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Abstract

The aim of this paper is to examine the type of biological explanation implied by single-cell sequencing, using
established frameworks in the philosophy of biology, particularly those of new mechanical and systems biology.
While investigating the extent to which new mechanistic philosophy or systems biology represent theoretical
frameworks that align with single-cell sequencing, a part of -omics sequencing techniques, I claim that the
objective of single-cell sequencing corresponds with the zeitgeist in theoretical philosophies of biology. The
zeitgeist is a stance that advocates for a broader perspective on living organisms and that rejects reductionism.
However, there remains a disparity between the scientific narrative and the practical capabilities of single-cell
sequencing. Consequently, the conclusion drawn in this paper is that while single-cell sequencing aligns with the

zeitgeist in certain theoretical philosophies of biology, it also acknowledges their theoretical limitations.
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1. Introduction

Single-cell involves

the genetic material of each cell individually. This

sequencing sequencing
technique offers high resolution at the genetic level
and highlights the heterogeneity present within
cell populations of tissue samples. Consequently,
it facilitates the identification of distinct cell types
and the composition of various cell populations.
Additionally, by adapting to various levels of
resolution, it also illuminates the dynamic nature
of cellular structures. It not only underscores
tissue development and microenvironments but
also enables the tracking of cell lineages and
specifications. As synthesized by Wang and Navin,
several common applications have emerged from
single cell sequencing methods over the last decade:
“(1) delineating population diversity, (2) tracing cell
lineages, (3) classifying cell types, and (4) genomic
profiling of rare cells” (Wang and Navin 2015,
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p. 606). These diverse applications explain why
single-cell techniques are employed across a broad
spectrum of research and clinical contexts, including
neurobiology,

tissue mosaicism, microbiology,

germline transmission, embryogenesis,
organogenesis, prenatal diagnosis, immunology, and
cancer research.

In the past decade, the use of single-cell
techniques has experienced significant growth,
emerging as both a valuable and trendy method of
sequencing. Moreover, its capability to merge and
integrate data from other sequencing techniques led
to the recognition of single-cell multimodal -omics
as the “method of the year 2019” by Nature Methods
(2020). This acknowledgment underscores the
unprecedented precision of the data obtained and
the integration possibilities these techniques offer.
In essence, single-cell sequencing facilitates the
production and the combination of diverse datasets,

which helps with the elucidation of complex patterns.
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The approach of single-cell sequencing, as part of
multimodal -omics, seeks to foster a more integrated
understanding of biological phenomena, striving
for a comprehensive perspective. By preserving and
managing the complexity of collected data, single-
cell multimodal -omics aims for complete data
integration, thereby facilitating a holistic view of
biological structures (cf. for instance Lihnemann et
al. 2020, p. 22).

In this regard, as I will show, single-cell
multimodal omics aligns closely with prevailing
trends in philosophies of biology, which elaborate
on the theoretical foundations of biology and which
advocate for a broader understanding of living
organisms. In other words, various theoretical
philosophies of biology, such as systems biology or
new mechanistic approaches, are deeply committed
to incorporating explanations of complex biological
phenomena into their frameworks. And by complex
biological phenomena, they mean nonlinear effects
or emergent properties. As we will develop further,
their will to take into account complex biological
phenomenaispartofanambitiontoembraceaholistic
approach (Bechtel 2016). Then, asasharedinclination
to consider complex biological phenomena within
a holistic approach, single-cell multimodal omics
mainly matches with the philosophical zeitgeist. As
Tseng and Santra write: “Over the last two decades,
there has been a significant shift towards studying
biological cell function in a holistic manner, rather
than adhering to a reductionist scientific paradigm,
thus establishing the approach known as ‘systems
biology’ or ‘systomics’™ (Tseng and Santra 2016, p.
v).

While both scientific and philosophical narratives
advocate for a holistic perspective on biological
phenomena, in practice, their explanations typically
rely on the analysis of components and their
qualities, following a bottom-up approach. While
there is a tendency to integrate data from various
levels and construct networks within systems to
provide explanations, this seldom
involves top-down approaches, and thus does not
necessarily result in a holistic view being achieved.
Upon closer examination of its epistemological
framework, a mismatch becomes apparent between
the scientific narrative (what it is aimed at doing —

integration

Morgan and Norton Wise 2017) and actual practices
(what it actually does for now). This gap underscores
the disparity between theoretical aspirations and
practical implementation.
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2. A Mismatch Between the Scientific
Narrative and Practices

