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ABSTRACT

Research in molecular cell biology has typically been focused on identifying specific genes and proteins responsible for cellular

phenomena. However, it is increasingly recognized that the function of many biomolecules is variable and context dependent,

raising the question if specific components can adequately explain cellular mechanisms. Philosophers of biology have proposed

an alternative perspective known as process ontology, posing that not objects or molecules, but processes are the fundamental

units of living systems. Process ontology is gaining popularity in biological theory, but remains challenging to integrate into
scientific practice. Here, we assess the applicability of the process perspective in the context of a concrete biological system, namely
polarization in budding yeast. We identify relevant processes in yeast polarization at different timescales and examine how these
processes affect our understanding of polarity. Using this case study, we demonstrate how the processual perspective evokes new
kinds of scientific questions and provide concrete pointers for incorporating processual thought into cell biological research.

1 | Introduction

Since the revolution of the modern synthesis [1], cell biology
has become strongly focused on understanding cellular functions
through molecular mechanisms. Biological phenomena have
been extensively studied by identifying related genes and specific
protein interactions, often through perturbation experiments,
after which a molecular model is proposed with as few necessary
elements as possible. While incredibly powerful in the right
context, the wealth of biological data available today is revealing
an increasingly more complex picture: many cellular functions
and phenotypes are not formed by a few dominant, conserved
and strongly interacting proteins, but are instead orchestrated
by large, heterogeneous and weakly interacting collectives. This
complexity raises questions about the extent of applicability of
traditional reductionistic approaches and has sparked numerous
debates about the role of self-organization and collectivity in
biological systems [2-4].

In philosophy of science, great progress has been made in the
study of alternative perspectives on reality that could be a better

fit with biological observations. These discussions stem from the
field of ontology, the branch of philosophy that concerns itself
with the nature of entities and phenomena [5]. The molecular
reductionist point of view relies on an object-focused ontology,
by assuming that the fundamental building blocks of biological
systems are primarily static objects in the form of biomolecules,
particularly genes and gene products. As a consequence, expla-
nations for biological phenomena are often sought at the level of
the specific molecules responsible for a cellular phenotype.

An alternative position that is gaining traction in the philosophy
of the life sciences is process ontology. According to process
ontology, the world is ultimately made up of dynamics and
change; in other words, of processes [6-8]. A process by definition
possesses a temporal dimension and only exists extended in time,
rather than objects that are by themselves static. Processes can
organize to form stable, object-like structures, but the stability is
limited to specific timescales and often requires work to maintain.

Since many biological phenomena are highly dynamic, a process
perspective can be attractive to biologists from a conceptual point
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of view [9]. However, there is still a gap between philosophers
of science advocating processual thought and scientists in the
lab: especially molecular cell biology tends to be firmly rooted
in object-based thinking, and application of the abstract princi-
ples of process philosophy into actual research practice is not
immediately straightforward. To start bridging this gap, we here
assess the merits of process thinking in the context of a concrete
cell biological case, being cell polarity in the budding yeast
Saccharomyces cerevisiae, the authors’ primary expertise. What
can be gained from applying the principles of process philosophy
to budding yeast polarization, and how do these insights translate
to cell biology in general?

In the following, we will first provide a brief overview of
how process philosophy opposes the traditional object-focused
perspective in general cell biology, and how it matches biological
observations. We then focus our attention on budding yeast polar-
ity and describe this system in terms of core processes, separated
by timescales, and subsequently discuss the consequences of
interpreting polarization as a hierarchy of processes. We finish
with a more general perspective on the application of processual
thinking in theoretical and experimental research.

2 | From Objects to Processes in Cell Biology

Current molecular cell biology mostly operates from a perspective
centred around specific molecules or objects, to varying degrees
of success. From the object-based point of view, a cell can be
considered a large, intricate collection of particles that specifically
localize and interact to perform certain functions. To understand
how those functions are maintained, the particles themselves
typically become the main focus: which gene knockouts produce
a certain phenotype, which protein interactions are strongest,
which amino acid residues are necessary for enzymatic activity.
In other words, explanations are sought in (preferably individual)
genes and proteins as the primary components of biological
systems. Importantly, the components in this view are (I) isolated
from as much context as possible and (II) approximated as
temporally stable.

