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Abstract Autophagy is a major catabolic process in eukaryotic

cells for delivering unwanted proteins or damaged organelles

to the vacuole for degradation and recycling. In plants, it

functions as a housekeeping process to maintain cellular

homeostasis under normal conditions and is induced by

stress and senescence; it thus plays important roles in

development, stress tolerance, nutrient recycling, cell survival

and metabolism. It is also known that autophagy is crucial

for growth under dark-induced carbon starvation and nitrogen

(N) deficiency conditions in Arabidopsis. In the present

study, the authors review recent research on autophagy in

plants, and discuss new insights into its core mechanism,

regulation, selectivity and physiological roles for nutrient

recycling. Potential future directions are also highlighted.
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Introduction

Autophagy is a vacuolar degradation pathway by which cells

recycle their macromolecules and organelles. In eukaryotic

cells, it is a ubiquitous proteolytic process that permits

protein breakdown and recycle amino acid via non-selective

lysosomal proteolysis (Nakatogawa et al. 2009; Reumann et

al. 2010). However, protein turnover plays numerous essential

roles in plants, including the removal of short-lived regulatory

proteins, the elimination of abnormal proteins, the maintenance

of amino acid pools needed for protein synthesis and

recycling of carbon (C) and nitrogen (N) during senescence and

apoptosis (Thompson et al. 2005). Autophagy is continuously

maintained at a basal level for homeostasis, and upregulated

under stress to aid plant survival and adaptation to the

environment (Inoue et al. 2006). The autophagy pathway is

conserved across strata, and genetic screens in yeast have

identified several AuTophaGy (ATG) genes that are required for

the formation of the double membrane vesicles named

autophagosomes that deliver products to be recycled into lytic

vacuoles. Orthologs of ATG genes are present in plants, and their

function has been assessed by using complementation of yeast

atg mutants and by studying RNA interference (RNAi) and

knock-out mutants (Yoshimoto et al. 2004; Xiong et al. 2005;

Contento et al. 2005; Thompson et al. 2005). Macroautophagy is

the best-studied form of autophagy in plants and is enacted upon

environmental stresses such as nitrogen and carbon starvation

(Yang and Bassham 2015). Starvation-induced autophagy is

characterized by bulk degradation of macromolecules and

organelles in the vacuole (Li and Vierstra 2012; Yoshimoto

2012), whereas, autophagy may also selectively target specific

proteins, protein aggregates, or organelles for recycling (Li and

Vierstra 2012; Floyd et al. 2012; Schreiber and Peter 2014). 

In plants, two types of autophagy, called macroautophagy

and microautophagy (Bassham et al. 2006). Macroautophagy,

which is most extensively studied, is mediated by a special

organelle termed the autophagosome. During macroautophagy,

bulk cytosolic constituents are sequestered into a double

membrane structure called an autophagosome. The outer

membrane of the autophagosome then fuses with the vacuolar

membrane and delivers the inner membrane structure and its

cargo, namely the autophagic body, into the vacuolar lumen

for degradation. During microautophagy, a portion of the

cytoplasm is delivered into the vacuolar lumen by invagination

of the vacuolar membrane (autophagic bodies), which are
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then digested by resident vacuolar hydrolases. Since plants

are static organisms, they must grow at the site where they

germinated, even in oligotrophic conditions. To overcome

poor nutritional conditions, plants have functions, which

contribute to efficient nutrient utilization or reduction of

nutrient deficiency stress. Autophagy is an evolutionally

conserved process for the degradation of cytoplasmic

components such as proteins or organelles in eukaryotes

(Yoshimoto et al. 2010). Autophagy is a vacuolar degradation

pathway in plants body by which cells recycle their components,

including macromolecules and organelles. It is continuously

maintained at a basal level for homeostasis, and upregulated

under stress to aid plant survival (Inoue et al. 2006). A recent

study shows that PexRD54, an effector from the Irish potato

pathogen Phytophthora infestans, can bind the host autophagy

protein ATG8CL and stimulate autophagosome formation.

By outcompeting the autophagy cargo receptor Joka2 from

the ATG8CL complex, PexRD54 makes the plant more

susceptible to infection by P. infestans (Dagdas et al. 2016).

The structural basis of this inter-action is also newly defined

(Maqbool et al. 2016). These interesting studies offer new

insights into structure/function relationships of the effector

and host autophagy machinery during infection. 

Autophagy is a key mechanism in the fight against a wide

range of viruses, with both anti- and proviral roles in animals

(Chiramel et al. 2013; Jackson 2015), and a role in plant viral

responses has recently been demonstrated. On the other

hand, autophagy was found to play an important role in the

RNA silencing suppression pathway and geminivirus infection

in N. benthamiana by degrading a Suppressor of Gene

Silencing 3 (SGS3) (Li et al. 2017). In plants, autophagy

functions as an antiviral mechanism against three types of

geminiviruses, through targeting and degrading the virulence

factor via interaction with the key autophagy protein ATG8

(Haxim et al. 2017). The mechanism of autophagy has been

studied in depth especially in yeast (Saccharomyces cerevisiae).

