ISSN 1021-4437, Russian Journal of Plant Physiology, 2019, Vol. 66, No. 4, pp. 521—529. © Pleiades Publishing, Ltd., 2019.
Russian Text © The Author(s), 2019, published in Fiziologiya Rastenii, 2019, Vol. 66, No. 4, pp. 256—265.

RESEARCH PAPERS

This article is devoted to professor Olga Nikolaevna Kulayeva to the outstanding plant physiologist
and biochemist in connection with 90-year anniversary.

The ABA- and Stress-Induced Expression of the Arabidopsis thaliana
At4g0180 Gene Is Determined by the Cis-Elements Responsible
for Binding the ABA-Dependent 7rans-Factors

N. V. Vinogradov?, A. A. Andreeva‘, M. N. Danilova?, A. S. Doroshenko?,
N. V. Kudryakova® *, and V. V. Kusnetsov*

“Timiryazev Institute of Plant Physiology, Russian Academy of Sciences, 127276 Moscow, Russia
*e-mail: nvkudryakova@mail.ru
Received April 10, 2018; revised May 17, 2018; accepted May 21, 2018

Abstract—In silico analysis of the promoter region of the Ar4g01870 gene of Arabidopsis thaliana (L.) Heynh.
showed the presence of ABRE, W-box, RAV1-A, MYB, and LFY cis-elements in the sequence. These regu-
latory motifs bind the transcription factors involved in responses to abscisic acid (ABA) and stresses. Stable
transgenic plants carrying the B-glucuronidase gene under the control of the 5'-deletion fragments of the
At4g01870 promoter were obtained. According to the results of histochemical staining of transformants, gene
expression was induced by abiotic stress and was most significant in the conductive tissues of the root, leaves,
and sepals as well as in flowers. The study of At4g01870 gene expression by RT-PCR confirmed that the gene
transcript content increased after the exposure of plants to a solution of NaCl or at 37°C and after ABA treat-
ment; however, hypothermia almost unchanged the level of accumulation of the transcripts. Along with ABA,
expression of the Ar4g01870 gene was induced by indolylacetic and salicylic acids and ethylene precursor 1-ami-
nocyclopropane-1-carboxylic acid; it was hardly regulated by methyl jasmonate and inhibited by cytokinin.
The TolB-like protein, encoded by the Ar4g01870 gene, functions as a type of platform, based on which pro-
tein complexes are assembled. Given the previously identified ABA-binding properties of the protein
At4g01870 and the presence of the ABA-dependent cis-elements in the promoter of its coding gene, it can be
assumed that the protein encoded by the Ar4g01870 gene allows to control the hormonal signals in the cell,
providing a structural platform for the interaction of specific effector proteins, frans-factors and ion channels.
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INTRODUCTION the active state, phosphorylates the trans-factors regulat-

ing the transcription of ABA-dependent genes [3]. The

Abscisic acid (ABA) accumulates in plant cells
under the influence of stress conditions, such as
drought, salinity, abnormal temperatures, or the action
of pathogens [1]. In such a case, the hormone induces
the expression of many ABA-dependent genes. The
canonical ABA signal pathway contains several manda-
tory elements. It includes the PYR/PYL/RCAR recep-
tors, which after binding ABA acquire the ability to
interact with PP2C protein phosphatases and inhibit
their activity [2]. Suppression of PP2C unblocks the
process of autoactivation of the SnRK2 kinase, which, in

Abbreviations: ABA—abscisic acid; ACC—I1-aminocyclopro-
pane-1-carboxylic acid; MS—Murashige and Skoog nutrient
medium; RT-PCR—real-time polymerase chain reaction after
reverse transcription.
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result of the analysis of promoters of such ABA-induced
genes showed that the regulation of ABA gene expres-
sion is determined by the presence of cis-elements
responsible for the binding of ABA-dependent tran-
scription factors in the promoter zones of the genes.
Among the cis-elements involved in ABA- and stress-
regulated gene activation, sequences, such as ABRE
(ABA response element), MYB, and W-box, were
identified [4—6]. ABA-regulated genes, which have
similar motifs in the promoter regions, are targets for
signaling networks of ABA signal pathways and they
are of particular interest for understanding the molec-
ular mechanisms of the action of the hormone.

