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Abstract The new era of microbial cell death stems from a flood of new informa-
tion emanating from the mechanistic and evolutionary life sciences, philosophy, and
even sociology. In the shifting landscape, longstanding cell death terminologies and
concepts have rightfully been questioned. There is currently very little consensus on
how these concepts should be defined. One result of this is that similar findings often
prompt different explanations because of the diversity of meanings associated with
the terms. In this chapter, we review terms and concepts in microbial cell death that
are key to understanding cell mortality. We discuss concepts like cell death, mor-
tality, and the distinction between endogenous and exogenous death. We examine
the contentious problem of defining programmed cell death (PCD) and argue that an
evolutionary concept of PCD is foundational and applies to all cells across the tree of
life, including microbial taxa. Alternative conceptions that define PCD in mecha-
nistic, developmental, and ecological terms are useful tools for dissecting the
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molecular mechanisms, environmental triggers, and functions of PCD, but they do
not define what PCD fundamentally is. Finally, we emphasize the importance of
being clear on such concepts in order to achieve an overarching cell mortality
framework.

1 Introduction

As the title of this edited volume indicates, we have entered a new era of microbial
cell death. The view that most microbial taxa have few, if any, dedicated self-
induced cell death mechanisms is increasingly called into question by new empirical
evidence. Nevertheless, the nature and status of self-induced microbial death as a
bona fide evolved function remains a contentious issue. How should cases of such
death be detected in different microbial taxa? How should these measures be
interpreted? And what do the new discoveries in microbial death mean for the
broader field of cell mortality? One of the main reasons behind such questions is
the inconsistent use of key terms. The field lacks a general, agreed-upon conceptual
framework, and the same terms are often used for different concepts. The confusion
and inconsistencies this brings about bear on our interpretations of empirical data.
Divergent assessments of the same empirical findings are common, which leads
investigators to find themselves at cross purposes.

Over the last decade, there has been some progress in our conceptual analysis of
cell death. However, the conflicting interpretations of cell death—its mechanisms
and meaning—are an ongoing problem, making it imperative to establish a unified
conceptual foundation of cell death. This is especially true in microbiology
(Ameisen 2002; Nedelcu et al. 2011; Bayles 2014), but the need for greater clarity
on cell death is far-reaching. Cell death is studied in astrobiology (Hammond et al.
2020), origin of life research (Jodder et al. 2025), ecology and evolutionary biology
(Durand 2021; Ndhlovu et al. 2021), history and philosophy of biology (Morange
2010; Durand and Ramsey 2023; Huneman 2023), and sociology (Landecker 2003;
Reynolds 2014).

It is beyond the scope of this chapter to propose an overarching conceptual
framework of cell mortality across the life sciences. That is a larger project. Instead,
we critically analyze terms, concepts, and definitions in cell death studies and aim for
conceptual unity in microbial cell death. We begin by examining common terms like
“microbial,” “cells,” “death,” and “mortality.” Next, we highlight the distinction
between endogenous and exogenous cell death, before discussing the contentious
concept of programmed cell death (PCD), regulated cell death (RCD), and other
terms.

For PCD, which is a central concept foundational to many problems in cell death
research, we analyze its diverse conceptualizations and conclude that an evolution-
based PCD concept is foundational. Such a concept is applicable across the tree of
life, including microbial taxa. However, this does not mean that other conceptions of
PCD—ones based on mechanisms or triggering conditions rather than a taxon’s
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evolutionary history—are misguided. Mechanistic approaches are, of course, essen-
tial for disentangling the cellular processes responsible for cell death. Elucidating the
mechanisms, irrespective of their evolutionary histories, can be helpful. This is
especially the case in microbial cell death studies where most of the conceptual
challenges currently lie. Nevertheless, we hold that while understanding PCD
mechanisms is central to the study of PCD, the basic definition of what PCD is
requires an evolutionary framework.

2 Microbes, Cells, Death, and Mortality

Let us begin by considering the meaning of “microbial,” since this term carries
considerable ambiguity. Is every microscopic organism a microbe, or is the term
restricted to single-celled organisms like prokaryotes and unicellular eukaryotes?
This is important because the word “microbe” draws a line between microbiota
(whose observation requires a microscope) and macrobiota (organisms that can be
observed with the naked eye). Understood in this way, “microbe” is not restricted to
unicellular organisms; although, of course, most microbes are microscopic and
unicellular. This is a point worth emphasizing because some concepts of microbial
cell death are tied to the assumption that we are dealing exclusively with unicellular
organisms. In this chapter, by labeling an organism “microbial,” we do not make any
assumptions about its cellular organization. It could be a prokaryote, a unicellular
eukaryote, or a facultative or obligate multicellular eukaryotic microbe. As micro-
biologists acknowledge, the model organisms in microbial cell death studies repre-
sent diverse taxa (Ameisen 2002), including fungi, amoebae, chlorophytes, and
myxobacteria, some of which may be multicellular at various stages in their life
cycles.