Single cell sequencing techniques are used for
performing crucial tasks, mainly for identifying
precise cell types or cell profiles and tracing cell
lineages. The way of performing these tasks varies
widely, depending on the context of experiment and on
available equipment. For instance, in order to isolate a
cell within a sample, methods include, among others,
serial dilution, laser capture microdissection (LCM),
or microfluidics (Wang and Song 2017). There are also
different sequencing methods, depending on what is
targeted (e.g. genome, epigenome or transcriptome;
Wang and Song 2017, p. 3). And the way of organizing
and integrating data in the libraries also depends
on the kinds of biological samples that have been
analyzed?. In essence, single cell sequencing can be
applied to a wide range of objects and comprises a
plurality of methods. Beyond the wide spectrum of
techniques and methods it encompasses, the main
steps involve isolating cells, sequencing genetic
material, cataloging data, and analyzing it. Single-
cell sequencing generates large and dense datasets,
prompting many studies to attempt combining and
integrating data obtained from genomic, epigenomic,
or transcriptomic layers. As Kashima et al. (2020) list
them, different computational methods have been
developed to provide an overview of single cell data
sets and to achieve multiomic analyses.

Inthisprocess, fromisolating samplesto combining
datasets, each step is shaped by a technical context as
well as driven by epistemic choices. For instance, in
an experimental design aimed at identifying different
cell populations within a multicellular tissue sample
for cancer research, different granular level used
to cluster cells ends up providing different number
of cell populations within the sample. Within these
cell populations, the pursuit of cell types or states
(cf. Gross 2023 and Trapnell 2015) influences the
selection of keywords in datasets. In another example,
when the objective of an experimental design is to
better understand transcription processes in bacteria,
making decisions such as distinguishing between
technical noise and lack of gene expression, or
structuring databases to integrate data from samples
of different species (cf. Zhang, Gao and Wang 2018)

2 “Different types of measurements from multiple experiments
need to be obtained and integrated. Depending on the actual
research question, such experiments can be different time
points, tissues, or organisms. For their integration, we need
flexible but rigorous statistical and computational frameworks”
(Lahnemann & al. 2020, p. 21).
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is necessary. Their decisions are epistemic choices
that shape the interpretation of results. As Leonelli
argues in the context of scientific datasets: “The
choice and definition of keywords used to classify and
retrieve data matters enormously to their subsequent
interpretation. Linking diverse datasets means
making decisions about the concepts through which
nature is best represented and investigated.” (Leonelli
2019, p. 2). Technicians and scientists conducting
experiments can justify the epistemic reasons behind
their experimental designs, and data scientists can
explain how and why datasets are elaborated or
combined in specific ways. However, scientists who
use bioinformatic data without generating them often
overlook the underlying epistemic choices that shape
the overall design and outputs. Published papers
rarely make these assumptions explicit.

As a consequence, many single-cell sequencing
studies exhibit a mismatch between the experimental
approach and the overarching scientific narrative.
In practice, research teams often rely on genome
sequencing to infer specific cellular mechanisms or,
more broadly, organic processes. However, within
the narrative, these same works are presented
as offering a holistic understanding of the given
process. As a general but accurate example of this
popular call for a holistic understanding, the article
by Nature Methods (2020) that recognizes single-
cell multimodal omics as the method of the year
2019 develops claims in its subtitle that single-cell
multimodal omics measurement “offers opportunities
for gaining holistic views of cells one by one”. Then,
while de facto the majority of single-cell sequencing
studies are grounded in a reductionist approach with
bottom-up explanations, they also advocate for a
holistic view of their subject of study. In this context,
“reductionism” is an epistemological approach that
deduces processes, behaviors, or qualities of a system
from the qualities or combinations of its components;
it employs a bottom-up explanation, as higher levels
of the biological system are explained by properties
from the lower ones. Moreover, the use of the term
“holistic” implies a comprehensive yet precise
understanding of the mechanism, contextualized
within a specific tissue; it often involves combining
data from different levels of analysis as well (one can
explicit this characterization from Polychronidou and
al. 2023 for instance). However, it seldom involves
top-down explanations, which consider the impact
of structural properties or functional states of the
whole system on subsystems. It also rarely addresses
supra-cellular levels or combines datasets from
sub- and supra-cellular analyses. (On these classical

7

Organisms

SAPIENZA

UNIVERSITA DI ROMA

distinctions, cf. for instance Gilbert and Sarkar 2000;
Mazzochi 2012 or Soto and Sonnenschein 2018).

This difference between the actual practice and
the narrative is quite common in the literature. For
instance, Mujal and al. (2022) investigated the
differentiation from monocyte to macrophage in
kidney cancer using mouse and human tissues. They
employed single-cell RNA-sequencing analysis of
tumors and discovered, among other findings, that
immune cell differentiation was correlated with the
amount of regulatory T cells in the mouse model. They
also demonstrated that heterogeneity in macrophages
cancer was correlated with regulatory T cell density.
They asserted: “In this way, holistic analysis of
monocyte-to-macrophage differentiation creates a
framework for critically different immune states.”
In other words, this study highlights correlations
between certain types of cells, their quantities, and
certain physiological characteristics (such as density)
based on RNA analysis. While the authors characterize
their approach as holistic (perhaps because they
identify correlations and integrate various analyses),
their study, in practice, remains within a reductionist
framework, drawing inferences from sequencing data.