Whereas, the information is scare on nutrient cycling in plant

body related to autophagism. Therefore, detailed study is

necessary to explore the autophagy-mediated mechanism for

cycling in plants body. Here the authors review and discuss

recent advances in plant autophagy, including its regulation,

selectivity, and physiological functions in plant development

and stress responses (Fig. 1). 

When all upgrade information on autophagy mechanism

Fig. 1. Summary of the induction, process and functions of autophagy in plants. Autophagy can be induced by various developmental or
environmental factors such as drought, salinity, heat stress etc. Upon induction, a cup-shaped double-membrane phagophore forms around
the cargo. Conversely, macroautophagy and related processes begin by assembling an engulfing membrane termed the phagophore, which
likely arises from the endoplasmic reticulum (ER). The membrane elongates and closes to form a double-membrane vesicle, the
autophagosome. Phagophore initiation and expansion are directed by the pre-autophagosomal structure (PAS), which is generated by a
hierarchical assembly of autophagy-related proteins. Autophagosomes fuse with the tonoplast to release the internal vesicle as an
autophagic body into the vacuolar lumen, where its cargo is degraded by resident hydrolases. These digestion products are either stored in
the vacuole or transported back to the cytosol for re-use. A possible cytoplasm-to-vacuole targeting pathway may transport functional
cargo (red diamonds) to the vacuole. Abbreviations: A, protein aggregate; C, chloroplast; M, mitochondrion; P, peroxisome; VP, vacuole
protein.
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were explored, processes might be influenced by autophagy

became apparent, and revealed specific aspects of plant

metabolism that are controlled by this recycling system. Through

such systems-wide analyses, we describe a comprehensive

approach to identify possible autophagic targets, and point to

autophagy-mediated recycling as an opportunity to improve

nutrient use in crops. Given the importance of autophagy in

plant-virus interactions, future research will most likely

provide more evidence of virus-induced selective autophagy.

Given that autophagy likely affects many important agronomic

processes such as nutrient remobilization from senescing

leaves into seeds and other storage organs, pathogen defense,

and responses to various abiotic challenges (Li and Vierstra

2012; Liu and Bassham 2012; Avila-Ospina et al. 2014), it

should have a major impact on crop productivity, especially

under field conditions. While our understanding of how

autophagy contributes to plant physiology has been largely

gained from studies with Arabidopsis, defining its importance

to crops is now needed.

Selective Autophagy in Plants

Selective autophagy involves engulfment of specific proteins

or organelles that provide a linkage between a cargo targeted

for degradation and the autophagosome biosynthesis machinery

(Johansen and Lamark 2011). Receptors proteins that bind

the cargo and interact with ATG8 via AIMs (Birgisdottir et al.

2013), leading to recruitment of the cargo into autophagosomes.

Although selective autophagy can induced under stressful

conditions, this type of autophagy takes place constitutively

at basal levels. Selective autophagy contributes to cellular

homeostasis and quality control of proteins and organelles

(Zaffagnini and Martens 2016). Types of selective autophagy

include chlorophagy, reticulophagy, ribophagy, mitophagy,

Pexophagy and Proteaphagy (Fig. 2). 

Selective Autophagy of Rubisco-containing Bodies (RCB) 

In plants, the autophagy of whole chloroplasts has previously

been reported (Niwa et al. 2004), but it is unclear how

widespread this process is. A potentially selective form of

autophagy in plant cells has recently been found to target

stromal portions of the chloroplast for degradation (Ishida et

al. 2008). Rubisco accounts for 12%–30% of a C3 plant’s

total protein, and is the most abundant protein of stromal

(Evans 1989). Therefore, like ribosomes, it represents a large

pool of stored carbon and nitrogen that can be released by

degradation during starvation or senescence. In green plant

Fig. 2. Schematic diagram of pathways for selective autophagy in plants. Five types of organelle-specific autophagy have been identified:
degradation of entire chloroplasts and Rubisco-containing bodies (RCB) (chlorophagy), degradation of ER (reticulophagy), degradation of
mitochondria (mitophagy), degradation of peroxisomes (pexophagy) and degradation of proteasomes (proteaphagy). ATI bodies participate in
both the degradation of plastids and ER. Proteaphagy is mediated by the ubiquitin-binding receptor RPN10. Degradation of ribosomes
(ribophagy) is not fully elucidated in plants, but autophagy is involved in rRNA turnover. Key genes for each type of selective autophagy
are listed.
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and algal cells, chloroplasts are specialized organelles for

photosynthesis and carry out a variety of metabolic functions

(Jarvis and Lopez-Juez 2013). Degradation of chloroplast is

an important means for recycling nutrients from chloroplast

proteins such as Rubisco. Autophagy is responsible for the

elimination of entire damaged chloroplasts induced by strong

light or ultraviolet-B (UVB) radiation. This stress-induced

chlorophagy is impaired in atg5 and atg7 mutants, leading to

increased UVB-induced cell death and accumulation of

reactive oxygen species (ROS). These findings indicate that

chlorophagy can function as a photo protective mechanism

that protect plant from sunlight-induced damage in plants

(Izumi et al. 2017). 