Despite the diversity across the tree of life, a universal feature is that organisms
are all built from cells. A major tenet in biology is the “Unified Cell Theory of Life,”
articulated by Schleiden (1839) and Schwann (1839), which states that all organisms
have cells as their functional units. One may reasonably assume, therefore, that in
establishing the foundations of cell death, we are including all organisms. Any
overarching conceptual framework of cell death should thus be appropriate for all
cells irrespective of the organisms in which they find themselves. As we indicated
earlier, the organization of cells in organisms varies across taxa, which is known to
play a role in the evolution of cell death mechanisms. However, it is important to
remember that the focal units in cell death studies are the cells, irrespective of their
number and organization in organisms.

Next, consider the usage of “mortality” and “death.” The main difference
between the two terms lies in their contextual uses. In the mechanistic (e.g.,
molecular-cellular) disciplines, where individual cells are usually the target of
inquiry, the term “cell death” is more commonly used. Death refers to a permanent
loss of cellular viability, which may result from a gradual shutdown in metabolic
activities (e.g., aging or poisoning) or a catastrophic disruption of the cell’s structural



P. M. Durand and G. Ramsey

and functional integrity (e.g., predation or physicochemical insults). Mortality, by
contrast, is typically used in reference to groups or populations, e.g., the mortality
rate of cells in algal blooms or organismal/microbial mortality in ecology (Franklin
et al. 2007). Mortality is also used in reference to organisms or cell lines to draw a
contrast with immortality.

In the evolutionary literature, both “death” and “mortality” are employed, with
“mortality” often being preferred in broader contexts. For example, mortality may be
used to denote the extinction of evolutionary lineages, or preferred when cell
mortality is discussed in relation to the levels and units of selection. In the evolu-
tionary literature, cellular mortality includes phenomena like cell lineage senescence
and aging, which are not always included when the molecular mechanisms of cell
death are discussed. An obvious example is the Gompertz-Makeham law of mortal-
ity (the calculated likelihood of death with age), which is used in multiple contexts
and applies to all lineages of cells and organisms (Kirkwood 2015).

From our discussion, there is no definitive boundary in the microbial cell litera-
ture between the terms “death” and “mortality.” It is prudent, however, to acknowl-
edge that there are usually different usage contexts and that the term mortality is
often preferred when the discussion goes beyond individual cells or organisms. In
this chapter, the terms “mortality” and “death” are mostly interchangeable, although
we recognize that more significant conceptual differences between the two terms
may emerge as the field advances.

3 Two Kinds of Microbial Cell Death: Endogenous
and Exogenous

The two main categories of cell death trace their origins to reflections on the causes
of mortality in plants and animals that long preceded the discovery of cells. The
causes of organismal mortality were classified by Aristotle as arising internally or
externally. (He labeled the two types “exhaustion” and ‘“‘extinction,” respectively;
see Durand and Ramsey 2023.) The distinction between these two kinds of death
(endogenous/exhaustion and exogenous/extinction) was incorporated into the cell
death literature once it became clear that cells are the functional units of living
systems. The distinction was also applied to unicellular organisms when it was
discovered that they are not immortal and, under some circumstances, self-destruct
by activating internal genetic mechanisms. It was only in the last few decades that
the transition from the concept of cell death by exhaustion to the concept of
endogenous cell death was accepted. Prior to this, most researchers considered
microbial cell death a question of aging (ref to follow Vaux et al. 1988).

As with the cells in plants and animals, microbial cell death is due not only to
external causes like predation, infection by foreign nucleic acids and viruses (which
trigger host cell death mechanisms), or physicochemical stress but also to internal
processes like aging and programmed cell death. In the shifting landscape of the
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study of microbial cell death, a host of additional terms have been suggested, such as
self-destruction, suicide, and programmed organismal death, also called
phenoptosis. However, at the center of these new labels remains an emphasis on
the causes of death that arise from within the cell and those that originate outside
the cell’s plasma membrane or wall. As our understanding of cell death advanced,
the terms “endogenous” and “exogenous” gradually came to dominate, especially in
the evolution literature. They have now largely replaced “internal” and “external”
and are currently used to represent a fundamental distinction in the causes of
microbial cell death.

3.1 The Challenge of Distinguishing Endogenous from
Exogenous Causes

While the endogenous-exogenous distinction is conceptually useful, it is not always
easy to make a clean distinction in practice. For illustration, consider a compound
that diffuses into a microbial cell and causes a damaging genetic mutation. The cell’s
internal genome surveying mechanisms recognize the genetic pathology and activate
a molecular program for death. How should we understand the complex causal
dynamics in such a case vis-a-vis the endogenous-exogenous distinction? The
answer depends on the specific research question at hand and the potential hypoth-
eses to be tested. As Lloyd (2015) argues in her analysis of causality in evolutionary
biology, what is really at stake is the logical structure of the research question. In the
example above, one may wish to know how the molecular compound diffuses into
the cell and induces DNA damage. But one may also want to understand how the
mutation is detected and how its detection activates a molecular pathway, leading to
cell death. Both investigations are valid in that they are investigating real causal
paths, but they suggest different answers to this question: What was the cause of the
cell’s death? Focusing on the diffusion of the mutagenic compound will tend to
make one see the cell’s death as exogenous, whereas focusing on the protein that
detects the mutation suggests that its death is endogenous.

