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Abstract: Autophagy is an evolutionarily conserved catabolic process in eukaryotic cells, by which
the superfluous or damaged cytoplasmic components can be delivered into vacuoles or lysosomes for
degradation and recycling. Two decades of autophagy research in plants uncovers the important roles
of autophagy during diverse biological processes, including development, metabolism, and various
stress responses. Additionally, molecular machineries contributing to plant autophagy onset and
regulation have also gradually come into people’s sights. With the advancement of our knowledge of
autophagy from model plants, autophagy research has expanded to include crops in recent years, for
a better understanding of autophagy engagement in crop biology and its potentials in improving
agricultural performance. In this review, we summarize the current research progress of autophagy
in crops and discuss the autophagy-related approaches for potential agronomic trait improvement in
crop plants.

Keywords: autophagy; agronomic trait; nutrient recycling and remobilization; yield; abiotic stress;
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1. Introduction

Unlike animals, plants can hardly escape from stressful environmental conditions
unsuitable for growth and living, such as nutrient limitation, drought, waterlogging, salt,
heat, cold, and pathogen infection. To survive, plants have evolved a series of mechanisms
to adapt to these stresses, among which autophagy (meaning self-eating) is an important
pathway for stress adaption. During autophagy, the unneeded or damaged intracellular
macromolecules, such as proteins, lipids, nucleic acids, carbohydrate reserves, and or-
ganelles, can be delivered into vacuoles (yeasts and plants) or lysosomes (animals) for
degradation and recycling [1,2]. In plants, two major autophagic pathways, macroau-
tophagy and microautophagy, have been well-described and studied. Macroautophagy is
characterized by the formation of a kind of double-membrane vesicle called an autophago-
some, by which the cytoplasmic components are engulfed and transported to vacuoles for
clearance, while microautophagy is achieved by the direct invagination of the tonoplast
to capture cytoplasmic substrates for vacuolar breakdown [3]. Since macroautophagy is
the best-elucidated type of autophagy, autophagy is hereafter used in the present study to
indicate macroautophagy, unless otherwise specified in the review.

In the last two decades, research on plant autophagy has greatly advanced our un-
derstanding of the molecular mechanisms and physiological roles of autophagy, mainly
based on studies conducted in model plants, such as Arabidopsis thaliana and Nicotiana
benthamiana. Among the 20 autophagy-related (ATG) proteins established to be essential
for autophagosome biogenesis in yeast [4], most of their counterparts in plants have been
identified, except ATG17, ATG29, ATG31, and ATG38. These core ATG proteins in yeast
can be classified into six groups, according to their functions: (1) the Atg1/ULK protein
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kinase complex (Atg1, Atg13, Atg11, Atg17, Atg29, and Atg31) contributing to the initiation
of autophagosome biogenesis; (2) Atg9-containing vesicles involved in autophagosome
precursor formation; (3) PI3K complex I (Vps15,Vps34, Atg6, Atg14, and Atg38) respon-
sible for PtdIns3P generation; (4) Atg2–Atg18 complex acting as a tether between the
autophagosome precursor and endoplasmic reticulum (ER) to mediate lipid transfer from
ER; (5) the Atg8 lipidation system (Atg8, Atg4, Atg7, and Atg3) to promote autophagosome
membrane expansion; and (6) the Atg12–Atg5–Atg16 complex (Atg12, Atg7, Atg10, Atg5,
and Atg16) to stimulate the lipid conjugation reaction of Atg8 [4]. Albeit missing in plants
and mammals, the roles of ATG17, ATG29, and ATG31 have been functionally substi-
tuted by ATG11/FIP200 and ATG101, while the issue concerning whether a counterpart
of ATG38 exists in plants remains elusive. Therefore, autophagy is a highly conserved
process in eukaryotes. Emerging evidence from reverse genetic studies in model plants
indicates that autophagy participates in many important biological processes associated
with agronomic traits, including nutrient remobilization, vegetative growth, reproduction,
and stress tolerance [2,5–9]. Encouraged by those findings, autophagy research has rapidly
extended to include crops. The genome-wide identification of ATG genes has been reported
in multiple crop species, and functional studies revealing the significance of autophagy
for crop productivity and quality have emerged in recent years. In this review, we mainly
focus on the advances of autophagy research in crops, as well as the key findings of au-
tophagy associated with important agronomic traits, and discuss the potential applications
of autophagy for crop improvement.

2. The Role of Autophagy in Nutrient Recycling and Remobilization
2.1. The Acute Response of Autophagy to Nutrient Deprivation and Leaf Senescence

Plant growth and development are highly dependent on nutrient availability, and
thus the ability of plants to recycle and remobilize nutrients is critical for their survival and
productivity, especially during nutrient-limitation conditions. As the most well-known
nutrient-starvation response in eukaryotes, autophagy can assist cells to cope with energy
limitation by degrading intracellular substances for recycling and reuse. In plants, the im-
portance of autophagy for survival under nutrient starvation has also been firstly indicated
by the enhanced hypersensitivity of autophagy-defective plants to nitrogen deprivation
or carbon starvation caused by sucrose-free growth medium or dark incubation. More
severe symptoms of nutrient deficiency are observed in atg mutants, including reduced
growth and accelerated leaf chlorosis, than the wild-type controls [10–21]. The upregu-
lated expression of ATG genes and increased biogenesis of autophagic structures upon
nitrogen or carbon starvation, indicated by the two well-established cytological markers,
the fluorescent fusion proteins of ATG8 or the fluorescent dye monodansylcadaverine
(MDC), further suggest the participation of autophagy in plant adaptation to nitrogen
or carbon deficiency [11,19,20,22,23]. Recently, autophagy in Arabidopsis has been found
to also be responsive to other nutrient-deficiency conditions, including zinc (Zn), sulfur
(S), and inorganic phosphate (Pi) deprivation [22–25]. Autophagy-deficient Arabidopsis
mutants show stunted growth and accelerated chlorosis under Zn limitation, and their
growth recovery from Zn limitation is also limited [23,25]. S limitation causes earlier leaf-
yellowing phenotype in the Arabidopsis atg5 mutant [26], and P and Zn deficiency lead to
an exacerbated inhibition of primary root growth in atg mutants [22,25]. All these findings
in model plants demonstrate that autophagy is an important process for plant survival
under nutrient limitation.

For crops, the upregulated expression of ATG genes has also been validated in soybean,
maize, rice, barley, pepper, foxtail millet, and apple exposed to nutrient stresses [13,27–33].
Additionally, nitrogen deprivation in maize plants enhances the total and lipidated ATG8
protein levels in the older leaves at 15–20 days after germination, and stimulates autophago-
some biogenesis in the root cells, as indicated by the number of YFP-ZmATG8a-positive
puncta [13,30]. Increased autophagic structures are also observed in maize-leaf protoplasts
cultured in a sucrose-free medium [13]. However, when autophagy is deficient, exacerbated
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impacts of nutrient deficiency on growth are also observed in autophagy mutants of crop
species, such as maize and rice. Maize atg12 plants show dramatic reductions in root and
shoot growth and enhanced leaf senescence under low nitrogen conditions, although their
vegetative growth rates under high nitrogen conditions are similar to wild-type plants [13].
The rice autophagy-defective mutant, Osatg7-1, shows reduced growth compared to wild-
type plants, even under normal conditions, and this growth difference is exacerbated
further by nitrogen starvation [34]. Similarly, severe growth retardation is also observed in
the sucrose-starved cultured cells of autophagy-defective rice Osatg7-1 mutants [35].

In addition to nutrient starvation, autophagy can also be induced by leaf senescence,
during which nutrients are reallocated from the source leaves to sink organs, such as
young leaves or seeds, to maximize plant productivity [36–38]. In cereal crops, nitrogen
remobilized from senescent leaves can make up 50% to 90% of the nitrogen in seeds [39].
While the expression of a set of ATG genes is significantly induced during Arabidopsis leaf
senescence, the autophagic degradation of chloroplastic proteins via Rubisco-containing
bodies (RCBs), or the whole chloroplast, occurs in senescent leaves. Considering that about
75% to 80% of total leaf nitrogen is stored with chloroplasts, this kind of autophagic chloro-
plast degradation during leaf senescence has been considered as an important mechanism
contributing to nitrogen remobilization [40–42]. In crops, upregulated expressions of ATG
genes during nitrogen redistribution-associated leaf senescence are reported in soybean,
apple, and barley [40–43]. In natural senescent maize leaves, the ratio of the lipidated ATG8
to the free ATG8 is found to be markedly increased by senescence, suggesting that a high
rate of autophagy occurs during this process [30].

2.2. Autophagy-Dependent Recycling and Remobilization of Nitrogen

The acute response of autophagy to both nutrient deprivation and leaf senescence
suggests the important role of autophagy in nutrient recycling and remobilization. Using
15N tracing, autophagy-dependent recycling and the remobilization of nitrogen have been
first established in Arabidopsis at the whole-plant level. By monitoring 15N fluxes from
Arabidopsis rosettes to the seeds and calculating the nitrogen remobilization efficiency (NRE)
as the indicator, N remobilization is markedly suppressed in the three autophagy-deficient
plants (atg5-1 mutant, atg9-2 mutant, and atg18a RNAi lines), irrespective of the nutrient
conditions, but this defect is more significant under low nitrate conditions [15]. In line with
this, larger amounts of ammonium, amino acids, and proteins are accumulated in these atg
mutants than the wild type [44]. Likewise, nitrogen partitioning studies in the maize atg12
mutants reveal that autophagy deficiency causes more nitrogen to accumulate in vegetative
tissues, such as the stalks and upper leaves, but less nitrogen remobilizes to the seeds
during seed fill, which significantly decreases the seed yield [13]. Autophagy blockage in
the rice Osatg7 mutant is found to suppress nitrogen remobilization during the vegetative
growth period, which results in a significant decrease in the nitrogen supply from senescent
leaves to the newly expanding leaves and further reduces leaf area and tillers. The degrada-
tion of soluble proteins in senescing leaves, especially Rubisco, is impaired in the Osatg7-1
mutant, suggesting that the blockage of the autophagic degradation pathway of chloroplas-
tic proteins accounts for the defects of nitrogen remobilization [28,34]. In addition, it has
been reported in recent years that, by overexpressing ATG genes, plant tolerance to nitro-
gen limitation could be improved. GmATG8c from soybeans can be dramatically induced
by nitrogen starvation, and the constitutive overexpression of GmATG8c in soybean calli
improves the tolerance to nitrogen deficiency. The heterologous expression of GmATG8c in
Arabidopsis also leads to better performance under nitrogen starvation and an increased
yield [32]. In foxtail millet, the expression of SiATG8a is highly responsive to nitrogen
starvation treatment, and the heterologous expression of SiATG8a in Arabidopsis and rice
can improve plant tolerance to nitrogen limitation stress [33,45]. The overexpression of
apple MdATG8i, MdATG3b, or MdATG9 in the ‘Orin’ apple callus or MdATG18a in apple
plants improves the growth performance when nitrogen or carbon supplies are limited,
and their ectopic expression in Arabidopsis also increases the tolerance of plants to nitro-
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gen or carbon starvation [40,46–48]. In rice, the overexpression of ATG8 family members,
including OsATG8a, OsATG8b, and OsATG8c, can significantly increase nitrogen-use effi-
ciency and further improve grain yield, while the osatg8b knock-out mutants show reduced
nitrogen remobilization and grain yield [49–52]. All these findings clearly demonstrate that
autophagy is essential for nitrogen recycling and remobilization.

2.3. Autophagic Recycling and Remobilization of Micronutrients and Sulphur

In addition to nitrogen remobilization, autophagy has been recently established to be
involved in the remobilization of iron (Fe) and S from source organs to seeds by using 57Fe
and 34S pulse labeling in Arabidopsis [26,53]. The autophagy defect in the atg5 mutant leads
to a drastic reduction in Fe translocation efficiency from vegetative organs to seeds [53],
and 34S remobilizations from the rosettes to the seeds are also significantly impaired in the
atg5 mutants, irrespective of sulfur nutrition [26]. Additionally, autophagy is likely to take
part in the remobilization of Zn and manganese (Mn) to seeds, because their concentration
in the dry remains of atg mutants (atg5-1 and atg4a atg4b-1) is higher than the wild-type
controls, and their translocation efficiencies to seeds is much lower [53]. However, these
results need to be further confirmed using radiotracer labeling experiments. Autophagy is
essential for increasing Zn bioavailability under Zn limitation, and autophagy blockage
leads to a reduction in the amount of free Zn in Arabidopsis plants [25]. However, in maize
plants, no obvious impacts of P and S limitations are found on the growth of soil-grown
atg12-1 and atg12-2 mutants [13]. Whether autophagy participates in the remobilization
and recycling of nutrient elements, other than nitrogen, remains unknown in crops.

