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Abstract

Like all eukaryotic organisms, plants possess an innate program for con-
trolled cellular demise termed programmed cell death (PCD). Despite the
functional conservation of PCD across broad evolutionary distances, an un-
derstanding of the molecular machinery underpinning this fundamental pro-
gram in plants remains largely elusive. As in mammalian PCD, the regulation
of plant PCD is critical to development, homeostasis, and proper responses
to stress. Evidence is emerging that autophagy is key to the regulation of
PCD in plants and that it can dictate the outcomes of PCD execution un-
der various scenarios. Here, we provide a broad and comparative overview
of PCD processes in plants, with an emphasis on stress-induced PCD. We
also discuss the implications of the paradox that is functional conservation
of apoptotic hallmarks in plants in the absence of core mammalian apoptosis
regulators, what that means, and whether an equivalent form of death occurs
in plants.
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Programmed cell
death (PCD):
a genetically regulated
program of cellular
suicide employed by
both unicellular and
multicellular
organisms
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INTRODUCTION

What can be more fundamental to biology than life and death decisions? Programmed cell death
(PCD) plays an essential role in plant development and responses to abiotic and biotic insults,
just as it does in many other eukaryotic organisms. This program directs a given cell to eliminate
itself for the overall benefit of the organism. The role of PCD in plant development has been well
documented in multiple processes, including gametophyte maturation, degeneration of embryo
suspensor cells, formation of xylem tracheary elements, root development, and senescence (172).
PCD plays an equally important role in plant responses to abiotic and biotic stress. This is par-
ticularly important for plants because of their sessile nature, which prevents physical escape from
harsh environmental conditions, pathogens, and predators. Perhaps the most striking examples
of plant PCD occur as a function of pathogen invasion; these include the hypersensitive response
(HR), cell death–inducing toxins, and responses to necrotrophic pathogens (36).

Despite the critical importance of cell death outcomes in plants, the biochemical pathways that
underpin the execution of this fundamental cellular program remain largely unknown. Indeed,
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Apoptosis: a specific
form of PCD
characterized by a
suite of morphological
changes (apo = “from”;
ptosis = “falling”)

Autophagy:
“self-eating,” a highly
conserved process for
the bulk degradation
of cellular components
following
sequestration in
double-membrane
vesicles
(autophagosomes) and
degradation in the
lysosome (mammals)
or vacuole (plants)

Caspases: a family of
cysteine-aspartic
proteases responsible
for the execution of
apoptosis in animals

Inhibitor of
apoptosis (IAP):
a family of proteins
that negatively
regulate apoptosis
through direct and
indirect inhibition of
caspases in animals

Initiator caspases:
caspases involved in
the early stages of
apoptosis; they are
characterized by an
N-terminal prodomain
containing a
protein-protein
interaction motif

progress in our understanding of PCD in plants has been hindered because many of the core
regulators of apoptosis—the main form of PCD in animals—are absent in plants. By contrast,
homologs of the canonical elements of autophagy, a different form of PCD, are more obvious in
both sequence similarity and function.

Apoptosis has been studied extensively in mammalian systems for its crucial roles in develop-
ment and disease, including cancer and neurological, cardiovascular, and autoimmune disorders
(49). The fundamental understanding of apoptosis in mammals involves one of two pathways,
which are triggered by intrinsic or extrinsic cellular cues. The extrinsic pathway is mediated by
cell surface receptors that bind various ligands and launch intracellular signaling cascades. By
contrast, the intrinsic pathway is mediated by the mitochondria, largely in response to stress cues.
The outer mitochondrial membrane contains members of the B-cell lymphoma 2 (Bcl-2) family of
proteins. This family contains both anti- and proapoptotic members, the balance between which
affects mitochondrial membrane potential. Under apoptosis-inducing conditions, the mitochon-
drial membrane permeability increases, releasing apoptotic regulators such as cytochrome c (47).
Ultimately, both intrinsic and extrinsic pathways activate downstream caspases (short for cysteinyl
aspartate–specific proteases). Active caspases degrade cellular components, leading to the orderly
demise of the cell (127). Given that apoptosis is a terminal event, caspase activation is strongly
regulated to prevent PCD in the absence of the appropriate signals. For example, members of the
inhibitor of apoptosis (IAP) protein family provide negative regulation of caspase activity.

Although Bcl-2 family members, caspases, and IAP family members are critical regulators of
apoptosis in animals, sequence-level conservation does not clearly extend to plants. This led to the
argument that the term apoptosis, or apoptotic-like cell death, should not be used in reference to
plant PCD and prompted new terminologies to describe plant PCD (170, 171). However, animal
apoptosis and plant PCD have many morphological similarities. Plasma membrane blebbing,
cytoplasmic and nuclear shrinkage, chromatin condensation and fragmentation, and cytochrome c
release have all been described in animal and plant cells undergoing developmental or stress-
induced PCD (36). Ectopic expression of animal core regulators of apoptosis produces analogous
PCD outcomes in plants (20, 37, 83, 103). Furthermore, synthetic caspase substrates are processed
by plant cells undergoing PCD, and caspase inhibitors can prevent HR-PCD following pathogen
recognition (67, 135, 163). Finally, several protease families that are unique to plants but are
operationally or functionally analogous to caspases also function in PCD.

This review aims to provide a broad and comparative overview of cell death processes in plants,
including both apoptosis and autophagy, with an emphasis on stress-induced PCD. It also discusses
the problem of how to reconcile the ideological conservation of apoptotic features in plants and
the lack of direct sequence homology to the canonical elements of apoptosis as they are understood
in animals.

THE EXECUTIONERS OF CELL DEATH: CASPASES AND BEYOND

Caspases are the principal proteases responsible for the execution of apoptosis in animals. The first
caspase described in humans was caspase-1, which, interestingly, functions as a mediator of the
inflammatory response and not of apoptosis (18, 160). Caspase-1 cleaves the cytokine interleukin
1β after a highly conserved aspartic acid residue, a feature that would go on to define this class
of cysteine proteases (16). Based on homology to caspase-1, Yuan et al. (193) discovered the
Caenorhabditis elegans protein CED-3, which plays an essential role in developmental PCD; this
study established the first link between caspases and apoptosis.

Caspases involved in apoptosis are classified into two types: initiators and executioners.
Initiator caspases are so named because of their apical position in the apoptotic cascade and
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Executioner
caspases: caspases
that are activated by
initiator caspases and
are responsible for
cleaving the cellular
substrates necessary
for an orderly demise
of the cell

Metacaspases:
a family of cysteine
proteases in plants that
are most similar to
animal caspases; they
cleave specific proteins
after an arginine or
lysine residue

are characterized by an N-terminal prodomain containing protein-protein interaction motifs that
are absent in executioner caspases. Like all caspases, initiator caspases exist as inactive zymogens
that require proteolytic processing to become fully active (5, 133). The N-terminal prodomains
serve a dual function in inhibiting initiator caspase activity and facilitating the association between
initiator caspases and caspase-activating complexes (97).

Initiator caspases can be further divided into two groups based on whether they contain a caspase
recruitment domain (CARD) or a death effector domain (DED) (97, 143). Caspases with a CARD
are recruited to the apoptosome, whereas those with a DED are recruited to the death-inducing
signaling complex (DISC) for activation upon perception of an apoptotic stimulus. Formation of
an apoptosome complex is the result of activation of the intrinsic (or mitochondrial) apoptosis
pathway. In human cells, the release of cytochrome c from the mitochondrial inner membrane
space allows cytochrome c to associate with apoptotic protease–activating factor 1 (Apaf-1) (197).
The cytochrome c–Apaf-1 complex then recruits procaspase-9 through homotypic interactions
between the CARD of Apaf-1 and the CARD of procaspase-9 (102). The complex comprising
cytochrome c, Apaf-1, and procaspase-9 is known as the apoptosome complex and functions as a
scaffold by which multiple Apaf-1 and procaspase-9 subunits assemble (198). The role of Apaf-1
in procaspase-9 activation is supported by work in Drosophila melanogaster, in which DARK (an
Apaf-1 homolog) is required for most developmental and stress-triggered apoptosis through its
activation of DRONC (a caspase-9 homolog) (117). However, the DARK-DRONC apoptosome
complex found in flies does not require cytochrome c to assemble, as it does in humans (192).
Upon activation, caspase-9 cleaves two effector procaspases, procaspase-3 and procaspase-7, to
their active forms (102, 167, 198).

