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Abstract: Autophagy is an evolutionarily conserved process for turning over unwanted
cellular components, thus promoting nutrient recycling and maintaining cellular homeostasis,
which eventually enables plants to survive unfavorable growth conditions. In addition to plant
growth and development, previous studies have demonstrated that autophagy is involved in the
responses to various environmental challenges through interplaying with multiple phytohormones,
including abscisic acid (ABA), jasmonic acid (JA), and salicylic acid (SA). In this review, we summarize
the advances made in their synergistic interactions in response to multiple abiotic and biotic stresses;
we also discuss the remaining issues and perspectives regarding their crosstalk.
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1. Introduction

In recent years, crop yield and productivity have been adversely challenged by the occurrence of
extreme climate and environmental changes, such as drought, heat, or pathogen attack [1]. Accordingly,
researchers and breeders have to develop new cultivars in order to adapt to these unfavorable
conditions. Therefore, elucidating the relevant mechanisms underlying responses to environmental
stresses is of particularly importance for crop genetic improvement.

Unlike animals that can migrate to avoid stressful environments, plants have to evolve a wide
variety of mechanisms in order to adapt their morphology, physiology, and metabolism to survive
different biotic (including pathogen invasion and herbivores) and abiotic stresses (including nutrient
deficiency, cold, heat, drought, salt stress, etc.) [2]. One of most important strategies for plants to
overcome stresses is the “self-eating” regulation, which is also designated as autophagy. Autophagy is
a highly conserved degradation mechanism in eukaryotes, in which the unwanted or dysfunctional
cytoplasmic materials, such as proteins, protein complexes, nucleic acid aggregates, and even entire
organelles, are targeted to the vacuole/lysosome for degradation [3]. Such a regulatory mechanism
functions as a standby emergency supply system, providing nutrients for plants exposed to multiple
environmental stresses, and then ensuring the minimum requirement for their growth and development,
eventually promoting survival.

Until now, there are three distinct types of autophagy described in plants: microautophagy,
macroautophagy, and mega-autophagy [4] (Figure 1). In terms of macroautophagy, cargo is trapped in
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the cup-shaped double membrane vesicle known as a phagophore. The phagophore then gradually
expands and matures into an autophagosome, with the help of the autophagy core protein ATG8 and
the Src homology-3 (SH3) domain-containing protein 2 (SH3P2) [3]. Previously, a body of studies
proposed that the phagophore is formed at the endoplasmic reticulum (ER) exit sites (ERES), and the
most recent evidence illustrated that it can be also generated at the ER plasma membrane contact
sites (EPCS) [5–7]. Moreover, there is a notion that the autophagosome membrane emerges from the
fused cage-like tubular network [4]. Further studies are still needed to precisely determine the origin
of autophagosome. Once the autophagosome is formed, it is transported to the vacuole through the
microtubule network, where its outer membrane fuses with the tonoplast to release the inner vesicle
into the vacuolar lumen to form autophagic body [3,8]. This fusion step is mediated by the FYVE
domain protein required for endosomal sorting 1 (FREE1) [8]. Consequently, the autophagic body
is broken down into their constituent parts by a set of vacuolar hydrolases and exported back to the
cytoplasm for the development of new organs or tissues. Regarding microautophagy, the tonoplast
is invaginated directly to catch cytoplasmic materials that congregate at the vacuole surface to form
an autophagic body, which is subsequently degraded in a similar manner as macroautophagy [9].
Collectively, both microautophagy and macroautophagy break down the autophagic body and expose
the cytoplasmic materials to the vacuole for hydrolysis, finally degrading the cargo into their constituent
parts for recycling to the cytoplasm [3]. Distinct from the above two types, mega-autophagy is an
extreme type of autophagy, of which the tonoplast is permeabilized or ruptured to release vacuolar
hydrolases directly into the cytoplasm, and then these hydrolases degrade cytoplasmic materials in
the cytosol [4]. Mega-autophagy usually occurs together with programmed cell death (PCD) during
the development or in response to pathogenic invasion [10]. Thus far, the molecular mechanism
of autophagy is mainly focused on macroautophagy (hereafter referred to as autophagy) in plants,
and little is known about microautophagy [11]. In yeast, increasing studies have demonstrated
that numerous AuTophaGy-related (ATG) genes that mediate macroautophagy are also involved in
microautophagy [12], but whether the plant ATG genes are also involved in both processes still
remains elusive.

