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The data on the process of plant autophagy, its importance for the functioning of
plants under optimal and stressful conditions are reviewed. Autophagy, a highly
intricate and conserved process, remains at a basal level under optimal conditions,
and is induced when plants fall under stress. This process stands as one of the cen-
tral mechanisms enabling plants to adapt to adverse environmental factors. The
activation of autophagy in response to various abiotic stressors, encompassing
extreme temperatures, salinity, drought, nutrient deprivation, and herbicides is dis-
cussed. The regulatory mechanisms of autophagy are thoroughly considered,
encompassing post-translational protein modifications crucial for its activation and
progression, transcriptional regulation, and signaling through phytohormones. The
pivotal role of autophagy activation is underscored in eliminating damaged
organelles, and providing vital nutrients required for plant functionality and sur-
vival when exposed to abiotic stressors. Furthermore, the potential involvement of
autophagy in herbicide-induced pathogenesis is discussed, with a dual perspective:
its potential role in regulating programmed cell death (PCD), and its role in mi-
tigating herbicide effects through the plant’s homeostatic resistance mechanisms.
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Autophagy is a highly conserved process among eukaryotes. Under optimal
conditions, it functions at a low basal level, and is essential for maintaining
metabolic homeostasis. However, its activation is frequently observed in
response to changes in environmental conditions. The triggers for such
activation can encompass a range of stressful factors [1]. Autophagy ensures
the degradation and recycling of various types of cellular components [1].
This process plays a crucial role in the survival of plants exposed to abio-
tic stressors. Autophagy is significantly important in plant metabolism and
energy balance, and closely linked to maintaining stable plant productivi-
ty, especially in suboptimal conditions [2].

The term «autophagy» was initially introduced in 1963 by Christian de
Duve to describe the process of degrading cytoplasmic components within
the lysosome/vacuole [3]. A pivotal moment in autophagy research was when
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Yoshinori Ohsumi identified the first 15 genes related to autophagy, deno-
ted as ATG (autophagy-related genes), through genetic screening using
yeast [3—5]. Currently, more than 40 ATG genes have been identified in
yeast, with the majority of them having close homologues in plants, from
algae to vascular plants [6, 7]. Notably, Arabidopsis thaliana has approxi-
mately 40 ATGs [8] (some sources mention 47 [9]), rice (Oryza sativa
L.) — 33 [10], and tea (Camellia sinensis (L.) O. Kuntze) — near 80 [11].

It’s worth mentioning that, unlike yeast, many ATG genes in plants
are organized into small families. It is assumed that genes within these
families are induced differently in response to stressful conditions and
developmental stages, allowing for finer regulation of autophagy activity
[12]. In contrast to the ubiquitin-proteasome system, which involves near-
ly 1300 genes, constituting about 5 % of the Arabidopsis proteome [13],
autophagy can target and degrade nearly all substrates or aggregates within
cells, including proteins and their aggregates, redundant biomolecules,
damaged organelles, and certain invasive microorganisms [14, 15].

There are three types of autophagy in plants: microautophagy,
macroautophagy, and megaautophagy [16]. In microautophagy, cytoplas-
mic material is gathered on the surface of the vacuole, and enters it
through the invagination of the tonoplast. Eventually, the tonoplast breaks
down to release autophagic bodies, which are intravacuolar vesicles con-
taining cytoplasmic material. In macroautophagy, the predominant and
most studied form of autophagy in plants [17], biomaterial is insulated by
cytoplasmic vesicles formed de novo. These vesicles originate from the
expansion of the cup-shaped phagophore (or isolation membrane) sur-
rounding the cytoplasm, which ultimately condenses to form an
autophagosome surrounded by a double membrane [2]. The outer mem-
brane of the autophagosome then merges with the tonoplast to release the
inner vesicle as an autophagic body into the vacuole’s lumen. In both
micro- and macroautophagy, disruption of the autophagic cell membrane
exposes its content to vacuolar hydrolases, which cleave this content into
its constituent parts, subsequently transported back to the cytoplasm for
reuse [18].

In megaautophagy, the tonoplast ruptures or becomes permeable,
leading to the release of vacuolar hydrolases directly into the cytoplasm,
where they degrade the cytoplasmic material in situ [16]. Megaautophagy
often represents the final stage of programmed cell death during develop-
ment (e.g., during xylogenesis) or in response to pathogen invasion (e.g.,
during the hypersensitivity reaction) [2].

Autophagy, hereafter referred to as macroautophagy, is a complex,
stepwise, and dynamic process involving highly conserved ATG genes
responsible for the initiation and formation of autophagosomes [19, 20].
ATG proteins can be categorized into four functional groups [20]: 1) The
ATG1/ATG13 kinase complex, which triggers the formation of a
phagophore in response to the phosphorylation status of ATG13; 2) The
phosphatidylinositol-3-kinase complex (PI3K), responsible for incorpora-
ting phospholipids into the expanding phagophore; 3) The ATG2—
ATG9—ATG18 complex, which plays a role in expanding the phagophore
membrane and advancing the autophagosome; 4) The ATG8 and ATGI12
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conjugation systems, which catalyze the covalent binding of the ATGS pro-
tein to phosphatidylethanolamine (PE) and are crucial for the expansion
and maturation of the phagophore [21—27].