Rubisco-containing bodies (RCBs) are seen in mature and

early senescent leaves but not in young leaves, which

implicates RCBs in senescence (Ishida et al. 2008; Wada et

al. 2009). Furthermore, autophagy is involved in reducing

both the size and number of chloroplasts during senescence

through an RCB mechanism rather than through whole

chloroplast degradation alone (Wada et al. 2009). Darkened

leaves in Arabidopsis both wild-type and atg4a4b-1 autophagy

mutants showed senescence, but although chloroplast size

and number decreased in wild-type, they did not in the

atg4a4b-1 mutant background (Wada et al. 2009). During

senescence, RCBs from chloroplasts are involved in chloroplast

degradation (Chiba et al. 2003) and autophagy transports

RCBs to the vacuole (Ishida et al. 2008; Wada et al. 2009).

Furthermore, photosynthetically accumulated leaf carbohydrates

suppress RCB production, while it is less responsive to

nitrogen limitation, suggesting that the RCB-mediated process

is linked to the carbon status in leaf but not nitrogen status

(Izumi et al. 2010). However, the autophagy of RCB’s is

likely not the sole pathway for stromal components degradation,

as rubisco protein concentrations decline at similar rates

during senescence in both wild type and atg4a4b-1 autophagy

mutants (Wada et al. 2009). Additionally, while it is unknown

how plant cell switches between total chloroplast degradation

and RCB-based chloroplast degradation, and what novel

ATG proteins are involved in selectivity, RCB autophagy

appears to be specifically controlled in cells. It is therefore

likely to be a selective autophagy mechanism, and the

discovery of novel ATG genes or different physiological

responses will be important in further understanding of this

process.

Selective Autophagy of Endoplasmic Reticulum 

Degradation of the endoplasmic reticulum (ER), functions

when the unfolded protein response (UPR) fails to restore

protein homeostasis within the ER (Bernales et al. 2006;

Yorimitsu et al. 2006). A novel endoplasmic reticulum (ER)-

associated compartment that differed from autophagosomes

but was formed during carbon starvation was recently

discovered in plant cells (Honig et al. 2012). In plants, two

uncharacterized ATG8-interacting proteins ATI1 and ATI2,

were present in this new compartment (Honig et al. 2012).

The ATI1 and ATI2 function is unknown, but they do not

appear to belong to the core autophagy machinery (Honig et

al. 2012). However, since ATI1 and ATI2 are upregulated in

response to abiotic stress and associate with the ER, they

may be involved in the selective disposal of proteins from

the ER (Honig et al. 2012). In Arabidopsis, autophagy is

triggered by ER stress, correlating with the accumulation of

unfolded proteins in the ER lumen (Liu et al. 2012; Yang et

al. 2016) and delivers fragments of ER to the vacuole (Liu and

Bassham 2012). This ER stress-triggered autophagy requires

the ER stress sensor INOSITOL-REQUIRINGENZYME-1b

(IRE1b), but not its splicing target bZIP60 or bZIP28 (Liu

and Bassham 2012; Liu et al. 2012), which suggests the

participation of other unidentified signaling pathways in

reticulophagy. 

Selective Autophagy of Ribosomes

Ribosomes sequester a large amount of the cell’s resources.

In yeast, ribosomal RNA (rRNA) constitutes 80% of cellular

RNA and up to 30–40% of the cytoplasmic volume (Warner

1999). Surveillance mechanisms to destroy the nonfunctional

ribosomes are needed due to the profusion and long half-life

of ribosomes, and the deleterious effects that malfunctioning

ribosomes can have on cellular homeostasis mechanism

(Lafontaine 2010). In addition, changes in resource availability

require the cell to have the ability to regain the resources

invested in normal ribosomes and to prevent further use of

limited resources. 

Ribophagy (degradation of ribosomes) is a ribosome-

specific selective type of autophagy that was discovered in

yeast cells undergoing nutrient starvation (Kraft et al. 2008).

Large numbers of ribosomes have been observed in the

interior of autophagosomes (Yl¨a-Anttila et al. 2009; Eskelinen

et al. 2011). Yeast cells under starvation showed that the rate

of ribosomes decay through autophagy is greater than that of

general cytosolic components (Kraft et al. 2008), indicating

a ribosome selective mechanism. Although ribophagy has

not been demonstrated in plants, there is evidence for autophagy-

dependent pathways of rRNA turnover in Arabidopsis. RNS2, a

nonspecific endoribonuclease of the RNase T2 family,

localizes to the vacuole (Floyd et al. 2016) and rRNA is

transferred to the vacuole for degradation (Hillwig et al.