In a similar vein, Park and al. (2021) try to
enlighten how transcriptomic landscape of individual
hepatocytes is altered in response to a high-fat diet,
aiming for a “holistic characterization” of hepatocytes.
While single-cell transcriptome studies have revealed
that hepatocyte gene expression and function vary
widely across their metabolic zonation, this paper
emphasizes that the patterns of transcriptome
alteration depend on the metabolic zones, with
some responses being independent of the zonation
profile. Thus, this study relies on a single-cell RNA-
sequencing dataset and uses specific markers to define
metabolic zonation profiles, employing a bottom-
up explanatory approach. In this context, a holistic
characterization entails deducing metabolic states
from transcriptomic data, even though it struggles to
account for the complex structure of liver tissue. As
the authors themselves acknowledge: “it is possible
that this [the given method] is an oversimplification
of the complex histological architecture of the liver”
(Park et al. 2021).

Single-cell practices include the description
of molecular processes and clustering, and they
employ bottom-up approaches
without incorporating top-down perspectives. Then,

predominantly

single-cell practices do not meet their narrative,
their advocacy of holism. This limitation to meet
this goal is mainly understood by those who use
these techniques as a technical limitation. And it is
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the reason why corporations like 10x which produce
single-cell tools develop new sequencing and analysis
techniques in order to integrate and combine better
data from different biological levels. As an example,
they advertise a “Visium Spatial Gene Expression”
that integrates total mRNA analysis for intact
tissues sections with morphological context. The
point is to better identify the connection between
gene expression and morphological context, which
means to better correlate the connection between
different biological levels. It aims to better fulfil the
holistic narrative, which entails a broader intention
to combine and integrate data from various biological
levels of analysis, to better justify the complex
structures of biological organization.

Nevertheless, the mismatch between the narrative
and actual practices persists for now. While technical
development plays a part, the persistence of this
mismatch may also be explained by a gap between
practices and the conceptual framework in which
experimental results are understood. In other
words, single cell practices, de facto, take place in
a reductionist approach but develop a “holistic”
narrative that targets a comprehensive approach
to living processes. Then, the mismatch between
practices and narrative may also result from the
underdevelopment of a conceptual framework that
could read data results in a theoretical context that
matches the narrative. Indeed, as it currently stands,
this mismatch is epistemologically questionable
because it results in a situation where, in practice,
data continue to accumulate, yet the theoretical
framework guiding their interpretation does not align
with the intended narrative of holism.

Consequently, while experimental outputs must
be analyzed within a conceptual framework to provide
meaningful insights and achieve a comprehensive
biological explanation — not merely an accumulation
of data — this conceptual framework still appears
to be under development. As Krohs and Callebaut
elaborate: “The huge amounts of data produced by
the genome projects were in fact collected almost
free of any theoretical burden; as could have been
expected, they turned out to explain next to nothing”.
A few pages later, they add: ““‘Omics’, however, lack a
theoretical framework that would allow to use these
data sets as such (rather than just tiny bits that are
extracted by advanced data-mining techniques)
to build explanatory models that help understand
physiological processes.” (Krohs and Callebaut 2007,
p- 184 and p. 208). In the case of omics studies,
including single-cell analysis, the general framework
for attributing meaning to data and contextualizing a

8
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biological explanation is not yet fully developed. This
tension can also be perceived in Lihnemann and al.
(2020): while this paper lists challenges that single
cell data science must overcome and presents them
as technical issues, it actually lists epistemological
challenges to overcome (e.g., how to deal with errors
and missing data in the identification of variation
from sequencing data, how to map single cells to
a reference atlas, or how to integrate data across
samples, experiments and types of measurement).
Consequently, the gap between practices and the
scientific narrative can be attributed to the fact that
the theoretical framework that provides meaning to
these practices is still in development. Moreover, as we
will see in the next section, this theoretical framework
itself seems to exhibit the same kind of mismatch.

3. Systems Biology as a Theoretical
Approach to Single Cell Practices?

Systems biology seems to be the theoretical
framework favored by users of single-cell analysis.
As mentioned in the introduction, Tseng and Santra
(2016) assert that systems biology represents the
best theoretical approach for examining biological
processes in single-cell analysis and, more broadly,
omics. Similarly, Veenstra (2021) elaborates on how
single-cell data are employed within a systems biology
approach and how omics advances within a systems
biology framework.