ATGSE plays a central role in plant autophagy. In Arabidopsis thaliana,
nine homologues of ATGS (ATGS8a—ATGSi) have been described, each
with different expression patterns and functions [19, 28]. In maise, there
are five ATGS homologues [29], while rice has six [10], wheat has 14, and
rapeseed (Brassica napus L.) has 22 [30].

ATGS-PE conjugates, found on both the outer and inner membranes
of the autophagosome, contribute to phagophore expansion and vesicle
closure during autophagosome formation. They also play a key role in re-
cognizing autophagic materials, facilitated by adapter proteins and recep-
tors interacting with ATGS8 [6, 17, 31].

While autophagy was traditionally viewed as a process for the exten-
sive degradation of cytoplasmic material [32], recent studies have revealed
its capacity for selectivity, enabling quality control over specific organelles.
These include chlorophagy (chloroplasts) [33], mitophagy (mitochondria)
[22, 34], reticulophagy (endoplasmic reticulum) [35—38], pexophagy (pe-
roxisomes) [39—41], ribophagy (ribosomes) [42—44], proteaphagy (protea-
somes) [45, 46], as well as the clearance of protein aggregates [47—49].
Autophagy can be triggered both in response to various abiotic stress fac-
tors and for nutrient remobilization [1, 2, 50—52], as well as for defense
against pathogens [53—56].

The selectivity of autophagy is adjusted by the interaction between
ATGS8 and specific autophagic receptors that contain ATGS8-interacting
motifs (AIM) or ubiquitin-interacting motifs (UIM) [17, 45, 57, 58]. These
autophagic receptors mediate the selective autophagy of cell organelles,
protein aggregates, and even certain pathogens [2].

The influence of abiotic factors on plant autophagy. Autophagy is
induced by specific environmental factors to maintain a balance between
plant growth and stress resistance [59]. It plays a crucial role in plant
responses to various abiotic factors such as high and low temperatures,
nutrient deficiency, salinity, drought, ultraviolet radiation, and more.

For instance, autophagy can be activated in response to elevated tem-
peratures. Numerous studies have demonstrated the accumulation of
autophagosomes in Arabidopsis and tomato plants subjected to heat stress
[47, 48, 60]. Notably, Arabidopsis mutants lacking key autophagy-related
genes, atgd and afg7, displayed increased sensitivity to heat stress, mani-
fested by heightened wilting, elevated electrolyte leakage, and reduced pho-
tosynthesis, in comparison to wild-type plants. Furthermore, atg7 mutant
plants exhibited the accumulation of insoluble protein aggregates labeled
with ubiquitin [47]. Given that heat stress leads to protein misfolding and
denaturation, it is hypothesized that it induces autophagy by triggering
endoplasmic reticulum (ER) stress, which results in the accumulation of
unfolded proteins within the ER, forming protein aggregates [36, 60].
These aggregates can be degraded by autophagy [48, 49].

It’s worth noting that, under heat stress conditions in pepper plants
(Capsicum annuum L.), the number of regulated CaATG genes, and the
increase in autophagosomal punctate were more pronounced in the heat-
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resistant line R9 compared to the heat-sensitive B6. This observation sug-
gests a strong link between autophagy and tolerance to high temperatures
[61].

Following heat stress, plants undergo a thermal recovery phase, during
which various processes enable them to return to normal growth and deve-
lopment. It has been observed, that autophagy is induced by thermoprim-
ing (moderate heat stress), and remains elevated long after the stressor is
removed [62]. Throughout the thermal recovery phase, in the absence of
persistent heat stress, the numbers of autophagosomes and autophagic bo-
dies progressively increase in Arabidopsis thaliana. This process has been
demonstrated to aid in the degradation of HSP during the late stages of the
thermal recovery phase, contributing to the resetting of cellular memory
regarding heat stress [62].

Recent findings [63] indicate an unexpected role for the ATG8 pro-
tein in restoring the vacuolated Golgi apparatus after short-term acute heat
stress. ATGS8 has been shown to translocate to the extended Golgi appara-
tus membrane and participate in the recruitment of clathrin light chain 2
(CLC2) to the cisternal membrane, which, in turn, facilitates the reassem-
bly of the Golgi apparatus.

Low temperatures have been shown to increase the expression of
CaATG13 and induce the formation of autophagosomes in pepper plants
[61]. Similarly, alfalfa (Medicago sativa L.) demonstrates an elevation in
MsATG13 expression in response to cold stress [64]. In tobacco plants
overexpressing MsATG13, exposure to low temperatures resulted in a lar-
ger number of autophagosomes compared to wild-type plants [64]. This
increase in autophagy is attributed to the activation of other AT Gs neces-
sary for autophagosome formation. Additionally, in transgenic tobacco
plants with excessive expression of MsATG13, the levels of proline content
and the activity of antioxidant enzymes increased in response to cold stress,
while the levels of reactive oxygen species (ROS) decreased.

