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Analysis of the role of tonoplast H*-ATPase in
elongation growth of coleoptile cells of rice seedlings
with different growth rates under normoxia and
submergence

Anastasia A. Kirpichnikova, Maria 0. Bikatasheva, Vladislav V. Yemelyanov, Maria F. Shishova

Saint Petershurg State University, Saint Petersburg, Russia

ABSTRACT

BACKGROUND: Rice coleoptiles were used to investigate the importance of V H*-ATPase in vacuolization during elongation
growth under normoxic and hypoxic conditions.

AIM of the study was to find out a link between growth intensity, protein amount of subunits B and E and transcription of genes
encoding those proteins.

MATERIALS AND METHODS: The investigation was carried out on two rice varieties of domestic selection, fast-growing
Kuban 3 and slow-growing Amethyst. Seedlings were grown in etiolated conditions at normoxia and submergence. Western-
blot analysis was employed to evaluate amount of subunits B and E in microsomal fraction. gRT-PCR was used to distinguish
differences in expression of genes encoding subunits B and E of V H*-ATPase.

RESULTS: The growth under aerobic conditions was more consistent with the changes in subunits B and E of V H*-ATPase
which was determined at the proteomic level, while the hypoxic growth had a stronger correspondence with changes in
OsVHAs gene expression. Varietal differences were revealed only when comparing the transcription intensity, which did not
affect the growth dynamics of coleoptiles. Obtained data suggested the existence of differences in the regulation of the enzyme
at the transcriptional and proteomic levels during coleoptile elongation.

CONCLUSIONS: The importance of the B and E subunits of V-ATPase involvement in vacuolization during the growth process of
rice coleoptiles under different oxygen level was demonstrated.
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Ananus poam H*-AT®as3bl ToHonnacta B obecnevyeHum
pocTa pacTsXKeHUeM KJEeTOK Koneontuneu nNpopocTKoB
puca, pasnuyalolMxcsa CKOPoCTbio pocTa B YCJ10BUAX
HOPMOKCUM U 3aTOMJIEHUSA

A.A. Knpnnunmkosa, M.0. bukTawesa, B.B. EMenbsaHos, M.O. LLnwosa

CaHkT-leTepbyprckuii rocyaapcTBeHHbIN yHuBepcuTeT, CaHkT-etepbypr, Poccus

AHHOTALMA

AktyanbHocTb. OfiHa U3 cTpaTerin afantauum K 3aTOMJIEHWIO Y PacTUTESIbHbIX OpPraHM3MOB 3aK/II0HaeTCA B YCUNIEHMM poCTa
C Liefblo u36exaTb NOBPEXKAOLLEr0 BO3LeNCTBUA HeAocTaTKa Kucnopoga. K MogenbHbiM 06beKTaM Ans U3ydeHns AaHHOro
TUMa pocTa OTHOCAT KONEONTUAM NPOPOCTKOB puca, obnajatoLiero crnocobHOCTbI K NpopacTaHuio nog, BoAok. [lnnHa Kone-
ONTUNIEN CNYIKUT MapKePOM JKM3HECTIOCOOHOCTU NPU TUNOKCUU.

Llenb — cpaBHMTENbHbIA aHanM3 pocTa KONeoNnTuUnen 1 yyactus cyobeamHuy B v E BakyonspHoin H*-AT®asbl B ero peanu-
3alu y ABYX COpPTOB pUca OTEYECTBEHHOM CENEKLMM, PasNIMHALOLLMXCS N0 UCXOLHON CKOPOCTH YAJIMHEHMS (BbICTPO pacTyLumi
KybaHb 3 1 MeaneHHo pacTywmii AMeTucT).

Matepuansl u MeToabl. llccnegoBaHne NpoBeeHo Ha 3TUAMPOBAHHBIX NPOPOCTKAX KOIEOMTUIEeN puca ABYX COpTOB oTeye-
cTBeHHol cenekumn Kybanb 3 n AMetuct. [etekumto cyobeamHuy B u E V-AT®a3bl B cocTaBe 00LLei MMKPOCOMASIbHOI
(paKuuM peann3oBbIBanM € UCMOb30BaHUEM UMMYHO-DM0TT-aHanM3a. VIHTEHCUBHOCTb TPAHCKPUMLMM FEHOB, KOAWPYIOLLMX
cy6beanHmubl B n E V-AT®asbl, onpeaensnm MeToaoM NonuMepasHoi LIeNHON peaKkumm ¢ 00paTHO! TpaHCKpUNLUmen.
Pesynbrathl. [JuHamMuka pocta B ycnoBusx aspauuu bonee cOOTBETCTBOBasA M3MEHEHUAM CyObedMHUL, MPOMCXOLALLMX
Ha NpOTEOMHOM YPOBHE, TOrAa KaK [MHaMMKa pocTa npu 3aTornjeHnn uMena 6osbluee CXOACTBO C U3MEHEHUEM TPaHCKpHUN-
LMW TeHOB, KOAMPYHOLLMX 3TW cybbeauHuubl. CopToBble pasnnuma 6binn BoisBNEHb! TOMBKO NPW CPAaBHEHUW MHTEHCUBHOCTM
TPaHCKPUMLMK, YTO B KOHEYHOM UTOre He CKa3biBasioCh Ha JMHAMUKE POCTa KOJeoNTUIE.