Once activated by initiator caspases, executioner caspases are responsible for cleaving the cel-
lular substrates necessary for the orderly demise of the cell. The principal executioner caspases
in humans are caspase-3 and caspase-7, while the principal executioner caspase in D. melanogaster
is DRICE; these caspases seem to serve the most prominent roles in cell execution compared
with other executioner caspases. General targets of caspases are numerous and include negative
regulators of apoptosis, cell structure components, and other caspases. Ultimately, caspase activity
manifests as an orderly breakdown of cellular integrity.

Plant Proteases Involved in Programmed Cell Death

Although plant genomes do not encode obvious homologs of animal caspases, caspase-like activity
has been observed during PCD in plants (67, 135, 163). For instance, caspase-1 and -3 inhibitors
prevent HR cell death in tobacco in response to Pseudomonas syringae, and a caspase-1 inhibitor
suppresses HR in response to tobacco mosaic virus (TMV) infection (30, 68). Research efforts
focused on identifying the source of caspase-like activity in plants led to the discovery of many
proteases with roles in PCD execution (see Figure 1). That said, a core family of PCD proteases,
akin to the caspases in animals, has not been discovered in plants. Instead, there appear to be
several protease families associated with distinct triggers (abiotic stress, pathogen infection, etc.)
of plant PCD.

In terms of domain architecture, metacaspases are the plant family of proteases most similar
to caspases (168). The metacaspase family can be subdivided into type 1 and type 2 metacaspases
based on the presence (type 1) or absence (type 2) of an N-terminal prodomain (166). Every
metacaspase consists of small (p10) and large (p20) catalytic subunits, each of which contains
a catalytic dyad of cysteine and histidine residues. Unlike caspases, metacaspases have a strict
requirement for cleavage after an arginine or lysine residue at the first position (P1) of the cleavage
site.
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Figure 1
Schematic illustration of the role played by various plant proteases in PCD regulation. Specific examples of PCD regulation by the
type 1 metacaspases AtMC1 and -2 and the type 2 metacaspases AtMC4 and -9 are included; more general summaries are shown for
VPEs and subtilases. The death-inducing stimuli that lead to the activation of each protease are indicated. The prodomains of type 1
metacaspases, VPEs, and subtilases must be removed for these proteases to be catalytically active. The small (p10) and large (p20)
catalytic subunits of type 1 and type 2 metacaspases must be cleaved for these proteases to be catalytically active. Abbreviations: AtMC,
Arabidopsis thaliana METACASPASE; FB1, fumonisin B1; GRIM, GRIM REAPER; MV, methyl viologen; P. syringae, Pseudomonas
syringae; PCD, programmed cell death; TMV, tobacco mosaic virus; VPE, vacuolar processing enzyme.

Fumonisin B1 (FB1):
a fungal toxin
produced by Fusarium
species that induces
apoptosis in animal
cells and PCD in plant
cells

One of the most highly expressed type 2 metacaspase genes in Arabidopsis, Arabidopsis thaliana
METACASPASE 4 (AtMC4), is a positive regulator of cell death induced by numerous abiotic and
biotic stresses. Atmc4 mutants are less sensitive to cell death induced by the mycotoxin fumonisin
B1 (FB1), the herbicides methyl viologen (MV) and acifluorfen, and HR caused by avirulent
P. syringae (176). AtMC1 and -2 are positive and negative regulators of HR-PCD, respectively
(23). The prodeath activity of AtMC1 is dependent on the removal of the N-terminal prodomain
and an active-site cysteine residue. Interestingly, Capsicum annuum metacaspase 9 (CaMC9) seems
to play more of a role in cell death caused by disease progression. Silencing of CaMC9 in pepper
plants suppresses the progression of tissue death caused by the bacterial pathogen Xanthomonas
campestris pv. vesicatoria race 3, indicating that CaMC9 is a positive regulator of cell death induced
by this pathogen (93).
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Vacuolar processing
enzymes (VPEs):
a family of cysteine
proteases in plants that
localize in vacuoles
and are related to
animal asparaginyl
endopeptidases

Subtilases: a family of
extracellular serine
proteases found in all
kingdoms of life

Another family of plant proteases implicated in PCD is the vacuolar processing enzyme (VPE)
family of cysteine proteases. VPEs are composed of a signal peptide for trafficking to the central
vacuole, N- and C-terminal prodomains that are removed upon processing, and a catalytic active
site. VPEs are converted to the mature form through autocatalytic processing after aspartic acid
or asparagine residues. The inhibitory C-terminal prodomain must be removed before the N-
terminal prodomain can be removed to yield the mature enzyme (73). This VPE is a positive
regulator of HR induced by TMV through its role in vacuolar collapse. Interestingly, the caspase-1
inhibitor (Ac-YVAD-CHO) suppresses HR and inhibits VPE activity, thus establishing the first
link between caspase-like activity in plants and a specific family of proteases (68).

The Arabidopsis δVPE protein is implicated in developmental PCD of the inner integument
layer of the seed coat that occurs during embryo development. Cells in the inner integument
layer of δvpe mutants do not undergo plasma membrane shrinkage or tonoplast rupture, as they
do in wild-type cells (122). VPE also functions in stress-induced PCD; for example, FB1 toxin
resistance in Arabidopsis was achieved by cotreating with a VPE inhibitor or by knocking out all
four VPE-encoding genes (98). Features of PCD in wild-type plants, such as plasma membrane
blebbing, were absent in mutant plants exposed to FB1. Silencing VPE1a and VPE1b in Nicotiana
benthamiana reduced sensitivity to cell death caused by the bacterial elicitor harpin (194) but
did not do so for cell death caused by the necrosis- and ethylene-inducing protein Nep1 or the
oomycete elicitor boehmerin. Based on these data, VPE1a and -b appear to execute PCD in a
context-specific manner.

Subtilisin-like serine proteases (subtilases or saspases) with caspase-like activity have also gar-
nered interest for their potential role in plant PCD regulation. Subtilases contain a signal peptide
for secretion into the apoplast, a prodomain for autoinhibition, and a catalytic domain character-
ized by an active-site serine residue. The first of the subtilases characterized from plants, SAS-1
and -2, were purified from extracellular extracts of Avena sativa (oat) challenged with the PCD-
inducing fungal toxin victorin (22). In a different study, silencing of a subtilase with caspase-like
activity isolated from tobacco resulted in reduced HR-PCD in response to TMV, whereas overex-
pression resulted in an enhanced HR (21). Additionally, subtilase silencing enhanced resistance to
cell death induced by MV and NaCl, whereas overexpression led to enhanced cell death. Notably,
treatment with MV and TMV resulted in the relocalization of the subtilase from the apoplast into
the cell interior (21).

Recent work by Fernández et al. (50) showed that a subtilase from potato with caspase-3-like
activity (StSBTc-3) was present in the apoplast following Phytophthora infestans challenge. Tomato
cell suspensions treated with purified StSBTc-3 underwent cell death with plasma membrane
retraction and cytoplasmic shrinkage, features indicative of a programmed response. Even more
recently, Zimmermann et al. (195) demonstrated that the subtilase P69B is a substrate of two
matrix metalloproteinases from tomato, Sl2-MMP and Sl3-MMP. Silencing of Sl2-MMP and
Sl3-MMP in tomato resulted in spreading cell death that started in the hypocotyls and progressed
to the outer cortical cells, suggesting that these matrix metalloproteinases are negative regulators
of epidermal cell death. Silencing P69B in the Sl2/3-MMP RNA-interference-silenced plants
resulted in reduced expression of the cell death marker genes hsr203j, Hin1, and tpoxC1.