As previously mentioned, gene homologues within families can exhi-
bit varying expression patterns under the influence of different stress fac-
tors. For example, in rice, three ATG6 homologues display distinct
responses to high, low temperatures, and drought. All three stress factors
increase the expression of OsATG6¢c, while heat stress decreases the expres-
sion of OsATG6a, and cold stress reduces the expression of OsATG6b [65].
In contrast, drought leads to increased expression levels of all three homo-
logues (O0sATG6a—OsATG6¢c) in rice. Similarly, in Tatar buckwheat
(Fagopyrum tataricum), all FtATGS homologues are inducibly expressed
during drought, low temperature, and salt stress, exhibiting different
expression patterns [9]. Among them, FtATG8a expression increases under
drought conditions, while FtATGS8e significantly decreases.

Changes in the expression levels of CaATG genes in response to vari-
ous abiotic factors (high and low temperatures, drought, salt stress) have
also been demonstrated in pepper plants [61]. This diversity of expression
patterns may suggest multiple functions of homologous ATG genes, which
could be linked to the variety of motifs present in ATG proteins [28].

Autophagy plays a pivotal role in promoting plant survival by main-
taining cellular homeostasis under drought conditions [66]. Evidence
demonstrates that Arabidopsis atg5 and atg7 mutants, as well as RNAi-
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ATGI18a plants where autophagy is blocked, exhibit heightened sensitivity
to drought [47, 67]. Reduced expression of ATG8d and ATG18h in toma-
to (Solanum lycopersicum), and ATG6 in wheat (Triticum aestivum), also
increases their vulnerability to drought [68, 69]. Conversely, the overex-
pression of ATGI8a in apple (Malus domestica) leads to increased
autophagy, and enhanced drought resistance [70].

In apple plants, overexpressing MdATGSi under drought conditions,
several positive changes were observed. These include a reduction in ROS
levels compared to wild-type plants, an increase in the activity of antioxi-
dant enzymes, a decrease in the accumulation of insoluble or oxidized pro-
teins, and higher amounts of amino acids and flavonoids. Additionally, root
water absorption improved, resulting in higher water use efficiency, con-
tributing to increased drought resistance [71, 72]. Drought also triggers the
activation of autophagy in tomatoes and wheat, leading to increased
expression of ATG genes and enhanced formation of autophagosomes [68,
69, 73].

In peach (Prunus persicae L.), of the 23 autophagy-related genes iden-
tified, 20 responded to drought stress. Under the influence of drought,
peach leaves exhibited suppressed photosynthetic processes and increased
antioxidant enzyme activity. Autophagy and A7TG expression were notably
enhanced, particularly PpATGS and some PpATGIS genes. Interestingly,
the activity of antioxidant enzymes displayed an inverse correlation with
the expression levels of PpATG [74].

Medicago truncatula possesses 39 autophagy-related genes (A7'G), with
most of them being strongly induced during seed development and in
response to drought, highlighting the essential role of autophagy in both
seed development and the plant’s response to drought stress [75].

Autophagy is involved in the degradation of aquaporins belonging to
the PIP subfamily (plasma membrane intrinsic protein) during drought
conditions, contributing to a reduction in water loss [66]. Using Arabidopsis
plants as an example, it has been demonstrated that PIP 2;7 is degraded
through autophagy, and this process is mediated by the selective autophagy
receptor — tryptophan-rich sensory protein (TSPO). When autophagy is
blocked using inhibitors or through the use of the a#g5 mutant, both TSPO
and PIP 2;7 stabilization occurs [76].

In Medicago truncatula, the autophagic degradation of aquaporin PIP
2;7 follows a slightly different pathway. It involves the participation of
dehydrin CAS31 (cold acclimation-specific 31), acting as a receptor for the
selective autophagic degradation of PIP 2;7 during drought [77].

Recently, a plant-unique protein known as COST 1 (constitutively
stressed 1) has been identified. This protein is essential for plant growth but
can exert a negative regulatory influence on their resistance to drought
through its direct interaction with the autophagy receptor protein ATG8e
[78]. In Arabidopsis thaliana plants with overexpressed COST 1, autophagy
is suppressed, rendering them hypersensitive to drought. Conversely, the
cost 1 mutant displays reduced growth but a heightened level of drought
resistance [79].

It has been demonstrated that both MG132, an inhibitor of the 26S
proteasome pathway, and concanamycin A, an inhibitor of the autophagy-
mediated vacuolar degradation pathway, can hinder the degradation of
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COST 1 during dehydration [79]. This observation suggests the involve-
ment of both pathways in the efficient removal of COST 1, which elimi-
nates its inhibition of autophagy and, in turn, enhances drought tolerance
[78].