Systems biology seeks to explore how the
functional properties of a living system, such as a
cell or an entire organism, are brought about by the
interactions among its components or parts (Boogerd
et al. 2007). For instance, at a cellular level, systems
biology examines the relationship between molecules
and cells in two ways. Firstly, cells are viewed as
organizing molecular systems to understand how
functional properties arise from specific interactions
between molecular processes. Secondly, cells are
examined through their molecular properties to
explain and predict cellular behavior. Thus, systems
biology seeks to integrate bottom-up and top-down
approaches in studying living systems. In a top-down
approach, the focus is placed on molecular behaviors
within living systems, regarded as wholes. In abottom-
up approach, emphasis is on molecular properties to
understand how parts of the system interact (Boogerd
et al. 2007). This combination of both approaches
aims to apprehend biological phenomena on a broad
basis, assuming that component behaviors within a
living system are involved in nonlinear interactions.
And yet, “in nonlinear interactions, qualitatively
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new properties can arise, depending on the state the
system is in, as the strength of the interactions vary
with that state” (Boogerd et al. 2007, p. 11). Then,
one may study molecular properties and behaviors
in relation to the overall state of the system to gain
a clearer picture of emergent and non-emergent
properties of the living system.

In the narrative of systems biology, we observe
that understanding living systems begins with
decomposing and identifying parts of the system;
the aim is to identify components and then observe
how they interact. Veenstra describes the research
progression in systems biology as akin to assembling
ajigsaw puzzle. He outlines a three-step methodology,
which involves identifying the pieces, organizing them
into manageable parts, and finally assembling them to
reveal the complete picture of the system operation
(Veenstra 2021, p. 9). The method primarily focuses
on the pieces and their assembly, often overlooking
the examination of the constraints of the whole system
or processes that involve entities at different levels
of the system — as instantiated by Cornish-Bowden
and al. (2004) with the example of metabolism.
Consequently, this focus helps explain why, in
practice, works claiming to be in systems biology
often prefer bottom-up approaches. As Cornish-
Bowden and al. assert: “Despite the current vogue for
‘systems biology’, this term is often little more than
a euphemism for gathering ever more details on an
ever larger scale, and not, as it should be, the study of
biological systems as systems rather than collections
of components” (Cornish-Bowden et al. 2004, p. 713).

Moreover, the narrative of systems biology
strongly emphasizes molecular analysis. Whether
employing a bottom-up or a top-down approach, the
focus remains on studying molecular properties or
behaviors to better define the relationship between
and functions. Molecular
analysis is deeply entrenched in a well-established

molecular structures

tradition that typically employs the bottom-up
approach to study biological phenomena. This way of
explaining biological phenomena based on molecular
analysis often raises questions regarding whether
these phenomena are epistemologically reducible to
physiochemical phenomena (cf. Mossio and Umerez
2014). As a result, it explains why, in practice, works
claiming to be in the realm of systems biology often
favor bottom-up approaches.

Thus, systems biology does not fully achieve what
its scientific narrative claims. There is a mismatch
within the theoretical framework intended to support
single-cell analysis, single-cell omics. In other words,
just as the technique and method of single-cell analysis

9
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have not yet achieved what researchers set out to do
according to their own narrative, similarly, systems
biology has not yet fully addressed its objectives,
despite being perceived as the privileged theoretical
framework for single-cell analysis. Consequently, this
isasituationinwhichthetheoretical frameworkevolves
alongside the techniques it supports. Additionally,
due to this ongoing development simultaneously, the
gap between usage and narrative may be perceived as
resulting from a technical obstacle: if the gap remains
unabridged, it is because omics technologies continue
to evolve, particularly in elucidating the evolutions of
biological processes in their spatiotemporal context.
This is the argument put forward by Veenstra (2021,
p- 7), who subsequently adds nuances:

“While the progress made in omics research is
exciting, acomplete systems biology view that enables
us to accurately predict how cells and organisms
respond to either internal (e.g., gene mutations) or
external (e.g., drug treatment) events is still in the
distant future. Sometimes it appears this capability
is beyond our reach. As we learn more about known
components of the cell, new classes of biological
molecules are discovered that have profound effects
on how the cell functions.” (Veenstra 2021, p. 9)

The promise of deeper understanding in biology
appears to hinge on technological advancements,
particularly in the detailed analysis of genetic material.
It is therefore coherent that a bottom-up approach
is still preferred, given the correlation between
systems biology development and technological
advancements. However, while the inability to fully
implement a systems biology framework is often
described resulting from technical obstacles, the
underlying issue may be more theoretical in nature.
As Callebaut claims, relying on Cornish-Bowden,
“most papers in which the words ‘systems biology’
appear ‘have surprisingly little to do with older notions
of biological systems’ such as the systems theory
advocated by von Bertalanffy (1969) or the work of
Robert Rosen (1934-1998)” (Callebaut 2012, p. 72).
While advocating for a greater emphasis on functional
aspects when theorizing biological phenomena,
systems biology, in practice, still closely resembles
traditional ways of doing biology. Functional and
organismic perspectives, as previously emphasized by
early pioneers of living systems biology, are still not as
extensively incorporated as might be expected.