Efforts to identify proteases responsible for caspase-like activity in plants have yielded valuable
information about the role of VPEs and subtilases in PCD execution. Additionally, many studies
have focused on metacaspases because of their shared domain architecture with caspases. Future
studies can now focus on identifying the substrates that these plant proteases act upon to reveal
more about their role in PCD execution.
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Plant Protease Substrates Associated with Programmed Cell Death

Some progress has been made on identifying metacaspase substrates, and the results suggest some
commonalities between caspases and metacaspases. For example, the metacaspase mcII-Pa from
Picea abies (Norway spruce) processes Tudor staphylococcal nuclease (TSN)—an evolutionarily
conserved substrate cleaved by caspase-3 in mammals—as a cleavage substrate during develop-
mental and stress-induced PCD (151). Furthermore, degradome analysis of AtMC9 in Arabidopsis
revealed that AtMC9 cleaves general regulatory factor 5 (GRF5), phosphoenolpyruvate carboxyk-
inase 1 (PEPCK1), nicotinamide adenine dinucleotide (NAD) synthase, citrate synthase 3 (CSY3),
GDP-mannose 4,6-dehydratase 2 (GMD2), and pentatricopeptide repeat (PPR)–containing pro-
tein (165). An additional study showed that AtMC9 processes a secreted protein called GRIM
REAPER into an 11-amino-acid peptide that induces cell death in Arabidopsis (183); this is the
only example of a plant protease processing a secreted protein that then binds to the extracellular
portion of a transmembrane receptor and induces cell death.

Research on apoptosis in animals has been greatly accelerated by the development of antibodies
and synthetic substrates that detect active caspases and processed caspase substrates. As more PCD
regulators are identified in plants, it will become possible to use biochemical hallmarks to track
PCD progression. Lu et al. (108) have made recent advancements in the development of highly
specific probes for VPEs and other cysteine proteases. These probes use synthetic substrates
optimized for the specific peptide sequences that the proteases bind and cleave. Their VPE probe
specifically binds active VPEs in Arabidopsis, tomatillo, winter cherry, tomato, tobacco, barley, and
maize (108). Probes such as these will allow protease activity to be monitored at different stages
of death progression through fluorescence and localization assays. Additionally, proteases could
be purified and mass spectrometry employed to determine the composition of protease activation
complexes and posttranslational modifications of these proteases.

INHIBITORS OF APOPTOSIS

The IAP family consists of proteins that are important antiapoptotic regulators in animals. The
first IAP to be discovered was the baculovirus CpIAP from Cydia pomonella granulosis virus (24).
A characteristic feature of this IAP, and a defining feature of IAP homologs, is the presence of a
zinc-binding domain known as the baculovirus IAP repeat (BIR) domain (42). The BIR domain is
responsible for the substrate binding and specificity of IAP proteins (138, 153). Additionally, many
IAPs contain a RING domain that functions as an E3 ubiquitin ligase (186). IAPs that contain a
RING domain target substrates for degradation via the 26S proteasome (17, 142, 158). IAPs exert
antiapoptotic activity by negatively regulating caspase activity, through either direct binding to
the caspase or binding to an upstream component required for caspase activation. Although IAP
binding alone is enough to inhibit the activity of some caspases, for other IAPs, E3 ligase activity
is required (17, 142, 186). IAPs are themselves kept under multiple layers of regulation through
autoubiquitination or ubiquitination by other IAP regulators. Additionally, IAP activity can be
regulated by antagonists that bind to IAP-binding motifs located within the IAP protein (41, 173,
184). Proapoptotic IAP antagonists bind to and relieve IAP inhibition of caspase activity so that
apoptotic cascades commence.

Although plant genomes do not appear to encode IAPs, ectopic expression of animal and viral
IAPs in plants confers tolerance to stress-induced cell death. The first IAP shown to function in
plants was the baculovirus Orgyia pseudotsugata nuclear polyhedrosis virus IAP (OpIAP). Trans-
genic tobacco plants overexpressing OpIAP were resistant to tomato spotted wilt virus infection
and the necrotrophic fungi Cercospora nicotianae and Sclerotinia sclerotiorum (37). Tissue necrosis
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DNA laddering:
apoptotic DNA
fragmentation
resulting in
internucleosomal
DNA cleavage,
observed as a distinct
banding pattern of
180-base-pair
multiples on an
agarose gel

Terminal
deoxynucleotidyl
transferase dUTP
nick-end labeling
(TUNEL) assay:
an assay used to detect
double-stranded DNA
breaks occurring at the
late stages of apoptosis

Bcl-2-associated
athanogene (BAG)
family:
an evolutionarily
conserved family of
co-chaperones in
mammals and plants
distinguished by a
characteristic BAG
domain that mediates
direct interaction with
HSP70

typically associated with the systemic spread of tomato spotted wilt virus was suppressed in OpIAP-
overexpressing transgenic lines, as was tissue death associated with C. nicotianae and S. sclerotiorum.
Interestingly, OpIAP overexpression did not suppress HR in tobacco challenged with TMV (188).

Expression of an IAP from Spodoptera frugiperda (fall armyworm) in tobacco and tomato pre-
vents cell death associated with infection by the necrotrophic fungus Alternaria alternata, heat, salt,
and FB1 treatment. Cell death induced by these stresses and suppressed by SfIAP displayed char-
acteristic apoptotic features, including DNA laddering and terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL)–positive nuclei (103). Suppression of salt-induced cell death
in protoplasts was partially dependent on a functional E3 ligase for SfIAP (83). Transgenic rice
expressing SfIAP have increased tolerance to salt stress. Root cells are less susceptible to cell death
caused by excessive salt in the soil, which allows for greater photosynthesis in SfIAP-expressing
rice under salt stress compared with wild-type and empty-vector control plants. The maintenance
of high photosynthetic levels provided the plants with the necessary chemical energy to mitigate
stress and survive (75).

Following the discovery of the functionality of IAPs in tobacco and tomato, efforts were made
to identify IAP homologs in other plants. Although no homology to a BIR domain has been
discovered, simple Basic Local Alignment Search Tool (BLAST) searches revealed Arabidopsis
proteins with RING domains exhibiting some similarity to those from human and D. melanogaster
IAPs. Validation of functionality came with the discovery that Arabidopsis thaliana IAP-LIKE
PROTEIN (AtILP) inhibits tumor necrosis factor alpha (TNFα)–induced cell death in HeLa
cells and suppresses caspase and caspase-like activity in HeLa cells and Arabidopsis upon treatment
with FB1 (94). Overexpression of AtILP also inhibits HR-PCD. The RING domain was not
required for the anti-PCD phenotype under any of these death triggers, which indicates that the
anti-PCD activity of AtILP in Arabidopsis comes from its N terminus, which has no similarity to
human or Drosophila IAPs. It is important to emphasize that these IAP-like proteins have been
identified based strictly on alignments of their RING domains with the RING domains from true
IAPs. The Arabidopsis genome encodes a total of 477 predicted proteins with a RING domain; of
these, 186 have the same C3HC4-type structure as human and Drosophila IAPs (150). Of these 186
proteins, 11 contain a predicted RING domain with an E-value below 1 × 10−5. Although these
are provocative leads for novel negative regulators of plant PCD, in the absence of structural and
functional analysis, it is premature to conclude that these proteins are true IAP homologs.

Although most research efforts have focused on understanding how IAPs regulate caspase
activity, there is increasing evidence that they function in diverse cellular processes and interact
with a variety of substrates. The human IAP (XIAP) has been implicated in copper homeostasis
because of its ability to bind intracellular copper, which dramatically reduces the half-life of XIAP
and results in increased caspase-3 activity in vitro (120). Additionally, XIAP physically interacts
with and ubiquitinates MURR1, another regulator of copper homeostasis responsible for copper
toxicosis in some dog breeds (14). IAPs have also been implicated in cell division, mitogen-activated
protein kinase activation, innate immunity, and nuclear factor κB signaling (148). Further support
for a caspase-independent role for IAPs comes from the observation that BIR domains can be
found in some fungal proteins, which lack caspases and other animal apoptotic regulators (144).