Under conditions of salt stress, the expression of MdATGI0 in apple
plants, especially in the roots, is induced [80]. Transgenic apple plants
overexpressing MdATG10 demonstrated increased salt tolerance, characte-
rized by less impaired photosynthesis, improved growth, reduced Na*
accumulation, and a lower Na*/K" ratio compared to wild-type plants.
Transgenic apple plants with overexpression of MdATGSi also exhibited an
amelioration of negative effects caused by salt stress [81]. This improve-
ment was accompanied by increased autophagic activity and the accumu-
lation of proline, arginine, and polyamines, which play a crucial role in
enhancing plant resistance to salt stress.

In Arabidopsis, salinity induces autophagy, with its peak occurring
within 30 minutes of salt stress initiation [82]. Autophagy-defective
mutants do not display such induction. During a 3-hour salt treatment, the
accumulation of oxidized proteins decreases in the wild type; however, this
reduction is not observed in autophagy-defective afg2 or atg7 mutants.
Moreover, it has been demonstrated that autophagy is essential for seques-
tering Na* in the central vacuole of root cortex cells under salinity condi-
tions [82].

Autophagy is enhanced under conditions of limited nutrient supply, as
it serves to remobilize nutrients in plants and provide cellular material.
Depletion of nitrogen, inorganic phosphate (Pi), and limited sugar reserves
are known triggers for autophagy in cultured cells, as demonstrated in the
case of transformed BY-2 tobacco cells [83—86]. This indicates that such
a response occurs at the cellular level [84]. In nutrient-deficient conditions,
including Pi deficiency, the induction of autophagy in cultured BY-2
tobacco cells takes approximately 12 hours or even less, whereas intact
plants require a significantly longer duration to initiate such a response
[85]. Autophagy plays an important role in nitrogen transport and its
assimilation. Overexpression of ATG6 promoted autophagy and biomass
accumulation in tomato plants under low nitrogen content in the nutrient
medium [52]. At the same time, the nitrogen content in afgé6 mutant plants,
the activity of nitrate reductase and nitrite reductase decreased, while their
increase was observed in lines with overexpression of ATG6 under low
nitrogen supply.

Experiments conducted using autophagy-defective mutants have pro-
vided evidence of autophagy’s involvement in nutrient remobilization, par-
ticularly in conditions where nutrient supply is limited [19, 51, 87]. In
Arabidopsis plants, during nitrogen starvation, the expression of most ATGE
genes is induced, except for ATGSE and ATGSF [88]. Notably, remobi-
lization of N in several Arabidopsis atg mutants significantly decreased
compared to wild-type plants under varying nitrogen availability [87].
Furthermore, the afg mutants accumulated higher levels of ammonium,
amino acids, and proteins in rosette leaves compared to wild-type plants,
while displaying lower sugar content [51]. This observation suggests that
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autophagy plays a pivotal role in controlling the C/N status and protein
content in Arabidopsis leaves.

In the azg5 mutant of Arabidopsis, it has been demonstrated that not
only nitrogen but also sulfur remobilization from rosette leaves to seeds is
impaired when compared to control lines [89]. Additionally, the efficiency
of iron (Fe) translocation from vegetative organs to seeds is significantly
reduced in the afg5-1 mutant, even when Arabidopsis plants are adequate-
ly supplied with this element during seed formation [90].

In the atgl2 mutant of maize, under conditions of insufficient nitro-
gen nutrition, increased leaf senescence, impaired nitrogen remobilization,
and reduced productivity were observed [91].

Recent studies have revealed that autophagy induced by Pi starvation
is regulated by the ER stress response [92]. Additionally, evidence suggests
that in Arabidopsis thaliana, ER-phagy facilitates Pi recycling during the
initial stages of Pi starvation (2—3 days), while chlorophagy replenishes Pi
reserves when phosphorus starvation is combined with a substantial (5-fold)
nitrate supply to plants and a reduced C/N ratio [93—95].

It has been demonstrated that the expression of Arabidopsis ATGS
genes (AtATGSf and AtATGSR) is significantly induced in the roots when
exposed to low Pi supply. This regulation is closely associated with their
promoter activity and can be suppressed in the phosphate mutant response 1
(phrl) [96]. The researchers propose that induction of AtATGSf and
AtATGSh by Pi starvation may not directly facilitate Pi recycling but rather
relies on a subsequent wave of transcriptional activation triggered by
PHRI1. This second phase fine-tunes cell type-specific autophagic activity.
Further research is necessary to elucidate the mechanisms of autophagy
activation and its role in plant responses to phosphorus starvation.

The lack of zinc also induces autophagy in plants, as demonstrated on
the example of Arabidopsis [97]. Among all the members of the ATGS gene
family, ATG8d responds most strongly to this factor. Researchers have
shown that in the mutants azg5-4 and atgl0-1, a more significant increase
in O,~ and H,0, levels is observed under zinc deficiency compared to
wild-type plants. In other words, autophagy suppresses the accumulation of
ROS that form under conditions of limited zinc supply to plants.