Does this imply that causation is somehow observer dependent and that there is
no fact of the matter whether the death is endogenous or exogenous? While some
authors suggest that in view of the “fuzzy” picture of cell death and its causes it may
be helpful to “renounce the existence of stable categories in favor of temporary and
local clustering of molecular components for a transient function” (Morange 2010,
p- 179), we resist this response and hold that the question—What was the cause of
the cell’s death?—is itself misleading in its simplicity.

There is seldom a single cause that brings about PCD. Instead, death is the result
of a complex nexus of individually necessary and jointly sufficient causes. Some of
these causes are outside of the cell, and others are inside. In order to focus on the
cause, one must highlight one of the causes and place others in the background. One
can do so by focusing on the hypotheses in question and on the evolutionary history
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of the cell. For instance, if a cell is exposed to a damaging substance that leads to
death not just of that cell but of any kind of cell, then we can safely place the cause
external to the organism. On the other hand, if a variety of cells are exposed to a
substance but only some of them respond to it by dying, and if the molecular
pathway leading to death involves an evolved mechanism, then it is this mechanism
that is the salient cause of death. In such a case, death is properly labeled endoge-
nous. Consider, for example, the case of a ligand binding to a cell receptor like
TNFR1, which may trigger apoptosis. There are many such mechanisms across the
tree of life.

3.2 Endogenous Microbial Cell Death

Until the middle to late 1900s, the prevailing belief was that unicellular organisms
(especially prokaryotes) that escaped exogenous death were potentially immortal
because they either reproduced clonally or exhibited negligible aging (Florea 2017).
In some taxa, it was known that indeterminate growth and indefinite reproduction are
constrained by physical and physiological limits (e.g., the scarring of the cell
membrane in budding yeast or the metabolic shutdown in physiologically aged
cells), but it was widely assumed that most microbial organisms, in the absence of
exogenous harm, were capable of reproducing or maintaining viability indefinitely.
The concept of endogenous microbial death, therefore, challenged the prevailing
dogma of immortality in the unicellular world. As in cells in multicellular tissues,
single-celled microbes harbored molecular mechanisms that actively induced their
own death. This “suicidal” behavior is now known to have widespread evolutionary
and ecological consequences (Durand and Ramsey 2018). It poses a challenge to the
paradigm of organism-level selection in the unicellular world and is one of the main
drivers behind the new era of microbial cell death.

The recognition that unicellular organisms are capable of endogenous death
precipitates a range of new questions: Are the mechanisms underlying death selected
for, or are the cells simply malfunctioning? What is the role of self-destruction in
microbial ecology and evolution? And what will the answers to these and related
questions mean for the applied sciences like medical microbiology and environmen-
tal science? As we alluded to earlier, one of the ongoing frustrations in engaging with
these questions results from unicellular cell death being poorly defined. As Nedelcu
et al. (2011) emphasized, there is a tendency to import concepts from studies in
multicellular organisms without thinking critically about what they may imply in the
microbial world. A good example is Kerr et al.’s (1972) conceptualization of
“apoptosis” in animal tissues. While this represented a landmark for new thinking
about animal cell death, it is also problematic for microbes because it conveys two
ideas: First, apoptosis describes a specific form of cell death, the molecular basis of
which was later uncovered, which redefined the word “apoptosis” for those working
in the field. Second, its conceptualization was coupled with tissue kinetics that was
known to exist only in the stratified tissues of multicellular organisms. Kerr observed
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that dying cells exhibited distinct morphological features and eventually fragmented
into apoptotic bodies. He noted that such bodies were engulfed by other cells in the
tissues, thereby inhibiting an inflammatory response, transporting materials between
cells, and playing a central role in tissue homeostasis, which is unique to animals and
plants. There are functional analogies of tissue homeostasis in social microbes (e.g.,
yeast and social bacteria), but these are transient stages in the organism’s life cycle.

Apoptotic cell death was, subsequently, irrevocably tied to animal development
and protection against neoplasia in multicellular organisms. (It is, thus, always
interpreted as an adaptation in evolutionary biology.) The term “apoptosis” found
favor in the microbial literature largely because apoptosis-like morphologies and
homologous elements of apoptosis genes were identified in both prokaryotes and
unicellular eukaryotes. The first part of the apoptosis concept, as outlined by Kerr
et al., is, therefore, not problematic because similar phenotypes are observed in
unicellular and multicellular organisms. However, the second idea from Kerr et al.
relies on a conceptual link to cellular kinetics and tissue homeostasis, properties
considered unique to multicellularity. This focus on tissues, of course, excludes the
occurrence of apoptosis in unicellular organisms. Such an exclusion calls into
question the validity of using concepts from the multicellular literature to describe
cell death in the microbial world. The conflicting usage of terms like apoptosis (and
many others) has led to more fundamental questions concerning the broader con-
ceptualization of endogenous death in the unicellular world. The problem extends
beyond the word “apoptosis” itself, and beyond the need to more narrowly define
and distinguish apoptosis from other molecularly defined cell death pathways
discovered in animals. That is, while different fields can successfully use the same
or similar terms to mean different things, a problem arises when the transfer of a
word from one field to another also carries with it assumptions about specific
biological processes that may or may not occur in both animals and microbial cells.

