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Article Addendum

Mitochondria and cell death pathways in plants
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The mitochondrion has a central role during programmed cell
death (PCD) in animals, acting as both a sensor of death signals,
and as an initiator of the biochemical processes which lead to the
controlled destruction of the cell. In contrast to our extensive
knowledge of animal cell death, the part played by mitochondria
in the death of plant cells has received relatively little attention.
Using a combination of whole-organism and cell-based models, we
recently demonstrated that changes in mitochondrial morphology
are an early and crucial step in plant cell death. Here, we discuss
these findings in the light of recent literature, and how they relate
to our knowledge of plant cell death as a whole.

Plant Cell Death and the Mitochondrion

One of the first visible indicators of animal cells undergoing
apoptosis (a form of PCD defined by set morphological criteria; see
below) is a rapid change in mitochondrial morphology, caused by
an upregulation of the mitochondrial division machinery.!? This
change in morphology appears to aid the release of mitochondrial
proteins (e.g., cytochrome ¢) into the cytosol, which in turn switches
on a range of cellular proteases that carefully degrade the cell and its
components (reviewed in ref. 3). Importantly, inhibiting the change
in mitochondrial morphology prevents cell death, demonstrating
that this change is vital to the apoptotic process.

To investigate whether mitochondria play a similar role in plants, we
subjected Arabidopsis protoplasts expressing mitochondrial-targeted
GFP* to chemical (reactive oxygen species; ROS) or physical (a mild
heat-shock) stresses to induce cell death. Within minutes, mitochon-
dria in induced cells had undergone a rapid change in morphology,
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exhibitingan abnormal, swollen appearance (termed the mitochondrial
morphology transition) that preceded death of the cell by many
hours.? This morphology transition was blocked by treatment, prior
to application of either stress, with the superoxide dismutase analogue
TEMPOL, indicating that ROS were involved. Similarly, pre-incu-
bation with either lanthanum chloride (which blocks calcium flux),
or cyclosporin A (an inhibitor of the proposed mitochondrial perme-
ability transition pore) blocked both the mitochondrial morphology
transition and subsequent cell death.’ From these results, we
concluded that the mitochondrial morphology transition is an early
and necessary component of the cell death process in plants.

These findings, along with other recent reports, are beginning to
highlight the ubiquity of mitochondria morphology alterations in
plant cell death. Using similar methodologies, Gao and co-workers
reported that a mitochondrial morphology transition and cell death
are induced by exposure to excess ultraviolet light (UV-C); again
these changes can be attenuated by pre-incubation of cells with
either antioxidants (in this case ascorbic acid) or cyclosporin Al In
an carlier study, treatment of Arabidopsis protoplasts with proto-
porphyrin IX (a death-inducing photosynthetic substrate”) led to
changes in the shape and cellular position of mitochondria prior
to death.® The mitochondrial morphology transition has also been
reported to occur prior to the final stages of senescence in Medicago
truncatula cell suspension cultures,’ indicating that multiple plant
PCD pathways are controlled by, or contain, a mitochondrial
morphology component.

Plants Versus Animals—The Comfort of Paradigms

One clear difference between animal and plant cell death is that
the change in mitochondrial morphology during plant cell death
does not appear to involve increased mitochondrial division, as there
is neither the decrease in size, nor increase in number, of individual
organelles that would be expected if this were the case.>!? While
slavishly following animal paradigms in this regard may be straight-
forward, it would seem that the difference between the morphology
of wild-type plant mitochondria (typically a large number of small,
discrete organelles per cell'!) and wild-type animal mitochondria
(typically a relatively small number of relatively long, intercon-
nected organelles per cell), together with the reduced (or absent)
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Figure 1. Cell Death Pathways in Plants and Animals. The broad spectrum of eukaryotic cell death pathways contain many shared and overlapping features,
making simple definitions difficult. However, for the purposes of this article, the key features of each pathway are outlined below. (A) Apoptosis. In this ani-
mal-specific PCD pathway, the accumulation of intrinsic or extrinsic death signals leads to a number of distinct morphological changes, including an increase
in mitochondrial division, nuclear and cytoplasmic condensation, and the formation of apoptotic bodies containing damaged cellular components. These
apoptotic bodies are released into the extracellular matrix, where they are engulfed and degraded by phagocytosis. (B) Autophagy. Occurring in plants
and animals, autophagy is an intracellular recycling process involving lysosomes or plant vacuoles. Upregulation of autophagy can enzymatically degrade
cells, resulting in PCD. Induction of PCD using this pathway begins with the mitochondrial morphology transition (MMT) and DNA damage. This leads to the
induction of autophagy, initially as a protective mechanism. Further progression of autophagy results in the engulfment of damaged cell components in the
vacuole/lysosome, or rupture of the vacuole membrane, leading to degradation and PCD. (C) Classical plant PCD. This PCD pathway is typically defined

by cell morphology, including the MMT, condensation of the plasma membrane from the cell wall and nuclear condensation.

requirement for cytochrome ¢ release as an initiator of downstream
processes,”>'? makes the initial mitochondrial division step unneces-
sary in plants. Indeed, many aspects of research into the biochemical
and morphological bases of plant cell death have become wrapped up
in the patterns and terminology derived from animal studies, which
we suggest is detrimental to the progression of this important field.

One repeat offence in echoing the animal paradigm is the use
of the term “apoptosis” (or even “apoptosis-like”) when referring
to PCD in plants. Apoptosis is a process of cell degradation and
removal defined by strict morphological characteristics, including
condensation of the nucleus and cytoplasm into membrane-bound
“apoptotic bodies”, and is concluded by the removal of these frag-
ments by phagocytosis, carried out by a neighbouring cell.!314
Given that important steps in the process do not occur in plants, it
seems highly illogical to use the term to describe a plant phenom-
enon. The use of another word, “necrotic” (which usually refers to
death caused by a sudden, uncontrollable event), to describe a death
process also appears illogical as it classically defines the end of an
event (i.e., a dead cell), rather than how the end is reached.!>!5 In
both cases, the danger is that researchers become fixated on fitting
death programmes in plants to established patterns from the animal
world. At best, this may lead to sub-optimal depictions of what is
occurring in plants; at worst, it may blind inexperienced researchers
from making important discoveries that could advance the field, as
they try to match what they see to what is already known.
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While the complexity of death programmes may defy simple
pigeonholing, it is of course necessary to attempt some classification
(Fig. 1). Along with apoptosis another main type of eukaryotic cell death
is autophagy (reviewed in ref. 16). As a recycling system for cellular
components, autophagy can be used to prevent premature cell death.
However, on a grander scale, this system can be used to enzymatically
degrade cells to cause PCD; for example, release of vacuolar hydrolases
into the cytosol of plant cells leads to the rapid breakdown of cellular
components (reviewed in ref. 16).

As a self-contained, intracellular PCD process (cf. apoptosis),
autophagy is a major (if not #he major) pathway for plant cell death.
However in the case of autophagy and other death programmes that
may exist, a thorough, plant-focused evaluation of terminology is
required, so that progress in the plant cell death field is not hampered
by the strictures of another discipline.
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