Literature evidence suggests that intracellular self-degradation through
autophagy in Arabidopsis plants replenishes the pool of zinc ions from pro-
teins and organelles to increase the amount of usable zinc when it is scarce
[98]. This replenishment of free zinc ions helps mitigate photosynthesis-
related chlorosis caused by a Fenton-like reaction during zinc starvation in
Arabidopsis. Overall, the increased expression of ATG genes and the for-
mation of autophagic structures in response to nutrient deficiencies,
including nitrogen, carbon, phosphorus, zinc, and others, suggest the
involvement of autophagy in plant adaptation to mineral nutrient deficien-
cies [99].

There is compelling evidence in the literature that autophagy is trig-
gered in photosynthesizing organisms in response to stress, often associa-
ted with increased formation of reactive oxygen species, regardless of the
source and location of ROS generation within the cell [100, 101]. Elevated
ROS production can result from a different abiotic factors, including nutri-
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ent deficiencies, drought, salinity, high and low temperatures, intense
lighting, and exposure to herbicides. ROS can lead to the accumulation of
damaged or toxic materials in cells, and the degradation of these materials
occurs through the process of autophagy [102].

Significant oxidative stress and induction of autophagy were observed
in Arabidopsis plants upon exposure to H,O, [100], as well as in
Chlamydomonas [103]. When treated with methylviologen (the herbicide
paraquat), which is known to generate ROS, Arabidopsis seedlings with
impaired autophagy (RNAi-ATGI18a) exhibited stunted growth and pro-
nounced discoloration compared to wild-type plants [100]. In the RNAi-
ATGI18a plants, unlike in the wild type, there was no accumulation of
autophagosomes under the influence of methylviologen, and the level of
oxidized proteins in these plants was significantly higher, suggesting the
role of autophagy in degrading oxidized proteins during oxidative stress.
Similar results were observed when rice mutant azgl0b was treated with
methylviologen [104]. It is worth noting that Arabidopsis mutants with over-
expression of ATGS5 and ATG7 showed increased resistance to methylvio-
logen treatment compared to wild-type plants [105]. Under conditions
inducing ROS with methylviologen (10 uM), Nicotiana benthamiana plants
exhibited a 3.25-fold increase in basal autophagy activity, as determined by
the number of structures labeled with CFP-ATGS8f [106]. In carotenoid-
deficient mutants of Chlamydomonas reinhardtii, an increase in ROS levels
in chloroplasts was accompanied by a significant increase in autophagy
[101]. Treatment of Chlamydomonas reinhardtii cells with the herbicide
norflurazon, which inhibits phytoene desaturases and suppresses carotenoid
synthesis, led to autophagy activation only in the presence of light. This
suggests that autophagy is associated with photooxidative damage caused by
ROS production in the presence of light [102].

Since microtubules are believed to play a role in autophagy, herbicides
that cause their depolymerization by binding to tubulins may impact
autophagy-related processes in plants. For example, the herbicides amipro-
fos-methyl and oryzalin significantly reduced the formation of autophago-
somes and decreased the level of autophagy by approximately half [106].

It is known, that autophagy can be induced through the interaction of
ROS and nitric oxide (NO) [107]. Therefore, data on the effect of the NO
donor on the phytotoxic effects of herbicides, such as the acetyl-CoA-car-
boxylase inhibitor fenoxaprop [108], the protoporphyrinogen oxidase
(PPO) inhibitor carfentrazone, and the synthetic auxin 2,4-D [109], pro-
vide indirect evidence of the possible involvement of programmed cell
death, and specifically, autophagy, in the pathogenesis induced by these
herbicides.

In the current literature, three types of programmed cell death (PCD)
are considered: apoptosis (type 1), autophagy (type 2), and necrosis (type 3)
[110]. While there is literature data on the role of programmed cell death
in herbicide-induced pathogenesis [111], it remains unclear whether
programmed cell death occurs via necrosis or autophagy.
Simultaneously, evidence of the involvement of programmed cell death
in herbicide-induced pathogenesis [112] has been obtained for both
acetyl-CoA-carboxylase (ACC) inhibitor herbicides, whose action is
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mediated by the formation of ROS [113, 114], and for ALS inhibitor her-
bicides, whose action is independent of ROS.

Direct evidence of the role of autophagy in determining the plants
sensitivity to the action of ALS inhibitor herbicides has been obtained.
Since ALS is a key enzyme in the biosynthesis pathway of branched-chain
amino acids valine, leucine, and isoleucine, the activation of autophagy
under the action of ALS inhibitor herbicides may be attributed to a defi-
ciency of these amino acids. For instance, treatment of rapeseed plants
with the ALS inhibitor herbicide tribenuron-methyl has been shown to
deplete branched-chain amino acids in anthers, ultimately leading to
autophagic cell death [115]. Activation of GCN2, a protein kinase that
regulates mRNA translation, was observed under the influence of tribe-
nuron-methyl in Arabidopsis plants [116, 117]. The activation of autophagy
and GCN2 by tribenuron-methyl, as well as their reversal by exogenous
valine, leucine, and isoleucine, suggest that the starvation of branched-
chain amino acids induced by tribenuron-methyl is responsible for the acti-
vation of autophagy and GCN2 [117]. Genetic and biochemical analyses
conducted by these researchers revealed a lower proportion of free
branched-chain amino acids and more sensitive phenotypes in the single
mutants atg5, atg7, and gen2 than in wild-type seedlings after herbicide
treatment. Additionally, the lowest proportion of such amino acids and the
most sensitive phenotypes were found in the double mutants a#g5 gcn2 and
atg7 gen2. It is likely that tribenuron-methyl-induced starvation for
branched-chain amino acids activates autophagy, possibly through the
inactivation of the target of rapamycin (TOR) [117].