Undeniably, this perspective has its merits. The impressive
advances of molecular biology in the past half decade allowed
cellular processes to be broken down into simpler pieces and
provided extensive knowledge about specific gene products and
their interactions, as well as a plethora of molecular tools that
are nowadays indispensable. However, for questions concerning
higher levels of organization, a strongly object-focused perspec-
tive can become limiting. Recent observations increasingly point
in this direction: monogenic traits are the exception rather
than the norm [10, 11], protein functions change depending on
the chemical environment or the genetic background of the
organism [12-14], and different organismal species can execute
a similar cellular function with great genetic variety [15-17].
Rather than being dominated by only a few relevant components,
many biological processes seem to rely much more on collective
self-organization by a wide range of different components [18, 19].

Over the past decades, it has been increasingly recognized that
individual genes and proteins are not always the appropriate level
of explanation for biological phenomena [20, 21]. Biophysical and

soft matter approaches in particular have made great advances
in describing cellular processes using non-equilibrium thermo-
dynamics and collective variables derived from statistical physics
[22, 23], such as compartmentalization by liquid-liquid phase
separation in cells [24] or the dynamic instability framework for
the description of microtubule dynamics [25]. While successful
in their respective areas, translation of these approaches to more
complex or heterogeneous cellular phenomena remains challeng-
ing. For yeast polarity and other symmetry breaking systems, the
study of self-organization and spontaneous pattern formation has
fueled a large body of work based on reaction-diffusion systems
and Turing patterns [26]. Although these efforts have made
crucial contributions to the understanding of emergent order
from molecular interactions, Turing-type models are generally
based on sets of specific proteins with a fixed number of defined
interactions. Hence, typical cell biological research still tends to
gravitate towards identification and characterization of specific
molecules as the ultimate explanatory units.

Process ontology provides a possible alternative perspective on
the interpretation of biological systems. The core claim of process
ontology is that processes—dynamic structures characterized by
continuous change—rather than objects are the basic entities of
reality [6, 7]. Processes are often composed of smaller subunits,
but they are not defined by their specific composition. A typical
example is a hurricane, which technically consists of a large
number of air particles, but is better understood as a collective
movement that each individual molecule is only briefly a part
of. Process ontology assumes that everything in the world is
dynamic first and foremost, and that seemingly stable objects
merely appear stable at some limited timescale. Importantly,
viewing processes as prior to objects reverses the traditional line
of reasoning: one should not think of fundamentally static objects
causing dynamic processes, but instead it is fundamentally
dynamic processes that stabilize to form (temporarily) static
objects. Consequently, the question shifts from asking primarily
how change occurs to asking how stable structures can persist
over time.

Although process ontology may appear abstract at first glance,
it turns out to align remarkably well with cell biology [9, 27].
First, it has become clear that many, if not all, subcellular
processes are inherently dynamic. Seemingly stable structures,
such as microtubules, septin rings or even bacterial flagellar
motors, appear static on a macroscopic scale, but are in fact
constantly exchanging their constituents [25, 28, 29]. To assemble
such structures, biological systems seem to engage in dynamic,
‘exploratory’ behavior, where different configurations are con-
tinuously sampled at a high rate until the desired outcome is
found [30-32]. On top of that, the cytoplasm itself is in continuous
flow, displaying currents and eddies that can transport particles
and adjust local viscosities [33-35]. Descriptions focusing on
static constituents tend to be less informative for these types of
phenomena, since the residence times of individual particles are
often much shorter than the lifetime of the collective.