One term that has risen to be of key importance in cell death studies is
programmed cell death (PCD). As with apoptosis, there is some disagreement on
how it should be defined and whether a single definition can apply to both unicellular
and multicellular organisms.

4 Conceptualizations of Programmed Cell Death

Programmed cell death is a highly disputed concept in the field of microbial cell
death (Durand and Ramsey 2023). The term was coined to differentiate cells dying in
a genetically encoded, regulated fashion from those dying haphazardly or being
killed, described as necrosis, which was considered an antonym of PCD (Lockshin
and Williams 1964). A key source of dispute relates to PCD’s status as a bona fide
mechanism of cell death in unicellular organisms as opposed to in multicellular
organisms where PCD was discovered. These disputes can be traced back to the
origin of the term and its relationship with other related concepts. A detailed
historical overview of PCD and its relationship with other cell death labels is beyond
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the scope of this chapter, but see Clarke and Clarke (1996) and Durand and
Ramsey (2023).

Debates about unicellular PCD arise largely because of its ecological and evolu-
tionary significance. In some cases, there is irrefutable evidence for microbial cell
death being an evolved function—an adaptation (e.g., Fukuyo et al. 2012; Refardt
et al. 2013). In others, there are endogenous molecular mechanisms that cause death
via pleiotropic side effects (e.g., Proto et al. 2013). In such cases, death is not an
evolved function and is considered nonadaptive. Such nonadaptive death is espe-
cially common in stressful environments in which biochemical activities are more
susceptible to dysregulation. Cell death is the outcome, but death is spuriously
associated with other evolved molecular functions unrelated to cell death. To further
complicate the issue, adaptive cell death is also sometimes an environmental stress
response (Mata et al. 2019). Disentangling adaptive from spurious cell death is thus
challenging experimentally, especially in stressful environments.

Lockshin and colleagues employed the term “PCD” to describe cells that
“followed a sequence of controlled (and thereby implicitly genetic) steps towards
their own destruction” (Lockshin and Zakeri 2001, p. 546). Similarly, in the micro-
bial literature, PCD is defined by Berman-Frank et al. (2004) as “active, genetically
controlled, cellular self-destruction driven by a series of complex biochemical events
and specialized cellular machinery” (p. 997). There are several examples of such
gene-based definitions of PCD that underpin experimental research aiming to dis-
entangle the molecular pathways. However, defining PCD based on genetic (or other
biochemical) mechanisms has an important limitation: it fails to distinguish between
cases of adaptive and spurious cell death.

It has been argued that to draw a clear line between adaptive and nonadaptive cell
death, an evolutionary PCD concept is needed (Durand and Ramsey 2018). The
reason is that without taking into account the trait’s evolutionary history, one cannot
distinguish mistakes from adaptations. An evolutionary definition takes PCD to be
an adaptation. It is an altruistic phenomenon that is selected for because of the fitness
advantages it provides to others (e.g., Durand et al. 2011; Fukuyo et al. 2012; Refardt
et al. 2013; Orellana et al. 2013).

If the mechanisms generating cell death are not adaptations, we label the death
“ersatz PCD,” not true PCD. This distinction between PCD and ersatz PCD is
especially relevant in microbial cell death because the evolutionary history of PCD
has not been investigated in most microbial taxa. By defining PCD in terms of its
evolutionary history, one can test hypotheses that PCD evolved as an environmental
stress response (e.g., Durand et al. 2014; Barreto Filho et al. 2022) or as a protective
mechanism against invading viral parasites (e.g., Fukuyo et al. 2012; Refardt et al.
2013). PCD may also exhibit a history of phenotypic plasticity (Zeballos et al. 2023)
in response to changing environments (Miller et al. 2024).

To understand the evolution of PCD in microbial species, it is important to
consider its ecological role and the potential advantages it provides for population-
level immunity to viruses (Fukuyo et al. 2012; Refardt et al. 2013), orchestrating
population-level responses in constrained habitats (Vardi et al. 2007), or being a
keystone species in communities (Ndhlovu et al. 2021). To investigate some of these
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Table 1 Conceptualizations of programmed cell death in five categories

Concept Definition of PCD Key references
Mechanistic PCD is an active, genetically con- Berman-Frank et al. (2004, p. 997)
trolled, cellular self-destruction driven
by a series of complex biochemical
events and specialized cellular
machinery
Evolutionary PCD is an adaptation across all scales | Durand and Ramsey (2018)
of life (this contrasts with ersatz PCD
or nonadaptive cell death)
Developmental | PCD is a physiological developmental | Cornillon et al. (1994), Hosoya et al.
cell death that occurs at a stage in the | (2007), and Wireman and Dworkin
life cycle of the cell (1977)
Ecological PCD is a stress response and a mech- | Franklin et al. (2007)
anism for nutrient recycling within and
between trophic levels
Immunological | A cell death-inducing immune Berngruber et al. (2013), Débarre
response across all taxa et al. (2012), Fukuyo et al. (2012),
Koonin and Zhang (2017), and
Refardt et al. (2013)

The proposed conceptualizations of programmed cell death (PCD) arose from different disciplinary
approaches. Whether explicitly stated or not, the definition applies to all domains of life (adapated
from Durand and Ramsey 2023)

issues, many authors have, sometimes unintentionally, proposed alternative inter-
pretations of PCD. We have organized the interpretations into five conceptualiza-
tions of PCD (Durand and Ramsey 2023): mechanistic, evolutionary,
developmental, ecological, and immunological (Table 1). A mechanistic conceptu-
alization of PCD was proposed at the time of its discovery (Lockshin and Zakeri
2001). Developmental, ecological, and immunological concepts followed once PCD
was demonstrated in unicellular organisms. The latter three conceptualizations are
based on proximate causes and, at least in the case of the immunological account,
evolution.