Activation of autophagy in plants treated with herbicides containing
ALS inhibitors can lead to an increase in the content of branched-chain
amino acids, thereby weakening the phytotoxic effects of the herbicides.
This contributes to the development of herbicide resistance, known as
homeostatic tolerance [117], in addition to the previously recognized tar-
get and metabolic tolerance. Homeostatic tolerance provides cellular pro-
tection when exposed to non-lethal stress. However, it should be noted that
the long-term effects of herbicides may eventually lead to autophagic cell
death.

Regulation of autophagy under the action of abiotic stresses. Autophagy
is a pivotal process for the adaptation of plants to adverse conditions. Its
activation under stressful circumstances is essential for eliminating da-
maged organelles and recycling essential nutrients to ensure plant survival.
This complex process involves a significant number of proteins, receptors,
and signaling pathways. To safeguard plant cells, autophagy must be care-
fully and strictly regulated. The regulatory pathways controlling autophagy
activation are still being unraveled. These pathways encompass post-trans-
lational protein modifications necessary for initiating and advancing
autophagy, control over the protein stability of the autophagy machinery,
and transcriptional regulation leading to changes in the expression of
autophagy-related genes [20].

Post-translational modifications of key proteins involved in the plant
autophagy mechanism include phosphorylation, ubiquitination, lipidiza-
tion, S-sulfhydration, S-nitrosylation, and acetylation [118]. During these
modifications, chemical groups such as phosphate, ubiquitin, persulfide,
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acetate, methyl, and others covalently alter specific amino acids in target
proteins, enabling changes in their functions, dynamics, and stability [20].
Serine and threonine residues are the most frequently phosphorylated,
while tyrosine is less common [119]. In some instances, histidine and argi-
nine residues can also undergo these modifications [120, 121].

A key role in the activation of autophagy is played by kinases, one of
which is the TOR, and the other is SNF-related kinase 1 (sucrose nonfer-
menting 1-related protein kinase 1 (SnRK1)) [122]. TOR functions as a
serine/threonine protein kinase and as a nutrient sensor that integrates
multiple output signals [123, 124]. The antibiotic rapamycin suppresses its
activity. Both of these kinase complexes are evolutionarily conserved
among eukaryotes and coordinate many signaling pathways in response to
energy deprivation and various stress conditions, including those that acti-
vate autophagy [125]. SnRK1 is activated by energy deficiency, often asso-
ciated with stress, to restore homeostasis, while TOR is activated under
nutrient-rich conditions to promote growth [125]. TOR controls the
processes of plant growth and development under favorable conditions,
while SnRK1 inhibits TOR with low supply of energy and resources, or in
stressful conditions [126]. SnRK1 is a master regulator of responses to
nutrient and energy deprivation, in particular, as evidenced by the fact that
a double mutant in the two catalytic subunits of SnRK1 (KIN10 and
KIN11) in Arabidopsis is lethal [127]. Transgenic Arabidopsis lines overex-
pressing KINI10 (KIN10-OE) demonstrated induction of autophagy and
autophagosome formation by affecting ATG1 phosphorylation, resulting in
delayed leaf senescence and increased tolerance to nutrient starvation. In
addition, KINI10-OE lines were less sensitive to drought and hypoxia com-
pared to the wild type [128]. At the same time, the kinl0 mutant had a
basal level of autophagy under normal conditions similar to wild-type
plants, but the activation of autophagy by many abiotic stresses was
blocked, indicating that SnRK1 is required for the induction of autophagy
by a diversity of stress conditions [129].

SnRKI1 is a positive regulator of autophagy. It activates this process by
directly phosphorylating the ATG1 protein or by inhibiting TOR [128,
129]. Conversely, TOR, which responds to nutrient deficiency, acts as a
negative regulator of autophagy in plants [124]. For instance, overexpres-
sion of TOR suppresses the induction of autophagy in nutrient-deprived
conditions, as well as in the presence of salt and osmotic stress. However,
it does not affect autophagy induction in response to oxidative stress or ER
stress (which occurs when a large number of unfolded proteins accumulate
under unfavorable conditions) [130, 131].