A second important merit of process ontology is the ability to
deal with the weakly interacting, heterogenous collectives that
are so prominent in cell biology [4]. Consider for instance the
aforementioned phenomena of liquid-liquid phase separation, a
process by which proteins and other molecules spontaneously
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FIGURE 1 | Introduction to polarization in budding yeast. (A) Budding yeast cells need to polarize during their cell division cycle in order to select
a unique bud site, from which the daughter cell will grow. (B) Typical (object-focused) model of polarization by Cdc42, through a positive feedback loop

activating Cdc42 at the cell cortex.

separate into regions of high and low concentration [24, 36].
Although phase separation can be studied from the perspective
of stable equilibrium states and the effect of permutations in
individual amino acid residues, it is known that phase separated
compartments in vivo are often dynamic and heterogeneous
[37]. In the cellular context, the occurrence of phase separation
does not depend on particular strongly interacting sequences or
molecules, but rather on the collective of weak heterogeneous
interactions together while being robust to variations in specific
interaction strengths [38-40]. Moreover, phase separation in cells
is highly dynamic, as interactions are short-lived and molecules
continuously move within and between the liquid-like phases
[41]. A process perspective naturally suits the description of such
phenomena, as it brings the physical process to the core of the
explanation rather than individual molecular players.

Although there seems to be general merit to process thinking in
cell biology, the consequences of applying a process perspective
directly to biological research are not immediately clear. To
further concretize the discussion, we now turn our attention to
a specific form of cellular organization, being cell polarization in
S. cerevisiae.

3 | Identifying Processes in Budding Yeast
Polarization

Generally speaking, cell polarization refers to the symmetry
breaking process through which cells develop distinct internal
regions. Establishing polarity is crucial to many different cell
types, from developing embryos to epithelial cells to neurons [42-
44]. For the budding yeast S. cerevisiae, polarization is required
for asymmetric cell division, by specifying a unique membrane
site from which the new daughter cell will emerge [45, 46]
(Figure 1A). In current molecular descriptions of budding yeast
polarity, the problem of bud site selection is often reduced to the
accumulation of the signalling GTPase Cdc42, which serves as
an attractor for ‘downstream’ components that eventually lead to
the assembly of the structural parts required for bud emergence

and growth [47]. Cdc42 participates in multiple positive feedback
loops that amplify its activation and localization once an initial
accumulation has been established, either by internal cellular
asymmetry or stochastically [48-51] (see schematic in Figure 1B).
Moreover, Cdc42 is in many contexts an essential protein that has
been conserved across different species all the way to mammalian
cells [52]. For this reason, current mathematical models of
yeast polarity almost exclusively take symmetry breaking by
Cdc42 as their main focal point [53-57]. Evidently, the molecular
description of yeast polarity is strongly rooted in an object-
based ontology: molecules and cellular composition are assumed
to be static and explanations start from specific proteins and
interactions.

To provide a processual alternative to this object-based approach,
we will attempt to redescribe yeast polarization in terms of
processes as fundamental units. The fundamental processes
of polarization can be separated based on relevant timescales,
starting with the timescale at which polarity is established
inside the cell and subsequently moving to faster and slower
processes affecting and underlying polarization. All timescales
are visualized in Figure 2.

3.1 | The Phenomenological Timescale: Symmetry
Breaking

The timescale at which polarization has been studied the most
is the phenomenological timescale at which it is observed when
studying cells under the microscope (Figure 2C). Polarity estab-
lishment in budding yeast occurs at a timescale in the order
of (tens of) minutes, where exact estimates differ depending on
imaging conditions, genetic background and other factors [48,
53, 58, 59]. This timescale defines the process of moving between
a cell state in which polarity components are isotropically dis-
tributed to a state in which the symmetry is broken and a set of
proteins collectively localizes to a concentrated membrane site,
thereby initiating bud growth.
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FIGURE 2 | Timescales of processes relevant to budding yeast polar-
ization: evolution taking place over billions of years (A), a cell going
through its developmental cycle (B), the symmetry breaking event that
establishes polarity (C) and the dynamics of the proteins constituting the
polar zone (D).