2.4. The Autophagy-Dependent Remobilization of Carbonhydrates

Leaf starch, a major integrator in the regulation of plant growth, is synthesized in
chloroplasts during the day and hydrolyzed to maltose and glucose during the night to
sustain metabolism and growth [54]. Autophagy has been demonstrated to participate
in the diurnal degradation of this kind of transitory starch accumulated in the leaves
of N. benthamiana grown under a long-day photoperiod (16 h light/8 h dark). Small
starch granule-like structures (SSGLs), exported from chloroplasts, could be sequestered
in autophagosomes and delivered into vacuoles for depletion [55,56]. This autophagy-
dependent leaf starch degradation pathway is an ideal supplement to the classical chloro-
plastic pathway to ensure the timely remobilization of leaf starch and maximum support to
the continued nocturnal plant growth during the daylength changes [57]. Indeed, starch
accumulation in leaves by dawn was not observed in Arabidopsis atg mutants grown under
the short-day photoperiod (10 h light/14 h dark) [58]. Whether a similar degradation
pathway of leaf starch occurs in crops remains unknown, since little research has been
conducted related to the leaf starch metabolism during the diurnal cycle in crop species
grown under normal conditions.

2.5. Autophagy-Dependent Lipid Metabolism

Through the multi-omics analysis of the atg12 mutant and wild-type maize plants,
autophagy deficiency strongly alters leaf metabolism, regardless of the nutritional status,
especially those with regard to membrane turnover and subsequent lipid breakdown, and
the accumulation of secondary metabolites associated with flavonoid biosynthesis. The
lower levels of intact phospholipids and the higher levels of complex lipids breakdown
products accumulated in the maize atg12 mutant, such as fatty acids, lysolipids, oxylipins,
and glycerolipids, suggesting the importance of autophagy for lipid homeostasis [59,60].
In Arabidopsis, basal autophagy has been connected to triacylglycerol (TAG) synthesis, by
contributing to fatty acid mobilization from membrane lipids to TAGs, while, upon dark-
induced carbon starvation, autophagy is induced to assist TAG hydrolysis by the vacuolar
degradation of lipid droplets in a way resembling microlipophagy [53]. More cytoplasmic
lipid droplets are indeed observed in the atg12-1 maize mutant, even under normal growth
conditions [60]. In rice, autophagy occurring in postmeiotic tapetum cells promotes the
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vacuolar degradation of lipid droplets, and the autophagy defect in the Osatg7 mutant
reduces the lipid droplet numbers in the pollen grain and impairs phosphatidylcholine
editing and lipid desaturation, which impedes pollen maturation [35]. The autophagy-
mediated decomposition of lipid droplets via the microlipophagy-like process has also
been described in germinating castor bean seeds to provide energy [61].

3. The Role of Autophagy during Development
3.1. Vegetative Growth

Beyond the growth retardation induced by nutrient deficiency, reduced growth is also
observed in the autophagy-defective plants of Arabidopsis (atg2, atg5, atg7, atg9, atg10, and
ATG18a RNAi) grown in nutrient-rich soils under a short-day photoperiod (8 h or 10 h
of light) [15,19,62], suggesting the role of autophagy for the general vegetative growth
of plants. Likewise, this impact of autophagy deficiency on vegetative development is
also observed in the rice Osatg7-1 mutant grown under the 14 h photoperiod, which
shows smaller shoots and roots, and reduced leaf area and tillers than the control plants,
throughout the growth stage under ample-nutrient conditions [34]. However, this defect
of vegetative growth is not apparent in Arabidopsis atg5 and atg7 mutants grown under
continuous light conditions, as well as maize atg12 mutants grown under a long-day
photoperiod (16 h light/8 h dark), which grow and develop normally under well-fertilized
conditions, and are phenotypically undistinguishable from the wild type [13,58]. Thus, the
impacts of autophagy deficiency in plants grown under nutrient-rich conditions seem to
vary, depending on the photoperiods.

Additionally, another common phenotype for autophagy-defective mutants is ac-
celerated leaf senescence, which reveals a negative regulatory role of autophagy during
plant senescence. Similar early senescence is observed in the rice Osatg7-1 mutant under
favorable growth conditions, as described in Arabidopsis atg mutants [34]. Excess salicylic
acid accumulation was demonstrated to be the major cause of leaf senescence in Arabidopsis
atg mutants [62,63]. However, no changes in salicylic acid levels, but a consistent increase
in another stress hormone, abscisic acid, was detected in the maize atg12 mutants [59],
suggesting the molecular mechanisms underlying the premature senescence in autophagy-
defective plants might be different between species. Intriguingly, Arabidopsis ATG8 has
been reported to promote senescence by interacting with ABS3, a member of multidrug and
toxic compound extrusion (MATE) family transporters, but this role of ATG8 is established
to be independent of its canonical function [64]. Similar conflicting results showing the
positive involvement of ATG18 in senescence were recently reported in maize plants. Near-
isogenic lines with lower ZmATG18b expressions and higher ZmGH3.8 expressions show
delayed leaf senescence and a good yield performance, while those with higher ZmATG18b
expressions and lower ZmGH3.8 expressions show accelerated leaf senescence and a poor
yield performance [65]. However, since the direct correlations between autophagy and
the senescence phenotypes are not investigated in this study, it remains unknown as to
whether autophagy can exert a positive role during senescence.

The autophagy defect also affects root development, especially under nutrient-depleted
conditions. The growth of primary roots in several Arabidopsis atg mutants, such as atg5,
atg7, and atg4a4b, are demonstrated to be significantly suppressed by nitrogen- or sugar-
deprived conditions [10,11,66,67]. Additionally, reduced numbers of total lateral roots and
the total length of lateral roots per primary root are observed in nitrogen-starved atg4a4b-1
seedlings, suggesting a role of autophagy in lateral root development during nutrient
limitation. Indeed, autophagy has been connected to the auxin-dependent lateral root
development in Arabidopsis under phosphate-starved conditions, possibly by the selective
depletion of repressors of auxin accumulation, in cooperation with PUB9 [66,68]. The maize
atg12 mutants also showed stunted root growth when fertilized with low nitrogen [13].
The ectopic expression of apple MdATG9 in Arabidopsis can significantly alleviate the neg-
ative effects of nitrogen deprivation on the root lengths and the total number of lateral
roots [47]. In addition to be induced by nutrient starvation, autophagy has been previously
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reported to occur constitutively in the root-tip cells of Arabidopsis, irrespective of nutrient
status, suggesting a general role during root development [67,69,70]. Consistent with this,
a reduction in root growth occurs in the rice Osatg7 mutant, even under ample-nutrient
conditions [34]. The knockdown of OsATG8b in rice seedlings leads to shorter roots than
the wild-type controls and OsATG8-overexpressing seedlings after 7-day germination in
water [51]. Furthermore, autophagy and its upstream negative regulator, TOR (Target Of
Rapamycin) kinase, have been reported to regulate glucose-mediated root meristem activ-
ity [71,72]. The TOR pathway has also been recently reported to be involved in adventitious
root formation in Arabidopsis and potato [73]; however, whether this process is directly
autophagy-dependent remains unknown.

3.2. Reproductive Development

Sexual reproduction in higher plants is a pivotal step in generate progenies and thus
crucial for crop yield. Although pollen germination defects and male sterility have been
previously reported in the Arabidopsis mutant lacking ATG6 [67,74,75], whether these phe-
notypes are directly caused by autophagy deficiency remains questionable, since all the
reported Arabidopsis atg mutants, other than atg6, are fertile [10–12,16–21]. Normal pollen
development and germination in Arabidopsis atg2, atg5, and atg7 mutants are further con-
firmed in recent research [69]. In addition, the maize atg12 mutants are also fertile under
normal experimental conditions [13]. In rice, however, autophagy is established to be
required for male reproductive development. The rice Osatg7 mutants are sterile and
exhibit limited anther dehiscence, defective pollen maturation, and reduced pollen germi-
nation [35]. The possible defective autophagy-dependent degradation and programed cell
death of the tapetum, which is the supplier of metabolites and nutrients to the developing
microspores and pollen grains, might be one cause of male sterility. Alternatively, reduced
gibberellin in Osatg7 mutants can partially explain the pollen maturation defect [70,76].
Similarly, a requirement for autophagy during male reproduction has been recently re-
ported in tobacco. Autophagy-mediated compartmental cytoplasmic deletion is essential
for tobacco pollen germination, and the inhibition of autophagy by knocking down key
ATG genes, including ATG2, ATG5, and ATG7, remarkably prevents pollen germination [69].
Of note, theses contrasting phenotypes associated with male sterility in the autophagy-
defective plants of Arabidopsis, rice, and tobacco indicate that the contribution of autophagy
to male production varies between different plant species. In addition, autophagy has been
reported to participate in the programed cell death of florets in wheat, which is caused
by the possible nutrient limitation during increased carbohydrate consumption under
long-day conditions [77].

Intact autophagy is required for higher seed production. The Arabidopsis atg mutants
show lower seed production than the wild-type controls under normal conditions [15,78].
Reduced seed yield is also reported in the well-fertilized maize atg12 mutants [13]. While
the overexpression of ATG5 or ATG7 in Arabidopsis leads to an enhanced seed set [79],
the overexpression of OsATG8a, OsATG8b, and OsATG8c in transgenic rice also improves
grain yield [49–51], further strengthening the importance of autophagy for productivity.
In addition to seed production, autophagy has been reported to be connected with seed
quality in rice. Seeds harvested from the rice Osatg7-1 mutant at a low frequency are
smaller and exhibit a chalky appearance and lower starch content in the endosperm [80].
Similar poor quality seeds with chalkiness and smaller, loosely packed starch granules are
described in rice OsATG8b-RNAi plants [51]. Furthermore, recently, it has been found that
the expression of RcATGs in castor beans is up-regulated during the later stage of seed-coat
development [61], and autophagy occurs in developing wheat grains to accomplish the
programed degradation of pericarp cells for the regulation of pericarp thickness [81]. These
findings suggest a contribution of autophagy to the seed development of crops.

Recent research reports concerning grapes, peppers, and strawberries indicate the
involvement of autophagy in fruit ripening. Two waves of increased autophagy flux
are detected during strawberry ripening, and autophagy inhibition by either 3-MA (3-
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methyladenine) treatment or knocking down ATG5 and ATG7 dramatically affects straw-
berry growth and ripening [82]. Additionally, during the fruit ripening of grapes and
peppers, increased transcripts related to autophagy are detected in the grape berry skin
and pepper fruit [81,83].

4. The Role of Autophagy in the Responses to Abiotic Stress

In addition to nutrient starvation, investigations into the roles of autophagy during
abiotic stress in model plants reveal that autophagy is vital for conferring resistance to
heat, chilling, drought, salinity, hypoxia, or oxidative stresses [84–88]. A growing body
of research on crops, such as tomato, apple, wheat, pepper, barley, foxtail millet, and
pear, also reveals the rapid transcriptional response of autophagy-related genes to abiotic
stresses [29,31,33,40,45,46,84,89–98], suggesting the possible involvements of autophagy in
the abiotic stress tolerance of crops. The detailed research findings are reviewed as follows:

4.1. Temperature Stress

During heat stress, the expression levels of ATG5, ATG7, and NBR1 in tomato plants
are elevated after 2–4 h of heat stress in the WRKY3-dependent manner, and the num-
bers of the LysoTracker-stained autophagic structures in the wild-type controls are also
found to be significantly increased during the stress. In consistence with the findings
in Arabidopsis, autophagy inhibition, by the silencing of ATG5, ATG7, and NBR1, com-
promises tomato heat tolerance, further demonstrating the importance of autophagy in
response to heat stress [86,93]. Endogenous melatonin levels in tomatoes are reported to
increase in response to heat stress, and exogenous melatonin treatment or endogenous
melatonin manipulation by overexpressing ASMT, a gene involved in melatonin synthesis,
can enhance thermotolerance by increasing the expression of ATG genes and the number
of autophagic structures [99]. During the response to chilling stress, brassinosteroids in
tomatoes act as a positive regulator of NBR1-dependent selective autophagy to contribute
to cold tolerance. The signaling element of brassinosteroids, BZR1, is required for the
induced expression of ATG2, ATG6, and NBR1 by the chilling stress via the direct binding to
their promoters, while the silencing of these ATGs or NBR1 genes compromises BR-induced
cold tolerance [84]. In wheat, cold treatment induces the expression of TaATG4a, TaATG4b,
TaATG8a, TaATG8g, and TaATG8h and increases autophagosome numbers in the roots of
seedlings [96,100]. Similar induced expression of ATG genes and increased autophagic
structures are observed in peppers undergoing cold stress [29]. In addition, the expression
of HvATG6 in barley and 26 SiATG genes in foxtail millet are reported to be up-regulated
by low temperatures [31,33].