However, these five conceptualizations differ in what each considers to be the
essential elements of PCD and how they relate to fundamentally different definitions
of PCD. The mechanistic concept defines PCD in terms of genes and regulated
protein pathways. The evolutionary concept is based on ultimate causes—selection
pressures—underlying the origin and maintenance of PCD (Durand and Ramsey
2018). The developmental account conceptualizes PCD in terms of a developmental
stage, whereas the ecological account focuses on the ecological triggers of death.
The immunological account considers PCD to be an (autonomous and
nonautonomous) immunological response. While the research behind these accounts
is valuable, one must be careful not to conflate the definition of PCD with its origins
and mechanisms. For instance, we view the evidence currently available for the
immunological account to be better understood as articulating a possible role of
PCD, not as defining what unicellular PCD fundamentally is.
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As we alluded to in Sect. 3.1, the mechanistic concept of PCD, defined in broad
terms as organized and regulated processes, contrasts with haphazard mechanisms of
cell death. It is important to emphasize that the mechanistic conceptualizations
include a range of mechanisms and cellular morphotypes. It is argued elsewhere
(Morange 2010; Durand and Ramsey 2023) that the tendency to equate any specific
mechanism or cell death phenotype with PCD is misguided. The difference between
PCD and apoptosis is a good example and highlights the superimposed meanings of
a mechanistic subtype with PCD. This is especially problematic in microbial cell
death and doing so is a continual source of confusion. In some taxa or microbial
species, a standardized nomenclature has been proposed to avoid further confusion.
In yeast cell death, for example, there is a range of cell death mechanisms and terms
have been proposed to classify the diverse subtypes of PCD based on their cellular
and biochemical features (Chaves et al. 2025). These are extensively debated, and
there are many critics of the labels (Hardwick 2018).

5 Endogenous Death, Programmed Cell Death,
and Microbial Cell Fate

Are microbial and animal PCD the same thing as endogenous death? At first glance,
it may appear that they are synonymous since both are forms of endogenous cell
death. However, we hold that PCD is best seen as a type of endogenous death, that
there can be endogenous death that is not PCD, just as there can be PCD that is not
apoptosis, e.g., autophagy or necroptosis (see Fig. 1). To support this claim, we will
discuss two examples, chosen because of the challenging questions they raise
concerning the intracellular origin of cell death.

The first example is the case of microbial cell death induced by autonomous
genetic elements (replicons). Such cases are labeled PCD in the literature because the
cause is a well-defined genetic program that codes exclusively for cell death. An
important feature of replicons is that the death-inducing genetic elements are struc-
turally and functionally independent of the cell’s genome. They are autonomous and
considered molecular parasites. (Examples of this include some plasmids; see Singh
et al. 2021.) Cell death occurs via toxins synthesized by the genetic parasites, which

Fig. 1 Apoptosis is nested
inside of PCD, which in turn
is nested within endogenous
cell death

Exogenous
Cell
Death

Apoptosis

PCD




Conceptual Foundations of Cell Mortality

poison host cells attempting to purge themselves of the invading replicons. In a
purely mechanistic sense, cell death is caused by an intracellular genetically encoded
molecular pathway. Our evolutionary view, which understands PCD to be a kin/
group-level adaptation, excludes cell death induced by molecular parasites from
PCD (unless, of course, the death is an evolved immunological response triggered by
the invading parasite). We have previously argued that such death is more accurately
labeled “forced cell death” rather than PCD (Durand and Ramsey 2023) because the
replicon and the cell are evolutionarily distinct individuals, and the former forces
death upon the latter. Forced cell death is endogenous, but it is not PCD. This
illustrates an important distinction between endogenous death and PCD: The former
includes any causes of death that arise intracellularly, while PCD concerns the cell as
an evolutionary individual and includes only death that is an adaptation for the cell or
for the group of cells to which it belongs.

The second example comes from cell fate theory, which describes a cell’s fate in
terms of the type of cell it “chooses” to become. Totipotent cells select one of four
possible trajectories: replication, differentiation, quiescence, and PCD (Casey et al.
2020). Quiescence is one kind of endogenous death since it involves the cell shutting
down metabolically and losing viability. The choice of trajectory and mode of death
originate endogenously, but these are unrelated to the other three cell type
trajectories—one of which is PCD. The cell fate theoretical framework draws a
sharp line between two kinds of endogenous death—quiescence and PCD.

