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The dominant approach to the study of living systems in the 20th century into today has been that of a
reductionist approach focused on genetics and biochemistry. The hunt for genes and the elucidation of their
biochemical outputs has organized funding in research, educational curricula, academic promotion, and the
distribution of prestige through awards. Such reductionism has gone hand in hand with an ontology of the
machine. We will discuss how viewing life as if it emanated from a set of molecular machines is the main
bottleneck in addressing key questions in biology. We will discuss how moving beyond it is not contingent on
new technologies but rather a refreshed perspective of life that can be termed “organic”.

Furthermore, we suggest that the study of how form arises, morphogenesis, is the key to an organic renewal of
biology and biomedicine. Although morphogenesis is currently seen as a subsidiary branch of developmental
biology as well as the consequence of molecular patterning processes at the subcellular scale, we will argue that
morphology and its self-organizing capacity at the supracellular scale is the fundamental nexus in embryonic
development as well as disease. We see the inability to appreciate form through an organic supracellular
perspective as the principal bottleneck for making inroads into health issues such as cancer and the chronic

disease epidemic.

1. Introduction: the state of 21st century biology

At the turn of the century over twenty years ago, Carl Woese pub-
lished a prescient analysis of the two paths by which 21st century
biology could proceed (Woese, 2004a). On one path, biology could
“become a science of engineering based on molecular reductionism that
is based on mechanical metaphor.” On the other hand, biology could
“renew itself as a fundamental science that seeks to grapple with aspects
of life that resist mechanical reduction”.

It would seem that most of biology has continued to proceed down
the first path, where advances in technologies such as gene editing and
sequencing have guided inquiry and funding. Mechanism is still seen as
something emanating from within cells (Ozpolat et al.,, 2025a). In
developmental biology, for instance, signaling molecules and tran-
scription factors continue to orient the field. From a sociological
standpoint, biology continues to be controlled, as determined by funding
and hiring, by figures who are known for identifying key genes associ-
ated with critical aspects of biology (e.g. morphological patterning,
olfaction). With regard to disease, in 1997, Francis Collins, former

director of the NIH and principal proponent of the Human Genome
Project, stated that the considerable effort and resources spent on ge-
nomics would give us an almost complete understanding of the genetic
basis of hereditary diseases as well as ‘report cards’ for one's individual
risks for future disease based on the genes one has inherited (Michio,
1997).

But the hegemony of a molecular approach to life is becoming
increasingly questioned. For instance, Phillip Ball recently argued for
the need for new metaphors in our understanding of biology (Ball,
2023). The need for deep conceptual thinking has never been more
pressing, despite the fact that many key figures in biology have taken a
technocratic focus that has downplayed the role of conceptual thinking
(Peterson, 2017a).

Here we will discuss bottlenecks in biology are created by two key
issues. The first is that biology, by relying on metaphors and ontologies
of the machine, has avoided grappling with aspects of living systems that
make them unique. Perhaps the most fundamental aspect of living sys-
tems, when compared to machines, is their ability to self-organize. It is
worth noting that clear expositions of self-organization in biology are
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hard to come by. This is reflected in the fact that undergraduates in the
biological sciences do not receive in depth treatment of this topic during
their coursework or training. Furthermore canonical textbooks either
have no or minimal treatment of the topic (Alberts et al., n.d.; Gilbert,
2000). The second key issue with biology, which bears relation to the
first, is a continued inability to explain the generation of form or
morphogenesis. Morphogenesis has come to be seen as an epiphenom-
enon of genetic and molecular regulation. We argue that the inverse is
true, and that in reality, form and morphogenesis are the “organizers” of
what happens at molecular and genetic scales. The inability to under-
stand how form self-organizes at scales beyond individual cell stands in
the way of understanding many aspects of human disease.