In addition to the TOR and SnRKI1 kinases described above, other
kinases, particularly which involved in the transmission of signals from
brassinosteroids [132—135] or ABA [136—137], can also participate in the
phosphorylation of substrates related to autophagy. Furthermore, protein
phosphatases may play a role in these processes [138]. Recently, conside-
rable research has been dedicated to persulfidation, a post-translational
modification process in which cysteine thiol groups of proteins are con-
verted to persulfide groups [139]. This modification extends to proteins
involved in autophagy [140]. According to [141], 5214 proteins that have
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undergone persulfide modification were identified in the roots of
Arabidopsis. In Arabidopsis, the deficiency of DES1 (cytosolic L-cysteine
desulfhydrase), responsible for cysteine degradation and hydrogen sulfide
(H,S) generation, leads to autophagy induction [142].

In Arabidopsis, an autophagy-related target protein that undergoes
persulfidation is the Cys-protease ATG4, which cleaves the C-terminal
extension of ATGS, is crucial for autophagosome formation [143]. As the
intracellular ABA level increases, the persulfidation of ATG4 temporarily
decreases, contributing to ATGS8 processing and autophagy progression
[143]. The persulfidation of ATGI18a at C103 in Arabidopsis regulates
autophagy under endoplasmic reticulum stress, and the disruption of this
process affects both the number and size of autophagosomes [144]. The
literature reports data on the negative regulation of autophagy by sulfide
[142, 145—147]. However, the role of H,S as a negative or positive
autophagy regulator may depend on specific abiotic factors and the poten-
tial involvement of other regulators in the autophagy signaling pathway [20,
144, 148].

Under the influence of stress factors, post-translational protein mo-
difications ensure the rapid activation of autophagy. To support autopha-
gic activity, plants increase the expression of ATG genes [20]. The correct
expression of ATG genes is mediated by transcription factors. Correlation
analysis between the expression of FtATGS and related transcription factor
genes in buckwheat plants under drought and salt stress indicates that
FtATGSa, FtATGSc, and FtATGSg exhibit a strong correlation with nume-
rous stress-related transcription factors, suggesting that FfATGS may be
regulated by transcription [9]. There is a high degree of correlation between
the expression levels of F1ATGS and most of the stress-related transcription
factors, including FtMYBI0, FtMYB21, FtbHLH?2, FtNAC2, and FtNAC6,
further indicating the potential involvement of FfATGS in salt stress and
drought in Tatar buckwheat [9].

Spatio-temporal specificity of FtATGE response to abiotic factors
(cold, drought, salinity) is evident. Some autophagy genes exhibit early
responses, while others respond at a later stage. For instance, the maxi-
mum expression of FtATGS8a and FtATGS8e was observed after 3 hours,
whereas other FtATGS genes, especially FIATGSf, showed their peak
expression after 12 hours [9]. It is important to note that autophagy is a
long-term regulatory process. In grape plants, for example, certain genes
related to autophagy are induced after 20 days of drought [149].

In tomato (Solanum Ilycopersicum), silencing WRKY33, a representa-
tive of one of the largest families of transcription factors in plants [150],
results in reduced expression of ATGS5, ATG7, and NBRI. This disruption
hampers the formation of autophagosomes, leading to an accumulation of
insoluble protein aggregates and decreased plant resistance to elevated tem-
peratures [48]. It is hypothesized that under the influence of elevated tem-
peratures, WRKY33 and ATG proteins collaboratively regulate autophagy.
This process is involved in the selective removal of heat-induced protein
aggregates, contributing to the plant’s resistance to this abiotic factor.
However, the precise interaction between ATG proteins and WRKY trans-
cription factors necessitates further investigation and clarification [151].
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WRKY33 can promote the selective degradation and recycling of pro-
tein aggregates by enhancing the expression of NBRI under elevated tem-
peratures. NBRI (neighbour of BRCAI gene), the first identified receptor
for selective autophagy, interacts with both ATG8 and ubiquitin, facilita-
ting the encapsulation of ubiquitinated protein aggregates in autophago-
somes [48, 152].

Another transcription factor, TGA9, serves as a positive regulator of
autophagy, upregulating the expression of various ATG genes to enhance
autophagy in Arabidopsis plants under osmotic stress [88]. Overexpression
of TGAY activates autophagy in both control and stress conditions and
amplifies the transcriptional expression of ATGSB, ATGSE, and other ATG
genes by binding to their promoters.

BZR1 (brassinazole-resistantl) is a transcription factor activated by
brassinosteroids. It acts as a positive regulator of the brassinosteroid sig-
naling pathway and plays a role in the activation of autophagy [152]. This
transcription factor can induce autophagy and the accumulation of NBR1,
a receptor facilitating the selective autophagy of protein aggregates, in
tomato plants under cold conditions [153]. BZR1 enhances the expression
of ATG2 genes and ATG6 under the influence of cold and nitrogen starva-
tion, as well as genes NBRI (NBRIa and NBRIb) under cold stress by
directly binding to their promoters, thereby promoting autophagy [152,
153]. Consequently, the accumulation of insoluble protein aggregates
decreases, resulting in increased resistance of tomato plants to cold and
nitrogen starvation [152, 153]. However, it’s worth noting that the activa-
tion and role of BZRI1 in autophagy regulation may depend on the speci-
fic abiotic factor and the plant species [20]. Therefore, further research is
necessary to draw more comprehensive conclusions.