As mentioned previously, polarization is often understood
through the lens of Cdc42 regulation. However, it has been shown
that apart from Cdc42, over one hundred other proteins localize
to the site of polarized growth [60]. Although some are well-
characterized interactors of Cdc42, such as those that affect its
GTPase cycle, many of these proteins have currently unknown
roles in polarization. Besides, although the precise timing of the
arrival and depolarization is not known for every component,
it is clear that these patterns do not exclusively coincide with
the dynamics of Cdc42 [48, 59]. Hence, rather than imagining
a concentrated spot of Cdc42 with some of its regulators, the
polarity spot might be better represented as a highly heteroge-
neous and dynamic environment, with a constantly changing
constitution. The process at the phenomenological timescale
then becomes a flux of effective protein gradients that form and
dissolve collectively.

3.2 | Shorter Timescales: Molecular Dynamics

At shorter timescales, we consider the effect of molecular dynam-
ics on polarization. Importantly, individual molecules themselves
are not localizing at the timescale of polarity establishment.
The difference in timescales is multiple orders of magnitude:
FRAP data has shown that many polarity proteins have residence
times at the polar zone in the order of seconds [51, 60, 61]. This
means that although the collective has a constant appearance
at the phenomenological timescale, the individual constituents
are continuously exchanged between the cytoplasm and the
polarized spot (Figure 2D).

The dynamicity of the polar zone is further emphasized by the
crucial role of GTPases in polarization, not just in budding yeast,
but in many cell types and organisms [44, 62-64]. GTPases are
GTP hydrolyzing proteins that often undergo a conformational
change when binding to either GTP or GDP, the hydrolyzed
version of GTP. Key polarity regulator Cdc42 is a GTPase, which
in its GTP-bound (or ‘active’) state interacts with important bud
growth effectors at the membrane [58, 65, 66]. However, continu-
ous cycling between the GTP- and GDP-bound states is essential
for polarization: mutants in which Cdc42 is permanently GTP-
bound display severe polarity defects [50, 67]. Cdc42 is far from
the only GTPase involved in cell polarity. In fact, different families
of GTPases were among the first polarity-related proteins to be
discovered in yeast. Some of them are essential in budding yeast
like Cdc42, while others are not. In many cases, the roles of
different GTPases are still not fully understood [68].

The importance of GTPase cycles and energy consumption in
polarization can be interpreted as another example of exploratory
behavior in cellular processes: continuous cycling of components
provides opportunity to redirect or correct the direction of
polarization, faster than what is possible with highly temporally
stable localization. This idea is strengthened by the important
role of negative feedback and spot disassembly in polarization,
which are crucial to ensure the uniqueness of the polar zone
[69, 70]. Moreover, the processual nature of GTPases and their
regulation allows for a high level of flexibility in the positioning
of the spot, which is for instance important during tracking of
chemical signals [71].
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Another process occurring at short timescales is the chemical
alteration of polarity components by means of post-translational
modifications (PTMs). The effect of PTMs is only beginning to
be discovered, but some roles have already been identified in
polarization. For instance, important polarity regulator Cdc24
is gradually phosphorylated over the course of polarization,
presumably with an inhibitory effect [72, 73]. Moreover, phos-
phorylation can alter biochemical affinities, which can in turn
regulate phase separating behavior of polarized components
[74]. In general, many proteins appear to have a multitude of
modification sites for different types of PTMs, opening up a range
of possible chemical states that can tune protein interactivity and
behavior [75].

The observations discussed here suggest that even the polarizing
molecules are not strictly static objects, but instead continuously
change their properties over time. This argument is strengthened
by the fact that even isolated proteins are notoriously difficult
to keep stable in a laboratory environment [76]. In that sense,
biomolecules might even be considered processes themselves,
following the processual view that static structures are more
accurately described as temporarily stabilized dynamics [76-79].
This implies that assessing the role of individual proteins in
cellular processes can be deceptive, since the state of a single
protein is variable over time and therefore challenging to define
statically.