In summary, systems biology is presented as
an operational theoretical framework for single-
cell omics. Systems biology includes a variety of
perspectives, yet the overarching aim is generally to
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integrate both bottom-up and top-down approaches.
This integration seeks to consider both organismic
context and system decomposition, ultimately leading
to a more comprehensive understanding of biological
phenomena. However, the theoretical proposals
applied in practice often fall short of the ambitious
claims made by systems biology. This discrepancy
is one reason why Callebaut advocates for “scientific
perspectivism” which integrates different perspectives
to enhance scientific practice and theoretical
understanding. He also suggests that his scientific
perspectivism could align with the principles of new
mechanistic philosophy®. Building on this premise,
could new mechanistic philosophy offer another
theoretical framework for single-cell omics?

4. New Mechanistic Philosophy as a
Theoretical Approach to Single Cell
Practices?

New mechanistic philosophy originates from
the classical mechanistic views of the 17th century,
developed by figures such as Galileo and Descartes.
This approach aimed to elucidate complex phenomena
by breaking them down into interactions among their
constituent parts, explainable by principles of motion.
While this model is suitable for reducing various
phenomena to physical laws, its application to biology
raises questions about the reduction from biology
to biochemical processes. To avoid such reductions
while maintaining mechanistic views of biological
systems, new mechanistic philosophy has emerged
to provide a distinct explanatory framework inferred
from the conceptual underpinnings of everyday
biological practice. New mechanistic philosophy is
advocated by scholars such as Craver, Darden, Bechtel,
or Richardson; it encompasses a diverse range of
research, and not all proponents share identical claims.

However, in general, new mechanistic philosophy
regards living beings as natural systems organized
into subnetworks of parts. The point is to identify
parts of the system and how they are organized in
order to understand how the activity of the whole
system results from the activity of its organized parts.
In other words, by adopting mereological perspective,
a mechanistic approach considers that a living system
is structured into parts and the performance of the

b “Scientific perspectivism inaugurates ‘a methodological
victory for Leibnizian organicism over a one-sided Cartesian
mechanicism” (Toulmin, 1982, p. 138) — while I simultaneously
believe the former can be fully cashed out in terms of the “New
Mechanistic Philosophy of Science” developed by Bechtel,
Darden, Glennan, and others” (Callebaut 2012, p. 75).

10
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system functions and subfunctions result from the
way these parts interact. Bechtel and Richardson
(1993) highlight two strategies employed in biology:
decomposition, which physically or
conceptually separating system components; and by
localization, which entails precisely identifying the

involves

parts and their interactions that give rise to biological
phenomena. These descriptive strategies are what new
mechanistic philosophy consider to be explanations,
which amount to the analysis of the constitutive
parts of a system. This kind of explanation allows
the prediction of future behavior, thereby facilitating
anticipation of potential experimental modifications.

While classical views about mechanism vouch for
reductionist explanations of living beings, Bechtel and
Richardson advocate for non-reductionist ones. They
contend that, in light of the complex and non-linear
effects observed in living systems, it is essential to
consider howthese effects emerge from the interactions
among their components. Living systems are viewed as
integrated systems with emergent effects® and a multi-
level explanation is necessary to properly justify the
identification of complex causal mechanisms in living
organisms. Moreover, since component parts and
operations can be modified by elements both within
and outside the system, mechanistic explanations may
also incorporate a study of the system’s environment
and the top-down constraints that impact the system,
particularly during development. Then, in these new
mechanistic approaches that attempt to depict the
complexity of natural systems from a non-reductionist
perspective, explanation involves describing how a
biological process works and determining the causal
networks that enable the process to operate (cf.
Bechtel 2006, p. 34). A phenomenon is considered
explained when distinguishing features are identified
within specific sections of the natural system and when
these features are connected through a particular
causal network. As such, new mechanistic philosophy
appears like a suitable theoretical framework for
single-cell omics to rely on.