As we suggested above (Sects. 3 and 4), it is justified to treat endogenous death
and PCD as distinct. Endogenous death is a broader category that includes PCD but
also includes cell death induced by intracellular parasites or nonadaptive metabolic
exhaustion. Next, we turn to the terms and concepts of cell death that are sometimes
posited as alternatives to PCD.

5.1 Alternative Terms for Programmed Cell Death
in Microbes: Is Anything Gained?

Cell death plays a central role in the evolution of different life history strategies in
unicellular and multicellular organisms. To differentiate the nature of cell death
between these two groups, alternative terms for PCD (or PCD-like phenomena) in
unicellular organisms are sometimes proposed. We will discuss the three most
frequently used labels: Cell Death Program (CDP) (Ratel et al. 2001), Active Cell
Death (ACD) (Nedelcu et al. 2011), and Regulated Cell Death (RCD) (Proto et al.
2013). RCD is often favored in the microbial cell death literature, and several authors
may use the term in this book. It is also noted that RCD is also used in multicellular
literature—where the term originated, but it is often not explicitly stated why the
authors prefer RCD over PCD in their particular context. Because of the significance
attached to whichever terminology is preferred, it is necessary to examine the
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reasons for proposing alternative terms in further detail. There are three main
arguments against the PCD term, which we will consider in turn.

In the first argument against PCD, the differences in genetic mechanisms for cell
death between microbes and multicellular organisms are emphasized. Most authors
agree that some molecular/evolutionary elements of the PCD pathways are shared
between multicellular and unicellular organisms, but there are also substantial
differences. A new term is sometimes used to reflect these differences. However, it
is difficult to justify a new term based merely on such differences. The original
conception of PCD was quite broad, encompassing endogenous cellular mechanisms
without reference to taxonomic groups or specific genetic toolkits. If PCD applies
across the tree of life, introducing a new term for the same concept is misguided. In
addition, by suggesting that new terms should be introduced for different mecha-
nisms because of the heterogeneous mechanisms underlying multicellular PCD, this
implies that new terms would also need to be introduced for the varieties of
multicellular PCD. Furthermore, as we indicated in Sect. 2, unicellular organisms
sometimes have multicellular stages in their life cycles, which is a problem for
drawing a clear line between taxa based on their cellular organization.

A second reason for proposing alternative terms stems from the close association
between PCD and developmental cell death in multicellular organisms. While PCD
was first identified in multicellular development, this is not a sufficient reason to
restrict the term to multicellular organisms. The vague boundary between
multicellularity and unicellularity is thus a further reason to question the value of
using an alternative term.

The third motivation for substituting the PCD term with something else, which is
the one most commonly offered, relates to the issue of adaptive versus spurious
PCD. When the PCD concept was first used in the microbial literature, there were
valid reasons for questioning its suitability because of the entrenched idea that
microbes are immortal. If unicellular organisms were immortal, then what appeared
to be PCD would simply be a pleiotropic side effect (e.g., Nedelcu et al. 2011; Proto
et al. 2013). The motivation for labeling the process as regulated or active as
opposed to programmed was to draw attention to the nonadaptive property of
microbial cell death. It emerged later, however, that death in unicellular organisms
can be both adaptive in a current setting by providing a fitness advantage to others
(e.g., Durand et al. 2011; Orellana et al. 2013; Zeballos et al. 2023) and an evolved
adaptation by demonstrating that the trait is due to its selection history (e.g., Fukuyo
et al. 2012; Refardt et al. 2013; Durand et al. 2016). Thus, genuine PCD is a feature
of the microbial world. It is also important to note that the assumption that ersatz
PCD is not present in multicellular organisms is mistaken. In some instances, one of
the most prominent cell death subtypes—autophagy—is a nonadaptive side effect of
starvation.

Our analysis suggests that there is very little, if anything, to be gained by
introducing alternative terms for PCD in microbial cell death. Doing so introduces
an additional (unnecessary) layer of complexity and, in some cases, creates confu-
sion. The justification for the new terms is further undermined by the fact that the
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authors often do not indicate why the new terms are being introduced, or even what
they mean.

While we are suggesting that PCD remains a well-defined concept that is appro-
priate across the tree of life, we recognize that the concept should be scrutinized.
There are, for instance, legitimate reasons for questioning the use of the term
“programmed.” The branching, probabilistic nature of biological systems may not
be well captured by the term, with its deterministic connotations (Durand and
Ramsey 2018). However, this issue represents a general question that concerns
biological programs across the tree of life. Furthermore, many programs are
branching, not linear—and the branch points can involve probabilities. We suggest,
therefore, that despite this controversy, the PCD label is helpful.

Some authors argue for maintaining the PCD term purely because of its meta-
phorical value. Reynolds (2014) argues that scientific metaphors like PCD are
valuable “conceptual ‘tools’ which fulfill various roles, from highlighting a phe-
nomenon as of particular interest, situating it in a particular context, or suggesting
explanatory causal mechanisms” (Reynolds 2014, p. 175). Reynolds describes PCD
as a “machine metaphor” and cell suicide an instance of a “social agent metaphor”
and suggests that these terminologies have great value for understanding the field.
He argues that introducing alternative terminologies may be counterproductive and
illustrates that the cell death field is replete with metaphors such as cell “choice,”
“decision-making,” and “individuality” that enrich our understanding of the biology.