Earlier, among ABA-binding proteins, we identi-
fied a family of ABA-activated proteins containing a
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Table 1. Primers for amplification of fragments of the promoter region of the At4g01870 gene

The length of amplified fragment

Primer designation 5'—3' sequence
Atdg pr0 GCTTGATGTTGTATTCTTGTTGGT
Atdg pr S TTTGCTTGTTAAGTCACAACTTCAT
Atdg pr Sl ATGAATCTCTTCTGCGTCGATT
At4g pr AS TTTGGGAGTTTCCATTGTCG

399 bp (—384 + 15) P384
313 bp (—298 + 15) P298
212 bp (—197 + 15) P197
Reverse primer used for all three PCR reactions

TolB-like beta-propeller domain (based on PD40
repeats) and a C-terminal domain that carries homol-
ogy with dipeptidyl peptidase IV (DPP 1V) [7]. Pro-
teins of the family were similar to the TolB protein of
bacteria Escherichia coli by its amino acid sequence.
The TolB protein is an important structural and func-
tional domain of the bacterial Tol-Pal system, protect-
ing the cell from the penetration of peptide toxins—
colicins and maintaining the water-salt metabolism of
the bacterial cell [8]. Genes, homologues of this fam-
ily, were found in 46 plant genomes, and the proteins
encoded by them revealed a high degree of interspe-
cific similarity, indicating the conservative function of
this group of proteins [7]. Three homologous genes in
Arabidopsis thaliana encode proteins of this family.
Two of these genes, Arig21670 and Atlg21650, are
expressed in the leaves, and the third gene, Ar4g01870,
is mainly expressed in roots and flowers. Despite the
similarity of nucleotide sequences, homologous genes
are characterized by specific hormone-induced regu-
lation and are located in the genome under different
promoters, which probably determines their strictly
specific time and place of expression.

According to the results obtained using affinity
chromatography methods, as well as direct and com-
petitive enzyme immunoassay systems, At4g01870
expressed in bacterial cells reversibly and specifically
interacts with ABA, and its N-terminal region binds to
the hormone [7, 9]. Along with ABA, ethylene, methyl
jasmonate, indolylacetic acid, and salicylic acid may
be involved in regulation of Az4g01870 expression [10].
This distinctive feature of the studied gene opens up
additional possibilities for identifying the points of
intersection of the ABA regulatory network with sig-
naling pathways of other hormones and is indicative of
the complex interaction of various hormonal systems
controlling gene expression.

The purpose of the study was the analysis of the
promoter of the At4g01870 gene for the subsequent
identification of its possible functions.

MATERIALS AND METHODS

Plant material, cultivation, and treatment condi-
tions. Arabidopsis thaliana (L.) Heynh. ecotype
Columbia 0 plants were cultivated in soil or Petri
dishes on Murashige and Skoog medium (MS) with
half the concentration of mineral salts, containing agar
(0.5% agar) at an illumination of 100 uE/(m?s), 23°C,
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and light duration of 16 h. At the age of 1—-2 weeks,
depending on the purpose of the experiment, the
plants were transferred onto filter paper moistened
with liquid MS and incubated under increased (37°C)
or decreased temperature (4°C), and also on hormone
or NaCl (200 mM) solutions during the time specified
in the description of the results. In the study, trans-
zeatin and indolylacetic acid (IAA) at a concentration
of 5 x 10~® M, ABA and methyl jasmonate at a con-
centration of 5 x 10~> M, salicylic acid and ethylene
precursor 1-aminoacylcyclopropane-1-carboxylic acid
(ACC) at a concentration of 107> M were used. Opti-
mal concentrations of phytohormones were deter-
mined at preliminary experiments. For analysis of
hormone-dependent gene expression by RT-PCR
after reverse transcription, filters with seedlings on
hormone solutions in MS medium were exposed to
light for 3 h in accordance with the protocol of Kilian
et al. [10]. Control plants were placed on MS medium
containing ethyl alcohol at a concentration used to
prepare phytohormone solutions (0.1%). For fluoro-
metric analysis of B-glucuronidase activity, the leaves of
7-week-old plants (natural aging period) grown in soil
were sprayed with hormone solutions and fixed in liquid
nitrogen after 24 h.