2. The marriage of machine ontologies and molecular
reductionism

Broadly speaking, current dogmas in developmental and disease
biology tend to cast the formation of multicellular structures as a
machine-like process in which a code in DNA is read out by protein
machines that then govern the behavior of cells. Such a view was in-
augurated by the founders of molecular biology (Jacob and Monod,
1961; Nicholson, 2014a). For example, Francis Crick, discoverer of the
structure of DNA, saw life as a process that results from the unfolding of
pre-formed genetic instructions. Importantly, machine ontologies were
entwined with the view that the fundamental basis of life could be
reduced to molecules (Peterson, 2017b). Based on his work studying
gene regulation, Jacques Monod, for instance, declared “the cell is
indeed a machine” whereby “the microscopic clockwork function that
establishes between DNA and protein” an “entirely one-way relation-
ship” (Monod, 1971). Such machine views continue today, with influ-
ential figures lauding the power of “molecular machines” (Phillips and
Quake, 2006). In a broader historical context, it should be noted that the
reduction of life to machine was inaugurated by the seminal studies of
René Descartes in the 17th century, where it was stressed that living
organisms are no more than “mechanisms” (Descartes, n.d.).
Figures such as Crick and Monod modernized this machine perspective
by using it to organize understanding of the observations that they and
their peers made of the molecular level.

Machine ontologies or metaphors have several features that may not
be explicitly stated but are implicitly reflected in the terminology used
(e.g. “program”, “code”, “circuit”, “computation”, “information pro-
cessing™). First, there is a strong focus on the idea of information
encoding as well as processing and transmission (Brennan et al., 2012;
Tkacik et al., 2008). Living systems are seen as a set of input-output
relationships. Furthermore, there is the assumption of precision and
“calculation” at the cell level through gene regulatory networks (Delas
etal., 2023; Zagorski et al., 2017). In addition, the order or patterns seen
in a final phenotype are seen as the result of some form of prior or
external (e.g. molecular) specification, pattern, or design (Driever and
Niisslein-Volhard, 1988). Biological processes are reduced to sets of
regulator or control genes, and the organism is split into genotype (in-
structions) and phenotype (the form produced by these instructions). As
a result, there is a focus on linear causality, in which the “cause” of a
phenomenon is looked for (e.g. “gene for X” or “checkpoint for Y”).

Machine perspectives also privilege the parts of a system over the
system as a whole. Individual parts are viewed as having an intrinsic
purpose and design independent of the context and whole that they exist
within. Moreover, parts are specified first and then assembled into larger
structures based on their fit with other pre-specified parts (“lock and
key”, lego blocks). In addition lines of causality run from the parts to the
whole, justifying the idea that “mechanism” in biological processes can
only be ultimately understood by drilling down to the levels of genes and
proteins. This leads to a focus on discovery of the most critical parts such
as “master” genes. Such a view justifies the claim that when a phenotype
arises due to a knockout of a gene, that gene is a “gene for” that
phenotype. Alongside the focus on parts is a focus on states rather than
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processes. Such states are elaborated in the hopes of revealing infor-
mation that plans, guides or directs higher order processes such as
morphogenesis (Wang et al., 2018; Tirosh and Suva, 2024). The entire
process is then presumed to understood by stitching together such in-
teractions into a gene regulatory network or circuit diagram
(Rothenberg, 2016; Zakany et al., 2004). Through such views, biology
and biomedicine can be seen as the identification of key molecular
components and the elucidation of linearizable regulatory chain of
events that they engage in.

Machine perspectives have dovetailed with an engineering mindset
focused on control and prediction. Such a view has allowed for attractive
arguments for initiatives seeking monetary profit from such control.
However, if living systems do not function in a manner to machines,
such for-profit motives are unlikely to lead to beneficial outcomes for the
humans exposed to technologies based on such a perspective. For
example, genome sequencing efforts based on the idea that the DNA
“codes” for disposition to disease have not led to transformative changes
in the practice of clinical medicine.

While the purpose of this piece is to critique the application of ma-
chine ontologies to understand the formation of large multicellular
structures, Nicholson has provided a critique on the use machine con-
ceptions used to understand individual cells (Nicholson, 2019), high-
lighting the fact that machine conceptions are likely inadequate at every
scale of living systems. We also note that critiques of machine concep-
tions of life are not new and direct interested readers to a number of
compelling accounts (Oyama, 2000; Nicholson, 2014b; Everything Flows:
Towards a Processual Philosophy of Biology, 2018a).

