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Abstract

Under stress conditions, crops cannot reach the maximal level of productivity. Moreover,
stress very often leads to plant death. Various stress factors limit the development and success of
agricultural praxis. Under stress conditions, plants generate multicomponent metabolic, physiological
and genetic responses which help them to adapt to suboptimal environment. At the level of cells,
recent research has demonstrated that part of cellular content can be ‘eaten’ by the cell upon stress,
producing energy and metabolites for survival. This process is known as autophagy (J.H. Hurley et
al., 2017). Apart from this, some cells can die in the course of so-called programmed cell death
(PCD), to provide better conditions for survival of other cells under stress (W.G. van Doorn et al.,
2011). Both these processes are highly conservative in the evolution of eukaryotic organisms; they are
very important for plant stress response and survival in suboptimal environment. Both autophagy and
PCD are being intensively studied in yeast and animals since 1960ies. In plants, studies of autophagy
and PCD began rather recently, and it should be kept in mind that these processes in plants bear
several important features, which distinguish them from similar processes in heterotrophic eukary-
otes. These features are related to the peculiar structures of plant cells. Nowadays, the problem of
crop resistance to drought, salinity and extreme temperatures has become especially acute in a num-
ber of regions. Therefore, research on stress-induced autophagy is of special interest, as this process
is most probably a universal component of the stress response to the abovementioned factors (V.
Demidchik et al., 2017; M.E. Pérez-Pérez et al., 2017). Unraveling the mechanisms regulating the
stress-induced autophagy and PCD may provide a key to genetic and chemical control of plants
stress resistance, life cycle and productivity. Constitutive (i.e. not induced by stress) autophagy is an
important mechanism of renewal of defect cell components; in plants, enhancement of autophagic flux
by overexpression of the genes encoding autophagy-related proteins leads to an increase in stress re-
sistance and to delayed senescence. In course of plant development, many types of plant cells undergo
autophagy followed by PCD at the terminal stage of differentiation. In particular, autophagy and PCD
are indispensable for seed germination, formation of vascular system and development of generative
organs. Autophagy also participates in the regulation of leaf and petal senescence. So-called ‘nocturnal’
autophagy takes part in the degradation of transient leaf starch and sustains the assimilate transport to
economically important plant organs such as fruit, tubers and storage roots. Thus, autophagy as a pro-
cess directly affecting stress resistance, senescence and translocation of water and assimilates, repre-
sents a potentially very important target for regulation of plant functions, which thus far has not been
used for generation of new crop varieties or in other applications in agriculture. The review discusses
the structural types of autophagy (S. Reumann et al., 2010), molecular pathways of autophagy regu-
lation (F. Reggiori et al., 2013) and cellular mechanisms of assembly of autophagic machinery, fo-



cusing on their potential use in agricultural technologies (Y.-Y. Chang et al., 2009; S. Han et al.,
2015), first of all, to counterpart the deleterious effects of abiotic stress factors.
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Plants overcome adverse environmental effects (drought, salinization,
drastic changes in temperature, etc.) without having any possibility to physically
avoid them. Annually, a significant part of the crop yield is lost in the world due
to adverse environmental factors. There is an acute need to create technologies
providing an increase in the resistance of plants, first of all, important agricultur-
al crops, to abiotic and biotic stresses. One of the targets of directed selection for
stress-resistant agricultural crop plants may be the autophagy process providing the
survival of adverse environmental conditions by the plant at a cellular level.

Autophagy is an intracellular process, resulting in the removal of damaged
sub-cellular structures, renovation of organelles and recycling of macromolecules
[1-3]. During autophagy, cellular components are subjected to degradation in
acidic lytic compartments, and the released low-molecular-weight compounds
and energy are used for building new structures. Autophagy is inherent to all
types of eukaryotic cells and is an ancient, evolutionary highly conservative cata-
bolic program; however, its mechanisms in animal, yeast and plant cells are dif-
ferent [3]. Thereby, it should be noted that research on autophagy in plants sig-
nificantly lags behind the studies of this process in animals and yeasts.

The processes of programmed cell death (PCD) in plants have also been
studied to a significantly less extent than those in animals. There is still no signifi-
cantly clear morphological classification of PCD in plant cells. In contrast to ani-
mals, it is uncommon to refer to apoptosis in plants because the features of cellu-
lar organization of plants exclude the manifestation of a number of morphological
features characteristic for this type of PCD [4], although there are mentions of an
apoptosis-like pathway and the formation of apoptosis-like bodies in plant cells
[5]. According to one classification, there are two main types of cell death in
plants, vacuolar and necrotic [4]. It is known that PCD in plants occurs at the
renovation of root cap cells, elimination of cells in the endosperm aleuronic lay-
er at the completion of seed sprouting, providing the growth of pollen tube to
the embryo sac, the formation of xylem vessels and phloem sieve tubes [6-8]. At
the same time, both programs, autophagy and PCD, are an important part of
the response to stress.

In the present review, the authors will discuss how autophagy occurs in
plants, what its main functions are in the plant organism in the absence of stress,
and also assess the role of autophagy in the stress response: its cytoprotective
function and participation in the starting stages of development of vacuolar pro-
grammed cell death. In connection with the identified role of cytoplasmic potas-
sium as one of the crucial regulators of plant response to stress, including the
triggering of the autophagy and PCD programs, the components of regulation of
the amount of cytoplasmic potassium have been reviewed for the determination
of potential targets for increasing plant stress resistance.

Role of autophagy in physiological processes. In plant
cells, as well as in animal and fungal cells, damaged (used and oxidized) proteins
or those which are required to the cell no more are removed via autophagy. In
contrast to the proteasome degradation system responsible for the removal of
short-living proteins, the autophagy process enables the cell to remove long-lived
proteins [9]. Moreover, autophagy is involved in degradation of entire cellular
organelles. It was initially found that autophagy is induced in response to stress
factors, in which connection it was believed that its role consists predominantly in



adaptation to adverse conditions [10, 11]. However, as it was found later, autoph-
agy (basal or constitutive) also occurs in the absence of stress effects and serves as
one of the key factors of maintaining cell vitality [3, 7, 12, 13].

Constitutive autophagy is necessary for maintaining homeostasis at a cel-
lular level because proteins in the cell are inevitably oxidized during metabolic
reactions, and also by air oxygen. The plants mutant in autophagy genes and
incapable of carrying out this process are susceptible to early aging even under
beneficial conditions [7]. Moreover, basal autophagy provides for the replenish-
ment of the pool of amino acids and other nutrients required by the cell as a
building material for carrying out anabolic reactions.

It was shown that autophagy is involved in the plant development process-
es. Lytic cleavage of starch and reserve proteins contained in seeds during sprout-
ing of the latter occurs at its involvement [14]. The formed low-molecular-weight
compounds (sugars and amino acids) are transported to the cells of forming or-
gans. At maturation of seeds, nutrients obtained as a result of autophagic degrada-
tion of proteins in aging leaves may be delivered thereto [7, 15]. However, no sig-
nificant disorders in development were observed under normal conditions in most
mutants in the a#g gene incapable of carrying out autophagy. This allows making a
conclusion that constitutive autophagy does not play a significant role in growth
processes and plant development in the absence of stress. On the contrary,
increased sensitivity of such mutant to carbon and nitrogen deficiency and also to
other stress conditions was established [3, 16].