Production and histochemical analysis of Arabidopsis
transgenic plants containing P..;5,0-GUS chimeric
construct. The 5'-deletion fragments of promoter region
of the At4g01870 gene —384 + 15 (P384), —298 + 15
(P298), and —197 + 15 (P197) bp amplified by PCR
were cloned into the pCXGUS-P plasmid (Arabidop-
sis Biological Resource Center). The required primers
(Table 1) were selected using the VectorNTI Suite 9
program (Invitrogen, United States). The correctness
of obtained amplicons and their cloning into a plasmid
was proved by sequencing at ZAO Evrogen (Moscow,
Russia). The resulting vector constructs containing
5'-deletion fragments of the regulatory zone of the
At4g01870 gene were used for the production of
Arabidopsis transgenic plants by agrobacterial trans-
formation of peduncles [11]. Transgenic plants with
inserted genetic constructs were selected on a selective
medium in the presence of antibiotic hygromycin at a
concentration of 25 ug/mL. The presence of inserted
genetic constructs was proved by PCR using a set of
special primers.

Fluorometric analysis of 3-glucuronidase enzyme
activity was performed according to the method pro-
posed by Jefferson et al. [12].
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MYB W-box
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Fig. 1. Scheme of the arrangement of the proposed cis-elements in the promoter of the Ar4g01870 gene. The AGRIS program
(http://agris-knowledgebase.org/AtcisDB/atcisview.html?id=At4g01870) was used for the identification of regulatory elements.
“A” in the ATG translation initiation site is designated as + 1. The first base in the 5'-direction before ATG is designated as —1.

For histochemical analysis of GUS-activity in the
tissues of transgenic Arabidopsis plants, the method of
Vitha et al. [13] was used.

Analysis of At4g01870 gene expression by RT-PCR.
Total RNA was isolated from Arabidopsis seedlings using
TRIzol® (Invitrogen) according to the manufacturer’s
recommendations (http://www.invitrogen.com/). Syn-
thesis of cDNA and subsequent RT-PCR analysis was
performed using a LightCycler 96 amplifier (Roche,
Switzerland) according to the procedure described
previously [14]. The effectiveness of hormonal treat-
ment and the effects of stressors were assessed by mea-
suring the expression of stress-inducible genes and
marker genes for hormones. The following primers
were used for RT-PCR analysis: for Ar4g01870 gene—
F: CGGACTAAAGTCGGCGGTGTCT; R: CAC-
GACCGTCCTATCATCACTCA; for marker gene of
ABA action RABIS8—F: TCGCATTCGGTCGTTG-
TATTGT; R: AGTAAACAACACACATCGCAGGA.
The expression level of the target genes was normalized to
the expression level of the polyubiquitin gene (UBQ10).
Primers used for the UBQI10 gene—F: GCGTCTTC-
GTGGTGGTTTCTAA; R: GAAAGAGATAACAG-
GAACGGAAACA.

Experiments were performed in three biological
replicates. The significance of differences between the
experimental and control samples was assessed using
Student’s ¢-test. The figures show the mean and stan-
dard errors of the mean.

RESULTS

In Silico Analysis of the Promoter Region
of the At4g01870 Gene

Using the AGRIS online software resource (http://
agris-knowledgebase.org/AtcisDB/atcisview.html?id=
At4g01870) [15], a bioinformatical search for the pro-
posed regulatory sequences for Ar4g01870 gene was
conducted and the scheme for their location in the
promoter was made (Fig. 1). In the sequence of the
promoter region of the Ardg01870 gene (384 bp),
which is almost equal to the full intergenic spacer
between the 3'-end of Ar4g 1880 gene and the 5'-end of
the Arabidopsis At4g01870 gene, eight potential regula-
tory motifs were identified. It should be noted that
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regulatory elements of the gene, which can affect its
expression, might also exist more remotely from the
structural zone.