3.3 | Longer Timescales: Cell Cycle and Evolution

When considering an organism in its entirety, a defining process
to consider is its reproductive life cycle [9, 80] (Figure 2B). In the
case of asexual reproduction in single celled organisms such as
budding yeast, this corresponds to the cell cycle, the repeating
pattern by which a cell grows, replicates its DNA and eventually
splits into two new entities, which then continue into the next
cycle [81]. Throughout this process, a cell exchanges materials
with its environment and metabolizes nutrient sources into the
energy used to execute cellular functions while simultaneously
producing new components to perform these functions.

Polarization is closely tied to the yeast cell cycle in the sense that
it needs to occur once and only once during the entire replicative
process, with highly constrained timing. For this reason, the
initiation of polarization is tightly linked to proteins known as
cyclins and their regulators and effectors [82, 83]. Cyclins act as
a cellular ‘clock’ and initiate many downstream processes that
are time sensitive. In polarization, the presence of cyclins affects
the availability of certain proteins in the cytoplasm, for instance
by the release of polarity activator Cdc24 from the nucleus
through indirect interaction with cyclin-dependent kinases [84-
86]; presence of Cdc24 is then sufficient to trigger a second stage
of polarity amplification [48]. Thus, the available mechanisms of
polarization are a function of timing within the cell cycle.

Importantly, since all cells are in constant development, there
is no point in the cycle that can be highlighted as the ‘default’
cell state. Moreover, the current state of a cell is in many ways
dependent on the history of its ancestors, which can for instance
be observed in the differences between polarizing mother and
daughter cells and in the effects of replicative aging on division

phenotypes [59, 87, 88]. This stresses that any individual polariza-
tion event is not happening in isolation but is instead affected by
processes happening at larger timescales, a kind of hierarchical
relationality that is key to process ontology.

Finally, it is impossible to consider cellular processes without
acknowledging their evolutionary history (Figure 2A). Present-
day life forms, including common model organisms like budding
yeast have been and are in fact still continuously evolving. This
means that the biological systems under study should not be
considered static optimized endpoints, but snapshots taken at a
somewhat arbitrary point in their evolutionary history. Evolution
is continuous, as demonstrated by long-term laboratory evolution
experiments: even in constant environmental conditions, new
mutations keep arising in the population [89, 90]. Moreover,
evidence is increasingly suggesting that evolution allows for great
molecular and phenotypic diversity, even for essential cellular
processes that are under strong selection pressure. For instance,
centromeric regions are among the fastest evolving genomic
regions, despite their interaction with more strongly conserved
kinetochore complexes [17]. Additionally, while phenotypes can
remain stable under large amounts of genetic variability, the
reverse can also be true: genetically homogeneous populations
can display significant variances in cellular phenotypes. For
instance, mitotic spindle dynamics were found to vary greatly
between different natural isolates of C. elegans, and even within
the same isolate [91]. These observations underline that genes
(the objects) are not one-to-one correlated with cellular pheno-
type (the process) and are often less strongly conserved than
the processes themselves, which becomes especially apparent at
evolutionary timescales.

Returning to fungal polarity, bioinformatic studies have shown
great genetic variation between species: sets of polarity proteins
can differ significantly even between species that are phylogenet-
ically closely related [15]. Proteins that are essential in budding
yeast are non-essential or even absent in other species, including
‘main regulator’ Cdc42 [92, 93]. At the same time, yeast cells are
highly resilient and capable of genome-wide rearrangements to
evolutionarily recover from perturbations, including to polarity
[16,94-96]. Given this dynamic evolutionary picture, it seems that
the current molecular composition of the polarization network
in a typical budding yeast cell is better envisioned as just
one possible, transient ‘solution’, rather than a fixed, optimal
configuration. This may shift the focus from properties of specific
constituents to those of the larger process they are a part of.