2011). Constitutive autophagy was observed in rns2 mutants

(Hillwig et al. 2011), and analysis of rns2 and atg mutants

indicated that both RNS2 and autophagy participate in rRNA

turnover which is dependent on ATG5 (Floyd et al. 2015).

The autophagic process that transports rRNA to the vacuole
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can play important roles in ribosome turnover and cellular

homeostasis (Floyd et al. 2015). Arabidopsis under phosphate

starvation stress (Hsieh et al. 2010) and oxidative stress

(Thompson et al. 2008) shows increased levels of tRNA

fragments, potentially supporting the presence of tRNA

ribophagy in plants. Since it is not clear how ribophagy

affects the ribosome pool, protein synthesis and proteome

composition of a cell, global analysis combining RNA-seq,

protein mass-spectrometry and metabolome techniques might

allow assessment of the mechanisms and consequences of

ribosomal RNA turnover and proteins more comprehensively in

the mutants.

Selective Autophagy of Mitochondria

Degradation of mitochondria known as mitophagy, is an

important mechanism for mitochondrial quality control

(Ashrafi and Schwarz 2013). Li et al. (2014) described

mitophagy in Arabidopsis while characterizing ATG11 function.

Arabidopsis ATG11-deficient plants displayed similar

phenotypes to well characterized atg mutants, and also had

decreased turnover of mitochondrial proteins and decreased

autophagic transport of mitochondria into vacuoles during

dark-induced leaf senescence (Li et al. 2014). Co-localization of

a mitochondrial marker with both ATG8a and ATG11 further

confirmed their involvement in the clearance of plant

mitochondria from the cytoplasm to the vacuole (Li et al. 2014).

Currently it is not clear how ATG11 participates in plant

mitophagy. Therefore, identification of ATG11-interacting

proteins that recognize dysfunctional mitochondria for

degradation in plants is an important direction for future

research. 

Selective Autophagy of Peroxisomes

As a ubiquitous organelles of plant, peroxisomes play critical

roles in several important metabolic pathways. Studies have

shown that pexophagy, the autophagic degradation of

peroxisomes, participates in the functional transition of

peroxisomes from heterotrophy to photoautotrophy, as well

as in peroxisomal quality that control plant growth under

normal conditions and during starvation (Kim et al. 2013;

Shibata et al. 2013; Goto-Yamada et al. 2014; Yoshimoto et

al. 2014). Four pexophagy-specific receptors have been

identified: Atg30 in Pichia pastoris (Farre et al. 2008),

Atg36 in Saccharomyces cerevisiae (Motley et al. 2012), and

Neighbor of BRCA1 gene 1(NBR1) and p62 in mammals

(Zientara-Rytter and Subramani 2016). NBR1 is the only

characterized pexophagy receptor with a plant homolog

(Zientara-Rytter and Subramani 2016), but there is no direct

evidence connecting NBR1 to plants pexophagy. Therefore,

identification of such receptor proteins is crucial for the

future study on plant pexophagy.

Selective Autophagy of Protein Aggregates

Proteaphagy, was discovered in Arabidopsis by Marshall et

al. (2015), in which inactive 26S proteasome complexes are

degraded. Proteins tagged with ubiquitin (Ub) are normally

degraded by the 26S proteasome. However, under increased

abiotic stress, Ub-labeled proteins can also cross-link and

hydrophobically interact to form protein aggregates, making

degradation by 26S proteasome (Riley et al. 2010). Autophagic

adaptor proteins for Ub-tagged protein aggregates degradation

have been identified in a number of eukaryotes (Pankiv et al.

2007; Svenning et al. 2011; Nezis and Stenmark 2012). The

Ub-binding protein p62, also called sequestosome 1 (SQSTM1),

is a mammalian adaptor protein with a role in targeting Ub-

modified proteins and protein aggregates to the autophagy

system (Waters et al. 2009; Ponpuak et al. 2010; Matsumoto

et al. 2011). The p62 is involved in multiple cell processes

such as oxidative stress signaling, selective autophagy, and

cell death (Moscat and Diaz-Meco 2009; Nezis and Stenmark

2012). This protein contains an LC3-interacting region (LIR)

that binds ATG8-family proteins, a C-terminal UBA domain

that binds ubiquitin, a ZZ type zinc finger, nuclear localization

and nuclear export signals, and an N-terminal PB1 domain

essential for homopolymerization and subsequent degradation

by autophagy (Johansen and Lamark 2011; Svenning et al.

2011).

