Nutr Soil Sci.
2005; 168(4): 550-557.

14. Vitart V, Baxter I, Doerner P, Harper JF.
Evidence for a role in growth and salt resistance
of a plasma membrane H-ATPase in the root
endodermis. Plant J. 2001; 27(3): 191-201.

15. Barkla BJ, Vera-Estrella R, Maldonado-Gama M,
Pantoja O. Abscisic acid induction of vacuolar
H"-ATPase activity in mesembryanthemum



N. O. Kovalenko, T. A. Palladina

16.

crystallinum is developmentally regulated.
Plant Physiol. 1999; 120(3): 811-20.
Tsygankova VA, Zayets VN, Galkina LA,
Blume YaB. The phytohormone-mediated action
of the synthetic regulators on cell extension
growth in higher plants. Biopolym Cell. 1999;
15(5): 432-441.

17. Konturska OO, Palladina TO. Phospholipid

composition of plasmalemma from root of corn
seedling under salt conditions and synthetic
compounds treatment. Bulletin KNAU. 2007,
2(11): 64-68.

Received 13.10.2015

97