BbiBoabl. MokasaHo yyacTue cyobeanhuy B u E V-AT®asbl B obecneveHnn BaKyoaM3aLmm B NpoLiecce pocTa pacTaeHueM
KONeonTWAei pyca Npu pasfnyHoM COAEPIKaHUW KUcnopoa.

KnioueBble cnoBa: runokcus; puc Oryza sativa L.; BakyonsipHas H*-AT®asa.
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GENETIC BASIS OF ECOSYSTEMS
EVOLUTION

BACKGROUND

The rapid growth potential in plants can be consid-
ered as an alternative to behavioral flexibility in ani-
mals aimed at avoiding damage from external stressors.
In plant organisms that practice a sedentary lifestyle, the
low-oxygen escape syndrome (LOES) is one of the strat-
egies for adaptation to flooding [1]. This type of growth
response can be seen in various aquatic plants [2].
These include Asian cultivated rice (Oryza sativa L.),
a valuable crop that can germinate and grow rapidly
under flooding conditions, thus overcoming oxygen de-
ficiency. Germination is associated with accelerated
growth of the coleoptile, a juvenile organ [3-5]. Coleop-
tile is a modified leaf that forms a tubular sheath in ce-
reals and exhibits a variety of defense responses during
hypogeal germination [6]. A longer coleoptile reduces or
even prevents damage from stressors such as drought,
sharp temperature drops (frosts), herbicides, and even
rodents [7-9]. In rice seedlings, this defense response
is very special. The hypothesis proposed back in the
1970s suggests that the coleoptile serves as a “snorkel”
through intensified growth and the ability to quickly reach
the water surface [10]. This hypothesis remains relevant
[6, 11].

The growth of coleoptiles is primarily driven by plant
cell-specific elongation, which involves multiple polar
(vertical) elongations. This process is short-term, and its
intensity is determined by the osmotic pressure vector
with a sharp increase in cell wall elasticity. The mecha-
nisms that initiate and regulate elongation formed the
basis of the acid-growth hypothesis, which is still rel-
evant today, despite being proposed almost half a century
ago [12, 13]. Under normal oxygen conditions, plant hor-
mone auxin activates the plasma membrane H*-ATPase,
acidifying cell walls and activating several cell elongation
mechanisms.

Moreover, elongation is accompanied by intensive
vacuolization. However, the mechanisms of this process
are still poorly understood. There is no doubt about the
sharp increase in water and osmotically active com-
pound transport through across the tonoplast, or vacu-
olar membrane. The vacuolar H*-ATPase (V-ATPase;
EC 3.6.1.3), which is prevalent in eukaryotic cells,
plays the defining role in membrane potential genera-
tion on the tonoplast [14, 15]. This proton-transporting
multi-subunit enzyme is known to be involved in plant
adaptation to various stress factors and has even been
termed the eco-enzyme [16]. The composition of iso-
forms that comprise the vacuolar H*-ATPase structure
is tissue-specific [16, 17]. However, the role of this
pump in growth, especially under oxygen deficiency,
remains uncertain. Changes may be related to regula-
tion at both the transcriptional and post-translational
levels.
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The study aimed at comparing the growth intensity,
expression of genes encoding subunits B and E, and their
abundance in coleoptile cell membranes of rice seedlings
of two varieties differing in growth intensity under nor-
moxic and flooding conditions.