Nocturnal autophagy was found relatively recently. It was found that
mutants of Arabidopsis and tobacco in the specific autophagy genes (autophagy-
related genes, ATG) are incapable of recycling starch overnight, accumulated in
leaves during daily photosynthesis [17]. Treatment with autophagy inhibitors has
led to the same effect. As a result of thorough cytological studies in the meso-
phyllic cells of the wild-type plants, bodies were found that contain starch,
which were subjected to degradation in vacuoles. These bodies were not present
in the cells of the plants incapable of autophagy due to genetic defects in the atzg
genes or due to exposure to inhibitors. The authors have suggested that enzymes
catalyzing starch breakage are partly localized in lysosomes and at the nocturnal
breakup of leave starch the bodies are first gemmated from chloroplasts which are
then subjected to degradation according to the autophagy mechanism [17].

However, the most important role in plants is played by the so-called
stress-induced autophagy. The activation of this autophagy type is very often asso-
ciated with the production of active oxygen forms [18, 19]. Activation of autopha-
gy in root cells of higher plants occurred in response to salinization, hypoxia and
reaeration, water deficiency, treatment with oxidizers, gene-toxic agents and ioni-
zation radiation [18]. The leading role of autophagy in the immune response of
plants was established. It facilitates the development of hyper-sensitivity reaction
in response to the attack of necrotrophs or non-virulent biotrophs, but thus limits
its spontaneous uncontrolled expansion. Autophagy also enhances the resistance of
plants to biotrophs and necrotrophs based on the salicylate and jasmonate signal-
ing system, participates in virus-induced gene silencing processes [20].

In this review, the authors will concentrate on the role of autophagy in
plant resistance to abiotic stresses, which currently cause maximum harm to the
productivity of agricultural crops compared to other stress types.

Structural types of autophagy. It was originally believed that
autophagy is a non-specific pathway of cell component degradation. It is the
non-specific mass degradation of various cellular structures simultaneously ac-
cording to the autophagy mechanism that is activated in plants at nitrogen and
carbon deficiency [3]. However, currently it has been convincingly proven that



autophagy may be highly selective, and autophagy types have been described that
are highly specific to certain organelles: mitochondria (mitophagy) [21], chloro-
plasts (chlorophagy) [22], peroxisomes (pexophagy) [13, 23], ribosomes [24].
The selectivity is achieved involving receptor proteins specific to the particular
organelles [7, 25].

Depending on the cytological mechanism, two structural types of au-
tophagy may be identified: micro- and macroautophagy. At microautophagy, the
delivery of cytoplasmic components to acidic lytic compartments (vacuoles in
plant cells) occurs due to membrane invagination [3, 26]. Such type is activated,
for example, at seed sprouting [14, 27]. The cytological markers of autophagy
are double-membrane organelles called autophagosomes. The formation of au-
tophagosomes begins with the formation of a preautophagosomal structure (al-
so called a phagophore assemble site, PAS) around sub-cellular particles. Fur-
ther, the growth of this structure occurs, which leads to the formation of a
closed double membrane around the components to be recycled, after which
their delivery to the place of degradation occurs (to a central vacuole of plant
and yeast cells or to lysosomes of animal cells) [7, 22, 26]. In plants, autopha-
gosomes first merge with lysosomes containing acidic lytic enzymes, their in-
ternal compartment being acidified, and autolysosomes are formed. Then the
outer membrane of the autolysosome merges with tonoplast, and the partially
degraded content of the autolysosome surrounded by one membrane (autopha-
gy body) enters the vacuole [7]. Often, exactly this type of macroautophagy is
meant as "autophagy" (Fig. 1).

GluCQSe
@ Utilization
by cell
3y P )
mTOR _~ Autophagy activator
A RN N Y P _» (ATGI/ ATG13 complex
® ATG13--->ATG13-~ ot formed)
’ 1 I
Rapamycin J, :
";{['GI/ATGIJ /
ATG1- ~ \
[ 'Autolysosome
* P (pH < 7.4)
Autophagy
‘* e body
ATGS, ATG7, == —==— > 3

Autophagosom: ysosome

ATG10 Preautophagosome . OH < 74)

(PAS, phagophore assembly site)

Fig. 1. Main organelles and proteins providing for inducing and progress of macroautophagy: mTOR
— TOR-kinase; rapamycin, glucose — TOR-kinase inhibitors; ATG1, ATGS5, ATG7, ATGIO0,
ATG13 — component proteins of main autophagy complexes. Dashed arrows represent signal pro-
cesses; black arrows represent the sequence of events at the level of sub-cellular structures.

Both structural types of autophagy were described in plants as well [10,
11, 14, 28]. In animal cells, apart from these, the third type of autophagy is
known: chaperone-dependent autophagy. In its mechanism, chaperone proteins
of the HSP family (heat shock proteins) are involved, which bind to the dam-
aged proteins and deliver them to the lysosomal membrane [26]. In plants and
yeasts, the Cvt pathway (cytoplasm-to-vacuole targeting) functions similarly; it is
used for transporting the precursors of lytic enzymes to the vacuole [3]. There-
fore, the Cvt mechanism is one of the selective types of autophagy, but it is more
related to biosynthesis processes, not degradation processes [29]. Moreover, there
are notes that autophagy is involved in the biosynthesis of the central vacuole. As a
whole, there are more and more recent publications indicating that autophagic
proteins and structural components, apart from carrying out the degradation of
cellular components, may be involved in the circulation of cellular membranes,



including endo- and exocytosis [30, 31].

Molecular and genetic basis and mechanisms of
autophagy development in plants. The genes encoding the protein
components of the autophagy pathway (A7G) are highly conservative and are
represented in all groups of eukaryotic organisms. Originally, the autophagy
mechanism was discovered using the yeast model of Saccharomyces cerevisiae,
and currently, about 40 A7TG-genes are described for yeasts [25]. Most homologs
of the ATG-genes were found in the plants as well [3]. Thereby, entire gene fami-
lies in A. thaliana correspond to some single autophagic genes of S. cerevisiae. For
example, homologs of ATG12, ATG13, ATGS, ATG4 and ATG18 are represented
by several genes [32].

ATG proteins are classified in four groups involved at different stages of
autophagy: ATG1-kinase complex (comprises ATG1, ATG13, ATGI11, ATG17,
ATG29, ATG31, ATG101); phosphatidylinositol-3-(PI3)-kinase complex (VPS34,
VPS15, ATG6, ATG14, ATGI15, ATG38); ATGY9-complex (ATGY9, ATG2,
ATG23, ATG27, ATG18); two Ubiquitin-like conjugation systems comprising
complex 1 (ATG12, ATGS5, ATG7, ATG10, ATG16) and complex 2 (ATGS,
ATG4, ATG7, ATG3) [1, 3, 33]. Five main stages of autophagy may be identified:
induction, formation of a preautophagosomal structure, maturation and expansion
of an autophagosome, docking and merging with tonoplast, degradation of the
autophagy body [2].