3. Key elements of an organic perspective

Rather than reduce life to a machine, which intuition would suggest
is a crude approximation, we will next elaborate key elements of an
organic perspective of a biological system. Perhaps the most critical
aspect of an organic system that it generates order intrinsically. Another
term for this is self-organization. Thus the final form that arises is not
transmitted from some prior external state but rather arises through a
process of relations. Self-organization has two key aspects to highlight.
First, it is irreducibly temporal and therefore cannot be understood by a
single snapshot in time. Second, such temporal events involve the
interrelationship between entities. In other words, entities causally
affect each other simultaneously. Thus self-organization does not
involve singular causes or chains of linear causal relationships that ac-
count for a final outcome but rather creates the final form in time
through emergent properties that arise through reciprocal causal re-
lationships. We note here the distinction between reciprocal causality
and “feedback”, in which the effect of one entity on another can be
separated in time and therefore linearized into a chain as well.

The fact that self-organization is creative in and of itself means that a
self-organizing system possesses agency with respect to both the envi-
ronment it exists in as well as the individual parts within it. This means
that the dichotomy of genotype versus phenotype or nature versus
nurture misses intermediate processes between them that cannot be
simply decomposed into smaller parts or explained by the environment.
In the case of multicellular systems, such intermediate layers that
possess their own agency arise as key epigenetic processes that exist
beyond the scale of individual cells below but are not part of the envi-
ronment since they are still within the organism.

Organic perspectives call into question approaches that privilege
strong reductionism because emergent properties of the whole that arise
through reciprocal relationship of the parts take center stage. But things
are taken ever further in an organic perspective because not only does
the whole possess properties not reducible to the parts, and therefore
possess ontological properties in their own right, but the whole is seen as
necessary to give meaning and purpose to the parts. In other words, parts
do not have meaning or identity apart from their relations with the
whole they exist within. Moreover, parts and the whole can have
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reciprocally causal relationships.

Given that parts have no prior independent existence outside of the
whole, a key consequence of such a perspective is a focus on coopera-
tivity (e.g. reciprocal causality) between elements rather than compe-
tition and control. As a result, issues of “regulation” or “control”, which
are more critical in linear causal pathways, are less significant than
understanding how relational processes evolve over time. Furthermore,
as Paul Weiss indicates, the whole is more than the sum of the parts
because it is less invariant that the parts within it (Weiss, 1969). In other
words, the parts possess greater degrees of freedom than the whole in
which they are encompassed and are, to some extent, constrained and
organized by the field-level properties of the whole.

One of the key purposes of the 20th century movement that sought to
develop an organic ontology was to develop a view of life that did not
reduce it to machine but did not leave an explanation of life to vital
forces that could not be approached scientifically (Nicholson and
Gawne, 2015). Indeed one of the key features of organicism is the
attempt to scientifically state features of life that make it distinct from,
for instance, machines, while not resorting to mystical explanations of
unknowability or ineffability. We note that focus of developmental and
disease biology has not been to develop such perspective but rather
continue on a path based on that the molecular reduction.

However, given that the fruits of reductive and subcellular analysis
have exhausted themselves, the time is overdue for a revival and
deepening of the prescient work of a small number of organically ori-
ented thinkers and biologists tracing back to the early 20th century and
into today. As stated by Brian Goodwin, to understand life, “we have to
replace the ahistorical paradigm of modern biology with a generative
paradigm of process” (See p142 in Harman, W. W., Sahtouris, E, 1998).
For more in-depth treatments of organic ontologies and perspectives, we
direct readers to a number of studies (Peterson, 2017c; Haraway, 2004;
Gilbert and Sarkar, 2000; Rosslenbroich, 2023; Soto and Sonnenschein,
2018). We also point to an impressive lineage of thinkers dating back to
Goethe including Dreisch, Whitehead, Needham, von Bertalanffy,
Waddington, and Weiss. Many of these thinkers evidenced an impressive
blend of both conceptual and technical acumen that is sorely wanting in
the current technocratic end stages of the molecular revolution.