METHODS

Study Objects

Coleoptiles of 3-, 5-, and 7-day-old rice (Oryza sa-
tiva L.) seedlings were used in the experiments. These
time points correspond to the beginning, intensification,
and completion of coleoptile growth, respectively. They
were selected during the preliminary stage of the study.
The study used caryopses of two Russian rice varieties:
slow-growing Amethyst and fast-growing Kuban 3 [5].
The seeds were surface sterilized with a 50% sodium hy-
pochlorite solution for 15 min, rinsed with sterile water
10 times, and soaked in hot water (55°C) for 1 h. Next,
50 seeds were germinated under hydroponic condi-
tions on glass bridges (control plants) or under simu-
lated flooding conditions in 750 mL jars, as previous-
ly described [5]. A 4% Knop's solution was used [18].
The 0, level was measured using the Expert-009 dis-
solved oxygen analyzer (Econix-Expert, Russia). The
oxygen content in the hypoxic solution did not exceed
0.5-0.6 mg/L. The glassware and solutions were pre-
sterilized.

To measure the length of coleoptiles, the seedlings
were placed on Petri dishes and scanned using the HP
ScanJet G2710. The photos were then digitized in ImageJ
(version 1.8.0_172) [5]. The analysis included all germi-
nated plants from the 50 seeds.

Obtaining the Total Microsomal Fraction of Rice
Coleoptile Cells

The total microsomal fraction was obtained from
coleoptile cells of Amethyst and Kuban 3 seedlings at
4°C. A plant material sample (approximately 1 g) was
homogenized in a medium consisting of 330 M sucrose,
50 mM Tris-HCl, 5 mM ethylenediaminetetraacetic acid,
5 mM ascorbic acid, and 5 mM dithiothreitol (pH 7.8) [19].
The resulting homogenate was centrifuged for 10 min at
100 g (MPW-350R, Poland). The speed was then gradu-
ally increased, and the homogenate was centrifuged for
5 min at 3,000 g to separate heavy cell components (nu-
clei, cell wall fragments), followed by 15 min at 17,000 g
to precipitate mitochondria. The resulting precipitate was
homogenized in a medium containing 300 mM sucrose
solution in 10 mM Tris-Mes buffer (pH 7.2). The superna-
tant was centrifuged at 100,000 g on the Beckman Avanti
J-301 centrifuge (USA) for 60 min. The precipitate (to-
tal microsomal fraction) was homogenized in a medium
containing 300 mM sucrose solution in 10 mM Tris-Mes
buffer (pH 7.2).
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Denaturing Polyacrylamide Gel Protein
Electrophoresis

Protein separation was performed by denaturing
electrophoresis in a 10% polyacrylamide gel [20]. Before
applying electrophoresis gels, the samples were equal-
ized by protein content, which was measured using the
Bradford protein assay [21]. Protein from the total micro-
somal fraction of cell membranes was precipitated with
20% trichloroacetic acid and dissolved in a loading buf-
fer. Twenty micrograms of protein were added to the gel.
PageRuler™ Prestained Protein Ladder molecular weight
markers (Thermo Fisher Scientific, USA) were used to
control gel separation of proteins. Electrophoretic sepa-
ration of proteins was performed in a Tris-glycine buffer
(25 mM Tris, 192 mM glycine, 0.1% sodium dodecyl sul-
fate, pH 8.3) using the Mini-PROTEAN system (Bio-RAD,
USA) at 4°C.

Tonoplast H*-ATPase Subunit B and E Assay in the
Total Microsomal Fraction of Rice Coleoptile Cells by
Immunoblotting

After electrophoresis, the gels were washed with a
transfer buffer. The Mini-PROTEAN system (Bio-RAD) was
then used for a blot transfer onto a 0.45 um nitrocellu-
lose membrane (Bio-RAD) for 1 h at 100 V and 250 mA,
according to the manufacturer’s protocol. After the
transfer, the membrane was placed in a blocking buf-
fer for 1 h. The membrane was then incubated overnight
in a blocking buffer containing primary rabbit antibodies
specific to tonoplast H*-ATPase subunits B (AS09 503)
and E (AS07 213) (Agrisera, Sweden). Following that, the
membrane was washed five times in 25 mL of blocking
buffer for 5 min each. Secondary polyclonal goat anti-
rabbit antibodies labeled with horseradish peroxidase
(AS09 602, Agrisera) were dissolved in 25 mL of block-
ing buffer with milk. The membrane placed in a solu-
tion with secondary antibodies was kept on a shaker

Table 1. Primers for genes of interest and comparison
Tabnuua 1. lpaiiMepbl K reHaM MHTepeca 1 CpaBHEHMUS
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at 37°C for 1 h. After washing the membrane, tonoplast
H*-ATPase subunit stains on the nitrocellulose membrane
were produced using 3,3-diaminobenzidine dissolved in
a phosphate-buffer saline (pH 5.8). After staining, the
membrane was scanned. The PhotoM software was used
to measure the absorbance and area of stains, which
represented the degree of interaction between tonoplast
H*-ATPase subunits and antibodies. These parameters
were then multiplied and compared to the control (nor-
moxic) values on day 3 of germination, which were set
equal to one.