The key structure in the induction of autophagy is the kinase complex
ATG1/ATG13 [34, 35]. The auxiliary proteins ATG17 and ATG11 participate in
its formation. Their homologs have been identified in plants only recently [33,
36]. The formation of the preautophagosomal structure is initiated by binding of
ATG17 to ATG29 and ATG31 [34, 37]. ATGI1 binds to ATG17-ATG-29-
ATG31 one of the first. Its binding to the three-component complex is mediated
by the ATG13 protein, which has binding sites for both ATG1 and ATGI17.
These interactions facilitate an increase in the kinase activity of ATG1, providing
for the addition of other proteins of the initiator complex. It has been recently
discovered that ATG13 may facilitate the formation of dimers of the ATG1 pro-
tein, due to which the activation of this kinase according to the positive feed-
back principle is possible [34]. As a result of complex information interactions
between ATG17 and ATGI1, the initiator complex ATGI1-ATG13-ATG17-
ATG29-ATG31 (a scaffold of the newly formed autophagosome) emerges [3].

The next stage of autophagy is the growth or expansion of the autopha-
gosome. For this purpose, the presence of phosphatidylinositol-3-phosphate
(PI5P) is necessary, which integrates into the membrane of the autophagosome.
The amount of this phospholipid serves as another factor controlling the triggering
of autophagy. Its content depends on the activity of the antagonist enzymes,
phosphatidylinositol-3-kinases (PIs;K) and PIsP-phosphatases. PI;P is formed
due to the activity of the PI3-kinase complex 1 (PIsK 1). It comprises the fol-
lowing proteins: VPS34 (vacuolar protein sorting-associated protein 34) that is
related to class III phosphatidylinositol-3-kinases and plays a role of a catalytic
sub-unit in the complex; VPS15 that serves as the activator sub-unit of the com-
plex and anchors it in the autophagosomal membrane; ATG6 (homolog of
mammal Beclin-1) [37]. The latter plays an important regulatory role: in animal
cells, the binding of Bcl-2 and Bcl-1 serves as one of the key stages of autophagy
initiation. However, no homolog of Bcl-2 was found in plants. In yeasts and
mammals, another component of the PIsK-complex is known — ATG14. There
is still no data about the discovery of this protein in plant organisms in the lit-
erature and the GenBank database (NCBI) [33, 38]. Following from its im-
portant function, it is suggested that it must be present in plant cells [38].



Further, the assembly of conjugation complexes of Ubiquitin-like pro-
teins begins. It is believed that the first event is the binding of ATGI12 to ATG7.
ATG7 has an El-like activating ability and is required for the assembly of both
complexes [39, 40]. Then ATGI10, exhibiting E2-like conjugating activity, at-
taches to ATG7-ATG12. These enzymes perform reactions required for forming a
bond between the ATG12 and ATGS5 proteins [20, 40]. In order to bind the
ATG12-ATGS5 conjugate with phagophore, another protein is required, ATG16
[40, 41].

The main protein of the second complex is ATGS8, an important regula-
tor of autophagosome growth and formation. ATGS is a small (14 kDa) ubiqui-
tin-like protein. It is synthesized in a form of precursor and is subjected to sig-
nificant post-translation modifications [42]. In the processing of ATGS, a redox-
controlled enzyme, cysteine-dependent protease ATG4 is involved [43, 44]. Due
to the cleavage of the amino acid sequence from the C-terminus of ATGS, its
binding to the amino group of phosphatidylethanolamine (PE) becomes possible,
which provides for the anchoring of the ATGS8 protein in the autophagosomal
membrane [45]. The El-like enzyme ATG7 and E2-like enzyme ATG3 are re-
sponsible for the activation of ATG8 and the attachment of PE [41, 43]. Fur-
ther, both complexes interact and the covalent binding of proteins of the second
complex, ATG8 and ATG12 occurs via the protein of the first complex, ATGS,
having E3-like ATGS8-ligase activity. ATG12-ATGS is involved in the transfer of
ATGS to the phagophore [46]. The lipids required for the further growth of the
autophagosome are supplied from endoplasmic reticulum via the protein complex
based on ATGY [47]. The transfer of autophagosomes and autolysosomes in the
cytosol is carried out with the mediation of cytoskeleton elements [48, 49]. Merg-
ing of autophagosomal membranes with lysosomes and with tonoplast occurs with
the participation of the SNARE proteins [50].

Regulation of autophagy at the molecular level. At
the present time, in plants two key regulators (inhibitors) of autophagy have
been found that react to the concentration of nutrients: TOR-kinase [9] and the
cytosolic isoform of the glyceraldehyde-3-phosphate dehydrogenase enzyme
(GAPDH) [51, 52].

TOR-kinase (mTOR, the mammalian/mechanistic target of rapamycin)
is a highly conservative serine-threonine protein kinase in eukaryotes, the most
important activator of anabolism and the suppressor of catabolism in the cell [3].
TOR-kinase serves as a regulator for stress-induced autophagy, associated in the
first place with an insufficient supply of carbon and nitrogen in the cell. In 2005,
the dependence of the autophagy processes on the activity of TOR-kinase in the
single-cell alga Chlamydomonas reinhardtii was confirmed [53]. It was proven in
the paper by Liu e al. [54] that a decrease in TOR activity induces autophagy in
a plant cell.

The blocker of TOR-kinase is rapamycin, an antibiotic of bacterial
origin, synthesized by soil bacterium Strepfomyces hygroscopicus [55]. It was re-
ported earlier that despite the regulation of this process by Tor, the plants, in
contrast to yeasts and animals, are not sensitive to rapamycin [54]. It was then
established that rapamycin exerts an inhibitory action on the plant TOR-kinase;
however, only in concentrations higher than the one in case of animal cells [9].
According to Xiong et al. [9], the concentrations, at which the rapamycin effect
was manifested in plant cells, are 100-1000 nM, whereas in animal ones these
are 10-50 nM. The presence of rapamycin in the said concentrations decreases
TOR activity, which is morphologically manifested in slowing the root growth in
Arabidopsis thaliana |9].

The key mediator in the induction of autophagy in response to stress is



the ATG13 protein [3, 35, 36, 56]. Under normal physiological conditions, the
TOR-kinase phosphorylates ATG13. Such hyper-phosphorylated form of ATG13
has low affinity to ATG1, and the ATG1/ATG13 complex that initiates the for-
mation of autophagosome is not formed. Binding of ATG1/ATG13 only be-
comes possible at a decrease in the activity of the TOR-kinase [3, 34, 56]. A
deficiency of nutrients in the cell becomes a signal inhibiting the phosphoryla-
tion cascade of PI3K/TOR kinases, and results in a decrease in the activity of the
TOR-kinase [54]. 1.e. stress caused by carbon or nitrogen deficiency initiates au-
tophagy (see Fig. 1).

Recently, another autophagy inhibitor was found in plants: glyceraldehyde-
3-phosphate dehydrogenase enzyme (GAPDH) [51, 52]. The Arabidopsis forms
deficient in the cytosolic isoform of this enzyme demonstrated enhancement of
constitutive autophagy and also a high degree of oxidative stress and activation
of PCD [52]. Production of ROS by cells in response to the pathogen attack
was, on the contrary, decreased in such plants [52]. It was proved by the exam-
ple of tobacco cells that GAPDH directly interacts with the component of the
second system of ubiquitin-like conjugation, the ATG3 protein, suppressing its
function; the inhibition is removed upon exposure to ROS [51]. Therefore,
GAPDH, as well as the TOR-kinase, provide a direct relationship between the
metabolic status of the cell and induction of autophagy, but this relationship is
under redox control.