THE CENTRALITY OF BAG FAMILY MEMBERS IN PLANT
CELL DEATH

The Bcl-2-associated athanogene (BAG) family is an evolutionarily conserved group of proteins
with homologs across wide evolutionary distances, from single-celled yeasts to metazoans, in-
cluding humans. The initial discovery of this family came from a yeast-two-hybrid screen aimed
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Figure 2
A comparison of BAG protein domains in Arabidopsis (left) and humans (right), showing their characteristic
C-terminal BAG domains. The structure of Arabidopsis BAG proteins includes a conserved BAG domain,
UBL domain, NLS, and plant-specific CaM-binding motif. BAG5 and -7 contain mitochondrion- and
ER-targeting peptides, respectively. An operational caspase-1 cleavage site (LATD) is shown for BAG6. The
protein length (in number of amino acids) is displayed under each BAG name. Abbreviations: BAG,
Bcl-2-associated athanogene; CaM, calmodulin; ER, endoplasmic reticulum; NLS, nuclear localization
signal; UBL, ubiquitin-like.

at identifying Bcl-2 partners (155). The gene identified was termed Bcl-2-associated athanogene 1
(BAG1) and was shown to enhance the antiapoptotic activity of Bcl-2, suggesting its involvement
in apoptotic pathways (155). A common signature of all BAG proteins is the presence of a protein
motif at the C terminus termed the BAG domain (BD) (see Figure 2). This domain mediates
direct interaction with the heat shock protein 70 (HSP70) chaperone (13). Later studies more ac-
curately characterized BAG proteins as co-chaperones that function as molecular switches acting
upon HSP70 and other substrates, both positively and negatively, to maintain protein homeosta-
sis. Several excellent reviews have been published on BAGs and the remarkable array of cellular
events they modulate, including cell death regulation (8, 82, 154).

A Concise Overview of Animal BAG Proteins

The human BAG family contains six members, BAG1–6, all of which have a single BD except
for BAG5, which contains four such domains (see Figure 2). BAG1 is the founding member of
this family and has attracted much attention since its discovery largely because of its association
with Bcl-2. Four human BAG1 isoforms have been identified, all of which contain a ubiquitin-
like (UBL) domain in addition to the BD. The presence of a UBL domain suggests a link to
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proteasome-mediated protein degradation. Indeed, BAG1 itself is a substrate of an E3 ligase, C
terminus of HSC70-interacting protein (CHIP); BAG1 and CHIP form a ternary complex with
HSP70 to target proteins for degradation (1, 31). BAG1 is also involved in a wide range of signaling
events through interactions with steroid hormone receptors (52, 95, 96, 105), the Raf1 protein
kinase (147, 174), and Siah, a protein involved in p53-mediated apoptosis (110).

BAG2 and -3 were later identified in a screen of HSP70 binding partners, and they too were
shown to regulate its function (156). BAG2 has also been linked to CHIP, but unlike BAG1,
this association appears to inhibit CHIP-dependent ubiquitin ligase activity (3, 28). In addition
to its impact on many major biological processes (reviewed in 8), BAG3 has recently attracted
considerable attention because of its potential as a target in cancer therapies (reviewed in 136)
and its role in protein quality control during aging (57). It was reported to maintain cell survival
in several tumor types and was implicated in resistance to chemotherapy. Interestingly, interplay
between BAG1 and -3 affects protein degradation during the aging process (57). The ratio of BAG1
and -3 directly regulates the induction of macroautophagy and the turnover of polyubiquitinated
proteins in aging cells.

BAG4, known as a silencer of death domains (SODD), was also identified in a screen for
HSP70 binding partners (156). It has been proposed to function as a negative regulator of the
TNF superfamily, including TNF1 and death receptor 3 (81). In cooperation with HSP70, BAG4
appears to prevent the aggregation of these death receptors to maintain an inactive monomeric
state (164), a process that also confers resistance to cancer therapies (59).

BAG5 is a structurally unique member of this family that contains four BDs. Beyond its capacity
to bind HSP70, the significance of having multiple BDs is not well understood. BAG5 has been
linked to Parkinson’s disease (9, 87), and was found to inhibit both parkin E3 ubiquitin ligase and
HSP70 chaperone activity (87). Thus, BAG5 contributes to neurodegeneration and Parkinson’s
disease development, which is in stark contrast to the prosurvival effect of other BAG family
members. However, a cytoprotective role for BAG5 has also been identified: Wang et al. (175)
proposed that it stabilizes PTEN-induced kinase 1 (PINK1) and prevents mitochondrial damage
as a result of oxidative stress.

Finally, BAG6 (also known as Scythe or BAT3) is the largest member of the BAG family.
In D. melanogaster, it associates with Reaper and promotes Reaper-induced cytochrome c release
and caspase activation (161, 162). In mammalian development, BAG6 inactivation is linked to
increased lethality and severe developmental defects in the lung, kidney, and brain (34). Other
studies have implicated BAG6 in endoplasmic reticulum (ER) stress–induced cell death via its
regulation of apoptosis-inducing factor (AIF) (35). Interestingly, a recent study called into question
the legitimacy of BAG6 as a BAG family member because of its noncanonical BD (119).

The Emerging Role of Plant BAG Proteins in Cell Death Regulation
and Stress Responses

Doukhanina et al. (40) used a combination of computational approaches to identify BAG homologs
and found seven BAG-like proteins in Arabidopsis (AtBAG1–7) based on structural conservation
of the BD (Figure 2). Although the functions of several members of this family are still unknown,
significant progress has been made in our understanding of BAG function and regulation in plants.
Similarly to animal BAGs, plant BAGs appear to function largely in cytoprotection, particularly
in response to stress and developmental cues; this also suggests that at least some aspects of
animal PCD regulation are conserved between plants and animals. Arabidopsis BAG proteins can
be divided into two broad groups based on their domain organization: AtBAG1–4 have a domain
structure similar to human BAG1, with a UBL motif present in addition to the BD, whereas
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AtBAG5–7 contain a calmodulin (CaM)–binding motif near the BD, a feature unique to plant
BAG proteins (Figure 2). The presence of a CaM domain may reflect divergent plant-specific
functions associated with plant BAGs.

The function of UBL-containing Arabidopsis BAGs is largely unknown, with the exception of
AtBAG4. Overexpression of AtBAG4 conferred enhanced resistance to several abiotic insults, such
as drought, salt, UV irradiation, and oxidant treatment (40, 74). Importantly, AtBAG4 inhibited
the development of apoptotic features, such as DNA laddering and TUNEL-positive nuclei (40).
Thus, AtBAG4 appears to inhibit apoptotic-like PCD and functions in stress tolerance in plants.
Biochemical details that could explain the anti-PCD activity of AtBAG4 are still lacking. BAG
proteins are known to bind HSP70/heat shock cognate 70 (HSC70) molecular chaperones, and
an association between AtBAG4 and AtHSC70 has been established (40). However, unlike animal
BAGs, a functional link between plant BAGs and HSC70s has not emerged, and it is not clear
whether AtBAG4 activity is reliant on AtHSC70 or vice versa.

As mentioned, AtBAG5–7 have a unique domain organization, with a CaM-binding motif up-
stream of the BD. AtBAG5 is the smallest member of this family and has a predicted mitochondrial
target peptide (82). This feature is intriguing given the role of the mitochondria in intrinsic ap-
optosis pathways and that none of the animal BAGs are localized to the mitochondria. Li et al.
(101) recently suggested that AtBAG5 forms a complex with Hsc70 and CaM that regulates plant
senescence. AtBAG6 is the largest member of this family and was originally identified as a CaM-
binding protein (88). This plant BAG member appears to be essential for basal immunity against
the fungal pathogen Botrytis cinerea (40). Surprisingly, AtBAG6 does not bind AtHSC70, but At-
BAG6 expression in yeast and Arabidopsis induces PCD (88). A study by Li et al. (104) recently
clarified the prodeath function of AtBAG6 and the molecular mechanisms that underpin AtBAG6-
mediated basal immunity. This study showed that AtBAG6 is a substrate for an aspartyl protease
(AtAPCB1) that cleaves the protein at a caspase-1 cleavage site downstream of its BD. Thus,
AtBAG6 is proteolytically activated to trigger basal immunity and induce PCD. Active AtBAG6
triggers autophagy in Arabidopsis, which coincides with disease resistance (104). These findings are
particularly important because the molecular details of plant PCD involving proteases and their
substrates are largely unknown. Finally, AtBAG7 is an ER-localized Arabidopsis BAG member
that is involved in the maintenance of the unfolded protein response (179). AtBAG7 interacts with
Arabidopsis thaliana LUMINAL BINDING PROTEIN 2 (AtBIP2) and modulates PCD pathways
of cells undergoing ER stress. During ER stress, AtBAG7 also appears to translocate from the
ER to the nucleus, where it interacts with WRKY DNA-binding protein 29 (WRKY29) (Y. Li,
B. Williams & M.B. Dickman, manuscript in review).