4.2. Drought and Salinity Stress

Drought and high salinity are two of the most common environmental stresses encoun-
tered by plants, during which autophagy is demonstrated to be essential [87]. Up-regulated
expression of ATG genes during these stresses are also found in crop species, such as
tomato, wheat, pepper, apple, pear, and foxtail millet [29,33,46,89,92,96–98]. In tomato
plants HsfA1, a critical transcription factor for tolerance to drought stress, can regulate
autophagy by positive transcriptional regulation of ATG10 and ATG18f, while the silencing
of ATG10 and ATG18f reduces HsfA1a-induced drought tolerance in plants overexpressing
HsfA1a [89]. In another study, mitochondrial alternative oxidase (AOX)-dependent ROS
signaling is critical for autophagy induction in tomato plants, in response to ethylene,
and to enhance tolerance to drought stress. During ethylene-induced autophagy, ERF5, a
typical drought-responsive transcription factor, also contributes to autophagy induction
in tomatoes by promoting the expression of ATG8d and ATG18h via its binding to the
promoters of these two genes [101]. Medicago truncatula dehydrin MtCAS31 is recently
established to promote tolerance to drought stress by selectively mediating the autophagic
degradation of the aquaporin MtPIP2;7 [102]. In apples, MdATG18a is transcriptionally in-
duced by various abiotic stresses, including drought, and the overexpression of MdATG18a
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in tomato plants or apple plants markedly enhances their tolerance to drought [90]. The
transgenic apple plants overexpressing MdATG8i show improved tolerance to both salt and
drought [103,104]. Additionally, the expressions of MdATG3a and MdATG3b are induced
by drought, salinity, and oxidative stress, and the ectopic expression of these two genes in
Arabidopsis improves tolerance to osmotic or salinity stress [46]. In wheat, the expression of
all TaATG8s and autophagic structure numbers are both induced in response to salt and
drought stresses [92]. Autophagy inhibition by 3-MA treatment or knocking down ATG6
accelerates programed cell death (PCD) in wheat seedlings exposed to drought stress, and
autophagy inhibition by silencing of ATG2 or ATG7 also promotes PCD occurring during
salinity stress, which suggest the essential role of autophagy for tolerance of wheat to
drought or salt stress [95].

4.3. Hypoxia or Oxidative Stress

Autophagy in rice plays an important role for survival under oxidative stress, which
is inhibited in autophagy-defective mutants lacking OsATG10b [105]. Apple autophagy-
related genes, MdATG3a, MdATG3b, MdATG8i, and MdATG18a, can all be significantly
induced by oxidative stress [40,46]. In wheat, autophagy is critical for the clearance
of reactive oxidative species (ROS) during hypoxia stress caused by waterlogging, and
autophagy induced by hypoxia can inhibit PCD occurring in the root cells of wheat exposed
to short-term waterlogging [94,106].

5. The Role of Autophagy in Responses to Biotic Stress

In the last decade, research on the interplay between plant autophagy and diverse
types of crop pathogens, including viruses, bacteria, fungi, and oomycetes, has boomed,
suggesting the critical roles of plant autophagy in defense against pathogen infection. The
major advances are summarized in the following part.

5.1. Autophagy during Virus Infection

Autophagy protects plants against the infection of three geminiviruses, cotton leaf curl
Multan virus (CLCuMuV), tomato yellow leaf curl virus (TYLCV), and tomato yellow leaf curl
China virus (TYLCCNV), and, as a result, those viruses are higher accumulated and cause
more severe viral symptoms in the autophagy-deficient plants. The antiviral effect on
CLCuMuV is achieved by targeting βC1, the virulence factor of CLCuMuV, for autophagic
degradation via ATG8 [107]. During the infection of cauliflower mosaic virus (CaMV), host
autophagy is also activated to guide the vacuolar degradation of the viral capsid protein P4
in an NBR1-dependent manner via the direct binding of NBR1 to P4, by which CaMV initial
infection is suppressed [108]. Likewise, an autophagy-dependent antiviral response is also
reported during infection of RNA virus. Turnip mosaic virus (TuMV) infection activates
autophagy in plants, which promotes the autophagic degradation of the RNA-dependent
RNA polymerase (RdRp) of TuMV, Nib, by Beclin1 to inhibit virus replication [109]. NBR1-
mediated selective depletion of the viral RNA-silencing suppressor HCpro in TuMV also
contributes to the suppression of viral accumulation [110]. A similar autophagy-dependent
antiviral response is also found in plants infected by Barley stripe mosaic virus (BSMV), as
the silencing of ATG5 or ATG7 in plants enhances BSMV accumulation and viral symp-
toms [111]. The selective autophagic degradation of p3, an RNA-silencing suppressor
protein encoded by Rice stripe virus (RSV), by a potential cargo receptor P3IP, is established
to be important for suppressing RSV infection [112]. In addition, autophagy induced during
cucumber mosaic virus (CMV) infection can promote the turnover of the major virulence
protein and RNA-silencing suppressor 2b to assist the resistance to CMV [113]. In peppers
and N. benthamiana, expressions of multiple ATG genes are up-regulated after the infection
of Pepper mild mottle virus (PMMoV), and autophagy inhibition significantly increases the
accumulation of PMMoV and aggravated systemic symptoms [114].

Apart from the antiviral role of autophagy in virus infection, autophagy has also been
reported to be manipulated by some viruses as a strategy to counteract plant resistance,
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which further strengthens the importance of autophagy for plant defense against viruses,
from another perspective. Autophagy manipulation by viruses has been discussed in
several excellent review papers [115–117], which will not be discussed further here.

5.2. Autophagy during Fungi and Oomycete Infection

Autophagy is demonstrated to play an important role in the resistance to necrotrophic
fungal pathogens. Arabidopsis mutants defective in autophagy exhibit an enhanced sus-
ceptibility to the Botrytis cinerea or Alternaria brassicicola [118]. Similar susceptibility is
also observed in the Arabidopsis atg mutants inoculated with another necrotrophic fungal
pathogen, Sclerotinia sclerotiorum, missing its effector oxalic acid (OA) [119,120]. In pear
leaves, the silencing of PbrATG8c decreases the resistance to Botryosphaeria dothidea [98].
By contrast, the stable transgenic Arabidopsis plants overexpressing ATG5 or ATG7 with
stimulated autophagic flux exhibit increased resistance to the Alternaria brassicicola [79].
In response to the biotrophic powdery mildew pathogen Golovinomyces cichoracearum,
Arabidopsis atg mutants show enhanced disease resistance, indicating a negative role of
autophagy in powdery mildew resistance [121]. In wheat, however, the knocking down
of TaATG6s is reported to weakly compromise the broad-spectrum powdery mildew re-
sistance, and the knocking down of TaATG8j also compromises resistance to stripe rust
fungus [122,123], indicating a different role of autophagy during the wheat–biotrophic
fungi interaction. In bananas, the preliminary results obtained from 3-MA treatment
also suggest a role of autophagy in the resistance to the hemibiotrophic fungal pathogen,
Fusarium oxysporum [124].

A positive role of autophagy is also suggested in response to infection of the oomycete
Phytophthora infestans. Transient overexpression of Joka2 or ATG9 enhanced immunity to P.
infestans, while the silencing of Joka2 resulted in increased disease lesions in leaves [125,126].

5.3. Autophagy during Bacterial Infection

The versatile roles of autophagy are reported during the plant–bacteria interaction.
When infected with the virulent bacteria pathogen, Pseudomonas syringae pv tomato DC3000
(Pst), the autophagy-defective plants in Arabidopsis, including the ATG6-AS plants, atg7,
and nbr1mutants, exhibited enhanced disease susceptibility, suggesting a contribution of
autophagy to the basal defense response [127–129]. However, conflicting phenotypes are
reported in the atg5, atg10, and atg18a mutants infected with the same pathogen [120].
Enhanced resistance is also observed in GmATG2-silenced plants infected with Pseudomonas
syringae pv. glycinea (Psg) [130]. These contrasting phenotypes might be related to the
dual roles of autophagy during the infection of Pst, whose effectors can exploit autophagy
for proteasome degradation and enhanced virulence, and can also be targeted by NBR1
for autophagic suppression [127]. In cassava, autophagy deficiency leads to increased
disease susceptibility to Xanthomonas axonopodis pv. manihotis (Xam), which causes cassava
bacterial blight [131,132]. Autophagy enhancement in N. benthamiana by the silencing of
the negative regulator of autophagy, cytoplastic glyceraldehyde-3-phosphate dehydroge-
nases (GAPC), significantly suppresses the growth of the Pseudomonas syringae pv tabaci
and Pst [133], while, in Arabidopsis, autophagy activation in mutants of GAPC1 and the
chloroplastic isoform, GAPA1, also exhibit enhanced disease resistance to both the virulent
Pst and avirulent Pst expressing the effector AvrRpt2 [134]. Similarly, MeGAPCs-silenced
cassava shows an improved resistance to Xam by autophagy induction [135]. Additionally,
a positive role of autophagy is reported during the infection of the necrotrophic bacteria
Dickeya dadantii in Arabidopsis [136].

6. Potential Approaches of Autophagy Manipulation for Crop Improvement
6.1. Genetic Manipulation of ATG Genes

Mounting research reports about autophagy manipulation by overexpressing ATG in
plants, especially in crops, have recently emerged, which show the significant improve-
ments in one or more agronomic traits associated with growth, seed yield, or tolerance to
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abiotic or biotic stresses (Table 1). For instance, ATG5- or ATG7-overexpressing Arabidopsis
plants exhibit an increased resistance to necrotrophic pathogens and oxidative stress, de-
layed aging, and enhanced growth, seed set, and seed oil content [79]; the heterologous
expression of soybean ATG8c in Arabidopsis confers tolerance to nitrogen deficiency and
increases yield [32]; the overexpression of the autophagy-related gene SiATG8a from foxtail
millet improves tolerance to both starvation and drought stress in Arabidopsis, while the
overexpression of it in the rice increases nitrogen starvation tolerance [33,45]; transgenic
apple plants overexpressing MdATG18a exhibit an enhanced tolerance to drought and nitro-
gen deficiency, and transgenic apple plants overexpressing MdATG8i improves water-use
efficiency [48,90]; and transgenic rice overexpressing OsATG8a, OsATG8b, and OsATG8c
show increased nitrogen-use efficiency, yield, and improved seed quality [49–52]. Notably,
few detrimental effects are reported in those plants overexpressing ATGs, at least on the
visible phenotypes of growth and reproduction, which makes the genetic manipulation
of ATG genes an approach with a significant potential for crop improvement [137]. How-
ever, whether those plants overexpressing ATGs will show better performance in the field
conditions, when exposed to diverse stresses, remains to be seen.

Table 1. Potential targets for autophagy manipulation to improve the agronomic traits.

Genes Plant Species Genetic Manipulation a Phenotypes Ref

GmATG8c Soybean OE
Improved tolerance to N
starvation in soybean calli and
Arabidopsis OE lines

[32]

SiATG8a Foxtail millet OE

Conferring enhanced tolerance
to N starvation in Arabidopsis
and rice OE lines; improved
tolerance to drought stress in
Arabidopsis OE lines

[33,45]

MdATG8i Apple OE

Enhanced vegetative growth,
leaf senescence and tolerance
to N and C starvation in
Arabidopsis OE lines; better
tolerance to N/C starvation in
apple OE calli; enhanced
tolerance to salt and drought
in apple OE lines

[40,103,104]

MdATG3a,
MdATG3b Apple OE

Arabidopsis OE lines show
accelerated growth and
bolting, and improved
tolerance to mannitol, NaCl, N,
and C starvation; apple calli
overexpressing MdATG3b
improve tolerance to N and C
starvation

[46]

MdATG7b Apple OE

Arabidopsis OE lines show
accelerated growth and
bolting, and improved
tolerance to stresses caused by
NaCl and N/C starvation

[138]

MdATG18a Apple OE

enhanced tolerance to drought
stress and N depletion in the
apple OE lines; enhanced
tolerance to drought stress in
the tomato OE lines

[48,90]
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Table 1. Cont.