4. Morphological self-organization as the basis of an organic
perspective of life

A critique of organic approaches is that it is not clear how it can be
put to clear use in experimental biology. Indeed, one of the strong ad-
vantages of a machine-oriented molecular biology is that it provides a
simple approach to living systems. The challenge of embracing holistic
thinking is that it likely requires more patience and perhaps imagination
than reductionism. This is what Waddington had to concede as his
organic views lost ground to reductionist molecular perspectives force-
fully pushed forth by peers such as Crick (See pp234-250 in Peterson, E.
L, 2017a).

While form is commonly seen as an epiphenomenon to molecular
control or pre-patterning (Rogers and Schier, 2011; Green and Sharpe,
2015), this view has been challenged historically (Boden, and “From
Goethe to Goodwin, via von Foerster” in Goodwin, B. C, 2013) and more
recently (Shyer et al., 2017a; Caldarelli et al., 2024a; Huycke et al.,
2024). In other work, we have discussed how canonical explanations
based on molecular patterning in vertebrate organogenesis have strug-
gled to account for how morphological patterns emerge (Rodrigues and
Shyerin Lenne et al., 2021). As a result, positional information conveyed
directly by morphogen patterns created by gradient diffusion or
reaction-diffusion may not be the primary cause of how morphologies
arises in large multicellular systems with hundreds to thousands of cells.

To deal with the problems created by a focus on molecular analysis,
we have suggested for the need for a holistic “post-molecular” approach
to morphogenesis, which takes into account what has been learned
through genetic and molecular analysis but does not reduce cause and
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mechanism solely to that scale. Rather, this approach focuses on pro-
cesses that occur at levels of organization beyond the scale of individual
cells. Moreover, such a view takes an organic approach and views
emergent, self-organizing processes at the supracellular scale as the
nexus of morphogenesis. Thus, rather than causality merely emanating
up from the molecular level and regulating how cells organize, the scale
of collectives (“supracellular”) (Shellard et al., 2018) is seen as pos-
sessing its own capacity to self-organize. As mentioned, the capacity of
self-organization indicates a creative agency of a given system in its own
right, dispensing for the need for cell collective to be controlled or
guided, either by the genotype or molecular level or the environment
(Pfeifer et al., 2024). It is important to note that such a perspective in-
verts the dominant view of the relationship between the molecular level
and the collective cellular, or supracellular level. A reductionist mo-
lecular machine perspective would see form as a regulatory or causal
consequence of genetic codes, gene regulatory programs, or positional
information bequeathed by diffusible molecules. Conversely, an organic
perspective sees the supracellular level as directly capable of creating
morphology as well as changing the course of events for the parts (e.g.
individual cells). It should be noted that, at the supracellular level, there
also exist biophysical constraints which have important influences on
morphogenesis but do not act as active agents (Bizzarri et al., 2020).
However, we will focus on the active or creative agency that exists at the
supracellular scale.

Here, we present a case study of our recent work to demonstrate the
formative capacity of supracellular morphological self-organization and
illustrate the value of an organic approach. Through these studies using
the vertebrate avian skin as a model, we discovered that a causally
reciprocal relationship between mesenchymal cells and extracellular
matrix leads to a gradual alignment of both cells and matrix, creating
field-level properties at the supracellular scale. A holistic use of physical
concepts enabled the characterization of such field-level properties
through mechanical and material terms. Specifically, the cell-ECM field
exhibits emergent properties of a contractile fluid. This contractile fluid
is capable of spontaneously generating a periodic array of follicle-like
structures in the absence of any molecular pre-patterning signals from
the adjacent secretory epithelium. This was demonstrated by the fact
that the dermis (the skin mesenchyme) can be removed from an embryo,
plated ex vivo without the presence of the secretory epithelium, and
over the course of 24-36 h creates an aligned cell-ECM field of cells and
then spontaneously form follicle-like aggregate structures (Palmquist
et al., 2022).