In toto, it is clear that BAG proteins are involved in a remarkable array of important cellular
functions, owing in part to their association with HSP70 and the multiplicity of their targets
(see Figure 3). Their roles in cell proliferation, stress responses, and PCD make them prime
targets for therapeutic drugs. The discovery of a homologous family in plants is intriguing and
suggests that, despite the lack of conservation of core apoptotic regulators, some aspects of cell
death regulation are conserved between animals and plants. Our understanding of BAG function
in plants is improving as we continue to position BAG proteins in a biochemical context in plants
(Figure 3). Many attributes of BAG regulation and properties are conserved in plants and animals,
with the exception of a functional link between BAG proteins and HSP70.

CELL DEATH IN PLANT-MICROBE INTERACTIONS

The most striking and well-known examples of plant PCD include HR triggered by biotrophic
pathogen invasions, cell death in response to toxins, and cell death induced by necrotrophic
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pathogens. PCD as an end point in a plant-pathogen interaction, particularly in the case of HR,
begins with a basal immune response—the first line of plant defense against invading pathogens,
which is predicated on the recognition of specific microbial molecules commonly referred to
as pathogen-associated molecular patterns. This receptor-based defense component relies on the
recognition of common microbial molecular signatures, such as flagellin, peptidoglycan, and chitin
(159, 196). Pathogens have evolved virulence factors, often in the form of small secreted proteins
called effectors, to suppress plants’ basal defense responses (159). This, in turn, led to the evolution
of a second tier of plant defenses that use resistance (R) proteins. R proteins recognize pathogen
effectors directly or indirectly and trigger a strong defense response that culminates in HR (62), a
form of PCD. It is now recognized that significant crosstalk occurs between defenses mediated by
pathogen-associated molecular patterns and those mediated by R proteins, blurring the distinction
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between these responses (159). Although PCD (i.e., HR) is effective against invading pathogens
with a biotrophic lifestyle, it can be advantageous to necrotrophic pathogens that require dead
host tissue to achieve pathogenic success. Indeed, many necrotrophs induce cell death in their
host by hijacking the host cell death machinery for their own benefit (26, 60, 84).

Overall, it is clear that PCD plays a key role in interactions between plants and microbes and
often represents the deciding factor in whether a plant is resistant or susceptible to a particular
pathogen. Although significant progress has been made in understanding the early events describ-
ing the interplay between host and microbes, these early signaling events have not yet been linked
to the execution of plant cell death. These missing pieces will be critical for the development of
novel control strategies against plant pathogens.

The Hypersensitive Response: Classification and Execution

The term hypersensitive response was coined a century ago to describe the robust localized cell
death observed in resistant lines in response to infection by rust fungi. It is now used to describe a
programmed disease resistance outcome in plants that is triggered by many pathogens and leads
to tissue death and the restriction of pathogen growth. Although HR is generally controlled by
a single R gene on the host side, corresponding to a cognate effector gene on the pathogen side,
this process is highly complex and involves a suite of cellular and morphological events (reviewed
in 6, 25, 36, 62, 70).

HR-PCD has been proposed to be distinctly different from developmental PCD (reviewed in
170). In his review, van Doorn (170) argued against the use of the term apoptosis in reference to
plant PCD and coined the term vacuolar cell death, described as a combination of autophagy-like
processes and the release of vacuolar hydrolases. He classified developmental PCD as vacuolar
cell death and argued that HR-PCD encompasses both vacuolar cell death and necrosis features.
It is important to note, however, that apoptotic features have been observed following HR-PCD
and development processes alike (85, 130). Thus, these observations point to a shared mechanism
underpinning the execution of both programs.

One possible key piece of evidence suggesting that at least some aspects of cell death exe-
cution are conserved comes from the recent discovery linking an R protein to a SQUAMOSA
promoter-binding protein (SBP) transcription factor involved in resistance to TMV and avirulent
P. syringae (126). The SBP family of plant-specific transcription factors [also referred to as the
SQUAMOSA promoter-binding protein–like (SPL) family in some plant species] is characterized
by a highly conserved SBP-box DNA-binding domain, and members of this family are present in
organisms ranging from single-celled green algae to multicellular plants. They play diverse roles
in plant development, including the juvenile-to-adult phase transition, trichome development,
apical dominance, and pollen sac development (129). Although SBPs/SPLs have been linked prin-
cipally to developmental processes, the N immune receptor of N. benthamiana associates with
NbSPL6 upon activation of HR-PCD in response to the defense-eliciting TMV U1 strain but
not the noneliciting TMV Ob strain. Similarly, the SPL6 ortholog in Arabidopsis was required
for HR-PCD against P. syringae mediated by the R protein RESISTANT TO P. SYRINGAE
4 (RPS4) (126). Beyond HR-PCD, another Arabidopsis SBP family member, AtSPL14, has been
implicated in cell death caused by the mycotoxin FB1 and is required for sensitivity to this toxin
(149). FB1 is known to induce apoptotic-like cell death in both plant and animal cells (61). These
are provocative leads for a linkage between SBP transcription factors and fundamental processes
requiring cell death regulation, such as HR-PCD, development, and abiotic stress. Future studies
may prove fruitful for elucidating the importance of SBPs as core regulators in the execution or
inhibition of plant cell death programs.
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Necrotrophic Fungal Pathogens and Host Programmed Cell Death

Necrotrophic fungi kill host tissue using a plethora of toxins and lytic enzymes to achieve
pathogenic success. However, the views associated with necrotrophic pathogenesis are chang-
ing, and we now recognize that some of these pathogens do not simply cause direct injury to
host cells, but instead co-opt host PCD machinery. A classic example is victorin-induced PCD
imposed by the fungal pathogen Cochliobolus victoriae (26, 60). Victorin is a host-selective toxin that
is required for susceptibility to this pathogen and the development of Victoria blight disease in
oats. Victorin sensitivity is genetically conditioned by the Vb gene, which paradoxically has been
proposed to be inseparable from an R gene (Pc2) that controls HR-PCD against another fungal
pathogen, the biotrophic rust Puccinia coronata (26). Thus, it appears that C. victoriae hijacks an
HR mechanism to induce PCD in its host.

Further investigation showed that this cell death regime has distinct apoptotic hallmarks. These
include traditional molecular phenotypes of apoptosis, such as DNA laddering and mitochondrial
membrane potential changes, as well as morphological features, such as cell shrinkage and reten-
tion of plasma membrane integrity (26). Here, then, is another example where distinct features
of animal apoptosis are conserved in a plant cell undergoing PCD. Genetic association between
host-selective toxins and plant cell death has also been described in other systems. In Stagonospora
nodorum, the causal agent of Stagonospora nodorum blotch in wheat, several gene interactions be-
tween toxin and host have been identified that result in a type of cell death analogous to HR-
PCD (51). S. nodorum host-selective toxins are often referred to as necrosis-inducing toxins. It
is important to note that the term necrosis here simply denotes the visual manifestation of tis-
sue death, rather than a mechanistic interpretation of the cell death regime imposed by these
toxins.

The induction of plant PCD has also been discussed in response to broad-host toxins. S. sclero-
tiorum is a broad-host fungal pathogen that secretes a key virulence toxin, oxalic acid. Oxalic acid
triggers apoptotic-like PCD in host plants (92), and oxalic acid–deficient mutants cannot trigger
host PCD and are nonpathogenic (180). Interestingly, transgenic expression of the antiapoptotic
CED9 gene from C. elegans provided resistance to this pathogen, presumably by inhibiting cell
death pathways activated by oxalic acid (84). These results suggest a functional conservation of
apoptotic cell death between animal and plant cells. Although apoptotic PCD was conducive to
disease development, the defense response against this pathogen involves an autophagic response
(84). This indicates that different cell death regimes can mediate opposing disease outcomes and
that cell death execution is, as mentioned above, context dependent.