Autophagy generally turns over proteins through the interaction with ATG8, which results
in the transport of these ATG8-interacting proteins into autophagosomes. There are more than 30
ATG8-interacting proteins identified in plants (summarized in the review of Marshall et al., 2018),
all of which possess the ATG8-interacting motif (AIM). Therefore, identification of AIM-containing
proteins could provide broad clues for elucidating the involvement of autophagy in certain biological
pathways. In general, autophagy is induced by various stresses, and thus the autophagy deficiency
mutants generally display hypersensitivity to stresses [13–15]. In Arabidopsis, the expression of a set of
ATG genes is significantly up-regulated in response to multiple stresses, suggesting the transcriptional
regulation of autophagy by stresses [16]. However, the relevant regulatory mechanism needs to be
further explored, such as how the stress signal activates ATG genes, which in turn initiate autophagy.

Phytohormones play important roles in plant growth, development, and abiotic and biotic stress
responses. Briefly, abscisic acid (ABA), ethylene (ET), jasmonic acid (JA), and salicylic acid (SA) were
generally known to directly regulate stress responses in plants, while auxin, cytokinin (CK), gibberellin
(GA), and brassinolide (BR) modulate broad physiological effects through their corresponding signaling
transduction in response to stresses [8,17]. Although the crosstalk between autophagy and hormone
signaling upon stress has been described recently [8,17], the detailed regulatory mechanism is still
poorly understood. Genome-wide analysis of the TaATG promoter in bread wheat identified numerous
ABA-, IAA-, GA-, ET-, MeJA-, and SA-related cis-elements, as well as others related to light, anoxic,
heat, cold, drought, and wound stresses [18]. Similarly, another study in Arabidopsis also revealed
that 225 TFs from 35 families bound to ATG8 promoter, in which the auxin response factor (ARF),
WRKY, NAC, and bZIP elements were identified. Furthermore, the TGACG (TGA) motif-binding
protein 9 (TGA9) was selected as a representative for experimental validation, further indicating that
this stress-related TF indeed bound to the ATG8 promoter and then regulated the autophagy activity
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upon sucrose starvation and darkness treatment [16]. Taken together, these studies suggested that
autophagy is modulated by a potential complicated regulation of plant hormone and stress signaling.
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Figure 1. Regulation of stress response by AuTophaGy-related (ATG)-mediated autophagy. Multiple
ATG genes operate autophagy. AtATG5 positively regulates the nitrogen remobilization and tolerance
to carbon starvation while AtATG4 and AtATG7 are known to modulate tolerance to carbon starvation.
In addition, AtATG5 is also involved in regulating the homeostasis of micronutrients, such as Fe/Mn/Zn.
Unfold proteins were accumulated under heat stress, which has been implicated to be degraded via
the ATG5- and ATG7-mediated autophagy route in Arabidopsis and tomato, eventually alleviating
the unfold protein-mediated endoplasmic reticulum (ER) stress. Similarly, accumulation of H2O2 and
oxidized proteins are also selectively turned over by the AtATG2- and AtATG5-dependent autophagy in
Arabidopsis and the OsATG10-dependent autophagy in rice, respectively, ultimately relieving oxidative
stress. MdATG3, MdATG10, and MdATG18 positively enhance drought tolerance in apple, and a similar
role is also found in AtATG18a. Furthermore, AtATG2, AtATG5, AtATG7, and AtATG10 also play
positive roles in regulating submergence response, finally mediating osmotic stress. Under abiotic stress,
AtATG7 positively regulates necrotrophic fungal pathogen resistance, and pexRD54 arrests pathogen
infection by boosting autophagy activity. Moreover, autophagy positively regulates hypersensitive
response (HR) cell death to resist biotic stress. Solid lines represent the activation or repression with
known evidence. Dashed lines represent the proposed activation or repression.