Among the detected cis-elements, there is an
ABA-dependent ABRE (A-like binding site element)
element, which has a conservative TACGTGGA
sequence, with which transcription factors of the
AREB/ABF family (ABRE-binding factors) interact
[4]. These trans-factors belong to the bZIP subfamily
of proteins containing domains with a “basic leucine
zipper” (bZI1Ps) structure. Involvement in the response
to dehydration, salinity, and treatment with ABA are
known among their possible functions. Plants over-
expressing these factors demonstrated increased resis-
tance to drought [16]. In addition, Ca*", one of the
most important secondary messengers in transmitting
various endogenous signals, for example, ABA signal
in stomatal plant cells, is involved in ABRE-mediated
transcription [17].

The promotor of At4g01870 includes two
sequences (CACCAACC and ACCAACC) interacting
with MYB transcription factors [5, 18]. It is known
that the Arabidopsis genome contains 126 R2ZR3-MYB
genes, some of which are mediators of ABA-depen-
dent initiation of gene expression. One of the frans-
factors of the MYB family, MYB96, is also induced by
auxin and represents a common link or convergence
point of the signaling pathways of auxin and abscisic
acid. It should be noted that the response system via
MYB/MYC factors functions more slowly than the
bZIP-ABRE system, which is associated with the need
for de novo protein synthesis [19].

In the Ar4g01870 promoter, there are three W-box
elements, including the conservative sequence
TTGACC (TTGAC(C/T)). W-box sequences are
bound by transcription factors of the WRKY family,
which includes 72 representatives in Arabidopsis [6]. It
is known that WRKY trans-factors act in descending
regions of at least two ABA receptor circuits: cytoplas-
mic PYR/PYL/RCAR and ABAR/GUNS5/CHLH
complex localized in chloroplasts. WRKY frans-fac-
tors are important components of plants' signaling
networks coordinating the expression of a wide variety
of genes. However, they can act as both positive and
negative regulators [6].
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Fig. 2. Schematic image of 5'-deletion fragments of the promoter of Ar4g01870 gene. “A” in the ATG translation initiation site is
designated to as +1. The first base in the 5'-direction before ATG is designated as —1.

In the promoter region of the Ar4g01870 gene,
CCATTG regulatory sequence was also detected, with
which LFY (or LEAFY, floral meristem identity)
trans-factor, which regulates the transcription of a
number of genes responsible for the organogenesis of
Arabidopsis flowers, interacts [20, 21]. Possibly,
LFY-dependent induction of the Ard4g01870 gene is
associated with its direct participation in the develop-
ment of flower structures during the transition to the
reproductive stage: according to a study of the expres-
sion of this gene by DNA microarray, gene transcripts
accumulated mainly in flowers and roots.

Another regulatory cis-element identified in the
At4g01870 promoter, RAVI-A (CAACA), binds with
the trans-factors of the RAV (Related to ABI3/VP1)
subfamily, which belongs to the AP2/ERF family
(APETALA2/Ethylene Responsive Factor). AtRAV1 is
expressed predominantly during germination and in the
early stages of growth and development of Arabidopsis
and is suppressed by exogenous ABA and brassinos-
teroids. In addition, it can be induced by wounding and
low temperature [22] and inhibited by salinity and lack
of moisture [23]. The RAV1 protein contains a conser-
vative repressor RLFGV domain and is able to act as a
negative regulator of plant development [24] and a pos-
itive regulator of the aging process [25].

Thus, the bioinformatics search data confirmed the
hormone- and stress-regulated function of the cis-ele-
ments of the Ar4g01870 promoter and suggested the
involvement of the gene in signaling processes and
responses to environmental factors or certain groups of
phytohormones.