REGULATION OF CELL DEATH IN PLANTS

Like animals, plants use a suite of regulatory pathways to program the demise of cells. Impor-
tantly, studies have shown that the manner of PCD execution is crucial, with different outcomes
occurring depending on the context and strength of the signal (29, 76, 84, 180). Fundamental dif-
ferences between mammals and plants include the presence of a central vacuole and chloroplasts
in plants, both of which can play critical roles in PCD, particularly autophagy (36). Accordingly,
emerging evidence suggests that autophagy is key to effective regulation of plant homeostasis and
is indispensable in a plethora of processes, including energy metabolism, proper development, ag-
ing, and abiotic and biotic stress responses (reviewed in 7). What remains contentious, however, is
whether autophagy directly results in cell death or death is an aberration of severe stress and exces-
sive autophagy. Recent studies that have linked autophagy with glycolysis and plant metabolism
suggest that autophagy is a prosurvival mechanism that plays significant roles in maintaining
homeostasis.
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Does Autophagy Carry the Brunt of Cell Death Regulation in Plants?

Autophagy is an intracellular self-eating process that facilitates the bulk remobilization of cytoplas-
mic constituents, including fragments of organelles, by trafficking in double-membraned vesicles
termed autophagosomes for degradation in lysosomes (in mammals) or vacuoles (in plants) (115).
This process is regulated by a suite of autophagy genes that are conserved from yeasts to animals to
plants (137). In fact, most of the autophagy processes that have been identified in metazoans have
been observed in plants (100, 106). Proteins involved in autophagy are termed autophagy-related
(Atg) proteins and are highly conserved across broad eukaryotic kingdoms. They can be classified
into four main classes or complexes that are found in all eukaryotes: the Atg1 kinase complex, the
phosphatidylinositol 3-kinase complex, the Atg9 complex, and the Atg8-Atg12 conjugation com-
plex (187). The Atg1 kinase complex is involved in responses to nutrient deprivation and comprises
Atg1, Atg13, and Atg101. The phosphatidylinositol 3-kinase complex is regulated by the Atg1 com-
plex and contains vacuolar protein sorting 34 (Vps34) kinase, Vps15, Atg6, and the autophagy-
specific component Atg14 (79). A homolog of the conserved Atg14 has not been identified in plants.

Once generated, the phosphatidylinositol 3-kinase complex is recognized by various phos-
phatidylinositol 3-phosphate effectors, including members of the Atg9 complex, Atg2, and
Atg18. The precise mechanistic details of the function of the Atg9 complex remain unclear,
but it appears to play a role in autophagy responses to starvation (191). The Atg8-Atg12
conjugation complex contains numerous proteins, including Atg3, Atg4, Atg5, Atg7, Atg10,
Atg8–phosphatidylethanolamine (PE), and Atg12. During autophagosome formation, Atg8 is
cleaved by the Atg4 protease to expose a specific glycine that allows conjugation to PE by the
E1 (ubiquitin-activating enzyme)–like protein Atg7, the E2 (ubiquitin-conjugating enzyme)–like
protein Atg3, and the E3-like Atg12-Atg5-Atg16 complex. A second ubiquitin-fold protein,
Atg12, is conjugated to Atg5 by Atg7 and Atg10 (E2). In the absence of active phagocytosis and
debate over whether apoptotic-like cell death conservation extends to plants, autophagy may play
a large role in plant PCD regulation.

Autophagy and Energy Metabolism

Regulating metabolic and energy homeostasis is a significant challenge for all organisms, including
plants, and strong relationships have been observed between nutrient availability, energy status,
cell growth, and cell death rates (3). Glycolysis is an essential first step for the breakdown of glucose
into available energy for plant metabolism. Recent studies involving Arabidopsis glyceraldehyde
3-phosphate dehydrogenase (GAPDH) mutants provide a direct link between GAPDH activ-
ity and the regulation or restriction of autophagy. Compared with their wild-type counterparts,
AtGAPHD mutants demonstrate increased reactive oxygen species (ROS) accumulation, consti-
tutive autophagy, and enhanced pathogen resistance (64, 72). Additional studies have indicated
that GAPDH interacts directly with and suppresses the activity of ATG3 (64). This interaction is
inhibited by high levels of ROS, demonstrating a possible mechanism by which ROS molecules
contribute to autophagy (64, 115). The association of GADPH with both glycolysis and autophagy
suggests that GAPDH, via interaction with ATG3, buffers the recycling role of autophagy with the
metabolic state of the cell. Further examples demonstrating the tight linkages between autophagy
and energy metabolism, particularly sugar signaling, are described below.

Selective Autophagy and Its Use to Regulate Cellular Degradation
and Nutrient Recycling

The recent discovery of selective autophagy is important because it identifies the ability of au-
tophagy to remobilize bulk cellular constituents and to selectively target protein complexes and
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organelles. It is now understood that autophagy is responsible for the clearing of plant-specific
compartments such as chloroplasts via Rubisco-containing bodies and ATG8-INTERACTING
PROTEIN 1 (ATI1)–containing plastid bodies (78, 116). The observation of peroxisome clear-
ance during seedling growth in Arabidopsis suggests that selective autophagy plays more than a
housekeeping role but is also critical for the regulation of proper development and stress toler-
ance (91). Other forms of selective autophagy include the specific targeting of organelles such as
the mitochondria (mitophagy), protein aggregates (aggrephagy), invading pathogens (xenophagy),
and chloroplasts (chlorophagy) as well as specific proteins (23, 46).

The identity of the source of autophagosome membranes remains controversial, but evidence
is accumulating that the ER is a prominent source. Studies have demonstrated ER-stress-induced
delivery of ER components, including the membrane decorated with ribosomes in plant cells (106).
A more fascinating discovery was the observation of 26S proteasome degradation (proterophagy)
in nutrient-deprived Arabidopsis (109). Further investigation using either knockout mutants or
chemical inhibitors of key players of the proteasome degradation pathway demonstrated induction
of autophagy (109). These data indicate a potential antagonistic relationship between autophagy
and proteasome degradation pathways. Future work should focus on determining whether the
cell utilizes this interplay to intimately regulate cellular degradation and recycling pathways to
maintain homeostasis.

SWEET DEATH: THE ROLE OF SUGAR METABOLISM IN CELL
DEATH DECISIONS

To drive metabolism and growth, plants must photosynthetically convert light into chemical en-
ergy (146). This conversion relies on the reception of light energy by photosynthetic machinery as
well as gas exchange through leaf stomata. In addition to being the site of gas exchange, stomata are
the major sites for leaf water loss, and the water gradient created by open stomata is a significant
driver of the transpirational pull that draws water from the soil. Consequently, photosynthesizing
plants compromise between energy metabolism and water retention. Prolonged stress often causes
decreased photosynthesis and increased ROS accumulation, which can trigger PCD pathways
(58). To mitigate stress, plants utilize elaborate antioxidant systems in addition to downregulat-
ing chlorophyll synthesis and other components of the photosynthetic pathway (48). To power
these mechanisms, the plant must maintain sucrose metabolism to provide reducing power (in the
form of NADPH) for the synthesis of nonenzymatic antioxidants, such as ascorbic acid and glu-
tathione (12). If energy metabolism is unable to meet cellular demands, it is logical that autophagy
pathways may be triggered to provide both nutrients and energy until photosynthesis can be
restored.