Genes Plant Species Genetic Manipulation a Phenotypes Ref

MdATG9 Apple OE

Transgenic apple calli confer
enhanced tolerance to N
depletion; Arabidopsis OE lines
alleviates the negative effects
of N deprivation on the root
growth

[47]

OsATG8a Rice OE

Increased numbers of tillers
and reduced height; increased
panicle numbers and yield;
improved nitrogen use
efficiency (NRE) under normal
conditions

[49]

OsATG8c Rice OE

Increased yield under normal
conditions; improved NRE
under normal or N-deficient
conditions

[50]

OsATG8b Rice OE
conferring higher N-recycling
efficiency to grains; increased
yield under normal conditions

[51]

ATG5, ATG7 Arabidopsis OE

Increased resistance to
necrotrophic pathogens and
oxidative stress, delayed aging
and enhanced growth, seed set,
and seed oil content

[79]

ASMT Tomato OE Enhanced autophagy and
thermotolerance [99]

BZR1 Tomato OE
Enhanced autophagy and
tolerance to chilling stress and
N starvation

[84,139]

HsfA1 Tomato OE Enhanced autophagy and
tolerance to drought stress [89]

AOX Tomato OE

Enhanced autophagosome
formation and
ethylene-mediated drought
tolerance

[101]

MtCAS31 Medicago truncatula OE

Improving drought tolerance
by mediating selective
autophagic degradation of the
aquaporin MtPIP2;7

[102]

TGA9 Arabidopsis OE

Increased autophagy under
sucrose starvation and osmotic
stress; enhanced tolerance to C
starvation

[140]

COST1 Arabidopsis KO Increased drought tolerance
but decreased growth [141]

GAPCs Nicotiana
benthamiana VIGS

Enhanced resistance to the
incompatible pathogens
tobacco mosaic virus and Pst,
as well as compatible pathogen
Pseudomonas syringae pv tabaci

[133]

GAPC1,
GAPA1 Arabidopsis KO

Enhanced resistance to both
the virulent Pst and avirulent
Pst expressing the effector
AvrRpt2

[134]
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Table 1. Cont.

Genes Plant Species Genetic Manipulation a Phenotypes Ref

MeGAPCs Cassava VIGS to Xanthomonas axonopodis pv
manihotis (Xam) [135]

HY5 Arabidopsis KO
Enhanced autophagy and
improved tolerance to N/C
starvation

[142]

a Genetic manipulation approaches listed in the table including: overexpression (OE), knock-out (KO) and
virus-induced gene silencing (VIGS).

6.2. Genetic Manipulation of Autophagy Regulators

In addition to ATG genes, genes that can modulate autophagy are also potential targets
for crop improvement (Table 1). Diverse autophagy regulators, such as transcription factors
or epigenetic modifiers controlling ATG expression or ATG activity, or ATG-interacting
partners that can regulate the autophagy pathway, are gradually identified. For instance,
the overexpression of the transcription factor HsfA1a in tomatoes increases autophagosome
formation and improves drought tolerance, while the overexpression of another transcrip-
tion factor, BZR1, in tomatoes induces autophagy and enhances tolerance to nitrogen
starvation and chilling stress [89,139]. The overexpression of MtCAS3, the selective cargo
receptor for the aquaporin MtPIP2;7 in M. truncatula, can promote tolerance to drought
stress [102]. Knocking down of the negative regulator of autophagy, GAPCs, in N. benthami-
ana or cassava increases their resistance to virus or bacterial pathogens [133,135]. Beyond
those reported in crops, some newly identified regulators of autophagy could become
possible targets for autophagy manipulation in crops. The Arabidopsis transcription factor,
HY5 (elongated hypocotyl 5), is reported to negatively modulate autophagy by interacting
with and recruiting HISTONE DEACETYLASE 9 (HDA9) to transcriptionally suppress the
expression of ATG5 and ATG8e [142]. Arabidopsis COST1, a recently identified negative
regulator of autophagy, can negatively regulate drought tolerance. Of note, although the
cost1 mutant shows increased drought tolerance, its growth is markedly decreased [141].
One bZIP transcription factor, TGA9, is shown to upregulate the expression of ATG8 and
activate autophagy under both sucrose starvation and osmotic stress conditions [140].
Whether these positive or negative regulators are suitable for crop improvement should be
further evaluated comprehensively, not just based on the growth or yield, but also stress
tolerance in the field, and the putative side effects should also be clarified. To obtain an
ideal candidate that meets all the standards is not easy and, therefore, a larger pool of
candidates for modulating autophagy should be constructed in the future.

6.3. Pharmacological Regulation

The pharmacological manipulation of autophagy is another possible approach for
autophagy modulation. However, the current reported chemical modulators, including the
elicitors, such as BTH (a synthetic analog of salicylic acid); ACC (the precursor of ethylene);
brassinosteroids; and melatonin, and the inhibitors, such as 3-MA and Wortmannin, are
only lab-used and remain untested in the field [63,84,99,101,143]. High-throughput screens
for chemical modulators of autophagy will assist us to identify the efficient, stable, specific,
and cost-effective molecular candidates suitable for field applications. If achieved, this
pharmacological approach will have great advantages over the genetic manipulation in
aspects of either the practical benefit or public acceptance [137,143].

7. Future Perspectives

Benefitting greatly from the advancement of autophagy research in the model plants,
the study of autophagy in crop species has been rapidly expanding, albeit relatively limited
and preliminary. For beneficial agricultural applications, as previously discussed, the
further identification and characterization of new autophagy regulators, either genetically
or pharmacologically, are critical areas for future research. Considering that multiple biotic
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and abiotic stresses are usually combined in the field, a more systematic and complete
evaluation is needed for crops with autophagy modulated in field conditions.

Author Contributions: Y.W. conceived the idea; Y.W., J.W., S.M. and Y.L. wrote the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the the National Key Research and Development Program of
China (2021YFD1400400) and the National Natural Science Foundation of China (32172360).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rabinowitz, J.D.; White, E. Autophagy and metabolism. Science 2010, 330, 1344–1348. [CrossRef]
2. Marshall, R.S.; Vierstra, R.D. Autophagy: The Master of Bulk and Selective Recycling. Annu. Rev. Plant Biol. 2018, 69, 173–208.

[CrossRef]
3. Yoshimoto, K.; Ohsumi, Y. Unveiling the Molecular Mechanisms of Plant Autophagy-From Autophagosomes to Vacuoles in

Plants. Plant Cell Physiol. 2018, 59, 1337–1344. [CrossRef]
4. Nakatogawa, H. Mechanisms governing autophagosome biogenesis. Nat. Rev. Mol. Cell Biol. 2020, 21, 439–458. [CrossRef]
5. Hofius, D.; Li, L.; Hafren, A.; Coll, N.S. Autophagy as an emerging arena for plant-pathogen interactions. Curr. Opin. Plant Biol.

2017, 38, 117–123. [CrossRef]
6. Tang, J.; Bassham, D.C. Autophagy in crop plants: What’s new beyond Arabidopsis? Open Biol. 2018, 8. [CrossRef]
7. Zhou, X.; Zhao, P.; Sun, M.X. Autophagy in sexual plant reproduction: New insights. J. Exp. Bot. 2021, 72, 7658–7667. [CrossRef]
8. Signorelli, S.; Tarkowski, L.P.; Van den Ende, W.; Bassham, D.C. Linking Autophagy to Abiotic and Biotic Stress Responses. Trends

Plant Sci. 2019, 24, 413–430. [CrossRef]
9. Masclaux-Daubresse, C.; Chen, Q.; Have, M. Regulation of nutrient recycling via autophagy. Curr. Opin. Plant Biol. 2017, 39, 8–17.

[CrossRef]
10. Hanaoka, H.; Noda, T.; Shirano, Y.; Kato, T.; Hayashi, H.; Shibata, D.; Tabata, S.; Ohsumi, Y. Leaf senescence and starvation-

induced chlorosis are accelerated by the disruption of an Arabidopsis autophagy gene. Plant Physiol. 2002, 129, 1181–1193.
[CrossRef]

11. Yoshimoto, K.; Hanaoka, H.; Sato, S.; Kato, T.; Tabata, S.; Noda, T.; Ohsumi, Y. Processing of ATG8s, ubiquitin-like proteins, and
their deconjugation by ATG4s are essential for plant autophagy. Plant Cell 2004, 16, 2967–2983. [CrossRef]

12. Li, F.; Chung, T.; Vierstra, R.D. AUTOPHAGY-RELATED11 plays a critical role in general autophagy- and senescence-induced
mitophagy in Arabidopsis. Plant Cell 2014, 26, 788–807. [CrossRef]

13. Li, F.; Chung, T.; Pennington, J.G.; Federico, M.L.; Kaeppler, H.F.; Kaeppler, S.M.; Otegui, M.S.; Vierstra, R.D. Autophagic recycling
plays a central role in maize nitrogen remobilization. Plant Cell 2015, 27, 1389–1408. [CrossRef]

14. Liu, F.; Hu, W.; Li, F.; Marshall, R.S.; Zarza, X.; Munnik, T.; Vierstra, R.D. AUTOPHAGY-RELATED14 and Its Associated
Phosphatidylinositol 3-Kinase Complex Promote Autophagy in Arabidopsis. Plant Cell 2020, 32, 3939–3960. [CrossRef]

15. Guiboileau, A.; Yoshimoto, K.; Soulay, F.; Bataille, M.P.; Avice, J.C.; Masclaux-Daubresse, C. Autophagy machinery controls
nitrogen remobilization at the whole-plant level under both limiting and ample nitrate conditions in Arabidopsis. New Phytol.
2012, 194, 732–740. [CrossRef]

16. Chung, T.; Phillips, A.R.; Vierstra, R.D. ATG8 lipidation and ATG8-mediated autophagy in Arabidopsis require ATG12 expressed
from the differentially controlled ATG12A AND ATG12B loci. Plant J. 2010, 62, 483–493. [CrossRef]

17. Doelling, J.H.; Walker, J.M.; Friedman, E.M.; Thompson, A.R.; Vierstra, R.D. The APG8/12-activating enzyme APG7 is required
for proper nutrient recycling and senescence in Arabidopsis thaliana. J. Biol. Chem. 2002, 277, 33105–33114. [CrossRef]

18. Phillips, A.R.; Suttangkakul, A.; Vierstra, R.D. The ATG12-conjugating enzyme ATG10 is essential for autophagic vesicle formation
in Arabidopsis thaliana. Genetics 2008, 178, 1339–1353. [CrossRef]

19. Thompson, A.R.; Doelling, J.H.; Suttangkakul, A.; Vierstra, R.D. Autophagic nutrient recycling in Arabidopsis directed by the
ATG8 and ATG12 conjugation pathways. Plant Physiol. 2005, 138, 2097–2110. [CrossRef]

20. Xiong, Y.; Contento, A.L.; Bassham, D.C. AtATG18a is required for the formation of autophagosomes during nutrient stress and
senescence in Arabidopsis thaliana. Plant J. 2005, 42, 535–546. [CrossRef]

21. Suttangkakul, A.; Li, F.Q.; Chung, T.; Vierstra, R.D. The ATG1/ATG13 Protein Kinase Complex Is Both a Regulator and a Target
of Autophagic Recycling in Arabidopsis. Plant Cell 2011, 23, 3761–3779. [CrossRef] [PubMed]

22. Naumann, C.; Muller, J.; Sakhonwasee, S.; Wieghaus, A.; Hause, G.; Heisters, M.; Burstenbinder, K.; Abel, S. The Local Phosphate
Deficiency Response Activates Endoplasmic Reticulum Stress-Dependent Autophagy (vol 179, pg 460, 2019). Plant Physiol. 2020,
184, 2240–2241. [CrossRef]

23. Eguchi, M.; Kimura, K.; Makino, A.; Ishida, H. Autophagy is induced under Zn limitation and contributes to Zn-limited stress
tolerance in Arabidopsis (Arabidopsis thaliana). Soil Sci. Plant Nutr. 2017, 63, 342–350. [CrossRef]

24. Dong, Y.H.; Silbermann, M.; Speiser, A.; Forieri, I.; Linster, E.; Poschet, G.; Samami, A.A.; Wanatabe, M.; Sticht, C.;
Teleman, A.A.; et al. Sulfur availability regulates plant growth via glucose-TOR signaling. Nat. Commun. 2017, 8. [CrossRef]
[PubMed]

http://doi.org/10.1126/science.1193497
http://doi.org/10.1146/annurev-arplant-042817-040606
http://doi.org/10.1093/pcp/pcy112
http://doi.org/10.1038/s41580-020-0241-0
http://doi.org/10.1016/j.pbi.2017.04.017
http://doi.org/10.1098/rsob.180162
http://doi.org/10.1093/jxb/erab366
http://doi.org/10.1016/j.tplants.2019.02.001
http://doi.org/10.1016/j.pbi.2017.05.001
http://doi.org/10.1104/pp.011024
http://doi.org/10.1105/tpc.104.025395
http://doi.org/10.1105/tpc.113.120014
http://doi.org/10.1105/tpc.15.00158
http://doi.org/10.1105/tpc.20.00285
http://doi.org/10.1111/j.1469-8137.2012.04084.x
http://doi.org/10.1111/j.1365-313X.2010.04166.x
http://doi.org/10.1074/jbc.M204630200
http://doi.org/10.1534/genetics.107.086199
http://doi.org/10.1104/pp.105.060673
http://doi.org/10.1111/j.1365-313X.2005.02397.x
http://doi.org/10.1105/tpc.111.090993
http://www.ncbi.nlm.nih.gov/pubmed/21984698
http://doi.org/10.1104/pp.18.01379
http://doi.org/10.1080/00380768.2017.1360750
http://doi.org/10.1038/s41467-017-01224-w
http://www.ncbi.nlm.nih.gov/pubmed/29079776