2. Regulation of Autophagy

In the past two decades, about 40 ATG components involved in autophagy machinery have been
identified in yeast, and these ATG proteins exhibit a canonical route for autophagy [3], which enables
the characterization of plant autophagy by genetic analysis of the homologous ATGs in plants (such
as Arabidopsis, rice, tobacco, maize, etc.) [18–22]. To date, the autophagy machinery has been
well-characterized among the plant kingdom, including autophagy induction; membrane delivery;
vesicle nucleation; phagophore expansion and closure; and autophagosome formation and delivery,
fusion, and digestion [3,23]. Accumulating evidence has elaborated the conserved role of autophagy in
the growth and development among plant species, especially in Arabidopsis and rice regarding the
senescence and pollen fertility [24,25]. For example, recent studies have indicated that over-expression
of ATG genes enhance the yield and nitrogen use efficiency (NUE) in both rice and Arabidopsis [26],
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whereas the seed yield and nitrogen harvest index decreased in autophagy-deficient mutants due
to the reduction of nitrogen remobilization for grain filling [27,28], indicating that autophagy has
great potential to be of benefit in improving crop yield and productivity under either normal or
suboptimal conditions.

The target of rapamycin (TOR) complex is one of the most important negative regulators of
autophagy, which is composed of TOR itself and two binding partners, the regulatory-associated
protein of TOR (RAPTOR) and the lethal with Sec thirteen 8 (LST8) [29]. TOR functions upstream of
autophagy in regulating plant growth and stress response [3,30,31]. Autophagy could be induced
and promoted by inactivation of TOR via RNA interference (RNAi); TOR kinase inhibitors such as
rapamycin and AZD8055 [32]; or disruption of its constituents, the RAPTOR and LST8 [33–35]. Notably,
repression of autophagy by upregulation of TOR was specifically detected under the nutrient starvation,
salt, and osmotic stresses, whereas such repression could not be identified under oxidative and ER
stresses [33,36], suggesting that the TOR-mediated autophagy was only involved in the response to
certain types of stresses. Previously, it has already shown that auxin functioned upstream of TOR [37].
Further analysis demonstrated that auxin also modulated autophagy in the TOR-dependent stresses
response, as the exogenous application of the auxin analogue 1-naphthylacetic acid (NAA) could
activate TOR to inhibit autophagy activity under salt and osmotic stresses rather than oxidative and
ER stresses [36,38]. Taking into account the fact that auxin is regulated by the plant-specific family
of Rho GTPases2 (ROP2) [37,39], it is supposed that ROP2 might also influence autophagy activity
through the auxin–TOR pathway. Additionally, the ABA metabolism is also regulated by TOR kinase.
The ABA hormone level is strongly decreased in lst8-1 or raptor1b mutants, as well as in wild-type
(WT) plants treated with AZD8055 [40]. These studies suggest that ABA and auxin participate in a
TOR-dependent route of autophagy regulation.

The energy sensor SNF-related kinase 1 (SnRK1) is a highly conserved eukaryotic kinase protein,
which responds to the nutrient and energy deficiency in plants [41]. It has been reported that sugar
phosphates affect TOR activity through the modulation of SnRK1, which was shown to act upstream of
TOR in Arabidopsis [42–44]. In particular, autophagy was inhibited by trehalose 6-phosphate (T6P),
an inhibitor of SnRK1, in response to abiotic stresses [42], suggesting SnRK1 functions as an activator of
autophagy. Moreover, it was also found that SNF1-RELATED PROTEIN KINASE1.1 (KIN10), a catalytic
subunit of SnRK1, activates autophagy through affecting the phosphorylation of ATG1 in Arabidopsis,
indicating that SnRK1 could also regulate autophagy in a TOR-independent manner [45]. This implies
that SnRK1-triggered autophagy may be associated with TOR-independent stress responses, such as
the responses to oxidative and ER stresses [42]. A recent study demonstrated that the number of
autophagosomes was decreased in response to misfolded protein accumulation-induced ER stress
in the inositol-requiring enzyme 1b (ire1b) mutants as compared with WT plants [46], indicating that
activation of autophagy upon ER stress relies on the functional IRE1b in Arabidopsis. Unfortunately,
the relationship between SnRK1 and IRE1b in regulating TOR-independent autophagy remains unclear.
Collectively, either TOR or SnRK1 functions upstream of autophagy, and then integrates autophagy
and hormone signaling to regulate multiple stress responses.