Histochemical Analysis of the Expression
of the At4g01870 Gene Promoter under Stress Conditions
and Treatment with Hormones

For studying the regulation of the expression of the
At4g01870 gene, we produced Arabidopsis transgenic
lines carrying the GUS reporter gene under the con-
trol of 5'-deletion fragments of the Ar4g01870 pro-
moter —384 + 15 (P384), —298 + 15 (P298), and
—197 + 15 (P197) bp (Fig. 2). The size of the maximal
promoter fragment practically coincides with the size
of the intergenic spacer of Ar4gl880 and At4g01870
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genes. Fragments of shorter length allowed us to con-
sistently exclude part of the cis-elements recognized
by the trans-factors of MYB and WRKY families.

According to the obtained results, transformants
with shortened variants of promoters (P298 and P197)
resistant to the selective antibiotic hygromycin did not
show GUS activity either by the histochemical stain-
ing of tissues or by measuring the enzyme activity using
the fluorescent method. This suggests that the deletion
of a —384—298-bp promoter fragment, including two
potential MYB cis-elements and possibly other uniden-
tified regulatory sequences, led to a loss of promoter
activity (Figs. 1 and 2), which is extremely interesting
and requires further detailed study of this fragment.

In plants with the largest promoter fragment (P384),
B-glucuronidase activity was most significant in the
conductive tissues of the root, leaves, and sepals as well
as in the flower, root tip, and trichomes (Fig. 3A). The
preferential expression of the GUS gene under the
control of the promoter of the Ar4g01870 gene in con-
ductive tissues indicated a tissue-specific expression
pattern of the gene. The treatment of 2-week-old
plants with cytokinin (#rans-zeatin 5 x 10-° M) for 5 h
did not have a visible effect on the intensity of histo-
chemical staining of leaf tissues (Fig. 3B-b), whereas
incubation on ABA solution (5 x 103 M) for 5 h
increased the intensity of staining compared with the
control variant (Fig. 3B-c). Under salt stress (200 mM
NacCl, 5 h), the intensity of staining of the stomata and
bases of trichomes did not change compared to the
control variant. The highest content of the Ar4g01870
product was in the root and leaf conducting systems. It
consistently decreased in the midvein, veins of the sec-
ond and third order, and mesophyll (data not shown).
At increased and decreased temperatures, changes in
the expression of the GUS-construct were multidirec-
tional. Under heat stress (37°C, 5 h), the intensity of
staining increased, especially in the stomata and bases
of trichomes (Fig. 3B-d), while cold stress (4°C, 5 h)
decreased the staining intensity and increased its
unevenness (Fig. 3B-e). The obtained pattern of the
distribution of GUS activity indicated tissue-specific
regulation of the expression of the Ar4g01870 gene by
stressors of a different nature.
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Fig. 3. Histochemical analysis of GUS activity. GUS activity expression was detected in (Aa—Ae) 2-week-old and (Af) 5-week-
old transgenic A. thaliana plants incubated after cultivation and appropriate treatment with phytohormones and stressors in
X-Gluc solution overnight. For the transformation of plants, a construct where the GUS gene was under the control of the max-
imal promoter fragment (P384) of the Ar4g01870 gene was used. (A) Localization of GUS activity in various parts and organs of
transgenic plants grown under normal conditions without effect of any exogenous factors: (a) the root tip, (b) root, (c) cross sec-
tion of the leaf, (d) leaf, (¢) area of trichomes and (f) flower; (B) leaf of 2-week-old transgenic A. thaliana plants (a) grown under
control conditions, (b) treated with BAP, and (c) ABA for 5 h, exposed to temperature of (d) 37°C and (e) 4°C.

Measurements of B-glucuronidase activity by the
fluorometric method in transgenic A. thaliana plants
carrying the largest deletion fragment of the promoter
(P384 bp) corresponded, in general, to the data of cal-
orimetric staining. ABA, NaCl, and hyperthermia
increased the expression of the GUS gene under the
control of the Ar4g01870 promoter (151.5 = 14.1,
147.2 £ 0.7, and 168.5 £ 3.8%, respectively, relative to
the control), cytokinin and hypothermia did not have
a significant effect (97 £ 1.2 and 112.2 £ 1.8%) at least
within the investigated time interval.