The supracellular field of dermal cells, in addition to being able to
form morphological structures through self-organization, also focally
compresses the overlying epithelial layer in the forming follicle
primordia and triggers the secretion of morphogens such as BMP and
FGF (Shyer et al., 2017b). This finding reverses paradigms based on
molecular pre-patterning and realizes that morphogen patterns, rather
than driving collective cell behavior, are instead caused by the self-
organizing behavior of them. Such an inversion of causal relationships
has been observed in other contexts (Muncie et al., 2020; Caldarelli
et al., 2024b). Thus, viewed through an organic perspective, the field
properties of the collective (whole) can directly generate morphologies
through self-organization and also condition the identity of the parts by
altering their molecular profile through mechanosensation. It is worth
noting that one of the key functional implications of mechnosensitive
proteins is to enable “top-down” causation, a key property of an organic
system, whereby changes in collective cell or supracellular context lead
to changes in the molecular profile of individual cells.

Finally, a “post-molecular” organic view of biology, while putting
genes and molecules in their proper context, cannot fully ignore or ab-
stract away from their role in morphogenesis. Indeed, pioneering work
by Alberch and Oster was prescient in appreciating and theorizing the
formative roles of cellular collectives in directly creating morphological
patterns, but did not attempt to integrate the role and influence of
signaling molecules, which become the primary focus of developmental
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biology in the years following their work. Indeed it is necessary to
explain the role of key genes in morphogenesis since it is clear that they
create morphological phenotypes when altered. A key unlock for un-
derstanding the ultimate functional purpose of signaling molecules
involved in morphogenesis (“morphogens”) is to appreciate that they do
not directly impress a pattern at the collective cellular scale through a
pre-pattern but rather provide non-specific biases or cues to a self-
organizing system. Unlike machines, organic self-organizing systems
are open to other levels of organization and can drastically change their
processes in response. This lies at the heart of their creative capacity — on
the one hand, they possess the autonomy to create new patterns in space
and time through process and relation, and on the other hand, they can
take in input to modify their behaviors in highly non-linear ways. In the
context of the embryonic skin, it was shown that distinct morphogens
enabled distinct supracellular material and mechanical properties, likely
by changing the self-organizing processes that cells and matrix undergo.
The creation of distinct supracellular phases, based on differential
morphogen exposure, enabled the formation of a polyphasic system at
the supracellular scale that could then undergo a self-organizing process
to create follicle buds that emerge out of the skin. Thus, it appears that
the ultimate role of morphogens in large multicellular systems may not
be to direct, guide, or control individual cells, as has been suggested in
virtually all prior studies on morphogens in developmental biology, but
rather to allow for the creation of supracellular phases that themselves
have the capacity to undergo morphological change. Such an organic
process helps explain how morphogens play a role in creating tissue
scale morphologies without having to be master controllers of the pro-
cess. Rather, morphogens play into the self-organizing nexus existing at
the supracellular scale.

Taken together, such a view sees ‘mechanism’ not merely as existing
at the molecular scale but also at levels of organization beyond the cell.
Such a need has been recently recognized through a broad survey of
developmental biologists (Ozpolat et al., 2025b). Lastly, viewing
morphogenesis as the dynamic relationship of fluid processes is consis-
tent with process ontologies advocated for by philosophers of biology in
recent years (Everything Flows: Towards a Processual Philosophy of Biology,
2018b). This organic picture of fluid processes morphing over time is
markedly distinct from mechanical pictures of preformed pieces
assembling together or codes being executed through regimes of control.

5. Disease as a direct consequence of faulty morphological self-
organization

The general view that cause or regulation emanates from the sub-
cellular scale has also oriented the study and funding of disease biology
and biomedicine. For example, a prominent, and serially updated, re-
view of cancer lists many etiologies of the disease, all of which have to
do with processes at the cellular scale and below (Hanahan and Wein-
berg, 2011). These perspectives make no mention of emergent proper-
ties and associated supracellular epigenetic processes beyond the cell.
Cancer biology has received tremendous funding since the inauguration
of the “War on Cancer” (https://www.cancer.gov/about-nci/overview/
history/national-cancer-act-1971, n.d.) half a century ago. Moreover, it
has benefited from the application of large-scale genome sequencing
projects as well as single-cell transcriptional expression profiling
projects.