Marshall et al. (2015) demonstrated that degradation of

proteasome by autophagy occurs either non-selectively upon

nitrogen starvation or selectively upon exposure to a proteasome

inhibitor. Inhibited proteasomes become extensively

ubiquitylated, and subsequent proteaphagy is mediated by

the ubiquitin receptor RPN10. The ability of RPN10 to bind

both ubiquitin and ATG8, and high conservation of UIMs

within plant species, make it a promising receptor for

selective autophagy; however, the ATG8-UIM is absent in

yeast and animal Rpn10 sequences, precluding this as a

universal mechanism. Nitrogen starvation-induced non-selective

proteaphagy is dependent on the ATG1 kinase, and thus

might be regulated by upstream signaling components such

as TOR (Marshall and Vierstra 2015). Selective proteaphagy

in response to the proteasome inhibitor is independent of

ATG1 kinase, suggesting distinct pathways regulating

proteaphagy in plants, although both mechanisms depend on

the core autophagy machinery (Marshall et al. 2015).

Functions of Autophagy in Plants

Plant Development

A basal level of autophagy contributes to cell homeostasis in

plants under normal growth conditions. Autophagy-defective
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mutants of most Arabidopsis can complete their life cycles

under normal growth conditions, although their leaves senesce

prematurely (Doelling et al. 2002; Yoshimoto et al. 2004; Qin

et al. 2007; Patel and Dinesh-Kumar 2008; Phillips et al. 2008),

probably due to the accumulation of salicylic acid (SA)

(Yoshimoto et al. 2009). Senescence and seed germination

require remobilization of nutrients on a large-scale; autophagy is

involved in these important processes, in coordination with

other degradation pathways of plants (Liu and Bassham

2012). As an example of maize, the maturation of seeds

following pollination, ATG8 lipidation, an indication the

pathway activity of autophagy, increases in the starchy

endosperm (Chung et al. 2009). After seed germination,

abundant lipidated ATG8 was detected, supporting a role for

autophagy in mobilizing nutrients from the endosperm for

early seedling development of maize (Chung et al. 2009). In

Arabidopsis, autophagy is important for root cell growth and

root hair formation (Inoue et al. 2006). Autophagy is also

activated during tracheary element (TE) differentiation, regulated

by the RabG3bGTPase, and is proposed to participate in

PCD during xylem formation (Kwon et al. 2010; Kwon et al.

2013). Autophagy also has a role in metabolic regulation and

nutrient supply in rice within tapetum cells during anther

development (Zhang et al. 2011; Kurusu et al. 2014). For

example, Osatg7 and Osatg9 mutants failed to accumulate

lipidic and starch components in pollen grains and showed

complete male sterility, possibly because of their impairment

of lipid metabolism during pollen maturation. 

Autophagy process impacts both vegetative and reproductive

development of plants. Barros et al. (2017) observed that the

lack of an autophagic process culminates in a negative

impact on seed production (Fig. 3). Lower seed yield has

been demonstrated in atg mutants (Avila-Ospina et al. 2014),

and impairments of nutrient remobilization also have been

associated with the lack of autophagy (Avila-Ospina et al.

2014; Li et al. 2015). Therefore, it is suggested that the

impaired reproductive growth phenotype of atg mutants can

be at least partly related to the impairment of protein degradation

Fig. 3. Seed and silique phenotypes observed in Arabidopsis atg mutants (Barros et al. 2017). A, Number of seeds per silique. B, Seed
weight. C, Silique length. D, Seed yield. E, Total siliques per plant. F, Branch number. Seed weight was obtained by measuring 500 seeds
(n = 10). Values presented are means ± SE of at least 10 biological replicates per genotype. Asterisks designate values that were
determined by Student’s t test to be significantly different (P< 0.05) from the wild type (WT).
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and remobilization processes during seed formation (Guiboileau

et al. 2012; Li et al. 2015).

Nutrient Metabolism

Autophagy plays a crucial role in the response to nutrient

starvation of plants, as demonstrated in many autophagy-

defective mutants and by the upregulation of ATG genes

transcriptionally upon carbon or nitrogen starvation (Doelling et

al. 2002; Yoshimoto et al. 2004; Qin et al. 2007; Patel and

Dinesh-Kumar 2008; Phillips et al. 2008). Furthermore, ATG

genes were shown to be transcriptionally upregulated under

carbon or nitrogen starvation conditions (Yoshimoto et al.

2004; Xiong et al. 2005; Breeze et al. 2011; Avila-Ospina et

al. 2014). Recently, several studies aimed to decipher the role

of autophagy in nutrient recycling and remobilization. As the

major carbon source for respiration, plants normally use

carbohydrates and these are stored as starch in the chloroplast

for nighttime consumption (Smith and Stitt 2007). The

autophagy mechanism was shown to be active during the

night and autophagy-deficient Arabidopsis and tobacco (N.

Benthamiana) leaves accumulated starch. In addition,

small starch granule-like structures (SSGLs) microscopically

colocalized with autophagosomes. It is therefore suggested

that autophagy might has function in starch breakdown.