In yeasts and mammals, the important regulators of autophagy are kinas-
es: AMPK (AMP-activated protein kinase) in mammals, SNF1 (sucrose non-
fermenting 1) in yeasts [57]. They react to the alteration of energy charge, which
is described as

([ATP] + 1/,[ADP])/([ATP] + [ADP] + [AMP]),
and activate autophagy (directly or by inhibiting TOR-kinases). Several homo-
logs of SNF1/AMPK are known in plants. For one of them (the KIN10 kinase
in Arabidopsis), a role of autophagy activator has been recently shown under de-
ficiency, hypoxia and water deficiency conditions [58].

Relationship of autophagy and programmed cell death.
The role of autophagy in the development of PCD is ambiguous [15, 27, 59]. On
the one hand, autophagy may serve as a method of avoiding cell death, and the
cytoprotective function of autophagy is associated with this [60, 61]. On the other
hand, activation of autophagy in some conditions precedes triggering of cell death
programs, and in this case, autophagy is one of the starting stages of PCD [62].
Thus, in the process of vacuolar cell death, a decrease in the volume of the cy-
toplasm and an increase in the volume occupied by vacuoles are observed. These
events are accompanied by the enhancement of autophagy and the rupture of
tonoplast, accompanied by the release of hydrolases, which leads to the destruc-
tion of protoplast. Up to the moment of tonoplast rupture, the integrity of the
plasmatic membrane, mitochondrial membranes and those of other organelles is
maintained [4]. The entire process takes, as a rule, a long time: up to several
days [63]. In contrast to vacuolar death, necrotic death develops much more
rapidly and is characterized by the shrinkage of the protoplasm, early destruction
of the plasmatic membrane and membrane organelles, the disruption of mito-
chondrial functioning and the accompanied accumulation of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) in the cytoplasm [63, 64].

The cytoprotective role of autophagy is demonstrated by studies of
knock-out mutants, in cells of which its development is impossible. The inser-
tion mutants of A. thaliana atg5-1 [46] and arg7-1 [39] are characterized at a
long photoperiod by normal growth and development. However, at a short pho-
toperiod, the mutants of both lines grow slower, have less seed productivity and



are subject to premature aging compared to the wild type. Moreover, they have
elevated sensitivity to stress, especially to the deficiency of microelements. As a
whole, these plants exhibit lesser viability and have a significantly lower surviva-
bility rate compared to the wild type, beginning from 10-day growth in a medi-
um with decreased nitrogen content. At conditioning in darkness, the survivabil-
ity decreases in afg5-1 on the 2nd day already and that in atg7-1 on the 4th day,
whereas in natural ecotypes it is correspondingly on the 6th and 8th day [39, 46].
The atgl3 mutation in A. thaliana is phenotypically characterized in several lines
[35]. They are differently susceptible to early aging under short day conditions.
In the nitrogen-deficient medium, the growth of such sprouts is slower com-
pared to the wild type. Chlorophyll synthesis in the leaves is disrupted. They are
also more sensitive to carbon deficiency in the medium. Darkening for 10 hours
does not affect these lines so strongly as the plants with the disrupted formation of
ubiquitin-like conjugation complexes. However, already after 13 hours of condi-
tioning in darkness, a marked difference in stability is found between the atgl3
plants and wild types, especially in double mutants [35]. The azg/0 mutants [41]
were hyper-sensitive to carbon and nitrogen deficiency, and also demonstrated
spontaneous development of PCD.

In the cells of plant roots upon exposure to abiotic stresses leading to the
development of PCD, the autophagy symptoms are often observed [18]. It can
be hypothesized that it is originally activated as a cytoprotective mechanism. But
after passing through the "point of no return" it becomes a necessary stage of
PCD development.

Hypothesis of potassium regulation of autophagy
and programmed cell death. From the mid-1980s, in plant biology,
the concepts of control and coordination of physiological reactions at stress via
cytoplasmic Ca2* and reactive oxygen species (ROS) are actively developed [65,
66]. It is known that the generation of ROS plays a significant role in the regula-
tion of cellular metabolism. ROS are inevitably formed at redox reactions in the
cell both under normal conditions and upon exposure to stressors (exposure to
pathogens, drought, salinization). The discovery of elevated synthesis of ROS at
the early stages of stress response was the beginning of studies dedicated to func-
tions of these molecules. One of such functions is the regulation of the activity of
ion channels [67, 68].

The rapid release of K* is related to events accompanying reaction to
stress in the plant cell. In the recent years, the theory about the participation of
potassium in plant response to stress was developed [18, 68-70]. Potassium is the
most abundant metal and cation in the plant cell. Its content by dry weight is 3-
10%; therefore, the deficiency of this metal extremely adversely affects
productivity. Adequate potassium supply is the basis of high yield and resistance
of plants to stress effects. Being an irreplaceable macroelement, comprised in the
vital NPK (Nitrogen-Phosphorus-Potassium) triplet, potassium plays key func-
tions in plant life. In particular, it is responsible for the water balance and hy-
droskeleton of the cell, transpiration, closure of air pores and stretching growth.
The trans-membrane streams of potassium form the diffusion membrane poten-
tial on the plasmatic membrane, tonoplast and endomembranes, which serves as
a basis for a high difference of potentials on these membranes. Also, potassium
plays a role of a non-specific activator of dozens of crucial anabolic enzymes of
the cytoplasm [71]. Possibly, it stabilizes the low activity of proteases and nucleas-
es, preventing unplanned triggering of autophagy and PCD [18, 69].

The potential-dependent potassium channels and also several nonselective
cation channels (NSCC) are involved in potassium release at stress and during
some development processes [68, 69]. It is important to note that the slow re-



lease of K* occurs under normal conditions as well [70]. Moreover, it is neces-
sary for carrying out important physiological processes, for example, air pore regu-
lation of transpiration [72-73]. The increase in potassium release at salt stress was
shown long ago [74]. It was established that the release of Kt is mostly mediated
by depolarization-activated outwardly-rectifying K*-channels [75]. The detailed
mechanism of this process and its effect on further events in the cell as well are
still to be discovered.