Int. J. Mol. Sci. 2022, 23, 4793 14 of 18

25. Shinozaki, D.; Merkulova, E.A.; Naya, L.; Horie, T.; Kanno, Y.; Seo, M.; Ohsumi, Y.; Masclaux-Daubresse, C.; Yoshimoto,
K. Autophagy Increases Zinc Bioavailability to Avoid Light-Mediated Reactive Oxygen Species Production under Zinc Defi-
ciency(1)([OPEN]). Plant Physiol. 2020, 182, 1284–1296. [CrossRef] [PubMed]

26. Lornac, A.; Have, M.; Chardon, F.; Soulay, F.; Clement, G.; Avice, J.C.; Masclaux-Daubresse, C. Autophagy Controls Sulphur
Metabolism in the Rosette Leaves of Arabidopsis and Facilitates S Remobilization to the Seeds. Cells 2020, 9, 332. [CrossRef]
[PubMed]

27. Xia, K.; Liu, T.; Ouyang, J.; Wang, R.; Fan, T.; Zhang, M. Genome-wide identification, classification, and expression analysis of
autophagy-associated gene homologues in rice (Oryza sativa L.). DNA Res. 2011, 18, 363–377. [CrossRef]

28. Izumi, M.; Hidema, J.; Wada, S.; Kondo, E.; Kurusu, T.; Kuchitsu, K.; Makino, A.; Ishida, H. Establishment of monitoring methods
for autophagy in rice reveals autophagic recycling of chloroplasts and root plastids during energy limitation. Plant Physiol. 2015,
167, 1307–1320. [CrossRef]

29. Zhai, Y.; Guo, M.; Wang, H.; Lu, J.; Liu, J.; Zhang, C.; Gong, Z.; Lu, M. Autophagy, a Conserved Mechanism for Protein
Degradation, Responds to Heat, and Other Abiotic Stresses in Capsicum annuum L. Front. Plant Sci. 2016, 7, 131. [CrossRef]

30. Chung, T.; Suttangkakul, A.; Vierstra, R.D. The ATG autophagic conjugation system in maize: ATG transcripts and abundance of
the ATG8-lipid adduct are regulated by development and nutrient availability. Plant Physiol. 2009, 149, 220–234. [CrossRef]

31. Zeng, X.W.; Zeng, Z.H.; Liu, C.C.; Yuan, W.Y.; Hou, N.; Bian, H.W.; Zhu, M.Y.; Han, N. A barley homolog of yeast ATG6 is
involved in multiple abiotic stress responses and stress resistance regulation. Plant Physiol. Bioch. 2017, 115, 97–106. [CrossRef]
[PubMed]

32. Xia, T.; Xiao, D.; Liu, D.; Chai, W.; Gong, Q.; Wang, N.N. Heterologous expression of ATG8c from soybean confers tolerance to
nitrogen deficiency and increases yield in Arabidopsis. PLoS ONE 2012, 7, e37217. [CrossRef] [PubMed]

33. Li, W.W.; Chen, M.; Wang, E.H.; Hu, L.Q.; Hawkesford, M.J.; Zhong, L.; Chen, Z.; Xu, Z.S.; Li, L.C.; Zhou, Y.B.; et al. Genome-wide
analysis of autophagy-associated genes in foxtail millet (Setaria italica L.) and characterization of the function of SiATG8a in
conferring tolerance to nitrogen starvation in rice. Bmc Genom. 2016, 17. [CrossRef] [PubMed]

34. Wada, S.; Hayashida, Y.; Izumi, M.; Kurusu, T.; Hanamata, S.; Kanno, K.; Kojima, S.; Yamaya, T.; Kuchitsu, K.; Makino, A.; et al.
Autophagy Supports Biomass Production and Nitrogen Use Efficiency at the Vegetative Stage in Rice. Plant Physiol. 2015, 168,
60–73. [CrossRef]

35. Kurusu, T.; Koyano, T.; Hanamata, S.; Kubo, T.; Noguchi, Y.; Yagi, C.; Nagata, N.; Yamamoto, T.; Ohnishi, T.; Okazaki, Y.; et al.
OsATG7 is required for autophagy-dependent lipid metabolism in rice postmeiotic anther development. Autophagy 2014, 10,
878–888. [CrossRef]

36. Avila-Ospina, L.; Moison, M.; Yoshimoto, K.; Masclaux-Daubresse, C. Autophagy, plant senescence, and nutrient recycling. J. Exp.
Bot. 2014, 65, 3799–3811. [CrossRef]

37. Gregersen, P.L.; Culetic, A.; Boschian, L.; Krupinska, K. Plant senescence and crop productivity. Plant Mol. Biol. 2013, 82, 603–622.
[CrossRef]

38. Breeze, E.; Harrison, E.; McHattie, S.; Hughes, L.; Hickman, R.; Hill, C.; Kiddle, S.; Kim, Y.S.; Penfold, C.A.; Jenkins, D.;
et al. High-Resolution Temporal Profiling of Transcripts during Arabidopsis Leaf Senescence Reveals a Distinct Chronology of
Processes and Regulation. Plant Cell 2011, 23, 873–894. [CrossRef]

39. Masclaux-Daubresse, C.; Daniel-Vedele, F.; Dechorgnat, J.; Chardon, F.; Gaufichon, L.; Suzuki, A. Nitrogen uptake, assimilation
and remobilization in plants: Challenges for sustainable and productive agriculture. Ann. Bot. 2010, 105, 1141–1157. [CrossRef]

40. Wang, P.; Sun, X.; Jia, X.; Wang, N.; Gong, X.Q.; Ma, F.W. Characterization of an Autophagy-Related Gene MdATG8i from Apple.
Front. Plant Sci. 2016, 7. [CrossRef]

41. Htwe, N.M.P.S.; Yuasa, T.; Ishibashi, Y.; Tanigawa, H.; Okuda, M.; Zheng, S.H.; Iwaya-Inoue, M. Leaf Senescence of Soybean at
Reproductive Stage is Associated with Induction of Autophagy-related Genes, GmATG8c, GmATG8i and GmATG4. Plant Prod.
Sci. 2011, 14, 141–147. [CrossRef]

42. Islam, M.M.; Ishibashi, Y.; Nakagawa, A.C.S.; Tomita, Y.; Iwaya-Inoue, M.; Arima, S.; Zheng, S.H. Nitrogen redistribution and
its relationship with the expression of GmATG8c during seed filling in soybean. J. Plant Physiol. 2016, 192, 71–74. [CrossRef]
[PubMed]

43. Hollmann, J.; Gregersen, P.L.; Krupinska, K. Identification of predominant genes involved in regulation and execution of
senescence-associated nitrogen remobilization in flag leaves of field grown barley. J. Exp. Bot. 2014, 65, 3963–3973. [CrossRef]
[PubMed]

44. Guiboileau, A.; Avila-Ospina, L.; Yoshimoto, K.; Soulay, F.; Azzopardi, M.; Marmagne, A.; Lothier, J.; Masclaux-Daubresse, C.
Physiological and metabolic consequences of autophagy deficiency for the management of nitrogen and protein resources in
Arabidopsis leaves depending on nitrate availability. New Phytol. 2013, 199, 683–694. [CrossRef] [PubMed]

45. Li, W.W.; Chen, M.; Zhong, L.; Liu, J.M.; Xu, Z.S.; Li, L.C.; Zhou, Y.B.; Guo, C.H.; Ma, Y.Z. Overexpression of the autophagy-related
gene SiATG8a from foxtail millet (Setaria italica L.) confers tolerance to both nitrogen starvation and drought stress in Arabidopsis.
Biochem. Bioph. Res. Co. 2015, 468, 800–806. [CrossRef] [PubMed]

46. Wang, P.; Sun, X.; Jia, X.; Ma, F. Apple autophagy-related protein MdATG3s afford tolerance to multiple abiotic stresses. Plant Sci.
2017, 256, 53–64. [CrossRef] [PubMed]

47. Huo, L.; Guo, Z.; Zhang, Z.; Jia, X.; Sun, Y.; Sun, X.; Wang, P.; Gong, X.; Ma, F. The Apple Autophagy-Related Gene MdATG9
Confers Tolerance to Low Nitrogen in Transgenic Apple Callus. Front. Plant Sci. 2020, 11, 423. [CrossRef]

http://doi.org/10.1104/pp.19.01522
http://www.ncbi.nlm.nih.gov/pubmed/31941669
http://doi.org/10.3390/cells9020332
http://www.ncbi.nlm.nih.gov/pubmed/32023971
http://doi.org/10.1093/dnares/dsr024
http://doi.org/10.1104/pp.114.254078
http://doi.org/10.3389/fpls.2016.00131
http://doi.org/10.1104/pp.108.126714
http://doi.org/10.1016/j.plaphy.2017.03.013
http://www.ncbi.nlm.nih.gov/pubmed/28343064
http://doi.org/10.1371/journal.pone.0037217
http://www.ncbi.nlm.nih.gov/pubmed/22629371
http://doi.org/10.1186/s12864-016-3113-4
http://www.ncbi.nlm.nih.gov/pubmed/27733118
http://doi.org/10.1104/pp.15.00242
http://doi.org/10.4161/auto.28279
http://doi.org/10.1093/jxb/eru039
http://doi.org/10.1007/s11103-013-0013-8
http://doi.org/10.1105/tpc.111.083345
http://doi.org/10.1093/aob/mcq028
http://doi.org/10.3389/fpls.2016.00720
http://doi.org/10.1626/pps.14.141
http://doi.org/10.1016/j.jplph.2016.01.007
http://www.ncbi.nlm.nih.gov/pubmed/26871505
http://doi.org/10.1093/jxb/eru094
http://www.ncbi.nlm.nih.gov/pubmed/24700620
http://doi.org/10.1111/nph.12307
http://www.ncbi.nlm.nih.gov/pubmed/23647084
http://doi.org/10.1016/j.bbrc.2015.11.035
http://www.ncbi.nlm.nih.gov/pubmed/26577407
http://doi.org/10.1016/j.plantsci.2016.12.003
http://www.ncbi.nlm.nih.gov/pubmed/28167039
http://doi.org/10.3389/fpls.2020.00423


Int. J. Mol. Sci. 2022, 23, 4793 15 of 18

48. Sun, X.; Jia, X.; Huo, L.Q.; Che, R.M.; Gong, X.Q.; Wang, P.; Ma, F.W. MdATG18a overexpression improves tolerance to nitrogen
deficiency and regulates anthocyanin accumulation through increased autophagy in transgenic apple. Plant Cell Environ. 2018, 41,
469–480. [CrossRef]

49. Yu, J.; Zhen, X.; Li, X.; Li, N.; Xu, F. Increased Autophagy of Rice Can Increase Yield and Nitrogen Use Efficiency (NUE). Front.
Plant Sci. 2019, 10, 584. [CrossRef]

50. Zhen, X.; Li, X.; Yu, J.; Xu, F. OsATG8c-Mediated Increased Autophagy Regulates the Yield and Nitrogen Use Efficiency in Rice.
Int. J. Mol. Sci. 2019, 20, 4956. [CrossRef]

51. Fan, T.; Yang, W.; Zeng, X.; Xu, X.L.; Xu, Y.L.; Fan, X.R.; Luo, M.; Tian, C.G.; Xia, K.F.; Zhang, M.Y. A Rice Autophagy Gene
OsATG8b Is Involved in Nitrogen Remobilization and Control of Grain Quality. Front. Plant Sci. 2020, 11. [CrossRef] [PubMed]

52. Zhen, X.; Zheng, N.; Yu, J.; Bi, C.; Xu, F. Autophagy mediates grain yield and nitrogen stress resistance by modulating nitrogen
remobilization in rice. PLoS ONE 2021, 16, e0244996. [CrossRef] [PubMed]

53. Pottier, M.; Dumont, J.; Masclaux-Daubresse, C.; Thomine, S. Autophagy is essential for optimal translocation of iron to seeds in
Arabidopsis. J. Exp. Bot. 2019, 70, 859–869. [CrossRef]

54. Sulpice, R.; Pyl, E.T.; Ishihara, H.; Trenkamp, S.; Steinfath, M.; Witucka-Wall, H.; Gibon, Y.; Usadel, B.; Poree, F.; Piques, M.C.; et al.
Starch as a major integrator in the regulation of plant growth. Proc. Natl. Acad. Sci. USA 2009, 106, 10348–10353. [CrossRef]

55. Wang, Y.; Yu, B.; Zhao, J.; Guo, J.; Li, Y.; Han, S.; Huang, L.; Du, Y.; Hong, Y.; Tang, D.; et al. Autophagy contributes to leaf starch
degradation. Plant Cell 2013, 25, 1383–1399. [CrossRef]

56. Wang, Y.; Liu, Y. Autophagic degradation of leaf starch in plants. Autophagy 2013, 9, 1247–1248. [CrossRef]
57. Ren, C.; Liu, J.; Gong, Q. Functions of autophagy in plant carbon and nitrogen metabolism. Front. Plant Sci. 2014, 5, 301.