However, the authors claim that this is a minor starch

degradation pathway compared to starch degradation in the

chloroplast (Wang et al. 2013). When the carbohydrate pool

is depleted, proteins and lipids can be used as an alternative

carbon source (Araujo et al. 2011).

When crossed with starch-deficient mutants, Arabidopsis

atg mutants displayed a severe growth phenotype under both

long and short day conditions. This phenotype was alleviated

under continuous light, suggesting a role for autophagy in

carbon availability (Izumi et al. 2013a). Arabidopsis atg

mutants are hypersensitive to nitrogen starvation, have reduced

seed production, and have lower nitrogen remobilization

efficiency (NRE) at the whole-plant level than WT, suggesting

that the autophagy core machinery is needed for nitrogen

remobilization under both limiting and ample nitrate conditions

(Guiboileau et al. 2012). The ATG system in maize was

characterized transcriptionally and genetically through atg12

mutants. Under nutrient rich conditions, atg12 plants are

phenotypically normal and fertile. However, under nitrogen

starvation, they showed arrest of seedling growth, early leaf

senescence, stunted ear development and impaired nitrogen

remobilization, which severely reduced seed yield and

productivity (Li et al. 2015). Therefore, the manipulation of

autophagy might be an effective strategy to improve plant

NRE or NUE in suboptimal agricultural conditions. Autophagy

participates in starch breakdown (Wang et al. 2013), and it

contributes to carbon (Izumi et al. 2013a) and energy availability

by maintenance of metabolites, further demonstrating a link

between autophagy and plant metabolism (Izumi et al. 2013b).

Transcriptomics and metabolomics study give a global

perspective on the impacts of autophagy on metabolism,

development and stress responses of plants (Masclaux-

Daubresse et al. 2014). By comparing the autophagy mutants

with wild type plants through metabolomic analyses indicate

the over accumulation of several amino acids and related

compounds such as glutamate, with depletion of hexoses,

quercetins and anthocyanins. Under carbon starvation, atg

mutants have delayed growth and exhibit amino acid reduction,

accumulation of proteins, increased respiration, and decreased

flux to net protein synthesis. These results highlight the

importance of autophagy in cellular metabolism and energy

homeostasis in Arabidopsis seedlings (Avin-Wittenberg et al.

2015). 

Nitrogen is another element crucial for plant growth and

survival (Li et al. 2015). Under nitrogen starvation atg

mutants are smaller and exhibit early senescence (Doelling et

al. 2002; Guiboileau et al. 2013; Li et al. 2015). Metabolic

analysis revealed an accumulation of free amino acids in atg

mutants compared to WT plants (Guiboileau et al. 2013;

Masclaux-Daubress et al. 2014). This finding is contradictory to

the reduction in free amino acids in atg mutants observed in

carbon starvation (Izumi et al. 2013a; Avin-Wittenberg et al.

2015). One possible explanation is the age of the plants. Nitrogen

remobilization from source tissues, such as senescing leaves,

to sink tissues, such as developing seeds, is crucial for plant

productivity, especially under nitrogen starvation (Guiboileau et

al. 2012). Several studies have examined nitrogen remobilization

into developing seeds of atg mutants (Guiboileau et al. 2012;

Guiboileau et al. 2013; Masclaux-Daubress et al. 2014; Li et

al. 2015; Wada et al. 2015). In pulse-chase experiments

using 15N, atg mutants accumulated more labeled nitrogen in

leaves and less in seeds, suggesting an impairment of nitrogen

remobilization (Guiboileau et al. 2012; Li et al. 2015; Wada

et al. 2015). Nitrogen starvation further exacerbated this

phenotype (Guiboileau et al. 2012). An important control

arising from both nitrogen and carbon starvation is the

incorporation of stay-green atg mutants into the analysis

(Masclaux-Daubress et al. 2014; Avin-Wittenberg et al.

2015).

Nutrient Recycling 

Autophagy, which is a recycling mechanism, essential for

energy and nutrient supply under starvation condition.

During leaf senescence and in response to starvation conditions,

autophagy is enhanced to facilitate the degradation of the

increasing toxic and damaged components; cell material

recycling and then is used for nutrient remobilization (Fig.

4). Genetic analyses in the yeast Saccharomyces cerevisiae

have greatly expanded our knowledge of the molecular

mechanisms and physiological roles of autophagy. Notably,
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the identification of AuTophaGy (ATG) genes, which are

essential for autophagosome formation, has contributed

significantly to the development of methods that have allowed

the molecular dissection of autophagy in higher organisms.