The outwardly-rectifying K*-channels providing for Goldman rectifica-
tion of the outgoing potassium current are activated at the depolarization of the
plasmatic membrane and are related to the Shaker type. These are usually ho-
mo- or heterotetramers [70]. Each subunit comprises six trans-membrane do-
mains, a pore domain, and a voltage sensor. At the assembly of a tetramer, the
pore domains containing a specific amino acid sequence (GYGD) are combined
in such a way that four potassium-binding sites appear inside the pore, i.e. a se-
lective filter is formed [76]. In the plasmatic membrane of root cells of
A. thaliana, two types of outwardly-rectifying Shaker channels are synthesized:
SKOR (STELAR Kt-outward-rectifier) and GORK (guard cell outward-
rectifying K*-channel). Thereby, the SKOR-type channels are represented in
parenchymal cells and mediate potassium current in the xylem vessels, whereas
GORK are predominant in epidermal cells and are involved in potassium release
from the root [70]. Both of these types are directly activated by ROS [77].
Channel opening is induced via the ROS-sensitive site in the molecular struc-
ture. In the case of SKOR, the role of the ROS sensor is played by the cysteine
residue (Cys168) in the peptide sequence of the S3 domain in the contents of
the potential-sensitive complex S1-S4 [77]. Due to the fact that structurally
similar GORK and SKOR are significantly similar, it is suggested that in GORK
the ROS-dependent activation is provided in the same way [18].
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Fig. 2. Scheme of processes that are a basis of stress-induced autophagy and programmed cell death
(PCD). The stress signals interact with specific receptors on the cell surface, which causes the depo-



larization of the plasmatic membrane, an increase in the cytoplasmic activity of calcium, an increase
in the production of reactive oxygen species (ROS) due to the calcium-dependent activation of
NADPH-oxidase. Depolarization also leads to the activation of the outward-rectifying potassium
channels, which is further stimulated by ROS. A drastic drop in the concentration of cytoplasmic
potassium leads to triggering of the autophagy and PCD reactions. ROS are also produced intracel-
lularly and are transported into apoplast via aquaporins. The redox processes in the apoplast are
controlled by the content of reduced transition metals and ascorbate (according to 18, with altera-
tions). EF is EF-hand (protein domain); TPC1 is a two-port calcium channel. The grey arrows in-
dicate secondary processes.

The activity of the GORK channel is stimulated by hydroxyl radicals
(*OH), which are generated by the Ca2*-dependent NADPH-oxidases at reac-
tion almost to all types of stress, including salinization, drought, pathogen at-
tack, etc. A decrease in the potassium concentration in the cytoplasm, in its
turn, stimulates the activity of proteolytic enzymes, including caspase-like prote-
ases, which play an important role in the PCD triggering mechanism in plants
[45, 69, 70].

In a general form, the mechanism of developing a stress reaction involv-
ing the outgoing K* current in epidermal root cells may be represented as fol-
lows. At binding of the stress signal or pathogen elicitor with the plasmatic
membrane receptor and also as a result of the supply of Na*™ via non-selective
channels, the activation of Ca2*-permeable cation channels occurs, which leads
to an increase in the Ca2* concentration in the cytoplasm. Calcium activates the
NADPH-oxidase by binding to its cytoplasmic domain. Also, the Ca2*-
dependent activation of endonucleases and proteases may be observed [64].
NADPH-oxidase generates superoxide-anions (O,""), which react with protons,
forming a hydroperoxide radical (HO,"). Dismutation of HO," gives hydrogen
peroxide (H»0O,), which becomes a source of oxygen for the synthesis of hydrox-
yl radicals (*OH) in Haber-Weiss reactions [78]. Peroxide and *OH further acti-
vate the SKOR, GORK and Ca2"-permeable channels, enhancing the supply of
Ca?* into the cytoplasm, and, in their turn, also stimulating NADPH-oxidase
(Fig. 2). A positive feedback mechanism works, which may be stopped by sys-
tems for pumping Ca2™ away from the cytoplasm [79]. The membrane potential
is restored by potassium release and due to an increase in the activity of the
electrogenic H*-ATPase pump. If membrane repolarization and restoration of the
cellular potassium amount do not occur, the potassium-regulated plant proteases
and endonucleases are activated, and the result is the initiation of the molecular
PCD mechanism [70].

In the late 1990s, it was discovered that in mammal cells the decrease in
the concentration of K (together with the intake of Ca2*) plays an important
role in the apoptosis triggering mechanism [80, 81]. Potassium is a direct inhibi-
tor of caspases, and its release from the cell activates these enzymes [82, 83].
Most probably, the similar mechanism exists in plant cells as well [18, 69]. Ac-
cording to the recent hypothesis, potassium in plants (depending on its content
in cytoplasm) serves as a metabolism trigger, and the stress-induced release of
K* may be a trigger of stopping the cell growth, inhibiting the biosynthesis, acti-
vation of catabolism and at strong stress at longer perspective, triggering the
PCD [18]. An important step in developing this hypothesis is to test the poten-
tial stimulation of autophagy at the loss of K* by plant cells. It is still unknown
whether autophagy is a K*-dependent process in plants. It was shown that in A.
thaliana gork I-1 mutants (in contrast to the natural ecotype Ws-0) at condition-
ing the roots in NaCl solution, the drastic accumulation of autophagosomes does
not occur. The obtained data indicate that potassium loss plays a direct role in
inducing autophagy [18].

Perspectives of studying autophagy. According to modern



concepts, autophagy plays a significant role in cell metabolism providing the
renovation of cellular structures, the cleavage of damaged molecules and produc-
tion therefrom of organic compounds required for the extraction and accumula-
tion of energy. I.e. this effect is directed to cell survival. Autophagy is especially
important at adaptation to various stress effects. It mainly defines the survival of
plants under adverse and changing conditions. Despite the fact that autophagy is
studied in sufficient detail, there are still many unresolved issues. In particular, it
is not quite clear whether the rapid release of potassium ions from the cell al-
ways directly triggers the molecular autophagy mechanism (similarly to its induc-
tion of programmed cell death). The same concerns the relationship of autopha-
gy with other intracellular processes. It was shown that the absence of autophagy
adversely affects the endurance of plants to stress, that it influences biomass accu-
mulation and seed productivity. However, the effect of autophagy is not so unam-
biguous because it is also involved in cell death processes. Nevertheless, these
processes are an intrinsic part of organism development; they are necessary for
the formation of many structures and passing of all life cycle stages.

In case the hypothesis that the regulatory cellular signal for triggering au-
tophagy is a drastic decrease in the cytoplasmic potassium concentration is con-
firmed, its functions can appear to be even more significant, especially under
conditions when the plant is exposed to adverse environmental factors. The di-
rected manipulation with the degree of cellular component activity for maintain-
ing the required potassium concentration in the cytoplasm at stress may be used
at creation of stress-resistant plants, for decreasing their deaths and supporting
growth processes under adverse environmental conditions.

Therefore, autophagy as a process directly relevant to the mechanisms of
stress resistance, aging and to the transport of assimilates is an important poten-
tial target for regulation, which has not yet been used at creation of new culti-
vars and in practical applications in agriculture. Autophagy plays a double role:
on the one hand, it is directed to the survival of the cell; on the other hand, it
serves as part of the cell death process. In both cases, autophagy directly affects
the development of plant organisms. In view of this, further studying of autopha-
gy regulations, especially, more detailed disclosure of induction mechanisms of
this process appears to be perspective.

REFERENCES

1. Hurley J.H., Young L.N. Mechanisms of autophagy initiation. Annu. Rev. Biochem., 2017, 86:
225-244 (doi: 10.1146/annurev-biochem-061516-044820).

2. Klionsky D.J. The molecular machinery of autophagy: unanswered questions. J. Cell Sci., 2005,
118: 7-18 (doi: 10.1242/jcs.01620).