Thus, the results of the analysis of the expression of
the marker GUS gene under the control of a promoter
fragment of the Ar4g01870 gene suggested that the
At4g01870 gene and its product may be involved in the
formation of resistance to adverse environmental
effects with the involvement of ABA.

Quantitative Analysis of Atd4g01870 Gene Expression

The results of histochemical studies of the activity
of the of promoter Ard4g01870 gene were compared
with the data of the analysis of the expression of this
gene by RT-PCR in wild-type A. thaliana plants. At all
studied stages of ontogenesis, exogenous ABA acti-
vated the accumulation of transcripts of the RABIS
gene (Responsive fo ABA) used as a marker for the
action of this phytohormone (Fig. 4a). A completely
different pattern of regulation by abscisic acid was
observed for the Ar4g01870 gene. In 7-day-old Col 0
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seedlings, ABA activated the accumulation of mRNA
of this gene by approximately four times; however,
ABA did not cause significant changes in its expres-
sion in 2-week-old plants, and, on the contrary, sup-
pressed its activity in the leaves of 7-week-old plants
(Fig. 4b). Thus, the features of regulation of the expres-
sion of the Ar4g01870 gene by exogenous ABA during
ontogenesis, positive or negative, are probably medi-
ated by the action of ontogenetic regulatory factors.

The involvement of ABA in the formation of stress
response suggested the stress-dependent pattern of
expression of the Ar4g01870 gene. Indeed, the con-
tent of gene transcripts after 3 h of exposure of
2-week transgenic plants at 37°C increased in the
aerial part of plants (Fig. 5a), and the content of
transcripts of the studied gene increased only in the
roots when plants were incubated with NaCl solution
(200 mM) (Fig. 5b). However, hypothermia hardly
changed the level of accumulation of transcripts
during this time, which corresponded to the results of
the analysis of the expression of the P,.p1570-GUS
construct. However, it should be noted that the
response to salinity had a pronounced organ-specific
character and was limited to roots.

Reprogramming of the genome expression and the
initiation of the cascade of defense mechanisms under
stress are usually associated with the participation of
the complex of hormonal systems. Since some cis-ele-
ments of the Ardg01870 promoter (MYB, WRKY),
along with ABA, are involved in the regulation by IAA,

No.4 2019
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Fig. 4. Effect of ABA on the relative content of transcripts of (a) RABI8 and (b) Ar4g01870genes in 1-, 2-, and 7-week-old wild-type
A. thaliana plants. The plants were treated for 3 h (/) control) with water or (2) with ABA solution (5 % 107> M). Total isolated RNA
was analyzed by RT-PCR. UBQ10was used as a reference gene. Mean values of three independent determinations &+ SE are shown.

jasmonic and salicylic acids, and ethylene, we esti-
mated how treatment with these hormones alters the
expression of the Ar4g01870 gene in wild-type plants
(Fig. 6). After 3 h of exposure of 7-day-old seedlings
on IAA (10-¢ M), salicylic acid (10~> M), and ethylene
precursor ACC (10~> M) solutions, the accumulation
of At4g01870 transcripts increased at least twice. The
exception was methyl jasmonate (5 x 10~> M), the
reaction to which was less significant, and trans-zeatin
(5 x 10~° M), which suppressed the expression of this
gene. Similar results obtained using DNA microarray
technology are presented in the eFP database [10].
They were also partially confirmed by the fluoromet-
ric method used for determination of B-glucuronidase
activity in A. thaliana transgenic plants, carrying
P 14001570~ GUS construct (P384). After 24 h of incuba-
tion of transformants on IAA, salicylic acid, and eth-
ylene precursor ACC solutions, the enzyme activity
significantly increased and amounted to 145.7 + 1.5,
155.5 £ 9.2, and 152 £ 2.0% of the control, respec-
tively. At the same time, methyl jasmonate had no sig-
nificant effect (107.8 +9.2%). All these results allowed
us to attribute the studied gene to genes involved in the
wide range of protective reactions involved to some
extent in hormonal signaling.