In experiments with tomato plants, it was demonstrated that under
drought conditions, autophagy is activated through the induction of the
ethylene response transcription factor 5 (ERF5) [68]. Autophagy, facilita-
ted in part by the binding of ERF5 (ethylene response factor 5) to the pro-
moters of ATGS8d and ATGI18h, contributes to the ethylene-mediated
drought tolerance of tomatoes [68].

The heat shock transcription factor, HsfAla, plays a significant role in
tomato drought tolerance, particularly by its involvement in the induction
of autophagy [73]. HsfAla-mediated autophagy, enabled by the binding of
this factor to the promoters of ATG10 and ATG1&f, reduces the accumula-
tion of insoluble ubiquitinated protein aggregates and enhances resistance
to drought.

Numerous recent studies have highlighted the significance of hor-
monal signaling in the regulation of autophagy and plant responses to stress
factors. However, it is essential to note that the molecular mechanisms
governing such regulation still require further investigation [122].

In summary, autophagy is a complex and highly conserved process
that plays a crucial role in the functioning of eukaryotes, both under opti-
mal and stressful conditions. Autophagy is activated in response to various
abiotic factors, and it participates in the processing and recycling of dama-
ged biomolecules, organelles, aggregated proteins, and more. This, in turn,
enables plants to survive and thrive under adverse environmental condi-
tions.
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Literature data indicate that the activation of autophagy occurs not

only in response to abiotic factors such as high and low temperatures,
drought, salinity, and nutrient deficiency but also in plants treated with
herbicides. The action of herbicides, in particular, is associated with the
production of reactive oxygen species, disorganization of photosynthesis,
and inhibition of specific enzymes. The specific mechanisms by which her-
bicides influence the activation of autophagy and its role in programmed
cell death still require further elucidation.
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2[HcTUTYT MoJleKynapHoi Giomorii i reHeTku HauioHanbHoi akaneMii Hayk Ykpainu
03143 Kwis, Bya. Akanemika 3a6osorHoro, 150

PosrnsipaloTecsi mpoliecH, NOB’si3aHi 3 ayTodariero pociuH, ii 3HayeHHS 111 QYHKIIOHY-
BaHHSI POCJIMH 32 ONTUMAJIBHUX i CTPECOBUX YMOB. AyTodarisi € CKJIaJHUM BUCOKOKOHCEpBa-
TUBHUM IIPOLIECOM, aKTUBHICTh SKOTO 3HAXOAMThCS Ha 0a30BOMY PiBHi 3a ONTUMAaJIbHUX
YMOB Ta iHIYKYEThCS 3a CTpecOBUX. BOHa € OMHUM i3 KJIIOUYOBMX MpPOIIECiB agamnTallii poc-
JIUH 10 il HeCNpUSITIMBUX YMHHUKIB cepeaoBuiiia. OmucyeTbcs akTuBallisi ayrodarii y
POCJIMH Y BilMOBiIb HAa [il0 Pi3HUX a0iOTUYHMX YMHHUKIB (BUCOKHUX i HU3bKUX TEMIEepaTyp,
3aCOJICHHSI, MTOCYXM, HEeCTaui MOXXUBHUX PeUYOBUH, repOilnaiB). OGroBopioOThHCS MEXaHi3MU
peryasuii ayrodarii, moB’si3aHi 3 TOCTTpaHCASUIMHUMU MoaudikalisIMK OiJKiB, He-
00XimHUMX JUTS aKTUBAllii Ta MporpecyBaHHs ayTodarii, peryjasiieio TpaHCKpuUMlii Ta ¢ito-
TOPMOHAJIbHOIO cuTHaJi3alli€to. [linkpecaoeTbcsl 3HaUeHHS aKTUBallil ayrodarii aasi Buaa-
JIEHHs TIOIIKO/DKEHUX OpraHea i peyTwilisalii MOXWBHUX PEYOBUH, HEOOXiTHMX s
(YHKITIOHYBaHHS i BVOKMBAHHSI POCJIMH 3a Jii a0i0TUYHUX YMHHUKIB. [IpumyckaeTbes MOX-
JIUBa y4yacTh ayTodarii B iHIyKOBaHOMY repOilluaMu matoreHesi. 3a3Havya€eTbes, 10 POJIb
ayTodarii B iHIyKOBaHOMY repOillMaaMu IaroreHesi, 3 oAHOro 60Ky, Moxe OyTU TOB’si3aHa
3 ii yyacTio y perynasuii mporpamoBaHoi 3aru6eni kiaituH (I13K), 3 iHmoro — 3 nocnabieH-
HSIM iX Jii, 3yMOBJIEHUM FOMEOCTaTUYHOIO PE3UCTEHTHICTIO POCIIUH.

Kntouosi caosa: ayrodarisi, abioTUYHIi YMHHUKM, TepOilluau.
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