3. Reumann S., Voitsekhovskaja O., Lillo C. From signal transduction to autophagy of plant cell
organelles: lessons from yeast and mammals and plant-specific features. Protoplasma, 2010,
247(3-4): 233-256 (doi: 10.1007/s00709-010-0190-0).

4.  van Doormn W.G., Beers E.P., Dang J.L., Franklin-Tong V.E., Gallois P., Hara-Nishimura I.,
Jones A.M., Kawai-Yamada M., Lam E., Mundy J., Mur L.A.J., Petersen M., Smertenko A.,
Taliansky M., Van Breusegem F., Wolpert T., Woltering E., Zhivotovsky B., Bozhkov P.V.
Morphological classification of plant cell deaths. Cell Death Differ., 2011, 18(8): 1241-1246 (doi:
10.1038/cdd.2011.36).

5.  Lam E. Controlled cell death, plant survival and development. Nat. Rev. Mol. Cell Biol., 2004,
5(4): 305-315 (doi: 10.1038/nrm1358).

6. Samuilov V.D., Oleskin A.V., Lagunova E.M. Biokhimiya, 2000, 8: 1029-1046 (in Russ.).

7. Liu Y., Bassham D.C. Autophagy: pathways for self-eating in plant cells. Annu. Rev. Plant Biol.,
2012, 63: 215-237 (doi: 10.1146/annurev-arplant-042811-105441).

8. van Doorn W.G., Woltering E.J. Many ways to exit? Cell death categories in plants. Trends
Plant Sci., 2005, 10(3): 117-122 (doi: 10.1016/j.tplants.2005.01.006).

9. Xiong Y., Sheen J. Rapamycine and glucose-target of rapamycine (TOR) protein signaling in
plants. J. Biol. Chem., 2012, 287: 2836-2842 (doi: 10.1074/jbc.M111.300749).



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

Aubert S., Gout E., Bligny R., Marty-Mazars D., Barrieu F., Alabouvette J., Marty F., Douce R.
Ultrastructural and biochemical characterization of autophagy in higher plant cells subjected to
carbon deprivation: control by the supply of mitochondria with respiratory substrates. J. Cell Bi-
ol., 1996, 133(6): 1251-1263 (doi: 10.1083/jcb.133.6.1251).

Moriyasu Y., Ohsumi Y. Autophagy in tobacco suspension-cultured cells in response to sucrose
starvation Plant Physiol., 1996, 111(4): 1233-1241 (doi: 10.1104/pp.111.4.1233).

Thompson A.R., Vierstra R.D. Autophagic recycling: lessons from yeast help define the process
in plants. Curr. Opin. Plant Biol., 2005, 8: 165-173 (doi: 10.1016/j.pbi.2005.01.013).
Voitsekhovskaja O.V., Schiermeyer A., Reumann S. Plant peroxisomes are degraded by starva-
tion-induced and constitutive autophagy in tobacco BY-2 suspension-cultured cells. Front. Plant
Sci., 2014, 18(5): article 629 (doi: 10.3389/fpls.2014.00629).

Toyooka K., Okamoto T., Minamikawa T. Cotyledon cells of Vigna mungo seedlings use at least
two distinct autophagic machineries for degradation of starch granules and cellular components.
J. Cell Biol., 2001, 154: 973-982 (doi: 10.1083/jcb.200105096).

Guiboileau A., Sormani R., Meyer C., Masclaux-Daubresse C. Senescence and death of plant
organs: nutrient recycling and developmental regulation. C. R. Biol., 2010, 333(4): 382-391 (doi:
10.1016/j.crvi.2010.01.016).

Yoshimoto K., Jikumaru Y., Kamiya Y., Kusano M., Consonni Ch., Panstruga R., Ohsumi Y.,
Shirasua K. Autophagy negatively regulates cell death by controlling NPRI1-dependent salicylic
acid signaling during senescence and the innate immune response in Arabidopsis. The Plant Cell,
2009, 21: 2914-2927 (doi: 10.1105/tpc.109.068635).

Wang Y., Yu B., Zhao J., Guo J., Li Y., Han S., Huang L., Du Y., Hong Y., Tang D., Liu Y.
Autophagy contributes to leaf starch degradation. The Plant Cell, 2013, 25: 1383-1399 (doi:
10.1105/tpc.112.108993).

Demidchik V., Tyutereva E.V., Voitsekhovskaja O.V. The role of ion disequilibrium in induc-
tion of root cell death and autophagy by environmental stresses. Funct. Plant Biol., 2017, 45(1):
28-46 (doi: 10.1071/FP16380).

Pérez-Pérez M.E., Couso 1., Dominguez-Gonzalez M., Lemaire S.D., Crespo J.L. Redox con-
trol of autophagy in photosynthetic organisms. In: Progress in botany. Vol. 79. F. Canovas, U. Liittge,
R. Matyssek (eds.). Springer, Cham, 2017 (doi: 10.1007/124_2017_6).

Zhou J., Yu J.Q., Chen Z. The perplexing role of autophagy in plant innate immune responses
Mol. Plant Pathol., 2014, 15(6): 637-645 (doi: 10.1111/mpp.12118).

Minibayeva F., Ponomareva A., Dmitrieva S., Ryabovol V. Oxidative stress-induced autophagy
in plants: the role of mitochondria. Plant Physiol. Bioch., 2012, 59: 11-19 (doi:
10.1016/j.plaphy.2012.02.013).

Ishida H., Wada S. Autophagy of whole and partial chloroplasts in individually darkened leaves:
a unique system in plants? Autophagy, 2009, 5: 736-737 (doi: 10.4161/auto.5.5.8568).

Shibata M., Oikawa K., Yoshimoto K., Kondo M., Mano S., Yamada K., Hayashi M., Sa-
kamoto W., Ohsumi Y., Nishimura M. Highly oxidized peroxisomes are selectively degraded via
autophagy in Arabidopsis. The Plant Cell, 2013, 25: 4967-4983 (doi: 10.1105/tpc.113.116947).
Niki T., Saito S., Gladish D.K. Granular bodies in root primary meristem cells of Zea mays L.
var. Cuscoensis K. (Poaceae) that enter young vacuoles by invagination: a novel ribophagy
mechanism. Protoplasma, 2014, 251(5): 1141-1149 (doi: 10.1007/s00709-014-0622-3).

Reggiori F., Klionsky D.J. Autophagic processes in yeast: mechanism, machinery and regula-
tion. Genetics, 2013, 194(2): 341-361 (doi: 10.1534/genetics.112.149013).

Kovaleva O.V., Shitova M.S., Zborovskaya 1.B. Klinicheskaya onkogematologiya, 2015, 2(2):
103-113 (in Russ.).

Bassham D.C. Plant autophagy — more than a starvation response. Curr. Opin. Plant Biol.,
2007, 10(6): 587-593 (doi: 10.1016/j.pbi.2007.06.006).

van der Wilden W., Herman E.M., Chrispeels M.J. Protein bodies of mung bean cotyledons as
autophagic organelles. PNAS USA, 1980, 77(1): 428-432.

Yamasaki A., Noda N.N. Structural biology of the Cvt pathway. J. Mol. Biol., 2017, 429(4):
531-542 (doi: 10.1016/5.jmb.2017.01.003).