Primer Design and Real-Time Quantitative PCR

The annotated rice genome databases (The Rice An-
notation Project, RAP, https://rapdb.dna.affrc.go.jp/)
and VectorNTI Advanced v.11 were used to select prim-
ers. Primers were selected according to real-time PCR
conditions, with the SYBR Green | intercalating dye
(Evrogen, Russia). Primer parameters: melting tempe-
rature 58-65°C; length 20-30 bp; hairpin structure and
dimer formation in a primer pair with dG> -1 kcal/mol;
GC content 40%-60%. Specific primers were selected
for all sequences of interest. The specificity of prim-
ers was checked using the NCBI BLASTn algorithm
(https://blast.ncbi.nlm.nih.gov). The primer sequences
are shown in Table 1. The primers were synthesized at
BioBeagle (Russia, https://biobeagle.com/).

cDNA Synthesis

RNA was isolated from rice seedling coleoptiles
(in the control group, leaves were removed because
leaves do not grow inside the coleoptile under hypoxic
conditions) at the respective germination time points (3, 5,
and 7 days) using the ExtractRNA reagent (Evrogen,
Russia), according to the manufacturer’s protocol.
DNase treatment was performed using DNase by Thermo
Fisher Scientific, USA, 5 units/sample, according to the

Gene Locus Primers (5'-3') leirgt?]l,jct:p
OsVHA-B2 050110711000 Eaallorillpetipsalioceel 143
OSVHA-ET 050110659200 Reasvekackv ol 91
OsVHA-E2 05050480700 laccaalb el 132
0sTUBA 050190805900 pveliCalo ot 171

DOl https://doiorg/1017816/ecogen641977



https://rapdb.dna.affrc.go.jp/
https://blast.ncbi.nlm.nih.gov
https://biobeagle.com/

GENETIC BASIS OF ECOSYSTEMS
EVOLUTION

manufacturer’s protocol. Purified RNA was dissolved in
sterile water and stored at =80 °C until analysis.

The MMLV RT kit (Evrogen, Russia) was used for
reverse transcription, according to the manufacturer’s
protocol. cDNA was synthesized using 2 ug of RNA.
The obtained cDNA was aliquoted and stored at —80°C
until analysis.

Assessing the Expression of Genes Encoding
Tonoplast H*-ATPase Subunits B and E

Real-time quantitative PCR was performed using the
Bio-Rad CFX96 REAL-TIME System (USA; at Saint Pe-
tersburg State University's Center for Molecular and Cell
Technologies) and the 5X gPCRmix-HS SYBR detection kit
(Evrogen, Russia). Amplification was performed as fol-
lows: at 95°C for 5 min; at 95°C for 15's; at 60°C for 30 s;
at 72°C for 30 s; a total of 45 cycles. The fluorescence of
the SYBR Green | intercalating dye was assessed at the end
of each cycle. The 272 method was used to determine the
relative number of transcripts from threshold amplification
cycles (Ct). The 2722 method was used to assess the rate
of change in the relative number of transcripts for each
gene [22]. The quantitative assessment of the analyzed
gene is reported in relative units, calculated by compar-
ing the expression level to that of the B-tubulin 4 gene
(OsTub4). Changes in expression levels of the genes of inter-
est were calculated relative to the control (normoxic) values
on day 3 of germination, which were set equal to one.

Statistical Processing

All experiments had 4-8 biological replicates and
3 analytical replicates, except for immunoblotting, which
had 3 biological replicates. Statistical analysis was per-
formed using GraphPad Prism 8.0.1 for Windows. Figs.
1-3 show the mean values and their standard errors.
Values with different letters differ significantly at p <0.05
(Tukey's weighted mean).

Kuban 3
30 -
m Normoxia d
£ 251 @ Hypoxia E
1S —LC_ c C
<= 20 75 —]
=3
215 / —
= b
2 101 —
3 a
S 59 =
3 5 7
Days after sowing (DAS)
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RESULTS