Despite such intensive efforts focusing on genetic mutations and
molecular dysregulation, the impact on patients' lives has been less than
hoped for. For example, in the four decades following 1971 (start of the
War on Cancer) and after 100 billion dollars in expenditure, the cu-
mulative adult death rate from cancer in the United Stated, adjusted for
population size and age, improved by <5 % (Kolata, 2009). More
recently, the cost of new cancer drugs have reached unsustainable levels,
with costs now routinely reaching $100,000 per year of therapy (Prasad,
2020a). In the last decade, a genocentric view of cancer has led to
tremendous levels of hope and resources being placed in “Precision
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Oncology”, the idea that the genome sequencing of tumors would allow
for the customized treatment of patients (Fountzilas and Tsimberidou,
2018). However, despite significant resources and attention from public
(e.g. NCI, GENIE) and private (e.g. Foundation Medicine, Guardiant)
entities that have spearheaded the sequencing of tens of thousands of
patient tumor samples, precision medicine continues “to remain a hy-
pothesis in need of appraisal” (Prasad, 2020b).

Rather than rely on advances in technology to further the molecular
dissection of cancer, Soto and Sonnenschein have argued for the need to
reframe the conceptual perspective used to understand cancer. They
argue that cancer biology has been dominated by the somatic mutation
theory (SMT), which focuses on the idea that cancer is caused by mu-
tations in individual cancer cells. Indeed, such a view is at the basis of
initiatives such as Precision Oncology. Advocating for an organicist
approach, they suggest that breakthroughs in cancer will require a shift
to a holistic mindset that sees cancer as a disruption in tissue organi-
zation. Consistent with the idea that cancer can also be seen as a process
of supracellular morphogenesis, they focus on tissue (supracellular)
fields and processes (morphogenesis). Thus, supracellular morphogen-
esis is not only relevant to fundamental questions such as how organs
form but also how cancers are caused.

In lieu of the dominant somatic mutation theory, Soto and Sonnen-
schein suggest that cancer formation can be treated as a problem of
tissue organization, akin to organ formation. They propose a tissue or-
ganization field theory (TOFT) would be a more effective organizing
perspective rather than the SMT (Sonnenschein and Soto, 2020). The
TOFT fundamentally sees cancer from a developmental perspective,
focusing on the process by which a cancer evolves. Such a view dovetails
with a stream of cancer biologists who presented alternatives to the
SMT, including Smithers, Foulds, and Rubin (Smithers, 1962; Foulds,
1969; Rubin, 2007). Of note, this comparison between embryonic
development and cancer differs from more common contemporary
comparisons between development and cancer which offer that genes
found to be mutated in tumors are also genes important in development
(Cai et al., 2022).

The TOFT rests on the hypothesis that proliferation is the default
state of cells and that tissue organization serves to dampen this pro-
pensity in adult tissues where proliferation is not needed. They posit,
and offer evidence supporting, that carcinogens act to alter tissue or-
ganization and in doing so awaken the drive to proliferate. Along these
lines, the TOFT realizes the importance of stroma and the interaction
between stroma and epithelial cells as being the mechanistic basis of a
developing cancer. This stands in contrast to the widely held assumption
in cancer biology that exposure to a chemical carcinogen directly causes
mutations in the DNA and that changes in tissue architecture in the
cancer are the result of such mutations. Further insight can be gained
through a series of insightful concept pieces developed by Soto and
Sonnechein (Soto and Sonnenschein, 2021; Sonnenschein and Soto,
2016; Sonnenschein and Soto, 1999).

Importantly, given that there is strong evidence from developmental
contexts that cells have emergent properties imbued through self-
organizing capacity, this theory highlights the need for a shift to the
study of supracellular morphological self-organization as compared to a
sole focus on genetic or molecular explanations. The holistic use of
physical concepts such as material and mechanical properties of cellular
collective (e.g. fluidity, alignment) can be used to rigorously charac-
terize field-level properties.