6 Toward an Overarching Framework of Cell Mortality

In this chapter, we have examined some of the foundational concepts in cell death
and suggest that in order to address the current inconsistencies and ongoing debates
in microbial cell death, it is essential that a consensus be reached on these and other
fundamental questions. Lastly, in striving for a universal framework of cell mortal-
ity, there is a final observation worth emphasizing.

From our analysis of the conceptualizations of PCD, we have concluded that an
evolutionary PCD concept is universally applicable and that the purely mechanistic
and discipline-specific definitions are more valuable as part of a conceptual toolkit
for empirical investigations. Similarly, in a recent article, Cell Fate: What’s evolu-
tion got to do with it? (Ramsey and Durand 2023), we argued that some explanations
in biology—we used the example of choice in cell fate theory—are inaccessible to
purely mechanistic approaches. Our analysis of the nature of PCD and its concep-
tualization resonates with these arguments and motivates us to emphasize the
importance of including evolutionary concepts as we work toward an overarching
framework of cell mortality.

Acknowledgments This work was supported by (1) a KU Leuven Networking Fellowship grant to
GR and PMD and (2) a STIAS fellowship to PMD.



P. M. Durand and G. Ramsey

Competing Interests The authors have no conflicts of interest to declare that are relevant to the
content of this chapter.

References

Ameisen JC (2002) On the origin, evolution, and nature of programmed cell death: a timeline of
four billion years. Cell Death Differ 9(4):367-393

Barreto Filho MM, Vieira HH, Morris JJ et al (2022) Species-specific effects and the ecological role
of programmed cell death in the microalgae Ankistrodesmus (Sphaeropleales, Selenastraceae).
Biol Lett 18:20220259

Bayles KW (2014) Bacterial programmed cell death: making sense of a paradox. Nat Rev Microbiol
12:63-69

Berman-Frank I, Bidle KD, Haramaty L et al (2004) The demise of the marine cyanobacterium,
Trichodesmium spp., via an autocatalyzed cell death pathway. Limnol Ocean 49:997-1005

Berngruber TW, Lion S, Gandon S (2013) Evolution of suicide as a defence strategy against
pathogens in a spatially structured environment. Ecol Lett 16:446—453

Casey MJ, Stumpf PS, MacArthur BD (2020) Theory of cell fate. Wiley Interdiscip Rev Syst Biol
Med 12:e1471

Chaves SR, Rego A, Santos-Pereira C et al (2025) Current and novel approaches in yeast cell death
research. Cell Death Differ 32:207-218

Clarke PG, Clarke S (1996) Nineteenth century research on naturally occurring cell death and
related phenomena. Anat Embryol (Berl) 193(2):81-99

Cornillon S, Foa C, Davoust J et al (1994) Programmed cell death in dictyostelium. J Cell Sci 107:
2691-2704

Débarre F, Lion S, van Baalen M et al (2012) Evolution of host life-history traits in a spatially
structured host-parasite system. Am Nat 179:52-63

Durand PM (2021) The evolutionary origins of life and death. University of Chicago Press, Chicago

Durand PM, Ramsey G (2018) The nature of programmed cell death. Biol Theory 14:30—41

Durand PM, Ramsey G (2023) The concepts and origins of cell mortality. HPLS 45:23

Durand PM, Rashidi A, Michod RE (2011) How an organism dies affects the fitness of its
neighbors. Am Nat 177:224-232

Durand PM, Choudhury R, Rashidi A et al (2014) Programmed death in a unicellular organism has
species-specific fitness effects. Biol Lett 10:20131088

Durand PM, Sym S, Michod RE (2016) Programmed cell death and complexity in microbial
systems. Curr Biol 26:R587-R593

Florea M (2017) Aging and immortality in unicellular species. Mech Ageing Dev 167:5-15

Franklin DJ, Brussaard CPD, Berges JA (2007) What is the role and nature of programmed cell
death in phytoplankton ecology? Eur J Phycol 41:1-14

Fukuyo M, Sasaki A, Kobayashi I (2012) Success of a suicidal defense strategy against infection in
a structured habitat. Sci Rep 2:238

Hammond TG, Allen PL, Wells HW et al (2020) Moonshot: affordable, simple, flight hardware for
the Artemis-1 mission and beyond. Front Space Technol 1:593523

Hardwick JM (2018) Do fungi undergo apoptosis-like programmed cell death? MBio 9. https://doi.
org/10.1128/mbio.00948-18

Hosoya S, Lu Z, Ozaki Y et al (2007) Cytological analysis of the mother cell death process during
sporulation in Bacillus subtilis. J Bacteriol 189(6):2561-2565

Huneman P (2023) Death: perspectives from the philosophy of biology. Palgrave Macmillan,
London


https://doi.org/10.1128/mbio.00948-18
https://doi.org/10.1128/mbio.00948-18

Conceptual Foundations of Cell Mortality

Jodder J, Hofmann A, Durand PM (2025) The Archaean record of the Singhbhum Craton—a new
window into early life on Earth. In: Homann M et al (eds) The Precambrian Earth: tempos and
events. Elsevier, Amsterdam