3.4 | Consequences of Processes in Yeast Cell
Polarity

Restructuring yeast polarity in terms of fundamental processes
entails a change in perspective from molecular details to dynamic
patterns. As a result, switching to a process-oriented view comes
with some more general consequences. One of the most impor-
tant consequences of adopting a process ontology is that it moves
the explanandum from the dynamic to the static. In other words,
rather than stillness being the default and movement requiring
explanation, a process view assumes dynamism and asks how
stable structures can be maintained at certain timescales [6, 9].
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This prompts the question how stable polarity actually is in the
first place.

The role of polarization in budding yeast is to select a unique
membrane site to form a bud. Hence, we are often interested in
the final assembly of proteins that determines this site. However,
upon closer inspection, it is not clear what this final assembly
should look like and if it even exists at all. First of all, while polar-
ity components do localize to form a polarized front, it appears
that this front is never final. Rather, gradual depolarization or
even oscillations can occur after initial rapid establishment, and
peak polarity is not maintained for longer than a minute [69, 73].
Moreover, we have described above how the composition of the
polar spot is constantly changing over time, with recruitment of
various interactors and structural components that are required
for bud emergence. Therefore, instead of a stable spot with static
characteristics, the polar zone seems more akin to a dynamic
environment shaped to facilitate the structural changes that need
to occur for successful cell division.

Much more stable forms of polarization can be found elsewhere
in biology, such as polarity in epithelial cells or axis differentiation
in embryonic development [44]. In budding yeast polarity, the
disassembly of polarized signal at the appropriate time is as
essential as its assembly; stable forms of polarity however result
in permanent asymmetries that persist for the lifespan of the
cell or organism. Here, the question becomes which mechanisms
perpetuate the initial asymmetry, which is often established by
mechanisms similar to those in budding yeast: in the case of
epithelial cells, initial symmetry breaking by several GTPase com-
plexes gives rise to a wealth of different signals that together direct
membrane trafficking and further asymmetric deposition of new
proteins [97, 98]; and in the case of embryonic development, the
primary asymmetry in the first dividing cells eventually results in
differentiation into specific body plans [99, 100]. In either case,
stability is not a given but needs to be actively propagated or
incorporated into subsequent processes to be maintained.

An interesting consequence of the processual perspective in the
context of collectivity is that it reverses the questions to be asked,
and by that the object of study. By focusing on processes, we
are no longer directly concerned with the biological function of
genes or proteins separately, but the process itself has a place
in a biological system and has evolved under selection in the
context of that system. In that sense, the biological requirements
or constraints on the process as a whole dictate the constraints on
the properties of the individual constituents over time, meaning
that components should be understood from the perspective of
the collective rather than the other way around. For yeast polarity,
this translates to a focus on physical or phenomenological
characteristics of the polarized protein composite rather than the
roles and interactions of specific proteins.

4 | Towards Theoretical and Experimental
Implementation

Identifying and interpreting the meaning of processes in yeast
polarization demonstrates the potential of process ontology as a
new lens for understanding biological systems. However, due to
the abstraction of the ideas involved, it remains challenging to

apply processual views to any biological system in such a way that
it can directly inform practical research. Therefore, we will finish
with some more concrete implications and examples of incorpo-
rating process thought into actual practice, both theoretically and
experimentally.

First, it is important to realize that the conceptual implications
of a processual perspective, even when somewhat vague, carry
significant weight. Science is inevitably driven by underlying
worldviews, whether consciously expressed or not. The current
dominant worldview might be perceived as an obvious default,
which is often the case for reigning paradigms [101, 102], but in
reality it is the result of a (mostly subconscious) choice to adopt
an object-based ontology, which then determines how research
is practiced and the type of scientific questions that can be
asked. Making this choice explicit contributes to a more deliberate
approach to scientific problems, and adopting a processual
perspective instead opens up a new range of relevant questions
and interpretations.