However, opting for new mechanistic philosophy
as a theoretical framework of single cell approaches
would also lead to tensions. Considering that new
mechanistic philosophy is based on how biological
research works, addressing issues through the
mechanistic approach would equate, in a certain
way, to addressing issues about how biology, as a

¢ “We suggested that such behavior could be seen as ‘emergent’
at least insofar as the organization of the system, rather than
distinctive contributions of its constituent components,
determines systemic function” (Bechtel and Richardson 1993,
P- XXXV).
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way of experimenting, works. In this regard, a key
epistemological consideration regarding mechanisms
is their relation to reductionism. To what extent
does new mechanistic philosophy truly integrate
bottom-up and top-down approaches? Indeed, in
mechanistic explanations, the integration of the
different levels of organization sometimes remains
problematic, particularly as the smaller component
explanatory level remains the main level of analysis.
As Nicholson explains: “This heuristic fragmentation
of the organism into causal mechanisms, despite
being necessary for its investigation, often comes
at the expense of neglecting the way in which the
organism as a whole influences the behaviour of its
parts” (Nicholson 2012, p. 159). In other words, while
new mechanistic philosophy claims to integrate the
different levels of organization for explanation, de
facto, the focus remains primarily on the more basic
parts of the natural system. Additionally, the method
of decomposing the natural network depends mainly
on the structural properties of the system rather than
its functional properties.

Consequently, new mechanistic philosophy may
also exhibit a mismatch between what they aim to
achieve conceptually and their actual conceptual
limitations. At least, they often present ambiguities
regarding reductionism and the integration of
top-down and bottom-up approaches, mirroring
challenges encountered in single-cell omics. Given
that new mechanistic philosophy is grounded in
biological practices and highlights their theoretical
foundations, it only makes sense that they encounter
similar theoretical uncertainties as some of those
found in systems biology.

5. Conclusion

Single-cell analysis represents an unprecedented
advancement in omics research. By elucidating the
heterogeneity of cell populations or lineages within
a sample, they enable a unique level of inference,
facilitating comprehensive studies of biological
phenomena. However, upon closer examination, a
mismatch emerges between the aspirations of single-
cell omics—such as achieving a framework that
integrates data from different levels of analysis—and
their actual experimental procedures. In particular,
the scientific narrative of single-cell analysis advocates
for a holistic view of biological processes, emphasizing
the broader intention to integrate databases across
various biological levels. However, in practice, it
primarily involves the description of molecular
processes and clustering and predominantly relies
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on a bottom-up approach, neglecting to incorporate
a top-down perspective. As a result, a mismatch
persists between the intended narrative and the
current practices in single-cell analysis.

This mismatch calls for an explanation of the
theoretical background of single-cell analysis. From
a biologist’s perspective, this gap between practice
and narrative primarily arises because of technical
challenges that need to be overcome. Despite the
emergence of new technical methods for processing
data, such as improved integration of morphological
context, dynamic views of cell specialization, and
enhanced sample preservation in microbiological
sequencing, the theoretical framework and its
underlying assumptions remain inadequately implicit.
Some authors have suggested that systems biology
is perceived as a suitable theoretical framework for
understanding single-cell omics. However, both
systems biology new mechanistic philosophy — which
has been examined as potential suitable theoretical
contexts — exhibit a similar mismatch to the one
observed in single-cell omics. Overall, the emphasis
on holism in narratives of omics and systems biology,
along with the specific attention given to nonlinear
properties in systems biology and new mechanistic
philosophy, primarily reflect a principled opposition
to reductionism. From this initial stance against
reductionism, theoretical positions are still under
development.

To question the mismatch and advance the
development of a suitable framework for single-
cell studies, it is imperative to explicit background
assumptions. From an epistemic standpoint, the
goal is to delineate these assumptions to justify
the level of detail to be included and to clarify its
relevance to the organismic context of explanation.
Explicitly stating the theoretical background and,
consequently, constructing a theoretical framework
that incorporates organismic and functional
perspectives are crucial endeavors aimed at achieving
the comprehensive biological explanations that
single-cell omics seek to provide. Additionally, from
a philosophical perspective, there is a need to further
develop conceptual mappings of reductionism,
emergentism, and organicism to continually refine
the narrative aimed at comprehensively explaining
biological phenomena. There are also reasons to think
that this kind of gap may be a recurrent phenomenon
in science. The analysis realized in this paper
therefore represents a high potential of generalization
that could help improve understanding of scientific
dynamics beyond the boundaries of single-cell omics.
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Abstract