Under normal oxygen conditions, the coleoptiles of
Kuban 3 seedlings showed an intense onset of growth
(reaching 10 mm by day 3), a twofold increase in length
by day 5, and a subsequent cessation of elongation by
day 7 (Fig. 1). On days 3 and 5, the coleoptiles of Ame-
thyst seedlings showed much less elongation, averaging
approximately 50% of that of Kuban 3 seedlings. Later,
the growth was not compensated by greater duration and
also ceased by day 7. Thus, both varieties had identi-
cal growth patterns; however, the growth amplitude in
Amethyst was almost half as much. Germination under
flooding conditions led to changes in the growth pattern.
Notably, a significant growth inhibition was observed for
Kuban 3 coleoptiles at the initial stage of germination
(by day 3). Even more remarkable is the subsequent in-
crease in elongation; as a result, by day 5, the length
under hypoxic conditions was equal to that in the control
group. Furthermore, the growth continued, if marginally,
on day 7 under hypoxic conditions. The coleoptiles of
Amethyst seedlings showed more than a twofold growth
inhibition compared to normal oxygen conditions. Subse-
quently, from day 3 to day 5, the growth intensified and
continued till day 7. Nevertheless, the length of Amethyst
coleoptiles at the final time point of the experiment was
almost 40% shorter.

A total microsomal membrane fraction containing the
tonoplast was obtained for the subsequent analysis of the
prevalence of two vacuolar H*-ATPase subunits in coleop-
tile cells of rice seedlings. In this series of experiments,
the protein level in isoforms of interest, measured by the
degree of interaction with specific antibodies, on day 3
of development under normal oxygen conditions was set
equal to one. The identified patterns are shown in Fig. 2.
In the coleoptiles of both rice varieties, V-H*-ATPase
subunits B and E with a molecular mass of 55 kDa and

Amethyst
30 =
B Normoxia
£ 25 17— @Hypoxia
€
<2
=3 d
215
= c C
= 10
g b ]
S 51
a
04
3 5 7

Days after sowing (DAS)

Fig 1. The growth of rice seedlings coleoptiles of two varieties (fast-growing variety Kuban 3; slow-growing variety Amethyst) under normoxia
and hypoxia. Values with different letters (a—d) are significantly different (Tukey’s test, p <0.05).

Puc 1. PocT Koneontuneit NpopocTKOB puca AByx copToB (ObicTpo pacTywwmi copT KybaHb 3; MeaneHHo pacTylumin copT AMeTuct)
B YC/IOBUSIX HOPMOKCUM W TUMOKCUW. 3HauYeHUst C pasHbiMM bykBaMu (a—d) JOCTOBEpPHO pasnmnualoTcs (B3BeLUeHHOe cpeaHee Thloky,

p <0,05).
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Fig 2. Alteration in the content of proteins of B and E subunits of H*-ATPase tonoplast in the microsomal fraction of coleoptile cells of rice
seedlings of two varieties (fast-growing variety Kuban 3; slow-growing variety Amethyst) under normoxia and hypoxia: a, western blot
hybridization of microsomal fraction protein samples with antibodies against B and E subunits. 35 and 55 kDa, molecular weight markers;
nor., normoxia, hyp., hypoxia; Scanned images of typical blots; b, relative change in protein content. Values with different letters (a—d) are
significantly different (Tukey's test, p <0.05).

Puc 2. N3MeHeHue copep:kaHua benkoB cybbeamHuy B u E H-AT®a3bl B cocTaBe MUKpOCOMasbHOI paKLmmu KINeTOK KoneonTunei npo-
POCTKOB puca ABYX copToB (BbICTPo pacTywimit copT KybaHb 3; MeneHHo pacTylumii copt AMETUCT) B YCOBUSX HOPMOKCUM UM TUMOKCUM:
a — BecTepH-6510T rnbpmamsaums npob benka MUKpocoManbHOM GpaKLmmM ¢ aHTUTenaMu npoTue cydbeanhmy B u E. 35 n 55 k[la — map-
Kepbl MOJIEKYNIAPHOT0 BECa; HOP. — HOPMOKCHS, 1N, — runokeus. OTCKaHMpoBaHHbIe M306paXeHns XapakTepHbIx 610T0B; b — oTHOCK-
TesbHOEe U3MeHeHWe copepaHus 6enKoB. 3HaueHus ¢ pasHbiMK bykBaMm (a—d) AOCTOBEPHO pasnuyaloTcs (B3BeLUeHHOe cpeaHee ThiokM,

p <0,05).

approximately 31 kDa, respectively, were detected
(Fig. 2, @). Under normal oxygen conditions, the level
of subunit B sharply increased (by more than 2.5 times)
by day 5 of growing Kuban 3 seedlings (Fig. 2, b).
During subsequent development (on day 7), it returned to
baseline. Comparable changes in subunit B levels were
observed for the coleoptiles of Amethyst seedlings; how-
ever, the amplitude was significantly lower and was be-
low baseline (less than one) by day 7. The changes were
entirely different when growing seedlings under floo-
ding conditions. On day 3, the level of subunit B in the

DOl https://doiorg/1017816/ecogen641977

membranes of Kuban 3 coleoptile cells was significantly
lower than in the control group. Following that, a weak
upward trend was observed, but the value never reached
one. Amethyst coleoptiles likewise had a low level of
subunit B protein in endomembranes, with values close
to one at all time points.