Apart from cancer, taking a field-level approach that focuses on
collective cellular organization may be relevant to diseases in general.
Human organs are comprised of extremely large numbers of cells,
indicating that emergent levels of organization beyond the scale of
single cells likely play a crucial role in the cause and progression of
disease. From an organic perspective, these larger levels of organization
likely guide and contextualize much of the changes seen at the subcel-
lular scale. Such epigenetic processes beyond the scale of individual cells
occur over the life of a human and are not merely directed by inherited
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genetics. One specific case is the area of chronic disease, which has seen
an explosion in incidence since the 1990s (Hacker, 2024). Importantly,
the genocentric focus of NIH-funded research, which for example, in-
cludes Precision Nutrition, cannot account for these changes in inci-
dence. It may be necessary to understand how exposure to
environmental toxins (e.g. food additives, pesticides, electromagnetic
pollution) affects not merely the genetic state of bodies but rather the
epigenetic processes at the supracellular scale, whose dysregulation may
be leading to the cause of chronic disease.

6. Conclusion: moving beyond genocentric monoculture

Much like string theory in physics, genetics and molecular biology
seen through machine paradigms have absorbed a dominant share of
resources and attention in biology, despite the warnings of thinkers such
as Paul Weiss, Conrad Waddington and Brian Goodwin. The view that
reduces life to “programs”, “circuits”, and “codes” produced by genetics
and biochemistry is revealing itself to be insufficient on both funda-
mental and applied fronts. Woese's comments from 20 years ago

continue to ring true today:

“In the last several decades we have seen the molecular reductionist
reformulation of biology grind to a halt, its vision of the future spent,
leaving us with only a gigantic whirring biotechnology machine. Biology
today is little more than an engineering discipline. Thus, biology is at the
point where it must choose between two paths: either continue on its
current track, in which case it will become mired in the present, in
application, or break free of reductionist hegemony, reintegrate itself, and
press forward once more as a fundamental science. The latter course
means an emphasis on holistic, ‘nonlinear,” emergent biology.”

(Woese, 2004b)

In applied settings, such shortcomings have shown themselves in our
inability to understand and treat cancer as well as chronic diseases.
Thus, we are reaching a point of “paradigm instability” (Baker, 2014),
where fixes to molecular biology have created an overall system that is
breaking due to its complicatedness.

Here, we suggest that a conceptual and ontological shift is needed to
transcend the hegemony of molecular machine thinking. In particular,
more fundamental as well as applied focus needs to be placed on the
creative potential of living systems that arises through process and
relation, most clearly evidenced during self-organization. This creativity
can be the source of the awe-inspiring process of embryonic formation
and it can also be the source of pathology during life. There is a
particular need to appreciate self-organization of scales beyond indi-
vidual cells. The supracellular scale not only possess emergent proper-
ties that cannot be reduced to the properties of individual cells but also
has the ability to engage in activities that cannot be subsumed by the
organ scale and reduced to the individual cell scale.

Organic or holistic perspectives need not be imprecise. Specifically,
the concept of “fields” can be grasped through the use of physical con-
cepts in a holistic manner. As argued elsewhere (Palmquist et al., 2024),
holistic biophysical thinking can be a powerful use of physical concepts
and mathematical tools that is distinct from the more common use of
physics as a means to build technologies to further reductionist molec-
ular paradigms.

We emphasize organic thinking, while desperately needed today, is
not new. Historical accounts have documented how funding initiatives,
academic bodies, and prestige have left out organic thinkers at the pe-
ripheries of science (See pp234-250 in Peterson, E. L, 2017b). Organic
approaches often ask for a more conceptual posture and skill sets
developed alongside technical education. Today, it seems that the
technical skill sets associated with the task of identifying genes and
conducting molecular analysis may not be the same as the skills needed
to understand the purpose of genes in a larger process-relational context.
Thus, educational initiatives in support of holistic education that values
conceptual as well as technical training are in sore need for scientific
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training in the 21st century.

Ultimately, scientists should be free to choose their own scientific
destiny. We appreciate that many will continue to march down a path of
molecular engineering based on machine thinking. Here, we merely
suggest that, for those interested in the adventure into the still unknown
reaches of life, some share of attention should be brought to organic
perspectives in fundamental as well as applied biology.
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