[CrossRef]
58. Izumi, M.; Hidema, J.; Makino, A.; Ishida, H. Autophagy contributes to nighttime energy availability for growth in Arabidopsis.

Plant Physiol. 2013, 161, 1682–1693. [CrossRef]
59. McLoughlin, F.; Augustine, R.C.; Marshall, R.S.; Li, F.Q.; Kirkpatrick, L.D.; Otegui, M.S.; Vierstra, R.D. Maize multi-omics reveal

roles for autophagic recycling in proteome remodelling and lipid turnover. Nat. Plants 2018, 4, 1056–1070. [CrossRef]
60. McLoughlin, F.; Marshall, R.S.; Ding, X.; Chatt, E.C.; Kirkpatrick, L.D.; Augustine, R.C.; Li, F.; Otegui, M.S.; Vierstra, R.D.

Autophagy Plays Prominent Roles in Amino Acid, Nucleotide, and Carbohydrate Metabolism during Fixed-Carbon Starvation in
Maize. Plant Cell 2020, 32, 2699–2724. [CrossRef]

61. Han, B.; Xu, H.; Feng, Y.T.; Xu, W.; Cui, Q.H.; Liu, A.Z. Genomic Characterization and Expressional Profiles of Autophagy-Related
Genes (ATGs) in Oilseed Crop Castor Bean (Ricinus communis L.). Int. J. Mol. Sci. 2020, 21, 562. [CrossRef] [PubMed]

62. Masclaux-Daubresse, C.; Clement, G.; Anne, P.; Routaboul, J.M.; Guiboileau, A.; Soulay, F.; Shirasu, K.; Yoshimoto, K. Stitching
together the Multiple Dimensions of Autophagy Using Metabolomics and Transcriptomics Reveals Impacts on Metabolism,
Development, and Plant Responses to the Environment in Arabidopsis. Plant Cell 2014, 26, 1857–1877. [CrossRef] [PubMed]

63. Yoshimoto, K.; Jikumaru, Y.; Kamiya, Y.; Kusano, M.; Consonni, C.; Panstruga, R.; Ohsumi, Y.; Shirasu, K. Autophagy negatively
regulates cell death by controlling NPR1-dependent salicylic acid signaling during senescence and the innate immune response
in Arabidopsis. Plant Cell 2009, 21, 2914–2927. [CrossRef]

64. Jia, M.; Liu, X.Y.; Xue, H.; Wu, Y.; Shi, L.; Wang, R.; Chen, Y.; Xu, N.; Zhao, J.; Shao, J.X.; et al. Noncanonical ATG8-ABS3
interaction controls senescence in plants. Nat. Plants 2019, 5, 212–224. [CrossRef] [PubMed]

65. Feng, X.; Liu, L.L.; Li, Z.G.; Sun, F.; Wu, X.Y.; Hao, D.Y.; Hao, H.Q.; Jing, H.C. Potential interaction between autophagy and auxin
during maize leaf senescence. J. Exp. Bot. 2021, 72, 3554–3568. [CrossRef] [PubMed]

66. Deb, S.; Sankaranarayanan, S.; Wewala, G.; Widdup, E.; Samuel, M.A. The S-Domain Receptor Kinase Arabidopsis Receptor
Kinase2 and the U Box/Armadillo Repeat-Containing E3 Ubiquitin Ligase9 Module Mediates Lateral Root Development under
Phosphate Starvation in Arabidopsis. Plant Physiol. 2014, 165, 1647–1656. [CrossRef] [PubMed]

67. Harrison-Lowe, N.J.; Olsen, L.J. Autophagy protein 6 (ATG6) is required for pollen germination in Arabidopsis thaliana. Autophagy
2008, 4, 339–348. [CrossRef]

68. Sankaranarayanan, S.; Samuel, M.A. A proposed role for selective autophagy in regulating auxin-dependent lateral root
development under phosphate starvation in Arabidopsis. Plant Signal. Behav. 2015, 10. [CrossRef]

69. Zhao, P.; Zhou, X.M.; Zhao, L.L.; Cheung, A.Y.; Sun, M.X. Autophagy-mediated compartmental cytoplasmic deletion is essential
for tobacco pollen germination and male fertility. Autophagy 2020, 16, 2180–2192. [CrossRef]

70. Norizuki, T.; Minamino, N.; Ueda, T. Role of Autophagy in Male Reproductive Processes in Land Plants. Front. Plant. Sci. 2020,
11, 756. [CrossRef]

71. Huang, L.; Yu, L.J.; Zhang, X.; Fan, B.; Wang, F.Z.; Dai, Y.S.; Qi, H.; Zhou, Y.; Xie, L.J.; Xiao, S. Autophagy regulates glucose-
mediated root meristem activity by modulating ROS production in Arabidopsis. Autophagy 2019, 15, 407–422. [CrossRef]
[PubMed]

72. Xiong, Y.; McCormack, M.; Li, L.; Hall, Q.; Xiang, C.; Sheen, J. Glucose-TOR signalling reprograms the transcriptome and activates
meristems. Nature 2013, 496, 181–186. [CrossRef] [PubMed]

73. Deng, K.X.; Dong, P.; Wang, W.J.; Feng, L.; Xiong, F.J.; Wang, K.; Zhang, S.M.; Feng, S.; Wang, B.J.; Zhang, J.K.; et al. The TOR
Pathway Is Involved in Adventitious Root Formation in Arabidopsis and Potato. Front. Plant Sci. 2017, 8. [CrossRef] [PubMed]

74. Qin, G.J.; Ma, Z.Q.; Zhang, L.; Xing, S.F.; Hou, X.H.; Deng, J.; Liu, J.L.; Chen, Z.L.; Qu, L.J.; Gu, H.Y. Arabidopsis AtBECLIN
1/AtAtg6/AtVps30 is essential for pollen germination and plant development. Cell Res. 2007, 17, 249–263. [CrossRef] [PubMed]

http://doi.org/10.1111/pce.13110
http://doi.org/10.3389/fpls.2019.00584
http://doi.org/10.3390/ijms20194956
http://doi.org/10.3389/fpls.2020.00588
http://www.ncbi.nlm.nih.gov/pubmed/32582228
http://doi.org/10.1371/journal.pone.0244996
http://www.ncbi.nlm.nih.gov/pubmed/33444362
http://doi.org/10.1093/jxb/ery388
http://doi.org/10.1073/pnas.0903478106
http://doi.org/10.1105/tpc.112.108993
http://doi.org/10.4161/auto.25176
http://doi.org/10.3389/fpls.2014.00301
http://doi.org/10.1104/pp.113.215632
http://doi.org/10.1038/s41477-018-0299-2
http://doi.org/10.1105/tpc.20.00226
http://doi.org/10.3390/ijms21020562
http://www.ncbi.nlm.nih.gov/pubmed/31952322
http://doi.org/10.1105/tpc.114.124677
http://www.ncbi.nlm.nih.gov/pubmed/24808053
http://doi.org/10.1105/tpc.109.068635
http://doi.org/10.1038/s41477-018-0348-x
http://www.ncbi.nlm.nih.gov/pubmed/30664732
http://doi.org/10.1093/jxb/erab094
http://www.ncbi.nlm.nih.gov/pubmed/33684202
http://doi.org/10.1104/pp.114.244376
http://www.ncbi.nlm.nih.gov/pubmed/24965176
http://doi.org/10.4161/auto.5629
http://doi.org/10.4161/15592324.2014.989749
http://doi.org/10.1080/15548627.2020.1719722
http://doi.org/10.3389/fpls.2020.00756
http://doi.org/10.1080/15548627.2018.1520547
http://www.ncbi.nlm.nih.gov/pubmed/30208757
http://doi.org/10.1038/nature12030
http://www.ncbi.nlm.nih.gov/pubmed/23542588
http://doi.org/10.3389/fpls.2017.00784
http://www.ncbi.nlm.nih.gov/pubmed/28553309
http://doi.org/10.1038/cr.2007.7
http://www.ncbi.nlm.nih.gov/pubmed/17339883


Int. J. Mol. Sci. 2022, 23, 4793 16 of 18

75. Fujiki, Y.; Yoshimoto, K.; Ohsumi, Y. An Arabidopsis homolog of yeast ATG6/VPS30 is essential for pollen germination. Plant
Physiol. 2007, 143, 1132–1139. [CrossRef] [PubMed]

76. Kurusu, T.; Koyano, T.; Kitahata, N.; Kojima, M.; Hanamata, S.; Sakakibara, H.; Kuchitsu, K. Autophagy-mediated regulation of
phytohormone metabolism during rice anther development. Plant Signal. Behav. 2017, 12. [CrossRef] [PubMed]

77. Ghiglione, H.O.; Gonzalez, F.G.; Serrago, R.; Maldonado, S.B.; Chilcott, C.; Cura, J.A.; Miralles, D.J.; Zhu, T.; Casal, J.J. Autophagy
regulated by day length determines the number of fertile florets in wheat. Plant J. 2008, 55, 1010–1024. [CrossRef]

78. Barros, J.A.S.; Cavalcanti, J.H.F.; Medeiros, D.B.; Nunes-Nesi, A.; Avin-Wittenberg, T.; Fernie, A.R.; Araujo, W.L. Autophagy
Deficiency Compromises Alternative Pathways of Respiration following Energy Deprivation in Arabidopsis thaliana. Plant Physiol.
2017, 175, 62–76. [CrossRef]

79. Minina, E.A.; Moschou, P.N.; Vetukuri, R.R.; Sanchez-Vera, V.; Cardoso, C.; Liu, Q.S.; Elander, P.H.; Dalman, K.; Beganovic, M.;
Yilmaz, J.L.; et al. Transcriptional stimulation of rate-limiting components of the autophagic pathway improves plant fitness. J.
Exp. Bot. 2018, 69, 1415–1432. [CrossRef]

80. Sera, Y.; Hanamata, S.; Sakamoto, S.; Ono, S.; Kaneko, K.; Mitsui, Y.; Koyano, T.; Fujita, N.; Sasou, A.; Masumura, T.; et al. Essential
roles of autophagy in metabolic regulation in endosperm development during rice seed maturation. Sci. Rep. 2019, 9, 18544.
[CrossRef]

81. Li, Y.B.; Yan, M.; Cui, D.Z.; Huang, C.; Sui, X.X.; Guo, F.Z.; Fan, Q.Q.; Chu, X.S. Programmed Degradation of Pericarp Cells in
Wheat Grains Depends on Autophagy. Front. Genet. 2021, 12. [CrossRef] [PubMed]

82. Sanchez-Sevilla, J.F.; Botella, M.A.; Valpuesta, V.; Sanchez-Vera, V. Autophagy Is Required for Strawberry Fruit Ripening. Front.
Plant Sci. 2021, 12. [CrossRef] [PubMed]

83. Ghan, R.; Petereit, J.; Tillett, R.L.; Schlauch, K.A.; Toubiana, D.; Fait, A.; Cramer, G.R. The common transcriptional subnetworks of
the grape berry skin in the late stages of ripening. Bmc Plant Biol. 2017, 17. [CrossRef] [PubMed]

84. Chi, C.; Li, X.M.; Fang, P.P.; Xia, X.J.; Shi, K.; Zhou, Y.H.; Zhou, J.; Yu, J.Q. Brassinosteroids act as a positive regulator of
NBR1-dependent selective autophagy in response to chilling stress in tomato. J. Exp. Bot. 2020, 71, 1092–1106. [CrossRef]
[PubMed]

85. Chen, L.; Liao, B.; Qi, H.; Xie, L.J.; Huang, L.; Tan, W.J.; Zhai, N.; Yuan, L.B.; Zhou, Y.; Yu, L.J.; et al. Autophagy contributes
to regulation of the hypoxia response during submergence in Arabidopsis thaliana. Autophagy 2015, 11, 2233–2246. [CrossRef]
[PubMed]