A similar trend was observed for subunit E (Fig. 2).
Under normal oxygen conditions, the maximum content of
proteins of interest in Kuban 3 coleoptile membranes was
observed on day 5 of development, which then decreased
but still exceeded that on day 3. The Amethyst variety
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showed similar nonlinear changes in protein levels, albeit
much less pronounced. However, under flooding condi-
tions, changes in subunit E levels differed from those
under normal oxygen conditions, as well as from those
for subunit B. Notably, on day 3 of development, oxygen
deficiency increased the content of isoform E in coleop-
tile cell membranes of Kuban 3 seedlings. On day 5, the

Kuban 3 0sVHA-B1
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content did not change and even slightly decreased in
the final time interval. A similar trend was observed for
coleoptile cells of Amethyst seedlings. Thus, changes in
the isoenzyme composition of vacuolar H*-ATPase cor-
responded to the coleoptile growth pattern under normal
oxygen conditions, but differed significantly from that
under flooding conditions.

Amethyst 0sVHA-B1

2 _ 4 q
m Normoxia d _
15 @ Hypoxia  F 34— lNorqum
cd @ Hypoxia
14— 2
i 0.5 b b 14
> a
= 0 M )
§ 3 5 7 0 3 5 7
‘E Kuban 3 OsVHA-B2 Amethyst 0sVHA-B2
P é’
& 2
%77
2 % 4
]'? c / ; b b
- b 14 T
05 b—h——— 1
i _._m_'_inh_ =)
° 3 5 7 0 3 5 7
Kuban 3 OsVHA-E1 Amethyst 0sVHA-E1
10 ? 3 c
8 25 b
6 % 2 7
% 1.5 2 = % a
4 / 1 a 4
2 . %
% bc b ab 3 0.5 -
= 07T 5 7 A 5 7
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E 12 c 80 =
2 ]g 7 60 :
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b ' %
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Days after sowing
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Fig 3. Changes in the relative level of accumulation of OsVHA-BI1, OsVHA-B2, OsVHA-ET, and OsVHA-E2 gene transcripts in coleoptiles
of rice seedlings of two varieties (fast-growing variety Kuban 3; slow-growing variety Amethyst) under normoxia and hypoxia conditions.
Values with different letters (a—d) are significantly different (Tukey's test, p <0.05).

Puc 3. VI3MeHeHMe OTHOCUTENBHOTO YPOBHS HaKomnnexus TpaHckpuntoB reHoB OsVHA-BI, OsVHA-B2 v OsVHA-E1, OsVHA-E2 B kone-
ONTUNISX NPOPOCTKOB puca ABYX copToB (BbicTpo pacTywumii copT KybaHb 3; MeAneHHo pacTylumii copT AMETUCT) B YCNIOBUAX HOPMOKCUM
M TUMOKCUM. 3HayeHUs ¢ pasHbiMK bykBaMu (a—d) AOCTOBEPHO pasnuyatoTcs (B3BeLleHHoe cpefHee Thioku, p <0,05).
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The study concluded by analyzing the expression of
genes encoding subunits B and E under similar ger-
mination conditions (normoxic and hypoxic) (Fig. 3).
The increase in OsVHA-B1 gene transcripts in the Kuban
3 variety was nonlinear, peaking on day 5. Under flooding
conditions, the most significant increase was observed
between days 3 and 5 of development. In Amethyst
coleoptile cells, the changes were completely differ-
ent: transcripts accumulated gradually, and their level
peaked on day 7, regardless of oxygen supply. However,
the magnitude of these changes was also higher under
flooding conditions. Significant differences were detected
during the transcription analysis of the OsVHA-B2 gene.
Transcript accumulation reduced with age in Kuban 3
seedlings, which was more pronounced in oxygen de-
ficiency. Amethyst seedlings showed directly opposite
changes, peaking on day 7 and under normal oxygen
conditions.