Kim S.H., Kwon C., Lee J.H., Chung T. Genes for plant autophagy: functions and interactions.
Mol. Cells, 2012, 34(5): 413-423 (doi: 10.1007/s10059-012-0098-y).

Yan Q., Wang J., Fu Z.Q., Chen W. Endocytosis of AtRGSI is regulated by the autophagy path-
way after D-glucose stimulation. Front. Plant Sci., 2017, 8: 1229 (doi: 10.3389/fpls.2017.01229).
Ryabovol V.V., Minibayeva F.V. Molecular mechanisms of autophagy in plants: role of ATG8
proteins in formation and functioning of autophagosomes. Biochemistry (Moscow), 2016, 81(4):
348-363 (doi: 10.1134/S0006297916040052).

Michaeli S., Galili G., Genschik P., Fernie A.R., Avin-Wittenberg T. Autophagy in plants — what's
new on the menu? Trends Plant. Sci., 2016, 21(2): 134-144 (doi: 10.1016/j.tplants.2015.10.008).

Alers S., Wesselborg S., Stork B. ATG13: Just a companion, or an executor of the autophagic
program? Autophagy, 2014, 10(6): 944-956 (doi: 10.4161/auto.28987).

Suttangkakul A., Li F., Chung T., Vierstra R.D. The ATG1/ATG13 protein kinase complex is



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.
46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

60.

both a regulator and a target of autophagic recycling in Arabidopsis. The Plant Cell, 2011, 23:
3761-3779 (doi: 10.1105/tpc.111.090993).

Li F., Vierstra R.D. Arabidopsis ATG11, a scaffold that links the ATG1-ATG13 kinase complex
to general autophagy and selective mitophagy. Aufophagy, 2014, 10(8): 1466-1467 (doi:
10.4161/auto.29320).

Kawamata T., Kamada Y., Kabeya Y., Sekito T., Ohsumi Y. Organization of the pre-
autophagosomal structure responsible for autophagosome formation. Mol. Biol. Cell, 2008,
19(5): 2039-2050 (doi: 10.1091/mbc.E07-10-1048).

Avin-Wittenberg T., Honig A., Galili G. Variations on a theme: plant autophagy in comparison
to yeast and mammals. Protoplasma, 2012, 249(2): 285-299 (doi: 10.1007/s00709-011-0296-z).
Doelling J.H., Walker J.M., Friedman E.M., Thompson A.R, Vierstra R.D. The APGS8/12-
activating enzyme APG7 is required for proper nutrient recycling and senescence in Arabidopsis
thaliana. J. Biol. Chem., 2002, 277(36): 33105-33114 (doi: 10.1074/jbc.M204630200).

Ohsumi Y. Molecular dissection of autophagy: two ubiquitin-like systems. Natf. Rev. Mol. Cell
Biol., 2001, 2: 211-216 (doi: 10.1038/35056522).

Phillips A.R., Suttangkakul A., Vierstra R.D. The ATG12-conjugating enzyme ATG10 is essen-
tial for autophagic vesicle formation in Arabidopsis thaliana. Genetics, 2008, 178(3): 1339-1353
(doi: 10.1534/genetics.107.086199).

Kellner R., de la Concepcion J.C., Magbool A., Kamoun S., Dagdas Y.F. ATGS8 expansion: a
driver of selective autophagy diversification? Trends Plant. Sci., 2017, 22(3): 204-214 (doi:
10.1016/j.tplants.2016.11.015).

Li F., Vierstra R.D. Autophagy: a multifaceted intracellular system for bulk and selective recy-
cling. Trends Plant Sci., 2012, 17: 526-537 (doi: 10.1016/j.tplants.2012.05.006).

Pérez-Pérez M.E., Zaffagnini M., Marchand C.H., Crespo J.L., Lemaire S.D. The yeast au-
tophagy protease Atg4 is regulated by thioredoxin. Autophagy, 2014, 10(11): 1953-1864 (doi:
10.4161/auto.34396).

Zamyatnin A.A. Uspekhi biologicheskoi khimii, 2015, 55: 145-180 (in Russ.).

Thompson A.R., Doelling J.H., Suttangkakul A., Vierstra R.D. Autophagic nutrient recycling in
Arabidopsis directed by the ATG8 and ATGI12 conjugation pathways. Plant Physiol., 2005,
138(4): 2097-2110 (doi: 10.1104/pp.105.060673).

Le Bars R., Marion J., Satiat-Jeunemaitre B., Bianchi M.W. Folding into an autophagosome: ATGS5
sheds light on how plants do it. Autophagy, 2014, 10(10): 1861-1863 (doi: 10.4161/auto.29962).
Monastyrska I., Rieter E., Klionsky D.J., Reggiori F. Multiple roles of the cytoskeleton in autoph-
agy. Biol. Rev. Camb. Philos., 2009, 84(3): 431-448 (doi: 10.1111/j.1469-185X.2009.00082.x).
Wang Y., Zheng X., Liu Y. Functional links between microtubules, autophagy and leaf
starch degradation in plants. Plant Signaling and Behavior, 2016, 11(7): 1201626 (doi:
10.1080/15592324.2016.1201626).

Moreau K., Renna M., Rubinsztein D.C. Connections between SNAREs and autophagy.
Trends Biochem. Sci., 2013, 38(3): 57-63 (doi: 10.1016/j.tibs.2012.11.004).

Han S., Wang Y., Zheng X., Jia Q., Zhao J., Bai F., Hong Y., Liu Y. Cytoplastic glyceraldehyde-
3-phosphate dehydrogenases interact with ATG3 to negatively regulate autophagy and immunity in
Nicotiana benthamiana. Plant Cell, 2015, 27: 1316-1331 (doi: 10.1105/tpc.114.134692).

Henry E., Fung N., Liu J., Drakakaki G., Coaker G. Beyond glycolysis: GAPDHs are multi-
functional enzymes involved in regulation of ROS, autophagy, and plant immune responses.
PLOS Genetics, 2015, 11: €1005199 (doi: 10.1371/journal.pgen.1005199).

Crespo J.L., S. Diaz-Troya S., Florencio F.J. Inhibition of target of rapamycin signaling by
rapamycin in the unicellular green alga Chlamydomonas reinhardtii. Plant. Physiol., 2005, 139:
1736-1749 (doi: 10.1104/pp.105.070847).

Liu Y., Bassham D.C. TOR is a negative regulator of autophagy in Arabidopsis thaliana. PLoS
ONE, 2010, 5(7): 11883 (doi: 10.1371/journal.pone.0011883).

Yip C.K., Murata K., Walz T., Sabatini D.M., Kang S.A. Structure of the human mTOR com-
plex 1 and its implications for rapamycin inhibition. Mol. Cell., 2010, 38(5): 768-774 (doi:
10.1016/j.molcel.2010.05.017).

Chang Y.-Y., Neufeld T.P. An Atgl/Atgl3 complex with multiple roles in TOR-mediated au-
tophagy regulation. Mol. Biol. Cell, 2009, 20(7): 2004-2014 (doi: 10.1091/mbc.E08-12-1250).
Galluzzi L., Pietrocola F., Levine B., Kroemer G. Metabolic control of autophagy. Cell, 2014,
159(6): 1263-1276 (doi: 10.1016/j.cell.2014.11.006).