DISCUSSION

As a result of our in silico analysis of the promoter
region of the Ar4g01870 gene, the presence of cis-ele-
ments in its sequence responsible for the binding of
ABA-dependent transcription factors was shown.
Among them, such ABA-dependent motifs as ABRE,
W-box, RAVI-A, MYB, and LFY were identified.

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 66

The genes with ABRE motifs in their promoter
regions are the main targets of ABF/AREB transcription
factors [4] activated by SnRK2-type protein kinases and,
therefore, can be the target genes of the ABA signal
transduction chain, including PYR/PYL/RCAR recep-
tors [2]. The AREB/ABEF factors belong to the bZIP
trans-factor subfamily, group A, which has nine homo-
logs in the Arabidopsis genome. It was shown that some
of them are induced in response to dehydration, salin-
ity, and treatment with ABA. Therefore, the presence
of ABRE motifs in the Ar4g01870 promoter suggests
that the products of this gene are involved in the phys-
iological reactions associated with dehydration and
salinity. Indeed, salt stress contributed to an increase in
gene expression and resulted in the increased accumu-
lation of the protein encoded by it according to the
results of Western blot analysis [9]. The stress-depen-
dent activation of the accumulation of the Ar4g01870
protein corresponded to the function of the TolB pro-
tein of Escherichia coli, necessary for maintaining the
water—salt balance and integrity of the outer mem-
brane. It is known that, in addition to ABA, Ca?" is
involved in ABRE-mediated transcription. This
means that various ion channels or proteins regulating
their activity can be among the targets of At4g01870.

Similarly to the TolB E. coli protein, At4g01870 may
also be associated with responses to the action of patho-
gens. The involvement of Arabidopsis proteins, TolB
homologues, in detoxification reactions in response to
the treatment with the biopathogen Pseudomonas was
identified in proteomic studies of Mueller et al. [26].
The regulation of such a response is probably the result
of'the specific action of not a single but a group of phy-
tohormones, which are in close interaction with each
other. Salicylic and jasmonic acids, and ethylene can
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be associated with protective mechanisms providing
resistance to pathogens along with ABA. The nature of
the interaction of ABA with these phytohormones can
be both synergistic and antagonistic. All these phyto-
hormones, as was shown in our study, regulated the
expression of At4g01870, acting, probably, via MYB or
WRKY trans-factors.

The functions of At4g01870 mediated by frans-fac-
tors of the WRKY family are not limited to participa-
tion in responses to biotic stresses. It is known that one
of the members of the WRKY family, WRKY39, is a
positive regulator of the signaling pathways of salicylic
acid and methyl jasmonate, which is activated in
response to heat stress [6]. It is possible that the induc-
tion of At4g01870 by increased temperatures, demon-
strated in our studies, is also hormone-dependent, but
this assumption requires additional experimental veri-
fication.

In addition to response to external signals associ-
ated with hormone-dependent reactions, At4g01870 is
probably directly involved in the implementation of
ontogenetic programs. According to bioinformatics
data, the accumulation of Ar4g01870 transcripts
reaches its maximum at the stage of early green cotyle-
dons during seed embryogenesis and then during their
germination. At the vegetative stage, preferential
expression of the gene is concentrated in the conduc-
tive tissues of the root, leaves, and sepals, which is
consistent with the results of histochemical analysis of
transformants (Fig. 3). During the transition to the
reproductive stage, mRNA and At4g01870 protein
accumulated in inflorescences [9]. The molecular
mechanism of this process was probably determined
by the LFY-dependent induction of Ar4g01870 gene
integrated into the morphogenesis process of flower
structures.