Arabidopsis plants infiltrated with 15-mM sucrose solutions display substantial changes in tran-
scriptional activity compared with untreated controls, including expression changes for tran-
scription factors, redox regulators, proteasome-mediated protein degradation, and trehalose
metabolism (125). Notably, expression of four trehalose phosphate synthase–encoding genes
[TREHALOSE 6-PHOSPHATASE SYNTHASE S8 (TPS8), TPS9, TPS10, and TPS11] and of
ATG8E was repressed in the presence of sucrose within 30 min; these genes were also suppressed
rapidly upon interception of light. Conversely, nutrient deprivation and extended darkness in-
creased expression of the same gene set (169). In combination with studies of the native Australian
resurrection plant Tripogon loliiformis that also linked trehalose metabolism with autophagy path-
ways and the shutdown of photosynthesis (discussed below), these findings indicate that small
changes in sugar metabolism, particularly trehalose, can result in the induction or suppression of
innate cell death pathways (181).
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The Influence of Sugars and Cell Cycle Status on Programmed Cell
Death Outcomes

Sugar and energy metabolism can play significant roles in controlling cell cycle status, which
can also regulate the induction of cell death pathways. Several key observations in mammalian
studies have linked the cell cycle and apoptosis, including (a) that apoptosis almost always occurs in
proliferating cells; (b) that the transition from late G1 to S phase is controlled by the oncogene p53,
among other genes; (c) that metabolites present in late G1 phase are required for apoptosis; and
(d ) that retroviral and other artificial manipulations of the cell cycle can either suppress or induce
apoptosis (113). Evidence supporting the importance of cell cycle control in plant PCD outcomes
was provided by studies conducted by Kadota et al. (86) using synchronized BY-2 tobacco cells,
which showed restriction of cell death mediated by the proteinaceous elicitor cryptogein to the
G1 and S phases. The detection of cryptogein elicited ROS production in all cell cycle phases,
indicating that cryptogein was detected in all cell cycle phases; however, the cell death response
was limited to specific phases. Furthermore, there was a clear demarcation in the expression of
defense-related genes in the different phases of the cell cycle (86).

The Intimate Relationship Between Energy Status and Programmed Cell Death

Plants must maintain energy stores in different forms to compensate for prolonged periods of
inclement environmental conditions. As such, they have evolved effective and proficient means
to store resources in the form of proteins, lipids, and starch; efficient mobilization strategies are
also required (38). Autophagy is one established method that can play a significant role in the
provisioning and recycling of nutrients within a cell. Signaling pathways involving the evolution-
arily conserved target of rapamycin (TOR) protein and the energy sensor sucrose nonfermenting
1–related kinase 1 (SnRK1) (4) are key regulators of energy homeostasis and autophagy (Figure 4).

TOR promotes both catabolism and anabolism of cellular material as a function of both ni-
trogen and carbon availability (132). In an antagonistic relationship with SnRK1, TOR regulates
nutrient status to drive autophagy responses (38).

Yeast sucrose nonfermenting 1 (SNF1) and mammalian AMP-activated protein kinase
(AMPK), which are orthologs of plant SnRK1, play multiple roles in alternative carbon
metabolism, including respiration, gluconeogenesis, nutrient transport, and meiosis (71). In mam-
mals, AMPK is activated by stresses that increase the AMP/ATP ratio, suggesting an energy-
deprived status, which switches off energy-consuming processes and triggers catabolism; a similar
relationship has been observed in plants (66, 111) (Figure 4). Rice SnRK1 regulates the activation
of the α-amylase gene promoter via MYBS1 (v-myb avian myeloblastosis viral oncogene homolog
involved in sugar signaling) (107).

Glucose triggers mechanistic target of rapamycin (mTOR) activity and subsequently glycolysis
and raffinose accumulation in response to stress (39) (Figure 4). Conditional silencing of TOR led
to accelerated senescence; catabolism of chlorophyll; yellowing of leaves; suppression of photo-
synthesis; and high levels of soluble sugars, amino acids, and starch (33, 132). It has therefore been
suggested that TOR is involved in regulating or suppressing senescence and regulating life span.
Further evidence linking TOR activity with senescence and energy metabolism was provided by
studies in which TOR was inhibited by expression of an artificial microRNA, resulting in increased
starch and triacyl glyceride as well as accumulation of tricarboxylic acid cycle intermediates (15).

Relationship Between TOR and SnRK1

A close relationship exists between TOR- and SnRK1-mediated signaling of autophagy path-
ways (38). In mammals, energy and nutrient deficiency triggers AMPK, which phosphorylates
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Figure 4
Regulation of energy homeostasis and autophagy through the interplay between TORC1 and SnRK1. Energy deficiency and an
increase in the AMP/ATP ratio result in the activation of the SnRK1 pathway. Once activated, SnRK1 in turn activates a range of
energy-saving signaling pathways (including autophagy pathways) and suppresses nitrate assimilation, the TCA cycle, and glycolysis.
The buildup of the trehalose precursor trehalose 6-phosphate is indicative of energy production and inactivates SnRK1 activity and
energy-saving pathways (again including autophagy pathways). The accumulation of sugars represses SnRK1 function and activates
TORC1 to trigger energy storage systems and the shutdown of autophagy. Autophagy is induced by the accumulation of trehalose and
ROS and suppressed by the accumulation of GAPDH. Autophagy degrades cellular toxins such as misfolded proteins, damaged
organelles, and ROS. Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ROS, reactive oxygen species; SnRK1,
sucrose nonfermenting 1–related kinase 1; TCA, tricarboxylic acid; TORC1, target of rapamycin complex 1.

ATG1/Unc51-like 1 (ULK1) to initiate autophagy (45, 69, 94). Conversely, the TORC1 complex
suppresses autophagy through inhibitory phosphorylation of ATG1/Unc1 and its protein partner,
ATG13 (44, 69, 90). Similarly, TORC1 phosphorylates ATG1 in plants; however, the exact
mechanistic details of crosstalk between TOR and SnRK1 in autophagy remain to be elucidated
(38, 152). Dunlop et al. (43) have suggested that in mammals this crosstalk is based on the po-
tential phosphorylation of regulatory-associated protein of the mammalian target of rapamycin
(RAPTOR) by SnRK1. RAPTOR is a well-conserved protein that is orthologous to yeast kon-
troller of growth 1 (KOG1) and human RAPTOR (40% sequence identity) (16). RAPTOR mu-
tants display phenotypes similar to those observed in TOR knockouts, including reduced growth,
delayed flowering, and increased branching (32). Studies have also highlighted plant hormones
as significant players in TOR signaling. Auxin activates TOR function, and TOR activity in turn
contributes to downstream auxin-signaling-mediated pathway reactions (11, 114, 141).
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WHAT CAN EXTREMOPHILES TEACH US ABOUT PLANT
CELL DEATH?

As plants became terrestrial and evolved elaborate water transport systems, PCD became a promi-
nent means of maintaining cellular homeostasis (145). Combined with other physiological traits,
PCD allowed land plants to promote the survival and demise of select cells, typically in repro-
ductive structures, in order to tolerate adverse environmental conditions, including drying (145).
In addition to these traits, a small group of flowering plants termed resurrection plants evolved
the capacity to tolerate desiccation to levels equivalent to a pressure of −100 MPa in vegetative
tissues (2, 53, 54, 56). Given that these extremophiles, by nature, “rise from the dead,” the fate of
their tissues and cells provides an interesting foundation for discussion of cell death regulation.

When desiccated, resurrection plants can survive snap freezing in liquid nitrogen or heating
for short periods at temperatures above 60◦C (55). Additionally, rising global temperatures and
subsequent melting of polar ice caps has resulted in the “resurrection” of plants previously frozen
for hundreds of years (99). How does this group of angiosperms control innate PCD pathways
to survive 95% water loss when the majority of crop plants die after 40% water loss? A key trait
of resurrection plants is the revitalization of preexisting tissues without the requirement for new
growth (181). Recent studies have suggested that at least some resurrection plants maintain cellular
vitality in desiccated vegetative tissue by tightly regulating the interplay of PCD pathways and
autophagy with energy metabolism during the drying process (63, 181).

How Do Resurrection Plants Maintain Cell Vitality?