The emergence of molecular complexity and its impact on evolutionary organismal innovations, achieved through
the duplication of ancestral states and resulting in the creation of new structures and functions, precedes the
acclaimed work of Ohno et al. (1968) and the advent of the genome research era. The insights of Margaret O.
Dayhoff (1966) let her to conclude that ferrodoxins and other proteins were derived by doubling of short peptides
and that proteins’ first folded domains arose by duplication, fusion, and diversification of shorter, ancestral
peptides. Here, we survey some important milestones related to gene duplication and polyploidy, starting with
the contribution of Dayhoff, which reveals a complex landscape where gene duplication emerges as a fundamental
evolutionary force (sections 1, 2). We subsequently address polyploidy as one of the factors contributing to gene
duplication, collectively driving the evolution of molecular complexity (section 3). In this context, we explore the
patterns of gene/genome duplications in the expansion of Hox gene clusters, which serve as signatures of ancient
polyploidization, highlighting their role in significant evolutionary transitions (section 4). We then examine the
empirical findings of synthetic polyploids and the genetic variation in heat shock proteins in wheat (sections
5, 6). These investigations offer critical insights, suggesting that lineage crossings involving chromosome set
duplication (allopolyploidy) are consequential phenomena in hybrid speciation, significantly contributing to the
emergence of a substantial portion of macroevolutionary diversity. Allopolyploidy and ancient gene transfers
among the three domains of life generate such a variation that mutation rates based on common descent lose
preponderance and the notion of tree of life gets suffocated in an entangled genomic bush.
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1. Margaret O. Dayhoff and the
Evolution of Protein Complexity by
Gene Duplication

The seminal idea that complex macromolecules
and organismal novelties are derived by duplication of
ancestral states predates by far the advent of genome
research (Eck and Dayhoff 1966). Over 50 years ago,
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the pioneering work of Margaret O. Dayhoff (1925-
1983) led her to conclude that functional proteins
evolved through gene duplication, resulting in the
the doubling and self-assembly of short peptides.
Around the same time, Dayhoff et al. (1965) had
started the Atlas of Protein Sequence and Structure,
a book series, where a model of evolutionary change
based on gene mutations and natural selection was
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advanced (Dayhoff et al. 1978). Surprisingly, the idea
that protein complexity is achieved by duplication of
simpler units was overlooked by Ohno et al. (1968)
in his acclaimed work on evolution from fish to
mammals by gene duplication.

Dayhoff postulated that sequence homology
within domains of tertiary and quaternary structures
of ferrodoxins and other ancient proteins resulted
from gene duplications (Eck and Dayhoff 1966; Hunt
et al. 1974; Schwartz and Dayhoff 1978). Following
duplication, the fusion of monomers leads to the
observed sequence homology within protein domains,
which gradually diminishes as each monomer evolves
independently (Romero et al. 2016). Natural selection
is involved in this evolutionary process, restricting
sequence variation on the primary structure of
proteins (Hunt and Dayhoff 1970).

Ferredoxins, studied by Dayhoff, are crucial
enzymes in photosynthesis and exhibit significant
internal sequence homology attributed to duplication,
fusion, and peptide diversification processes. (Eck and
Dayhoff 1966; Schwartz and Dayhoff 1978). Notably,
clostridial-type
evidence for a widespread gene duplication event

ferredoxins provide compelling
shared among anaerobic, heterotrophic bacteria
near the root of the evolutionary tree. Comparative
analyses using ferredoxins, 55 RNA, and c-type
cytochromes suggest a secondary duplication
event preceding the radiation of eukaryotes and
involved in cellular respiration (Schwartz and
Dayhoff 1978).
origins of oxygenic photosynthesis confirm that the

Recent investigations into the

Type I photosynthetic reaction centre comprises a
heterodimeric core consisting of two homologous
subunits (PsaA and PsaB), arising from gene
duplication (Cardona 2017). This stands in contrast
to the reaction centre of anoxygenic phototrophs,
which features a homodimeric core (Liebl et al. 1993).
A compelling hypothesis regarding the evolution of a
heterodimeric Type I reaction centre suggests that the
gene duplication enabling the divergence of PsaA and
PsaB was a response to incorporate photoprotective
mechanisms against the formation of reactive oxygen
species, occurring after the origin of water oxidation
to oxygen (Cardona 2018). This is consistent with the
hypothesis that the event originating the duplicated
heterodimeric condition occurred in the early Archean,
before the Great Oxidation Event, approximately two
billion years ago (Cardona 2018; Oliver et al. 2021).
In this scenario, marked by a significant increase in
biological complexity, aerobic respiration preceded
oxygen-releasing photosynthesis (Sousa et al. 2013;
Cardona 2018; Soo et al. 2019).
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Dayhoff’s concepts regarding gene duplication,
fusion, and diversification, along with natural
selection, should serve as the foundational framework
for elucidating the extensive molecular complexity
found in proteins. However, the fundamental process
of duplication, which underlies the emergence of
complex proteins, has often been overlooked over
the years and much of the research has focused on
studying the adaptive scenarios of protein evolution
(e.g. Bloom and Arnold 2009; Jayaraman et al.
2022). Indeed, there remains a considerable gap in
our understanding of how and when short peptides
and domains duplicate, originate, and combine
(Buljan and Bateman 2009; Schaper and Anisimova
2015). Gene duplication is frequently regarded as
a phenomenon for elucidating macromolecular
complexity, functioning both as a source and a
consequence of evolutionary processes. Nonetheless,
comprehending the mechanisms that lead to
duplications is paramount, as they represent the
genuine sources (unequal recombination, replication
errors, transposition, and polyploidization).