Functions of the Ar4g01870 gene and the protein
encoded by it are probably associated with complex
interactions of various stimuli and growth inhibitors
and the switching of the hormone regulation vector
from positive to negative and vice versa. Thus, at the
juvenile stage, expression of the Ar4g01870 gene in
response to ABA increased, while it decreased in aging
leaves (Fig. 4b). Along with feedback suppression of
the synthesis of endogenous ABA or hormone balance
shift, the specificity of the response could be provided
by binding to various transcription factors acting as
activators or repressors of gene expression. Such a
mechanism, in particular, is characteristic for the
WRKY family, representatives of which can act as both
positive and negative regulators, and the same WRKY
protein can sometimes have both roles depending on
the specific reaction [6].

The specificity of the response to ABA suggests the
existence of not the only linear transmission pathway
of the signal of this hormone in the plant cell but the
presence of a complete regulatory network capable of
forming various physiological reactions [2]. In the
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Fig. 5. Effect of (a) hyperthermia in the aerial part and
(b) salinity in the root on the expression of the Ar4g01870
gene in 2-week-old wild-type A. thaliana plants. The
plants were kept for 3 h (control, /) under normal condi-
tions, (a, 2) under increased temperature 37°C, (b, 2) in
NaCl solution (200 mM). The isolated RNA was analyzed
by RT-PCR. UBQI0 was used as a reference gene. Mean
values of three independent determinations + SE are shown.
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Fig. 6. Hormonal regulation of Ar4g01870 gene expression
in 7-day-old wild-type A. thaliana seedlings. The plants
were treated for 3 h in (/) water, (2) methyl jasmonate solu-

tion (5 % 10> M), (3) ABA solution (5 X 10> M), (4) ACC
solution (10~ M), (5) trans-zeatin solution (5 X 107> M),
(6) IAA solution (5 x 10°6 M), (7) brassinolide (5 % 1073 M),

and (&) salicylic acid (10_5 M) solutions. The relative con-
tent of transcripts of the Ar4g01870 gene was analyzed by
RT-PCR. UBQI0was used as a reference gene. Mean values

of three independent determinations + SE are shown.
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At4g01870 promoter, we identified three W-boxes
bound by transcription factors of the WRKY family.
These frans-factors are capable of acting not only in
the descending parts of the PYR/PYL/RCAR receptor
chain, but they are also important components of the
ABA signal transduction chain GUN5-WRKY40-ABI5
ABA [27]. When an ABA signal is transmitted through
this chain, the H-subunit of the Mg-chelatase acts as
an antagonist of the transcriptional repressors of the
WRKY family and removes the inhibition of the
ABI5 gene. We have previously shown that abi5-1 and
gunS- 1 mutants lack significant ABA-dependent regu-
lation of expression of the Ar4g01870 gene and its
homologues Ar1g21670 and At1g21680[28]. All these
results suggest that these genes are target genes for
the ABA GUNS5-WRKY40-ABI5 signal transduction
chain. It should also be noted that, in addition to ABA,
the ABIS transcription factor could function as an
integrator of signaling of phytohormones, such as aux-
ins, cytokinins, gibberellic acid, and brassinosteroids,
providing a balanced response of plants to abiotic
stress [29].

Thus, the Ar4g01870 gene is integrated into a com-
plex network system of plant responses to ABA and
other phytohormones. It is known that the product of
this gene contains conservative WD40 repeats—
sequences of 40 amino acids with a high content of
tryptophan, proline, and aspartate responsible for a
certain structural organization of the protein. If at
least three such repeats are present, the protein mole-
cule may have a conformation of the so-called beta-
propeller domain. Such a structural unit is able to per-
form the function of a platform, based on which the
protein, participating in a wide variety of processes are
assembled: signal transfer, assembly of a transcriptional
apparatus, synthesis and degradation of proteins, and
many other complexes. Considering ABA-binding
properties of the protein provided by N-terminal
fragment and the presence of cis-elements binding
ABA-dependent frans-factors in the promoter of the
gene encoding it, we can assume that the protein
encoded by the Ar4g01870 gene allows to controll the
transduction of the hormonal signal in cell, providing
a structural platform for the interaction of specific
effector proteins, trans-factors, and ion channels.
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