Regarding the OsVHA-E-1 gene, there were no sig-
nificant changes under normal oxygen conditions in both
varieties. However, under hypoxic conditions, the highest
transcript accumulation in coleoptile cells was reported
on day 5 in Kuban 3 seedlings and on day 7 in Amethyst
seedlings. Of note are changes in the expression of the
OsVHA-E2 gene. There were no changes in transcripts
during the development of Kuban 3 seedlings in the con-
trol group. However, the situation changed drastically
under flooding conditions: the maximum was reported
on day 3, exceeding the value under normal oxygen con-
ditions by almost 9 times. In Amethyst seedlings, there
was a slight nonlinear change in transcript accumula-
tion (peaking on day 5) under normal oxygen condi-
tions. Under flooding conditions, transcript levels gradu-
ally increased over time, reaching a 70-fold increase in
7-day-old seedlings. The study findings indicate that the
observed changes in the expression of genes encoding
vacuolar H*-ATPase subunit B and E isoforms differed
from the results of immunoblotting.

DISCUSSION

The vacuolar H*-ATPase is the most prevalent proton-
transporting enzyme of intracellular membranes in plant
cells [23, 24]. The H*-ATPase was identified on the mem-
branes of the endoplasmic reticulum, Golgi apparatus,
and endovesicular network; however, it was most com-
monly found in the tonoplast. Because the pH in these
compartments is more acidic, this proton pump is essen-
tial for their functional activity. The most important plant
cell processes involving the tonoplast V-H*-ATPase are
the generation of the electrochemical potential of hydro-
gen ions on the vacuolar membrane and the maintenance
of cytoplasmic pH homeostasis [17, 24].

It is well known that the effect of endogenous and
exogenous factors on plant organisms begins with a
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decrease in pH. This reaction is so common in various
plant species, tissues, and specialized cells, that changes
in cytoplasmic H* levels can be considered both a signal
and a secondary messenger in the transduction of vari-
ous signaling cascades [25]. This phenomenon has been
repeatedly demonstrated in oxygen deficiency [26, 27].
The cytosol acidifies under hypoxia and anoxia for several
reasons. The main reason is the low concentration of ATP,
which reduces the activity of proton pumps in the plasma
membrane and tonoplast [27]. The ATP level in the cell
decreases within 1-2 min after switching to anaerobic
metabolism [28]. The hydrolysis of ATP and other nucleo-
side triphosphates (NTPs) is another key source of H*
[27, 28], as phosphate, pyrophosphate, and nucleoside
monophosphate are more acidifying than NTPs. Poten-
tial sources of protons include leakage from the vacuole,
as well as the accumulation of intermediates and an-
aerobic metabolism products, primarily lactate [27, 29].
In the tissues of resistant plants, acidosis develops more
slowly and is less intense [30, 31]. This may be due to a
stronger stimulation of alcoholic fermentation instead of
lactic fermentation [29], as well as the presence of alter-
native metabolic pathways that allow for the reoxidation
of NAD(P)H without the accumulation of toxic anaerobic
metabolites [1, 29]. As a result, glycolysis transitioning
into anaplerotic pathways ensures the production of ATP,
which is used to maintain the activity of proton pumps
in the plasma membrane and tonoplast. A biochemical
pH-stat, comprised of a carboxylating/decarboxylating
enzyme shuttle, is also involved in pH regulation [30].
Rice coleoptile cells exhibited acidification of the cyto-
plasm during anoxia as well [32]. This juvenile organ,
capable of germinating when rice is flooded, sharply
increases in length to ensure oxygen supply to the sub-
merged tissues of the seedling. This promotes the sur-
vival of rice plants, which continue to grow when normal
oxygen conditions are restored [33]. During flooding, the
growth of the coleoptile in the water is more prolonged
than in the air, resulting in greater elongation [34], which
is consistent with our findings (Fig. 1). The size of the
coleoptile can indicate greater viability of rice plants and
is ensured at the genetic level [5, 35].

Our study compared two Russian rice varieties, fast-
growing Kuban 3 and slow-growing Amethyst, which
differed in the baseline growth intensity of coleoptiles
under normal oxygen conditions. The maximum length for
both varieties was reported on day 5, and growth ceased
thereafter (Fig. 1). The subsequent results indicate that
even with hypoxia-induced changes in the growth pattern
(growth lasting up to 7 days), the baseline differences
in elongation intensity between the varieties persisted.
The question is whether all the mechanisms that ensure
growth in such drastically differing oxygen conditions
will be preserved. Elongation is accompanied by inten-
sive vacuolization. Therefore, the role of the vacuolar
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system’s marker proton-transporting enzyme is likely to
change over time.

Tonoplast V-H*-ATPase is evolutionary similar to F-
ATPases in terms of its subunits and the rotational ca-
talysis principle [36]. It consists of 13 subunits arranged
into two domains: V, and V, [24, 37]. There is evidence of
the functional significance of various subunits and their
potential regulatory mechanisms [16, 24]. However, al-
most nothing is known regarding the potential role of
V-H*-ATPase subunits in elongation under normal oxygen
conditions or flooding conditions.