3. Role of Autophagy under Abiotic Stress

3.1. Oxidative Stress

Oxidative stress is produced by free radicals, which is considered an important factor leading to
aging and diseases. ROS accumulation generally causes oxidative stress, and subsequently damages
most cell components, including proteins, lipids, and DNA. It has been implicated that the oxidized
proteins were degraded by autophagy during oxidative stress in Arabidopsis. For example, dramatic
accumulation of H2O2 could be detected in Arabidopsis atg5 and atg2 mutants [47–50]. Knockdown
expression of AtATG18a in seedlings increased the sensitivity to oxidative stress as compared to WT,
and other autophagy-defective plants also presented a chlorotic phenotype [50]. Furthermore, the rice
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osatg10b mutants were more sensitive to high salt and methyl viologen (MV, as an inducer of autophagy),
and accumulated more oxidized proteins upon MV treatment compared with wild-type plants [14],
suggesting that these oxidized proteins were selectively degraded by autophagy. Further analysis of
these kinds of proteins, such as whether they could interact with ATG8 and then be transported into
the vacuole for degradation, or whether over-expressing ATG genes could alleviate the oxidative stress,
would extend our knowledge about the role of autophagy in plant responses to oxidative stress. Taken
together, these studies suggest that autophagy protects plant cells from oxidative stress by degrading
oxidized proteins.

3.2. Nutrition Starvation

An increasing number of studies have demonstrated that autophagy is involved in the recycling and
remobilization of nutrients at the whole-plant level [51,52]. With respect to the nitrogen recycling, the
ATG genes played an important role for plant survival under nitrogen-limiting conditions, since nitrogen
remobilization was found to be markedly decreased in atatg5 mutants at the vegetative stage [53,54].
Similar observations were also obtained in terms of the carbon remobilization. For instance, the atatg4,
atatg5, and atatg7 mutants displayed delayed growth under carbon starvation as compared with WT at
the seedling stage [55]. Additionally, a recent study has shown that phosphate limitation could also
stimulate autophagy in the root tips of Arabidopsis, and the phosphate deficiency response-2 (PDR2)
and the low phosphate response-1 (LPR1) were required for the activation of autophagy under Pi
starvation conditions [56]. Notably, the expression level of ATG genes was significantly different under
carbon starvation and sucrose starvation in Arabidopsis. For instance, the AtATG8B was dramatically
up-regulated upon sucrose starvation rather than other ATG genes, whereas AtATG8A, AtATG8B, and
AtATG8H were significantly induced under carbon starvation rather than AtATG8D, AtATG8E, and
AtATG8I [16], suggesting a distinct role of ATG genes in regulating these stresses. Furthermore, it is
quite interesting that the transport of Fe, Mn, and Zn also required autophagy in addition to nitrogen
and carbon, since an obvious decreasing of these micronutrients was identified in the seed of atatg5
mutant. Further investigation of the double mutant of atatg5 and salicylic acid induction deficient 2 (sid2)
that attenuates senescence in Arabidopsis revealed that there was a two-step mechanism underlying
autophagy activity, in which the nutrients firstly were translocated into vegetative organs (such as
leaf) and then remobilized to seeds [52]. Nutrition deficiency could result in early senescence of leaf,
which can also be caused by darkness treatment. Taking into account that both nutrition deficiency
and darkness could induce autophagy, it raises an issue as to whether these two stresses stimulate
autophagy through similar or distinct mechanisms. In addition, it also needs to be explored whether
autophagy would modulate nutrient transport at the EPCS, where the autophagosomes form, through
affecting ion transporters. Taken together, these findings provide an insight into the fact that autophagy
is essential for nutrient translocation and remobilization in plants under adverse situations.

3.3. Osmotic Stress

Salinity, drought, and osmotic stress caused by both these factors are the most common
environmental stresses affecting plant growth and development. Knockdown of AtATG18a resulted
in more sensitivity to salt and drought stresses as compared to WT plants [15], demonstrating that
ATG-mediated autophagy participates in plant responses to these osmotic stresses. In accordance
with the phenotype observed upon oxidative stress, the oxidized proteins in the atatg2 and atatg7
mutants were accumulated compared to WT plants under salt stress [57]. In addition, overexpression
of MdATG3 or MdATG10 in apple enhances their drought tolerance [58,59]. The similar phenotype
also displayed in the MdATG18a-overexpressing tomato [60]. Furthermore, a recent study identified a
plant-specific gene, Constitutively Stressed 1 (COST1), which negatively regulates drought resistance by
influencing the autophagy pathway in Arabidopsis [61]. It is worth mentioning that waterlogging and
submergence, as the opposite effect of drought also induces autophagosome formation in Arabidopsis.
For example, the Arabidopsis atatg2, atatg5, atatg7, and atatg10 mutants showed more sensitivity to
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submergence compared to WT plants [62], suggesting an extensive involvement of autophagy in
maintaining cellular homeostasis. Notably, the morphological responses of Arabidopsis and rice to
waterlogging are quite different. For Arabidopsis, the entire plant is subjected to waterlogging, while
for rice the internode elongation would be triggered to escape from waterlogging. Therefore, it is
interesting to characterize and compare the conserved and divergent mechanisms of autophagy in
regulating waterlogging between these two species. Overall, these results illustrate that autophagy
broadly regulates different types of osmotic stresses.