For theoretical work, process ontology invites approaches that
focus on dynamicity of the whole. As mentioned previously,
thinking in processes implies questioning constancy rather than
change. For any cellular system, it can be informative to interro-
gate the stability of a phenomenon and to assess how this stability
is realized, if present at all. As we have seen in yeast polarity,
this perspective leads to the realization that the polarized state
can never be considered fully stable; consequently, descriptions or
theories of polarity should be explicit about which moment in the
process they aim to address if the outcome is static, or else account
for a dynamic end state. In terms of specific modelling tools, the
framework of dynamical systems theory lends itself particularly
well for describing dynamic processes, especially because it
allows for non-static attractor states like limit cycles. As an
example, studies on cellular signal processing have demonstrated
how cells deal with time-varying or unstable external cues, which
prompted the formulation of a novel theoretical framework based
on transient dynamics around criticality [103-105]. Recently
much progress has been made in deriving dynamical models
top-down from experimental data rather than constructing them
bottom-up [106-108]; these approaches are excellent examples of
starting from observations at the collective, phenomenological
level in order to understand underlying microscopic properties.
Finally, some theory development makes explicit mention of pro-
cess ontology, for instance in work discussing a process approach
applied to ecological models and gene regulatory networks [109,
110].

Experimentally, direct application of the process perspective
remains more challenging. A significant part of this challenge
is caused by the fact that our current molecular toolbox mostly
operates at the level of individual genes or proteins, hence,
at the object level. While constructing knock-out cell lines or
fluorescently labelling proteins has become exponentially easier
over the past decades, methods to interrogate heterogenous
collectives, and dynamics are still lagging behind. However,
interesting advances have been made in for instance proximity
labelling techniques, which allows identification of the protein
environment of a cellular structure or collective over time [111].
Moreover, there exists a wide range of live cell fluorescence
imaging techniques aimed at probing dynamics, such as typical
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bleaching recovery measurements like FRAP/FLIP [112] and
probes that visualize cellular conditions over time [113-115], that
might be further adapted into process-oriented approaches. It will
be interesting to see if, and if so, how, processual thinking will
inspire novel experimental design in the future.

5 | Conclusion

Process philosophy is becoming more popular within philosophy
of the life sciences, but the gap with cell biological research prac-
tice remains challenging to bridge. Here, we made an attempt to
narrow this gap by applying a processual perspective to a concrete
cell biological system, being yeast polarization. This highlights
the dynamic interplay of processes at various timescales and
stresses the continuous change underlying these processes, while
raising questions about perceived stability.

It would be worthwhile to attempt similar application of process
philosophy to other cellular phenomena, to further explore the
relevance of process thinking in different contexts as well as
encountering possible limitations. To this end, one could follow a
comparable line of thought as presented here, by first dissecting
the phenomena in terms of processes at relevant timescales,
abstracted away from object-like components, and subsequently
reformulating questions and observations about the system from
the perspective of those fundamental processes. Depending on
the system at hand, this may require dominant assumptions to be
challenged or reframed. For instance, in the case of metabolism,
the sequential picture of metabolite chains catalyzed by specific
conserved enzymes is strongly object based, while a description
based on flows of metabolites through a changing network
would be more processual, and some evidence seems to support
the latter perspective [116-118]. As another example, transcrip-
tional regulation can be treated as a static input-output relation
between a combination of regulatory elements and final tran-
script abundance, whereas single-cell studies have demonstrated
great underlying variability and dynamicity at the cellular level
[119, 120]. A processual description could help detangle the role
of such dynamics occurring at different timescales. Apart from
conceptual explorations into a variety of systems, the application
of process philosophy would greatly benefit from experimental
design that is explicitly based on processual thinking, much
like current experimental design is predominantly based on an
object-focused view. More development into this area would
further improve integration of processual thought within current
research practice.

At the moment, integration of process philosophy into the life
sciences is still in an early stage, and time will tell if this
perspective will yield constructive tools in the long term. Yet,
an increasing body of research elicits critical examination of
the reductionistic object-based view of the cell. In that context,
processual ontology can provide a compelling alternative.
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