Chen L., Su Z.-Z., Huang L., Xia F.-N., Qi H., Xie L.-J., Xiao S., Chen Q.-F. The AMP-
activated protein kinase KIN10 is involved in the regulation of autophagy in Arabidopsis. Front.
Plant Sci., 2017, 8: article 1201 (doi: 10.3389/fpls.2017.01201).

Patel S., Caplan J., Dinesh-Kumar S.P. Autophagy in the control of programmed cell death.
Curr. Opin. Plant Biol., 2006, 9(4): 391-396 (doi: 10.1016/j.pbi.2006.05.007).

Liu Y., Schiff M., Czymmek K., Tallycz, Z., Levine B., Dinesh-Kumar S.P. Autophagy regu-
lates programmed cell death during the plant innate immune response. Cell, 2005, 121(4): 567-
577 (doi: 10.1016/j.cell.2005.03.007).



61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Shibuya K., Yamada T., Ichimura K. Autophagy regulates progression of programmed cell death
during petal senescence in Japanese morning glory. Autophagy, 2009, 5(4): 546-547 (doi:
10.4161/auto.5.4.8310).

Kabbage M., Kessens R., Bartholomay L.C., William B. The life and death of a plant cell. An-
nu. Rev. Plant Biol., 2017, 68: 375-404 (doi: 10.1146/annurev-arplant-043015-111655).
Fomicheva A.S., Tuzhikov A.l., Beloshistov R.E., Trusova S.V., Galiullina R.A., Mochalova
L.V., Chichkova N.V., Vartapetyan A.B. Uspekhi biologicheskoi khimii, 2012, 52: 97-126 (in
Russ.).

Collazo C., Chacun O., Borras O. Programmed cell death in plants resembles apoptosis of ani-
mals. Biotecnologia Aplicada, 2006, 23: 1-10.

Trewavas A., Knight M. Mechanical signalling, calcium and plant form. Plant Mol. Biol., 1994,
26(5): 1329-1341 (doi: 10.1007/BF00016478).

Demidchik V., Maathuis F.J.M. Physiological roles of nonselective cation channels in plants:
from salt stress to signalling and development. New Phytol., 2007, 175(3): 387-405 (doi:
10.1111/j.1469-8137.2007.02128.x).

Demidchik V. Reactive oxygen species and oxidative stress in plants. In: Plant stress physiology. 2nd
edition. S. Shabala (ed.). Wallingford, CABI, 2012: 24-58 (doi: 10.1079/9781780647296.0064).
Demidchik V., Shabala S.N., Coutts K.B., Tester M.A., Davies J. Free oxygen radicals regulate
plasma membrane Ca2*- and K*-permeable channels in plant root cells. J. Cell Sci., 2003, 116:
81-88 (doi: 10.1242/jcs.00201).

Demidchik V., Cuin T.A., Svistunenko D., Smith S.J., Miller A.J., Shabala S., Sokolik A.,
Yurin V. Arabidopsis root K*-efflux conductance activated by hydroxyl radicals: single-channel
properties, genetic basis and involvement in stress-induced cell death. J. Cell Sci., 2010, 123:
1468-1479 (doi: 10.1242/jcs.064352).

Demidchik V. Mechanisms and physiological roles of K* efflux from root cells. J. Plant Phys-
iol., 2014, 171(9): 696-707 (doi: 10.1016/j.jplph.2014.01.015).

Maathuis F.J.M, Amtmann A. K* nutrition and Na* toxicity: the basis of cellular K*/Na™*
ratios. Annals of Botany, 1999, 84(2): 123-133 (doi: 10.1006/anbo.1999.0912).

Hos E., Vavasseur A., Mouline K., Dreyer 1., Gaymard F., Porée F., Boucherez J., Lebaudy A.,
Bouchez D., Very A.A., Simonneau T., Thibaud J.B., Sentenac H. The Arabidopsis outward K+
channel GORK is involved in regulation of stomatal movements and plant transpiration. PNAS,
2003, 100(9): 5549-5554 (doi: 10.1073/pnas.0733970100).

LiJ., Zhang H., Lei H., Jin M., Yue G., Su Y. Functional identification of a GORK potassium
channel from the ancient desert shrub Ammopiptanthus mongolicus (Maxim.) Cheng f. Plant.
Cell. Rep., 2016, 35(4): 803-815 (doi: 10.1007/500299-015-1922-6).

Nassery H. The effects of salt and osmotic stress on the retention of potassium by excised barley
and bean roots. New Phytol., 1975, 75(1): 63-67 (doi: 10.1111/j.1469-8137.1975.tb01371.x).
Shabala S., Demidchik V., Shabala L., Cuin T.A., Smith S.J., Miller A.J., Davies J.M., New-
man [.A. Extracellular Ca?* ameliorates NaCl-induced K* loss from Arabidopsis root and leaf
cells by controlling plasma membrane K*-permeable channels. Plant Physiol., 2006, 141: 1653-
1665 (doi: 10.1104/pp.106.082388).

MacKinnon R. Potassium channels and the atomic basis of selective ion conduction (Nobel
lecture). Angew. Chem. Int. Edit., 2004, 43(33): 4264-4277 (doi: 10.1002/anie.200400662).
Garcia-Mata C., Wang J., Gajdanowicz P., Gonzalez W., Hills A., Donald N., Riedelsberger J.,
Amtmann A., Dreyer 1., Blatt M.R. A minimal cysteine motif required to activate the SKOR
K* channel of Arabidopsis by the reactive oxygen species HyO,. J. Biol. Chem., 2010, 285(38):
29286-29294 (doi: 10.1074/jbc.M110.141176).

Halliwell B., Gutteridge J.M.C. Free radicals in biology and medicine. Oxford University Press,
USA, 2015 (doi: 10.1093/acprof:0so/9780198717478.001.0001).

Demidchik V., Shabala S. Mechanisms of cytosolic calcium elevation in plants: the role of ion
channels, calcium extrusion systems and NADPH oxidase-mediated ‘ROS-Ca2* Hub’. Funct.
Plant Biol., 2017, 45(1): 9-27 (doi: 10.1071/FP16420).

Bortner C.D., Hughes F.M. Jr., Cidlowski J.A. A primary role for K* and Na™ efflux in the acti-
vation of apoptosis. J. Biol. Chem., 1997, 272(51): 32436-32442 (doi: 10.1074/jbc.272.51.32436).
Yu S.P., Yeh C.H., Sensi S.L., Gwag B.J., Canzoniero L.M., Farhangrazi Z.S., Ying H.S.,
Tian M., Dugan L.L., Choi D.W. Mediation of neuronal apoptosis by enhancement of outward
potassium current. Science, 1997, 278(5335): 114-117 (doi: 10.1126/science.278.5335.114).

Park 1.-S., Ja-Eun K. Potassium efflux during apoptosis. J. Biochem. Mol. Biol., 2002, 35(1): 41-
46 (doi: 10.5483/BMBRep.2002.35.1.041).

Remillard C.V., Yuan J.X. Activation of K* channels: an essential pathway in programmed cell
death. Am. J. Physiol. — Lung C., 2004, 286(1): 49-67 (doi: 10.1152/ajplung.00041.2003).