3.4. Heat and ER Stresses

High temperature is one of the major threats to plant growth and development. Heat stress
causes protein misfolding and denaturation, which could also lead to ER stress [46]. Both atatg5
and atatg7 displayed hypersensitivity to heat stress compared to WT plants, and accumulation of
insoluble protein aggregates tagged by ubiquitin was found in the atatg7 mutant [36]. Silencing of
ATG5 or ATG7 in tomato presents consistent response upon heat stress [63]. A recent report validated
the fact that autophagy induced by heat stress actually resulted from ER stress, since the excessive
unfolded proteins caused by heat were accumulated in the ER. The result was further confirmed by the
sodium 4-phenylbutyrate (PBA) treatment assay, in which this chemical eliminates unfolded proteins
in ER and thus reduces the heat-induced autophagy [46]. Considering the fact that autophagy turns
over impaired proteins, it is strongly possible that accumulated unfolded protein would be degraded
through autophagy. As expected, treatment of Arabidopsis seedlings with ER stress inducers, such as
tunicamycin (TM) and dithiothreitol (DTT), precisely induced autophagosome formation [64]. Taken
together, it is supposed that autophagy is responsible for the clearance of unfolded proteins existing in
the ER upon heat or even other stresses.

4. Regulation of Autophagy under Biotic Stress

Biotic stress also influences autophagic events in addition to abiotic stress. Enhanced disease
susceptibility 1 (EDS1) is a key component responsible for salicylic acid (SA)-mediated defense against
diseases and pathogens [65]. Previously, it was verified that autophagy deficiency could repress the
EDS1-mediated hypersensitive response (HR) cell death, a type of PCD in plants [66], suggesting
a parallel role of autophagy with other PCD pathways in HR regulation. Interestingly, autophagy
has been known to coordinate with SA to regulate leaf senescence [49], implying a possibility that
the EDS1 or other SA regulators might be the direct targets of autophagy in response to biotic
stress. Recently, other studies have further demonstrated the important role of autophagy in plant
defense against pathogens, as well as the connection between autophagy and HR during plant innate
immunity [42,66–69]. For example, disruption of AtATG7 resulted in elevated susceptibility to the
necrotrophic fungal pathogen, and the selective autophagy limited the cauliflower mosaic virus (CMV)
infection by NBR1-mediated targeting of viral capsid protein and particles [70,71], suggesting a positive
role of autophagy in biotic stress. A recent study proved that NBR1 modulates ABA signaling in
Arabidopsis [72], suggesting that autophagy-mediated CMV resistance might be also correlated with
ABA signaling. Surprisingly, autophagy also restricts HR, which may be due to the different age of
the plants used in the experiments, and thus a hypothesis was proposed that the role of autophagy
is likely varied according to the specific pathogen [42,73–75]. Notably, pathogens could in turn
interfere with the autophagy response from host plant. For instance, the PexRD54 from potato famine
pathogen Phytophthora infestans physically interacted with the host ATG8CL to antagonize the binding
of Joka2 and ATG8CL, which activated autophagy in host for arresting the pathogen infection [76].
Considering that SA and JA are remarkably involved in biotic stress, especially the HR and PCD
regulation, it could be speculated that autophagy-mediated biotic response may be likely associated
with these phytohormones.
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In summary, autophagy is comprehensively involved in multiple stress responses (Figure 1).
However, there are still interesting open questions regarding these regulations, such as how the ATG
genes are activated by various stress signals and whether there is the specific role of each ATG gene in
response to different stresses.

5. Autophagy Interplays with Plant Hormones upon Multiple Stresses

5.1. The Regulation of Autophagy by Hormones

Autophagy could be regulated by hormones at the transcriptional level while hormones could
be also modulated by autophagy in response to various stresses (Figure 2). Transcriptome analyses
in petunia and Arabidopsis clearly indicated that autophagic genes could be transcriptionally
regulated by hormones [77–79], implying phytohormones may modulate autophagy through the
signaling transduction.