86. Zhou, J.; Wang, J.; Cheng, Y.; Chi, Y.J.; Fan, B.F.; Yu, J.Q.; Chen, Z.X. NBR1-Mediated Selective Autophagy Targets Insoluble
Ubiquitinated Protein Aggregates in Plant Stress Responses. Plos Genet. 2013, 9. [CrossRef] [PubMed]

87. Liu, Y.M.; Xiong, Y.; Bassham, D.C. Autophagy is required for tolerance of drought and salt stress in plants. Autophagy 2009, 5,
954–963. [CrossRef]

88. Xiong, Y.; Contento, A.L.; Nguyen, P.Q.; Bassham, D.C. Degradation of oxidized proteins by autophagy during oxidative stress in
Arabidopsis. Plant Physiol. 2007, 143, 291–299. [CrossRef]

89. Wang, Y.; Cai, S.; Yin, L.; Shi, K.; Xia, X.; Zhou, Y.; Yu, J.; Zhou, J. Tomato HsfA1a plays a critical role in plant drought tolerance by
activating ATG genes and inducing autophagy. Autophagy 2015, 11, 2033–2047. [CrossRef]

90. Sun, X.; Wang, P.; Jia, X.; Huo, L.; Che, R.; Ma, F. Improvement of drought tolerance by overexpressing MdATG18a is mediated by
modified antioxidant system and activated autophagy in transgenic apple. Plant Biotechnol. J. 2018, 16, 545–557. [CrossRef]

91. Li, Y.B.; Cui, D.Z.; Sui, X.X.; Huang, C.; Huang, C.Y.; Fan, Q.Q.; Chu, X.S. Autophagic Survival Precedes Programmed Cell Death
in Wheat Seedlings Exposed to Drought Stress. Int. J. Mol. Sci. 2019, 20, 5777. [CrossRef] [PubMed]

92. Zhang, J.Z.; Yang, W.W.; Yue, J.Y.; Liu, Y.N.; Pei, D.; Wang, H.Z. The Responses of Wheat Autophagy and ATG8 Family Genes to
Biotic and Abiotic Stresses. J. Plant Growth Regul. 2020, 39, 867–876. [CrossRef]

93. Zhou, J.; Wang, J.; Yu, J.Q.; Chen, Z.X. Role and regulation of autophagy in heat stress responses of tomato plants. Front. Plant Sci.
2014, 5. [CrossRef] [PubMed]

94. Zhou, L.L.; Gao, K.Y.; Cheng, L.S.; Wang, Y.L.; Cheng, Y.K.; Xu, Q.T.; Deng, X.Y.; Li, J.W.; Mei, F.Z.; Zhou, Z.Q. Short-term
waterlogging-induced autophagy in root cells of wheat can inhibit programmed cell death. Protoplasma 2021, 258, 891–904.
[CrossRef]

95. Yue, J.Y.; Wang, Y.J.; Jiao, J.L.; Wang, H.Z. Silencing of ATG2 and ATG7 promotes programmed cell death in wheat via inhibition
of autophagy under salt stress. Ecotox. Environ. Safe 2021, 225. [CrossRef]

96. Pei, D.; Zhang, W.; Sun, H.; Wei, X.; Yue, J.; Wang, H. Identification of autophagy-related genes ATG4 and ATG8 from wheat
(Triticum aestivum L.) and profiling of their expression patterns responding to biotic and abiotic stresses. Plant Cell Rep. 2014, 33,
1697–1710. [CrossRef]

97. Kuzuoglu-Ozturk, D.; Cebeci Yalcinkaya, O.; Akpinar, B.A.; Mitou, G.; Korkmaz, G.; Gozuacik, D.; Budak, H. Autophagy-related
gene, TdAtg8, in wild emmer wheat plays a role in drought and osmotic stress response. Planta 2012, 236, 1081–1092. [CrossRef]

98. Sun, X.; Pan, B.S.; Xu, W.Y.; Chen, Q.M.; Wang, Y.; Ban, Q.Y.; Xing, C.H.; Zhang, S.L. Genome-wide identification and expression
analysis of the pear autophagy-related gene PbrATG8 and functional verification of PbrATG8c in Pyrus bretschneideri Rehd.
Planta 2021, 253. [CrossRef]

99. Xu, W.; Cai, S.Y.; Zhang, Y.; Wang, Y.; Ahammed, G.J.; Xia, X.J.; Shi, K.; Zhou, Y.H.; Yu, J.Q.; Reiter, R.J.; et al. Melatonin enhances
thermotolerance by promoting cellular protein protection in tomato plants. J. Pineal Res. 2016, 61, 457–469. [CrossRef]

http://doi.org/10.1104/pp.106.093864
http://www.ncbi.nlm.nih.gov/pubmed/17259285
http://doi.org/10.1080/15592324.2017.1365211
http://www.ncbi.nlm.nih.gov/pubmed/28873038
http://doi.org/10.1111/j.1365-313X.2008.03570.x
http://doi.org/10.1104/pp.16.01576
http://doi.org/10.1093/jxb/ery010
http://doi.org/10.1038/s41598-019-54361-1
http://doi.org/10.3389/fgene.2021.784545
http://www.ncbi.nlm.nih.gov/pubmed/34966414
http://doi.org/10.3389/fpls.2021.688481
http://www.ncbi.nlm.nih.gov/pubmed/34512686
http://doi.org/10.1186/s12870-017-1043-1
http://www.ncbi.nlm.nih.gov/pubmed/28558655
http://doi.org/10.1093/jxb/erz466
http://www.ncbi.nlm.nih.gov/pubmed/31639824
http://doi.org/10.1080/15548627.2015.1112483
http://www.ncbi.nlm.nih.gov/pubmed/26566261
http://doi.org/10.1371/journal.pgen.1003196
http://www.ncbi.nlm.nih.gov/pubmed/23341779
http://doi.org/10.4161/auto.5.7.9290
http://doi.org/10.1104/pp.106.092106
http://doi.org/10.1080/15548627.2015.1098798
http://doi.org/10.1111/pbi.12794
http://doi.org/10.3390/ijms20225777
http://www.ncbi.nlm.nih.gov/pubmed/31744172
http://doi.org/10.1007/s00344-019-10027-w
http://doi.org/10.3389/fpls.2014.00174
http://www.ncbi.nlm.nih.gov/pubmed/24817875
http://doi.org/10.1007/s00709-021-01610-8
http://doi.org/10.1016/j.ecoenv.2021.112761
http://doi.org/10.1007/s00299-014-1648-x
http://doi.org/10.1007/s00425-012-1657-3
http://doi.org/10.1007/s00425-020-03558-0
http://doi.org/10.1111/jpi.12359


Int. J. Mol. Sci. 2022, 23, 4793 17 of 18

100. Valitova, J.; Renkova, A.; Mukhitova, F.; Dmitrieva, S.; Beckett, R.P.; Minibayeva, F.V. Membrane sterols and genes of sterol
biosynthesis are involved in the response of Triticum aestivum seedlings to cold stress. Plant Physiol. Biochem. 2019, 142, 452–459.
[CrossRef]

101. Zhu, T.; Zou, L.J.; Li, Y.; Yao, X.H.; Xu, F.; Deng, X.G.; Zhang, D.W.; Lin, H.H. Mitochondrial alternative oxidase-dependent
autophagy involved in ethylene-mediated drought tolerance in Solanum lycopersicum. Plant Biotechnol. J. 2018, 16, 2063–2076.
[CrossRef] [PubMed]

102. Li, X.; Liu, Q.W.; Feng, H.; Deng, J.; Zhang, R.X.; Wen, J.Q.; Dong, J.L.; Wang, T. Dehydrin MtCAS31 promotes autophagic
degradation under drought stress. Autophagy 2020, 16, 862–877. [CrossRef] [PubMed]

103. Jia, X.; Mao, K.; Wang, P.; Wang, Y.; Jia, X.M.; Huo, L.Q.; Sun, X.; Che, R.M.; Gong, X.Q.; Ma, F.W. Overexpression of MdATG8i
improves water use efficiency in transgenic apple by modulating photosynthesis, osmotic balance, and autophagic activity under
moderate water deficit. Hortic Res.-England 2021, 8. [CrossRef] [PubMed]

104. Huo, L.Q.; Guo, Z.J.; Wang, P.; Zhang, Z.J.; Jia, X.; Sun, Y.M.; Sun, X.; Gong, X.Q.; Ma, F.W. MdATG8i functions positively in apple
salt tolerance by maintaining photosynthetic ability and increasing the accumulation of arginine and polyamines. Environ. Exp.
Bot. 2020, 172. [CrossRef]

105. Shin, J.H.; Yoshimoto, K.; Ohsumi, Y.; Jeon, J.S.; An, G. OsATG10b, an Autophagosome Component, Is Needed for Cell Survival
against Oxidative Stresses in Rice. Mol. Cells 2009, 27, 67–74. [CrossRef]

106. Lin, Z.; Wang, Y.L.; Cheng, L.S.; Zhou, L.L.; Xu, Q.T.; Liu, D.C.; Deng, X.Y.; Mei, F.Z.; Zhou, Z.Q. Mutual regulation of ROS
accumulation and cell autophagy in wheat roots under hypoxia stress. Plant Physiol. Bioch. 2021, 158, 91–102. [CrossRef]

107. Haxim, Y.; Ismayil, A.; Jia, Q.; Wang, Y.; Zheng, X.Y.; Chen, T.Y.; Qian, L.C.; Liu, N.; Wang, Y.J.; Han, S.J.; et al. Autophagy
functions as an antiviral mechanism against geminiviruses in plants. Elife 2017, 6. [CrossRef]

108. Hafren, A.; Macia, J.L.; Love, A.J.; Milner, J.J.; Drucker, M.; Hofius, D. Selective autophagy limits cauliflower mosaic virus
infection by NBR1-mediated targeting of viral capsid protein and particles. Proc. Natl. Acad. Sci. USA 2017, 114, E2026–E2035.
[CrossRef]

109. Li, F.; Zhang, C.; Li, Y.; Wu, G.; Hou, X.; Zhou, X.; Wang, A. Beclin1 restricts RNA virus infection in plants through suppression
and degradation of the viral polymerase. Nat. Commun. 2018, 9, 1268. [CrossRef]

110. Hafren, A.; Ustun, S.; Hochmuth, A.; Svenning, S.; Johansen, T.; Hofius, D. Turnip Mosaic Virus Counteracts Selective Autophagy
of the Viral Silencing Suppressor HCpro. Plant Physiol. 2018, 176, 649–662. [CrossRef]

111. Yang, M.; Zhang, Y.; Xie, X.; Yue, N.; Li, J.; Wang, X.B.; Han, C.; Yu, J.; Liu, Y.; Li, D. Barley stripe mosaic virus gammab
Protein Subverts Autophagy to Promote Viral Infection by Disrupting the ATG7-ATG8 Interaction. Plant Cell 2018, 30, 1582–1595.
[CrossRef] [PubMed]

112. Jiang, L.; Lu, Y.; Zheng, X.; Yang, X.; Chen, Y.; Zhang, T.; Zhao, X.; Wang, S.; Zhao, X.; Song, X.; et al. The plant protein NbP3IP
directs degradation of Rice stripe virus p3 silencing suppressor protein to limit virus infection through interaction with the
autophagy-related protein NbATG8. New Phytol. 2021, 229, 1036–1051. [CrossRef] [PubMed]

113. Shukla, A.; Hoffmann, G.; Kushwaha, N.K.; Lopez-Gonzalez, S.; Hofius, D.; Hafren, A. Salicylic acid and the viral virulence factor
2b regulate the divergent roles of autophagy during cucumber mosaic virus infection. Autophagy 2021, 1–13. [CrossRef]

114. Jiao, Y.; An, M.; Li, X.; Yu, M.; Zhao, X.; Xia, Z.; Wu, Y. Transcriptomic and functional analyses reveal an antiviral role of autophagy
during pepper mild mottle virus infection. BMC Plant Biol. 2020, 20, 495. [CrossRef] [PubMed]

115. Yang, M.; Ismayil, A.; Liu, Y.L. Autophagy in Plant-Virus Interactions. Annu. Rev. Virol. 2020, 7, 403–419. [CrossRef] [PubMed]
116. Ismayil, A.; Yang, M.; Liu, Y.L. Role of autophagy during plant-virus interactions. Semin. Cell Dev. Biol. 2020, 101, 36–40.

[CrossRef] [PubMed]
117. Kushwaha, N.K.; Hafrn, A.; Hofius, D. Autophagy-virus interplay in plants: From antiviral recognition to proviral manipulation.

Mol. Plant Pathol. 2019, 20, 1211–1216. [CrossRef] [PubMed]
118. Lai, Z.; Wang, F.; Zheng, Z.; Fan, B.; Chen, Z. A critical role of autophagy in plant resistance to necrotrophic fungal pathogens.