The central autophagy machinery consists of 18 ATG genes:

ATG1–10, 12–14, 16–18, 29, and 31. In Arabidopsis about

30 ATG homologues, which correspond to the 18 yeast ATG

genes, were identified although no homologues have been

identified for ATG14, ATG17, ATG29, and ATG31 (Xiong et

al. 2005). In addition to Arabidopsis, many ATG genes have

also been identified in plants such as rice, maize, barley,

soybean and petunia (Ghiglione et al. 2008; Kuzuoglu-

Ozturk et al. 2012; Xia et al. 2012; Shibuya et al. 2013). The

Atg proteins into four functional groups: (i) the Atg1 protein

kinase complex, which is involved in induction and regulation

of autophagy; (ii) the PI3 kinase complex specific for

autophagy, whose role is to recruit the Atg18–Atg2 complex

to autophagic membranes through a Atg18–PI3P interaction;

(iii) the Atg9 complex, which is thought to be involved in

delivering lipids to the pre-autophagosomal structure and the

expansion of the initial sequestering structure called phagophore;

and (iv) two ubiquitination-like systems, leading to Atg8

lipidation and Atg12 protein conjugation, which are important

for the elongation and enclosure steps during autophagosome

formation (Fig. 2). The ATG8 lipidation system has been shown

to be well conserved in Arabidopsis and, therefore, ATG8

proteins are useful as molecular markers of autophagosomes

in plants as well (Yoshimoto et al. 2004; Contento et al.

2005; Thompson et al. 2005).

Leaf senescence is an integrated and indispensable part of

the plant story that is important for resource management,

recycling, and nutrient remobilization efficiency (Guiboileau

et al. 2010). During senescence, they undergo orderly changes

that modify their structures, their metabolism, and their sink–

source relationships (Thomas 2013). As the earliest and most

significant change in cell structure is the breakdown of the

chloroplast, numerous studies have focused on chloroplast

degradation (Partier 1988; Chiba et al. 2003). All the studies

performed on leaf senescence show that photosynthesis

decreases and that, globally, protein and total nitrogen contents

also decrease during leaf senescence (Masclaux Daubresse et

al. 2000). Metabolically, it is then likely that carbon and nitrogen

assimilation is replaced by the recycling of macromolecules

like proteins, RNA, and membrane lipids. It is then assumed

that the main function of leaf senescence is to recycle cellular

material accumulated during leaf growth and maturation into

exportable nutrients to supply developing organs. Leaf

senescence, which is understood as a recycling process that

contributes to better nutrient management, is then essential

for plant productivity (Gregersen et al. 2013). Ammonium,

which is the nitrogen donor for all amino acid biosynthesis,

is abundant in very young leaves as well as in the oldest

ones. The origin of ammonium is certainly different in the

two cases, and might be uptake from soil in young leaves

Fig. 4. Source transition at the cellular level of plant. Active photosynthetic cells perform carbon fixation, energy production and anabolism and
require micronutrients for these functions. Senescence modifies these sink cells in to a source cells undergoing catabolism. Intense catabolism
activities and nutrient recycling occurs in chloroplasts, cytosol, and vacuole allowing nutrient remobilization. Chloroplasts, which concentrate a
large part of metals, are first affected (Zavaleta-Mancera et al. 1999). Pigment degradation directly takes place in chloroplasts (Park et al. 2007).
However, stromal proteins are degraded in to the central vacuole through rubisco containing body (RCB: autophagosome) or into senescence
associated vacuoles (SAV) through an ATG-independent route which is not well understand yet (Ishida et al. 2013). These dismantling
mechanisms decrease chloroplast seize enabling whole chloroplast degradation via chlorophagy (Ishida et al. 2013). Peroxisomes are modified
to glyoxysomes, which produce energy and soluble sugars from lipid catabolism (del Rìo et al. 1998). Mitochondria that remain intact until late
after senescence onset, are in turn degraded when the energy demand decreases (Yoshida 2003). Finally, membrane permeabilization causes loss of
cytoplasm that finally leads to death. ROS, reactive oxygen species; SAV, senescence-associated vacuoles; RCB, rubisco containing body; N,
nucleus. 
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and proteolysis and amino acid catabolism in old leaves.

Both amino acid catabolism and export certainly occur in

parallel in old leaves. The reason for this is that amino acid

export efficiency differs depending on the nature of the

molecule (Masclaux-Daubresse et al. 2010; Tegeder and Rentsch

2010). In addition, when leaf cells are depleted of sugars they

need to consume amino acids to sustain mitochondria respiration

and support cell survival. Ammonium released this way

from amino acid catabolism in old leaves then needs to be re-

assimilated as glutamine or asparagine, which are two

molecules known in many plants as master nitrogen transport

forms in the phloem (Fig. 5). The mitochondrial glutamate

dehydrogenase that is known to catabolize glutamate to

provide alpha-keto glutarate (2-OG) to the mitochondria is

one of the catabolic enzymes releasing ammonium and 2-

OG during leaf senescence (Masclaux-Daubresse et al.