ET is well known to play a dominant role in senescence and stress responses in plants. It has also
been shown that ET is involved in autophagy-mediated stress response. For example, knockdown of
mitochondrial alternative oxidase (AOX) decreased the level of autophagy in ET-mediated drought
tolerance in tomato [79]. Inhibition of autophagy by 3-methyladenine (3-MA) resulted in decreasing
disease resistance, which could be rescued by exogenous ET in banana [80]. Furthermore, autophagy
genes GmATG8i and GmATG4, and ethylene biosynthesis and signaling factors GmACS and GmERF
were induced in soybean under sugar or nitrogen starvation [81]. In addition, the ET signaling
transcription factor, ethylene response factor 5 (ERF5), directly binds to the promoters of SlATG8d and
SlATG18h and then promotes the activity of autophagy, ultimately leading to the autophagy-mediated
drought tolerance in tomato [82]. Although it has been proven that the submergence-sensitive
phenotype of atatg2, atatg5, atatg7, and atatg10 was dependent on the SID2-mediated complete SA
pathway, the expression of ET responsive regulators was also significantly altered in parallel with
that of ATG genes upon submergence in Arabidopsis [62]. Therefore, it is intriguing to ask whether
ET signaling-associated TF, such as ethylene insensitive-2 (EIN2) and EIN3, could also modulate the
autophagy activity by regulating the expression of ATG genes. On the other hand, ET regulates the
waterlogging through the modulation of GA-mediated elongation of internode in rice [83], implying
there might be distinct crosstalk of autophagy with ET signaling between dicot and monocot plants.
Taken together, these studies indicated that ET interplays with autophagy in both stress response and
development in plants.

Although auxin could trigger the TOR pathway to regulate autophagy [38], it is reasonable
to propose that auxin may also directly inhibit autophagy through auxin response factor (ARF)
transcription factor, which may bind to the AtATG promoter and then modulate the gene expression
(Figure 2), because the cis-elements of ARF have been found in the AtATG promoters [16]. However,
this hypothesis still needs to be further explored, including the analysis of the co-expression pattern of
ARF and AtATGs and the binding of ARFs with AtATG promoters. As an antagonist of auxin, ABA
promotes bud dormancy, leaf shedding, and inhibition of cell growth. It has been mentioned that
raptor1b mutant was unable to inhibit autophagy by exogenous NAA application [33]. Nonetheless,
raptor1b mutant also presented a decreasing ABA level [84], suggesting that RAPTOR1B-mediated
autophagy might be associated with ABA metabolism or signal. Furthermore, overexpression of the
gene encoding heat-shock transcription factor A1a (HsfA1a) enhanced autophagy activity in tomato,
whereas down-regulation of HsfA1a raised the plant sensitivity to ABA-mediated stomatal closure [85].
In addition, the Arabidopsis tryptophan-rich sensory protein (AtTSPO) was not only induced upon
osmotic and salt stresses, but was also induced by ABA and then physically interacted with ATG8
via its AIM [86,87]. Moreover, the other two ATG-interacting proteins, ATI1 and ATI2, associated
with the ER and chloroplast development, were involved in ABA-mediated seed germination [88].
Notably, TOR can phosphorylate ABA receptor PYL under favorable conditions so as to prevent the
activation of stress response, which also attenuated the activity of SnRK2 kinases. Conversely, the
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ABA-activated SnRK2 can phosphorylate RAPTOR, thus inhibiting TOR-mediated autophagy [84].
These studies revealed that crosstalk between autophagy and ABA signaling is mediated by the
phosphorylation modification of corresponding regulators [17]. GA antagonistically interplays with
ABA in multiple biological processes, but little has been known about this antagonism in regulating
autophagy. However, it has been implicated that GA could repress the positive regulator of ABA
signaling, SnRK2, in rice [89], implying that GA might be also involved in regulating autophagy
through the ABA–SnRK2 signaling pathway.
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Figure 2. Regulation of autophagy by plant hormones. Phytohormones can modulate autophagy at
the transcriptional level and through protein regulations. In respect to the former, the transcription
factors ethylene response factor 5 (ERF5) in ethylene pathway and brassinazole-resistant 1 (BZR1) in
the brassinolide (BR) pathway directly bind to the corresponding ATG promoters and then activate
gene expression to promote autophagy. In contrast, the auxin regulator auxin response factor (ARF)
also likely binds to the AtATG8 promoter to repress its expression, eventually leading to attenuating
autophagy activity. In addition, auxin also can repress autophagy by promoting target of rapamycin
(TOR) activity. On another hand, abscisic acid (ABA) can promote the SnRK2 and TSPO to positively
regulate autophagy. By contrast, gibberellin (GA) seems to antagonize ABA in regulating autophagy
through inhibiting SnRK2 activity. Alternatively, GA may also directly modulate autophagy through
an unknown component. Jasmonic acid (JA) and salicylic acid (SA) induce the expression of WRKY33,
and then WRKY33 directly triggers the expression of ATG genes, consequently promoting autophagy.
Solid lines represent the activation or repression with known evidence. Dashed lines represent the
proposed activation or repression.
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SA plays an essential role in the activation and regulation of biotic and abiotic stress responses [90].
A recent study has shown that a high level of SA caused autophagy-mediated PCD in apple, and the
phenotype of accelerated PCD during senescence and immunity in atatg5 mutant was through the
SA-dependent rather than the intact JA or ET signaling pathway [49]. Similar to SA, JA also participates
in response to various biotic stresses, and the JA-related WRKY genes have already been implicated as
mediating autophagy gene expression upon heat stress and fungal pathogen infection [17]. For example,
WRKY33 was not only involved in the JA-mediated signaling pathway to regulate plant resistance
to necrotrophic fungal pathogens, but also directly interacted with ATG18a to regulate autophagy
in Arabidopsis [17,91], suggesting WRKY33 coordinates the JA signaling and autophagy pathway to
regulate the pathogen stress.