Resurrection plants are primed for desiccation tolerance in the hydrated state and can slow down
the drying process through reduced numbers of stomata on the abaxial surface, thick epicuticular
waxes, the presence of large bulliform cells that can act as water reservoirs, and the vitrification
and protection of proteins by the accumulation of sugars (27, 55, 123–125, 128, 134, 189, 190).
Although these traits are not directly related to cell death pathways, they can play an important
role in the regulation of PCD processes (77, 157). Desiccation-sensitive and desiccation-tolerant
plants elicit starkly different responses to water deprivation that could result in distinct outcomes in
terms of the induction of cell death programs (123, 189, 190). During dehydration, sensitive plants
appear to utilize water reserves inefficiently by continuing to photosynthesize well into the dehy-
drated state, where they lose the ability to tightly regulate water loss with their metabolism (123).
Tolerant plants, by contrast, rapidly respond to dehydration by closing their stomata and shutting
down photosynthesis at a high relative water content (89, 177, 178). Stomatal closure and the
shutdown of photosynthesis have profound effects on plant metabolism and cell death regulation.
Although stomatal closure reduces carbon fixation, chlorophyll continues to absorb light, causing
photoexcitation and electron transfer to ground-state oxygen (3O2), which is then converted to
singlet oxygen (O2

−), a toxic ROS molecule that induces PCD pathways (112). In addition to in-
creased ROS production, the inability to convert light into chemical energy predisposes the plant
to caloric deficiency, a known trigger of autophagy (65, 118). As water loss ensues, sensitive plants
display drought-induced senescence to minimize water loss by reducing canopy surface area (19,
121). Tolerant plants, by contrast, control water loss and energy metabolism through nutrient
recycling, potentially via autophagy, and so prevent the induction of senescence-associated cell
death (63, 181).

Supporting this hypothesis, Arabidopsis plants grown in low light undergo autophagy-dependent
caloric restriction and delayed senescence (118). Furthermore, Arabidopsis mutants with dysfunc-
tional autophagy pathways display increased sensitivity to nutrient deprivation and accelerated
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aging (65). In the absence of autophagy-mediated nutrient recycling, cellular resources are rapidly
depleted, resulting in senescence-induced cell death. Similarly, studies in Saccharomyces cerevisiae,
which is also desiccation tolerant, have shown that methionine deficiency triggers autophagy, vac-
uolar acidification, and increased longevity (139). In desiccation-tolerant plants, autophagy may
facilitate cellular survival in at least two ways: the removal of damaged or unwanted cellular com-
ponents that induce apoptotic-like signaling pathways, and the maintenance of energy homeostasis
during caloric or nitrogen starvation. Transcriptome studies of T. loliiformis during dehydration
and desiccation showed significantly increased and decreased accumulation of transcripts associ-
ated with autophagy and apoptosis, respectively (181). Additionally, transcripts associated with
senescence were reduced during drying compared with hydrated controls (181). These results
are consistent with studies that demonstrated increased expression of cysteine protease inhibitors
(phytocystatins) in the resurrection plant Sporobolus stapfianus during dehydration and desicca-
tion (10). It is plausible that at least some resurrection plants manipulate autophagy to suppress
drought-induced senescence and apoptotic-like cell death to survive desiccation.

Once Activated, How Do Extremophiles Regulate Autophagy Pathways?

Autophagy pathways are triggered in both desiccation-sensitive and desiccation-tolerant species,
which suggests that the induction of autophagy alone is insufficient to provide desiccation toler-
ance. Resurrection plants must therefore utilize strategies to regulate autophagy during desicca-
tion. Trehalose is a nonreducing disaccharide and chemical chaperone that prevents denaturation
and aggregation of proteins in bacteria, yeast, and insects (46). In addition to its role as a chemical
chaperone, trehalose can induce autophagy, suppress apoptosis, and protect against Bax-induced
cell death in human neuroblastoma cells (140). Trehalose does not accumulate in most land plants
but has been detected in several resurrection plants, albeit not to levels sufficient to function as
an osmoprotectant or energy source (80). Notably, the addition of trehalose prolongs the vase life
of gladiolus flowers, and treated flowers exhibit decreased protein degradation, higher membrane
integrity, and higher relative water content (185). Despite these observations, the precise molecu-
lar mechanisms of trehalose in desiccation tolerance were unknown until recently, when Williams
et al. (181) showed that it triggers autophagy in T. loliiformis. Additionally, resurrection plants en-
code an effective suite of ROS scavenging systems that remain active even in desiccated tissue. ROS
molecules are potent inducers of PCD, including autophagy, and the increased ability of resur-
rection plants to mop up erroneous ROS could enable the plants to survive in stressful conditions.

It is apparent that resurrection plants, and possibly other extremophiles, use diverse strategies
to tolerate desiccation, including the induction of autophagy. Thus, the investigation of cell
death control in extremophiles provides significant opportunities for molecular dissection of the
players that regulate cell death programs in plants and should provide interesting information in
the future. Future work should focus on whether resurrection plants tolerate stress indirectly by
regulating PCD pathways via efficient management of energy homeostasis or directly through
unknown mechanisms.

PERSPECTIVE

Counterintuitively, PCD is of paramount importance to the well-being of all multicellular or-
ganisms; it is used to regulate development and aging, mitigate abiotic and biotic stresses, and
maintain homeostasis (182). As is the case with innumerable fundamental cellular processes, PCD
spans broad evolutionary distances, but in the absence of sequence similarity for canonical PCD
players—particularly those involved in apoptosis—PCD in plants remains controversial (170, 171).
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In particular, a failure to detect key players of mammalian apoptosis pathways such as caspases and
Bcl-2 family members at the sequence level and the absence of phagocytic removal of apoptotic
cells in plants have raised doubts as to whether PCD conservation extends to apoptotic-like cell
death in plants (170, 171). Much of the controversy stems from the original classifications of cell
death, the biochemical players identified in animals, and an inability to identify core inducers and
inhibitors of PCD in plants.

That said, strictly speaking, apoptosis is defined by the detection of a suite of morphological
traits that cells undergo during death. As discussed throughout this review, many of these hallmark
traits (including plasma membrane retraction and blebbing and nuclear pyknosis) are also present
in plant cells that are experiencing attrition induced by developmental or pathobiological demands
or constraints, but which, it should be noted, are held within the confines of a rigid cell wall in
a system that is not patrolled by phagocytic cells. Additionally, exogenous expression of animal
apoptotic players such as Bcl-2 and IAP genes regulates plant PCD outcomes. Metacaspases,
VPEs, and subtilases are promising candidates for proteases that are the ideological equivalents of
caspases. At the very least, there may be a case to relax the requirements that designate apoptosis
in plants. We agree that, as proposed by Reape & McCabe (131), the term apoptotic-like PCD is
appropriate when describing plant cell death events until the biochemical context of plant PCD has
been sufficiently addressed. The identification of clear regulatory and protease elements involved
in plant PCD presents unique and exciting opportunities for plant biologists to understand how
plant cells achieve or are forced into cellular demise.

SUMMARY POINTS

1. As it is in all eukaryotes, the appropriate control of programmed cell death (PCD) is im-
portant for proper plant development and responses to abiotic and biotic stresses. Despite
broad transkingdom conservation of PCD pathways, it is apparent that plants and ani-
mals execute PCD differently. Despite the absence of core mammalian PCD regulators,
plants display many of the morphological traits associated with PCD in animals.

2. Although obvious caspase homologs are not encoded in plant genomes, plants undergoing
PCD require proteases such as metacaspases, vacuolar processing enzymes (VPEs), and
subtilases. These proteases share varying degrees of similarity with caspases, such as their
domain architecture and cleavage-site recognition, but look very different at the primary
amino acid level. Future research efforts focused on identifying the substrates of these
proteases will reveal more about the molecular regulators of PCD in plants.

3. Inhibitor of apoptosis (IAP) proteins are negative regulators of caspase activity that are
also not encoded in plant genomes. Interestingly, the ectopic expression of IAPs in
tomato and tobacco suppresses apoptotic-like PCD in these plants in response to several
abiotic and biotic stresses. The identification of IAP partners in plants could reveal novel
regulators of plant PCD.

4. The discovery of the Bcl-2-associated athanogene (BAG) family of co-chaperones in
plants suggests that, despite the absence of core apoptotic regulators, some aspects of
cell death regulation are conserved between animals and plants. Plant BAGs play cyto-
protective roles, particularly in response to stress and developmental cues. The varied
subcellular localization of the plant BAGs is not observed in animals and may indicate
the evolution of distinct plant BAG functions.
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5. PCD pathways are tightly aligned with cellular energy status and the cell cycle. The
manner in which organisms control their energy metabolism and the stage of the cell
cycle when stress occurs may dictate PCD outcomes.

6. We propose that the term apoptotic-like PCD is appropriate when describing plant cell
death that displays animal apoptotic features until the biochemical context of plant PCD
has been sufficiently addressed.
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