2006). While it is now possible to have a better picture of

how leaf cells manage nutrient and, especially, nitrogen

recycling, the enzymes involved in amino acid catabolism

are still under investigation. Watanabe et al. (2013) published

a report dealing with changes in metabolomic profiles in

Arabidopsis leaf tissues along the basipetal sink–source

transition trajectory during senescence. Results presented in

this report were consistent with a previous study (Diaz et al.

2005) showing that while nitrate, glutamate, and aspartate amino

acids decrease during leaf senescence, stress amino acids

(Gaba), branched chain amino acids, and aromatic amino acids

accumulate. Carbohydrates such as ceramides, triacylglycerols

(TAGs), and polyols are also accumulated during senescence

while chloroplast lipids (galactosyldiacylglycerols) are depleted

which can be used as a marker for leaf senescence as such

a decrease is highly correlated with chlorophyll loss (Ferguson

and Simon 1973). Watanabe et al (2013) also revealed that

the spatiotemporal distribution of tricarboxylic acid cycle

(TCA) intermediates was already changed in pre-senescent

leaves and that stress related galactinol and rafinose compounds

accumulated in the basal region of the leaves preceding

senescence. Changes in TCA intermediates at the onset of

leaf senescence certainly reveal changes in the substrates

used in the pre-senescing cells for energy. This also suggests

that different modalities of the TCA cycle exist and that

energy sources might be important for the initiation of the

Fig. 5. Schematic representation of the control of autophagy on nitrogen remobilization from leaves into the seeds and on protein
degradation and remobilization to sink organs during leaf senescence. In wild type Arabidopsis thaliana, proteins to be recycled are
proteolyzed via the autophagy pathway as well as alternative pathways. Autophagy also controls cell waste accumulation, cytosolic
compounds degradation, oxidative stress and salicylic acid (SA) pathways. Autophagy mutants are no longer able to recycle nitrogen
from a part of the protein resources and are defective in managing cell waste, cytosolic compounds degradation, reactive oxygen species
(ROS) and SA.
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senescence process.

Abiotic Stress Responses

Autophagy can be induced by nutrient starvation, oxidative,

salt, drought and heat stress, and autophagy-defective mutants

are hypersensitive to these stress conditions (Xiong et al.

2005, 2007; Zhou et al. 2014). When plants are exposed to

the abiotic stress conditions, ROS production, at least

partially through NADPH oxidase is necessary for plant

tolerance to submergence and activation of autophagy (Chen

et al. 2015). Both NADPH oxidase dependent and –independent

pathways exist to regulate autophagy (Liu et al. 2009; Chen

et al. 2015). Heat stress can cause mis-folding and trigger ER

degradation to balance cellular homeostasis (Deng et al.

2011). Autophagy is reported to target those protein aggregates

derived from denaturation through NBR1-mediated degradation

under heat stress (Liu et al. 2009), and to participate in ER

degradation upon ER stress (Liu and Bassham 2012; Liu et

al. 2012; Yang et al. 2016). The expression of ATG genes

and autophagosomes accumulation is induced by heat stress,

and autophagyis proposed to contribute to heat tolerance

(Yang et al. 2016). Under drought stress condition, a heat-

shock transcription factor A1a (HsfA1a) from tomato plant

was shown to regulate autophagy. HsfA1a binds to the

promoters of ATG10 and ATG18f and activates autophagy,

which leads to improvements in drought tolerance in HsfA1a

over expressing tomato plants (Wang et al. 2015). This not

only suggests a role for autophagy for the survival of plant

under drought stress, but also demonstrates the autophagy-

mediated transcriptional regulation. In the near future,

identification of more stress-related autophagy regulators,

e.g. transcription factors, and uncovering the underlying

molecular mechanisms will be an interesting challenge for

this field.

Concluding Remarks and Future Perspectives

Autophagy is an important pathway that plant cells use to

maintain homeostasis, aid in stress tolerance, and undergo

developmental processes. Despite the tremendous progress

made in autophagy research in plants, several key questions

remain open (see Outstanding Questions). All these questions,

and others, may be answered only if the ongoing identification

of new ATG genes and focused research on the already

known genes is maintained. It is essential to further identify

selective autophagy pathways and characterize the components

and mechanism of their action. Although research in the

model organisms Arabidopsis and Chlamydomonas is ongoing,

it is of great importance to continue to develop the study of

autophagy in crop plants. As discussed here, autophagy

research in plants can strongly contribute to the characterization

of novel and fundamental molecular mechanisms governing

autophagy, and future work must position plants as an

important eukaryotic system for autophagy research alongside

animal and yeast systems. There is much evidence to show

that autophagy plays a role in nutrient recycling and nutrient

management at the whole plant level. Evident relationships

exist between autophagy and leaf senescence. However, the

co-ordination of the different processes involved in protein

degradation, chloroplast dismantling, and nutrient mobilization,

and the cause and effect relationships are not always clear.
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