Nevertheless, tissue-specific accumulation during the
embryogenesis of Arabidopsis has been reported for the
isoforms of the VHA-E subunit, which plays a critical role
in the association of the V, and V, domains of the vacu-
olar ATPase [38]. The main isoform VHA-E1 is thought
to be a housekeeping protein that supports growth. In
contrast, the VHA-E2 isoform was identified exclusively
in pollen and may be involved in the regulation of pol-
len tube growth [16, 39]. A number of fragmentary data
suggests that the VHA-B subunit, known as nucleotide-
binding but having lost its catalytic function, has a sig-
nificant regulatory role due to its ability to bind to the
cytoskeleton and the glycolysis enzyme aldolase [40, 41].
At the same time, the expression of wheat genes encod-
ing this subunit in Arabidopsis caused root elongation
under salinity stress conditions [42]. Based on the data
provided above, these specific subunits were selected for
further analysis.

The use of specific antibodies allowed assessing
changes in the content of both subunits in the micro-
somal fraction obtained from rice coleoptile cells (Fig. 2).
During aerobic development, the pool of subunit B
changed non-linearly and peaked on day 5, when elon-
gation was at its highest. The Kuban 3 variety had sig-
nificantly more pronounced changes than the Amethyst
variety. Interestingly, the same pattern was observed for
subunit E. On day 5 of development, its accumulation was
almost 18 times higher in the Kuban 3 variety.

Oxygen deficiency during flooding significantly altered
the identified pattern. Overall, regardless of rice variety,
the content of subunit B remained practically unchanged.
Regarding subunit E, there is a slight increase in its abun-
dance compared to the initial stage of development (day 3).
There were no further changes in the coleoptile of the
fast-growing Kuban 3 variety or the slow-growing Ame-
thyst variety. The results indicate that the involvement of
vacuolar H*-ATPase in coleoptile cell growth at different
levels of oxygen supply varied. Energy deprivation caused
a lack of expected accumulation of subunits B and E not
only on day 5, but also on day 7 of development under
flooding conditions, when growth was still active.

Thus, the analysis of changes in the expression of
genes encoding these subunits is especially important.
Notably, VHA-B and VHA-E are encoded by a small
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family of two genes (OsVHA-B1, 0sVHA-B2 and OsVHA-ET,
0sVHA-E2). Changes in the accumulation of transcrip-
tion products of these genes differed significantly from
changes in the content of the encoded proteins (Fig. 3).
Under normal oxygen conditions, the level of expression
remained constant in the vast majority of cases, regard-
less of variety or coleoptile development stage. One ex-
ception is the change in expression of OsVHA-E2, peak-
ing on day 5 of development, and OsVHA-BZ2, peaking on
day 7 of development. Both exceptions apply to Amethyst
seedlings. However, during underwater germination, the
majority of genes showed increased expression on day 5
and/or 7, indicating that they may play a role in stress-
induced growth. In this scenario, the exceptions were the
genes OsVHA-B2 and OsVHA-EZ, but only for Kuban 3
seedlings. Several factors can account for these dif-
ferences. For example, for VHA-E isoforms, a disparity
between the accumulation of the RNA product and the
concentration of the encoded protein has been report-
ed [43]. Furthermore, there is a possibility of uncoor-
dinated regulation of V-ATPase subunits A and B at the
transcriptional level during salinity [44]. Time may also
be important. Transcription of the E subunit genes was
observed only 72 h after the onset of salinity [45]. Nev-
ertheless, the findings indicate differences in the regula-
tion of expression of genes encoding subunits B and E
during the development of two rice varieties with differ-
ent native growth abilities, under normoxic and hypoxic
conditions.

CONCLUSION

In conclusion, the results obtained for rice coleoptiles
indicate differences at the expression and proteomic le-
vels for two vacuolar H*-ATPase subunits (B and E) du-
ring rice coleoptile cell elongation under normal oxygen
conditions and flooding conditions. However, the pattern
of growth changes, the prevalence of these subunits
in endomembranes, and the intensity of expression of
the genes encoding them are not completely similar.
This may be due to differences in regulation at the tran-
scriptional and post-translational levels.

Further research is warranted into the functional
significance of various vacuolar H*-ATPase subunits in
elongation, as well as the mechanisms of temporal coor-
dination of proton-transporting enzyme regulation at the
transcriptional and proteomic levels.
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