Additionally, the BR-activated transcription factor brassinazole-resistant 1 (BZR1), functioning as
a positive regulator of the BR signaling pathway, was found to also directly bind to the promoters of
SlATG2 and SlATG6 in tomato [92]. Considering the homologous conservation of BZR1 in plants, such as
Arabidopsis and rice, it is supposed that BR could also regulate autophagy through BZR1-dependent
regulation of ATG expression.

Actually, the crosstalk between autophagy and various phytohormone signaling is indeed
complicated. For example, a study has been demonstrated that the decreased resistance of banana to
Fusarium wilt by inhibiting autophagy could be rescued by exogenous ET, SA, and JA [80], suggesting
autophagy might also in turn modulate the homeostasis of phytohormones. This topic is further
discussed below.

5.2. Autophagy Regulates Hormone Biosynthesis and Signaling

Apart from being regulated by hormones, autophagy can also influence hormone biosynthesis
and signaling (Figure 3). For instance, a previous study has indicated that SA is accumulated in the
atatg5 mutant [49]. Furthermore, two further studies revealed that the SA signaling genes, including
EDS1, PAD4, SID2, and nonexpresser of PR genes (NPR) 1-4, and the ET biosynthetic and signaling
genes, including AtACS2, ethylene response 2 (ETR2), and constitutive triple response 1 (CTR1), were
upregulated in atatg5 and atatg9 mutants upon energy starvation [79]. It is worthwhile mentioning that
the soybean EIN3 accumulated upon starvation stress [82], implying that autophagy might be involved
in the ET signaling transduction through selective degradation of this protein. Overexpression of
MdATG18a resulted in less H2O2 but more SA, thereby enhancing the resistance to Diplocarpon mali
infection [93]. In addition to SA, it has also revealed that the endogenous CK and GA concentration
was significantly reduced in osatg7 mutant in rice, and exogenous application of GA partially restored
the pollen defect of osatg7 [94]. In contrast to the Arabidopsis atatg5 and atatg7, the contents of SA,
JA, and ABA were not obviously altered in the osatg7, which might be due to different tissues used
in the experiments or there is indeed a distinct role of autophagy in regulating phytohormones in
rice. To address this issue, the metabolic profiling of Arabidopsis pollen and rice leaf are needed. In
addition, the selective autophagy also regulated BR signaling through degrading the transcription
factor BRI1-EMS-suppressor 1 (BES1) through the interaction of ATG8 with dominant suppressor
of KAR 2 (DSK2) that binds BES1 [95]. Nevertheless, the interaction of NBR1 with ABA regulator
protein suggests that NBR1 also plays a role in ABA signaling by modulating its homeostasis or
activity. On the other hand, NBR1 directly interacts with ATG8, further suggesting an autophagic
route-dependent role of NBR1 in fine-tuning ABA-mediated drought tolerance [13,72]. Collectively,
these studies demonstrated that autophagy modulates the dynamic homeostasis of phytohormone
level in addition to the signaling transduction. However, whether autophagy directly controls the
turnover of the phytohormone biosynthetic proteins or the compounds remains elusive.
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Figure 3. Regulation of phytohormone biosynthesis and signaling by autophagy. (A) Selective
autophagy of phytohormone-related proteins. In the autophagic machinery, ATG5 and ATG7 are
responsible for the conjugation of ATG8 to phosphatidylethanolamine (PE), which is essential for the
formation of ATG8-mediated phagophore. Subsequently, the expansion of phagophore membrane
and vesicle nucleation is modulated by the ATG9, which is accompanied by its interaction with