Kerr JF, Wyllie AH, Currie AR (1972) Apoptosis: a basic biological phenomenon with wide-
ranging implications in tissue kinetics. Br J Cancer 26:239-257

Kirkwood TB (2015) Deciphering death: a commentary on Gompertz (1825) ‘on the nature of the
function expressive of the law of human mortality, and on a new mode of determining the value
of life contingencies’. Philos Trans R Soc Lond Ser B Biol Sci 370:20140379

Koonin EV, Zhang F (2017) Coupling immunity and programmed cell suicide in prokaryotes: life-
or-death choices. BioEssays 39:1-9

Landecker H (2003) On beginning and ending with apoptosis: cell death and biomedicine. In:
Franklin S, Lock M (eds) Remaking life and death: towards an anthropology of the life sciences.
SAR Press, Sante Fe

Lloyd EA (2015) Adaptationism and the logic of research questions: how to think clearly about
evolutionary causes. Biol Theory 10:343-362

Lockshin RA, Williams CM (1964) Programmed cell death—II. Endocrine potentiation of the
breakdown of the intersegmental muscles of silkmoths. J Insect Physiol 10:643-649

Lockshin RA, Zakeri Z (2001) Programmed cell death and apoptosis: origins of the theory. Nat Rev
Mol Cell Biol 2:545-550

Mata MT, Palma A, Garcia-Gémez C et al (2019) Type II-metacaspases are involved in cell stress
but not in cell death in the unicellular green alga Dunaliella tertiolecta. Microb Cell 6:494-508

Miller WB Jr, Baluskab F, Reberc AS et al (2024) Why death and aging? All memories are
imperfect. Prog Biophys Mol Biol. https://doi.org/10.1016/j.pbiomolbio.2024.02.001

Morange M (2010) Apoptosis and programmed cell death: when biological categories are blurred. J
Biosci 35:177-181

Ndhlovu A, Durand PM, Ramsey G (2021) Programmed cell death as a black queen in microbial
communities. Mol Ecol 30:1110-1119

Nedelcu AM, Driscoll WW, Durand PM et al (2011) On the paradigm of altruistic suicide in the
unicellular world. Evolution 65:3-20

Orellana MV, Pang WL, Durand PM et al (2013) A role for programmed cell death in the microbial
loop. PLoS One 8(5):¢62595

Proto WR, Coombs GH, Mottram JC (2013) Cell death in parasitic protozoa: regulated or inciden-
tal? Nat Rev Microbiol 11:58-66

Ramsey G, Durand PM (2023) Cell fate: what’s evolution got to do with it? Yale J Biol Med 96:
565-568

Ratel D, Boisseau S, Nasser V et al (2001) Programmed cell death or cell death programme? That is
the question. J Theor Biol 208:385-386

Refardt D, Bergmiller T, Kummerli R (2013) Altruism can evolve when relatedness is low:
evidence from bacteria committing suicide upon phage infection. Proc R Soc B 280(1759):
20123035

Reynolds AS (2014) The deaths of a cell: how language and metaphor influence the science of cell
death. Stud Hist Phil Biol Biomed Sci 48:175-184

Schleiden MJ (1839) Beitrdge zur Phytogenesis. Archiv fiir Anatomie, Physiologie und
wissenschaftliche Medicin 1838:137-176

Schwann T (1839) Mikroskopische Untersuchungen iiber die Uebereinstimmung in der Struktur
und dem Wachsthum der Thiere und Pflanzen. Sander, Berlin

Singh G, Yadav M, Ghosh C, Rathore JS (2021) Bacterial toxin-antitoxin modules: classification,
functions, and association with persistence. Curr Res Microb Sci 72:100047

Vardi A, Eisenstadt D, Murik O et al (2007) Synchronization of cell death in a dinoflagellate
population is mediated by an excreted thiol protease. Environ Microbiol 9:360-369


https://doi.org/10.1016/j.pbiomolbio.2024.02.001

P. M. Durand and G. Ramsey

Vaux DL, Cory S, Adams JM (1988) Bcl-2 gene promotes haemopoietic cell survival and
cooperates with cmyc to immortalize pre-B cells. Nature. 335:440-442

Wireman JW, Dworkin M (1977) Developmentally induced autolysis during fruiting body forma-
tion by Myxococcus xanthus. J Bacteriol 129(2):796-802

Zeballos N, Grulois D, Leung C et al (2023) Acceptable loss: fitness consequences of salinity-
induced cell death in a halotolerant microalga. Am Nat 201:825-840



	Conceptual Foundations of Cell Mortality
	1 Introduction
	2 Microbes, Cells, Death, and Mortality
	3 Two Kinds of Microbial Cell Death: Endogenous and Exogenous
	3.1 The Challenge of Distinguishing Endogenous from Exogenous Causes
	3.2 Endogenous Microbial Cell Death

	4 Conceptualizations of Programmed Cell Death
	5 Endogenous Death, Programmed Cell Death, and Microbial Cell Fate
	5.1 Alternative Terms for Programmed Cell Death in Microbes: Is Anything Gained?

	6 Toward an Overarching Framework of Cell Mortality
	References