Plant J 2011, 66, 953–968. [CrossRef]
119. Kabbage, M.; Williams, B.; Dickman, M.B. Cell Death Control: The Interplay of Apoptosis and Autophagy in the Pathogenicity of

Sclerotinia sclerotiorum. Plos Pathog. 2013, 9. [CrossRef]
120. Lenz, H.D.; Haller, E.; Melzer, E.; Kober, K.; Wurster, K.; Stahl, M.; Bassham, D.C.; Vierstra, R.D.; Parker, J.E.; Bautor, J.; et al.

Autophagy differentially controls plant basal immunity to biotrophic and necrotrophic pathogens. Plant J. 2011, 66, 818–830.
[CrossRef]

121. Wang, Y.P.; Nishimura, M.T.; Zhao, T.; Tang, D.Z. ATG2, an autophagy-related protein, negatively affects powdery mildew
resistance and mildew-induced cell death in Arabidopsis. Plant J. 2011, 68, 74–87. [CrossRef] [PubMed]

122. Abdullah-Al Mamun, M.; Tang, C.L.; Sun, Y.C.; Islam, M.N.; Liu, P.; Wang, X.J.; Kang, Z.S. Wheat Gene TaATG8j Contributes to
Stripe Rust Resistance. Int. J. Mol. Sci. 2018, 19, 1666. [CrossRef]

123. Yue, J.Y.; Sun, H.; Zhang, W.; Pei, D.; He, Y.; Wang, H.Z. Wheat homologs of yeast ATG6 function in autophagy and are implicated
in powdery mildew immunity. Bmc Plant Biol. 2015, 15. [CrossRef] [PubMed]

124. Wei, Y.X.; Liu, W.; Hu, W.; Liu, G.Y.; Wu, C.J.; Liu, W.; Zeng, H.Q.; He, C.Z.; Shi, H.T. Genome-wide analysis of autophagy-related
genes in banana highlights MaATG8s in cell death and autophagy in immune response to Fusarium wilt. Plant Cell Rep. 2017, 36,
1237–1250. [CrossRef]

http://doi.org/10.1016/j.plaphy.2019.07.026
http://doi.org/10.1111/pbi.12939
http://www.ncbi.nlm.nih.gov/pubmed/29729068
http://doi.org/10.1080/15548627.2019.1643656
http://www.ncbi.nlm.nih.gov/pubmed/31362589
http://doi.org/10.1038/s41438-021-00521-2
http://www.ncbi.nlm.nih.gov/pubmed/33790273
http://doi.org/10.1016/j.envexpbot.2020.103989
http://doi.org/10.1007/s10059-009-0006-2
http://doi.org/10.1016/j.plaphy.2020.11.049
http://doi.org/10.7554/eLife.23897
http://doi.org/10.1073/pnas.1610687114
http://doi.org/10.1038/s41467-018-03658-2
http://doi.org/10.1104/pp.17.01198
http://doi.org/10.1105/tpc.18.00122
http://www.ncbi.nlm.nih.gov/pubmed/29848767
http://doi.org/10.1111/nph.16917
http://www.ncbi.nlm.nih.gov/pubmed/32898938
http://doi.org/10.1080/15548627.2021.1987674
http://doi.org/10.1186/s12870-020-02711-x
http://www.ncbi.nlm.nih.gov/pubmed/33121441
http://doi.org/10.1146/annurev-virology-010220-054709
http://www.ncbi.nlm.nih.gov/pubmed/32530794
http://doi.org/10.1016/j.semcdb.2019.07.001
http://www.ncbi.nlm.nih.gov/pubmed/31291600
http://doi.org/10.1111/mpp.12852
http://www.ncbi.nlm.nih.gov/pubmed/31397085
http://doi.org/10.1111/j.1365-313X.2011.04553.x
http://doi.org/10.1371/journal.ppat.1003287
http://doi.org/10.1111/j.1365-313X.2011.04546.x
http://doi.org/10.1111/j.1365-313X.2011.04669.x
http://www.ncbi.nlm.nih.gov/pubmed/21645148
http://doi.org/10.3390/ijms19061666
http://doi.org/10.1186/s12870-015-0472-y
http://www.ncbi.nlm.nih.gov/pubmed/25888209
http://doi.org/10.1007/s00299-017-2149-5


Int. J. Mol. Sci. 2022, 23, 4793 18 of 18

125. Dagdas, Y.F.; Pandey, P.; Tumtas, Y.; Sanguankiattichai, N.; Belhaj, K.; Duggan, C.; Leary, A.Y.; Segretin, M.E.; Contreras, M.P.;
Savage, Z.; et al. Host autophagy machinery is diverted to the pathogen interface to mediate focal defense responses against the
Irish potato famine pathogen. Elife 2018, 7. [CrossRef]

126. Dagdas, Y.F.; Belhaj, K.; Maqbool, A.; Chaparro-Garcia, A.; Pandey, P.; Petre, B.; Tabassum, N.; Cruz-Mireles, N.; Hughes, R.K.;
Sklenar, J.; et al. An effector of the Irish potato famine pathogen antagonizes a host autophagy cargo receptor. Elife 2016, 5.
[CrossRef]

127. Ustun, S.; Hafren, A.; Liu, Q.S.; Marshall, R.S.; Minina, E.A.; Bozhkov, P.V.; Vierstra, R.D.; Hofius, D. Bacteria Exploit Autophagy
for Proteasome Degradation and Enhanced Virulence in Plants. Plant Cell 2018, 30, 668–685. [CrossRef]

128. Hofius, D.; Schultz-Larsen, T.; Joensen, J.; Tsitsigiannis, D.I.; Petersen, N.H.T.; Mattsson, O.; Jorgensen, L.B.; Jones, J.D.G.;
Mundy, J.; Petersen, M. Autophagic Components Contribute to Hypersensitive Cell Death in Arabidopsis. Cell 2009, 137, 773–783.
[CrossRef]

129. Patel, S.; Dinesh-Kumar, S.P. Arabidopsis ATG6 is required to limit the pathogen-associated cell death response. Autophagy 2008,
4, 20–27. [CrossRef]

130. Hashimi, S.M.; Wu, N.N.; Ran, J.; Liu, J.Z. Silencing Autophagy-Related Gene 2 (ATG2) Results in Accelerated Senescence and
Enhanced Immunity in Soybean. Int. J. Mol. Sci. 2021, 22, 11749. [CrossRef]

131. Wei, Y.X.; Zeng, H.Q.; Liu, W.; Cheng, X.; Zhu, B.B.; Guo, J.R.; Shi, H.T. Autophagy-related genes serve as heat shock protein 90
co-chaperones in disease resistance against cassava bacterial blight. Plant J. 2021, 107, 925–937. [CrossRef] [PubMed]

132. Yan, Y.; Wang, P.; He, C.Z.; Shi, H.T. MeWRKY20 and its interacting and activating autophagy-related protein 8 (MeATG8)
regulate plant disease resistance in cassava. Biochem. Bioph. Res. Co. 2017, 494, 20–26. [CrossRef] [PubMed]

133. 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.
[CrossRef] [PubMed]

134. 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 Genet. 2015, 11, e1005199. [CrossRef] [PubMed]

135. Zeng, H.Q.; Xie, Y.W.; Liu, G.Y.; Lin, D.Z.; He, C.Z.; Shi, H.T. Molecular identification of GAPDHs in cassava highlights the
antagonism of MeGAPCs and MeATG8s in plant disease resistance against cassava bacterial blight. Plant Mol. Biol. 2018, 97,
201–214. [CrossRef] [PubMed]

136. Rigault, M.; Citerne, S.; Masclaux-Daubresse, C.; Dellagi, A. Salicylic acid is a key player of Arabidopsis autophagy mutant
susceptibility to the necrotrophic bacterium Dickeya dadantii. Sci Rep-Uk 2021, 11. [CrossRef]

137. Thanthrige, N.; Das Bhowmik, S.; Ferguson, B.J.; Kabbage, M.; Mundree, S.G.; Williams, B. Potential Biotechnological Applications
of Autophagy for Agriculture. Front. Plant Sci. 2021, 12. [CrossRef]

138. Wang, P.; Sun, X.; Wang, N.; Jia, X.; Ma, F.W. Ectopic expression of an autophagy-associated MdATG7b gene from apple alters
growth and tolerance to nutrient stress in Arabidopsis thaliana. Plant Cell Tiss. Org. 2017, 128, 9–23. [CrossRef]

139. Wang, Y.; Cao, J.J.; Wang, K.X.; Xia, X.J.; Shi, K.; Zhou, Y.H.; Yu, J.Q.; Zhou, J. BZR1 Mediates Brassinosteroid-Induced Autophagy
and Nitrogen Starvation in Tomato. Plant Physiol. 2019, 179, 671–685. [CrossRef]

140. Wang, P.; Nolan, T.M.; Yin, Y.H.; Bassham, D.C. Identification of transcription factors that regulate ATG8 expression and
autophagy in Arabidopsis. Autophagy 2020, 16, 123–139. [CrossRef]

141. Bao, Y.; Song, W.M.; Wang, P.; Yu, X.; Li, B.; Jiang, C.; Shiu, S.H.; Zhang, H.; Bassham, D.C. COST1 regulates autophagy to control
plant drought tolerance. Proc. Natl. Acad. Sci. USA 2020, 117, 7482–7493. [CrossRef] [PubMed]

142. Yang, C.; Shen, W.; Yang, L.; Sun, Y.; Li, X.; Lai, M.; Wei, J.; Wang, C.; Xu, Y.; Li, F.; et al. HY5-HDA9 Module Transcriptionally
Regulates Plant Autophagy in Response to Light-to-Dark Conversion and Nitrogen Starvation. Mol. Plant 2020, 13, 515–531.
[CrossRef] [PubMed]

143. Avin-Wittenberg, T.; Baluska, F.; Bozhkov, P.V.; Elander, P.H.; Fernie, A.R.; Galili, G.; Hassan, A.; Hofius, D.; Isono, E.;
Le Bars, R.; et al. Autophagy-related approaches for improving nutrient use efficiency and crop yield protection. J. Exp. Bot. 2018,
69, 1335–1353. [CrossRef] [PubMed]

http://doi.org/10.7554/eLife.37476
http://doi.org/10.7554/eLife.10856
http://doi.org/10.1105/tpc.17.00815
http://doi.org/10.1016/j.cell.2009.02.036
http://doi.org/10.4161/auto.5056
http://doi.org/10.3390/ijms222111749
http://doi.org/10.1111/tpj.15355
http://www.ncbi.nlm.nih.gov/pubmed/34037995
http://doi.org/10.1016/j.bbrc.2017.10.091
http://www.ncbi.nlm.nih.gov/pubmed/29056507
http://doi.org/10.1105/tpc.114.134692
http://www.ncbi.nlm.nih.gov/pubmed/25829441
http://doi.org/10.1371/journal.pgen.1005199
http://www.ncbi.nlm.nih.gov/pubmed/25918875
http://doi.org/10.1007/s11103-018-0733-x
http://www.ncbi.nlm.nih.gov/pubmed/29679263
http://doi.org/10.1038/s41598-021-83067-6
http://doi.org/10.3389/fpls.2021.760407
http://doi.org/10.1007/s11240-016-1070-x
http://doi.org/10.1104/pp.18.01028
http://doi.org/10.1080/15548627.2019.1598753
http://doi.org/10.1073/pnas.1918539117
http://www.ncbi.nlm.nih.gov/pubmed/32170020
http://doi.org/10.1016/j.molp.2020.02.011
http://www.ncbi.nlm.nih.gov/pubmed/32087368
http://doi.org/10.1093/jxb/ery113
http://www.ncbi.nlm.nih.gov/pubmed/29846673

	Introduction 
	The Role of Autophagy in Nutrient Recycling and Remobilization 
	The Acute Response of Autophagy to Nutrient Deprivation and Leaf Senescence 
	Autophagy-Dependent Recycling and Remobilization of Nitrogen 
	Autophagic Recycling and Remobilization of Micronutrients and Sulphur 
	The Autophagy-Dependent Remobilization of Carbonhydrates 
	Autophagy-Dependent Lipid Metabolism 

	The Role of Autophagy during Development 
	Vegetative Growth 
	Reproductive Development 

	The Role of Autophagy in the Responses to Abiotic Stress 
	Temperature Stress 
	Drought and Salinity Stress 
	Hypoxia or Oxidative Stress 

	The Role of Autophagy in Responses to Biotic Stress 
	Autophagy during Virus Infection 
	Autophagy during Fungi and Oomycete Infection 
	Autophagy during Bacterial Infection 

	Potential Approaches of Autophagy Manipulation for Crop Improvement 
	Genetic Manipulation of ATG Genes 
	Genetic Manipulation of Autophagy Regulators 
	Pharmacological Regulation 

	Future Perspectives 
	References