ATG18, finally leading to the generation of entire autophagosome. The phytohormone-related proteins,
including BRI1-EMS-suppressor 1 (BES1) and dominant suppressor of KAR 2a (DSK2a) relevant to
brassinolide (BR), ATI1/2, and NBR1 relevant to ABA, and unknown components from cytokinin (CK)
and GA, are transported into autophagosome by interacting with ATG8, eventually being degraded in
the vacuole. (B) Regulation of phytohormones homeostasis by autophagy. The activation of autophagy
(A) results in the suppression of phytohormones genes, such as the enhanced disease susceptibility 1
(EDS1), PAD4, salicylic acid induction deficient 2 (SID2) and nonexpresser of PR genes (NPRI)1-4 that are
involved in regulating SA signaling, and ACS, ERT2 and constitutive triple response 1 (CTR1) that are
involved in regulating ET biosynthesis and signaling.

6. Future Perspectives

A steadily growing amount of evidence has revealed the essential role of autophagy in plant growth,
development, and stress adaptation [36,42,48]. However, the synergistic interaction between autophagy
and phytohormones upon various stresses still remains to be further exploited. Moreover, the specific
regulators underlying their crosstalk needs to be identified and fully characterized. More than 20
selective autophagy receptors have been characterized from various plants, which contain the specific
Atg8-interacting motif (AIM) for direct interaction with ATG8 [3,96]. The AIM generally consists of
[WFY]-X-X-[LIV] consensus sequences, in which the W site is restricted by either W, F, or Y amino acid,
and the L site is either L, I, or V, whereas the X represents any amino acid. Recently, two bioinformatic
analyses rephrased the regular pattern of the consensus of AIM. One regular expression pattern of
AIM is the [ADEFGLPRSK] [DEGMSTV] [WFY] [DEILQTV] [ADEFHIKLMPSTV] [ILV] that is termed
the extended LC3-interacting region (LIR) motif (xLIR-motif) [96], while the other is composed of five
regular patterns with the preference of acidic amino acids surrounding the W and L site [97]. Therefore,
identification of AIM-containing proteins by bioinformatic analysis of these consensus sequences may
provide a cue for autophagy-targeted, phytohormone-related proteins in addition to the traditional
yeast two-hybrid screening. Additionally, a recent study revealed that the ubiquitin-interacting motif
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(UIM) could also interact with ATG8 [98], providing a wider range of target protein candidates that
may be phytohormone- or stress-related.

Recent studies have elaborated that overexpressing either OsATG8a or OsATG8c positively
enhanced the yield and NUE in rice and the ectopic expression of OsATG8b in Arabidopsis also
increased the yield and NUE [26,99,100], indicating that autophagy possesses great potential for
boosting agronomic productivity under suboptimal condition in crops. However, whether such
autophagy-mediated regulation is related with phytohormones is still poorly understood. Given
the role of autophagy in turning over proteins, it may be quite interesting to explore whether
phytohormone-related proteins that mediate yield and productivity are autophagy substrates. On the
other hand, given that autophagy positively regulates stress response, it is worthwhile to decipher how
autophagy coordinates phytohormones to maintain the cellular homeostasis under normal conditions
and how it triggers the stress response upon unfavorable conditions. In summary, further exploring the
regulatory network between autophagy and phytohormone signaling would extend our understanding
about the stress regulation and consequently provide some new strategies and candidates for crop
improvement, eventually promoting both stress resistance and yield.
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