2. Protein Evolution Through Gene
Duplication

Proteins are enormously diverse agents oflife. Their
evolution, based on sequence similarity has provided
clues about gene functions. They display substantial
sequence similarity and a three-dimensional
structure derived by autonomous folding of units
or domains (Soding and Lupas 2003). Domains are
evolutionary units whose coding sequences may
undergo duplication, recombination, and divergence.
These processes can occur randomly and be selected
not only at the domain level. Typically, small proteins
contain one domain of 100 to 250 residues and large
proteins contain a combination of them. Moreover,
domain families contain small proteins or parts of
larger ones, descended from a common ancestor
(Chothia et al. 2003). Thus, protein domains evolved
by gene duplication, forming novel and more complex
proteins (Chothia et al. 2003; Levy et al. 2008).
Most models of gene duplication consider genetic
redundancy and predict that after doubling, the
function and structure of proteins diversify (Conant
and Wolfe 2008; Kuzmin et al. 2020; Birchler and
Yang 2022). In fact, prolonged high rates of evolution
would have been determined by functional properties,
acquired during, or soon after a gene duplication
event (Pich and Kondrashov 2014). Interestingly,
while duplications contributed to the emergence of
novel traits and species diversification, phylogenetic
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analyses in plants have inferred ‘lag-times’ between
duplication events and radiations. This is supported
by phylogenetic asymmetries with species-rich crown
groups and species-poor sister clades occurring
before duplication events. Thus, the diversification of
crown groups may involve not only duplication events
and novel traits but also evolutionary factors such
as migration events, changing environments, and
differential extinction rates (Scharanz et al. 2012).

At the time, since homologous structures of
proteins did not exist, or could not be identified,
first models were constructed from scratch. This
procedure, called ab initio modeling, was the first
approach to address the riddle of protein structure
(Leeetal. 2009). Later on, gene duplication, mutation
and recombination, became more important to
address the subject. In fact, the genome sequencing
of the bacterium Haemophilus influenzae indicated
that at least one-third of this protein arose after gene
duplication (Brenner et al. 1995). This doubling
process has even been reported in viruses (Shackelton
and Holmes 2004; Simon-Loriere and Holmes 2013;
Willemsen et al. 2016).

Likewise, the detection of two paralogues of the
tRNA endonuclease gene of Methanocaldococcus
jannaschii in the genome of the crenarchaeote
Sulfolobus solfataricus led to the identification of
an unrecognized oligomeric form. Both genes code
for different subunits required cleaving the pre-
tRNA substrate. There are three forms of tRNA
endonucleases in the Archaea, namely, a homodimer
and a heterotetramer (in Euryarchaea), and a third,
heterotetramer endonuclease (in Crenarchaea and
Nanoarchaea). It is postulated that the last one
likely resulted by gene duplication (or horizontal
gene transfer), and subsequent subfunctionalization
(Tocchini-Valentini et al. 2005).

Ribosomal protein genes constitute a large
class of conserved duplicated genes in mammal
with a substantial number of duplicates are
transcriptionally active. Selection against dominant-
negative mutations would be responsible for its
unexpected retention and conservation (Dharia et al.
2014). Ribosomal assembly proceeds by fusing two
interacting subunits, to the current atomic-resolution
structures of the prokaryotic 70S and the eukaryotic
80S ribosomes (Melnikov et al. 2012). Large and
small subunits has been captured in different
functional states (Yusupova and Yusupov 2017).
Although inferences about ribosomal origin are
speculative (Smith et al. 2008; Fox 2010), a model by
accretion evolution has been hypothesized using 3D
comparative methods. In this model, the ribosome
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evolved by recursively adding expansion segments,
iteratively growing, subsuming, and freezing the
rRNA (Petrov et al. 2015).

Ancestral protein reconstruction allows the
characterization of ancient macromolecules by
computational analyses of modern-day protein
sequences. Nevertheless, the
protein families is limited, as exemplified by the

reconstruction of

antigen receptors of jawed vertebrates, which evolved
from an extinct homodimeric ancestor through
gene duplication (Rouet et al. 2017). Similar studies
supported the idea that most domain gains in animal
proteins were directly mediated by gene fusion,
preceded by duplication and recombination (Marsh
and Teichmann 2010).

In connection with proteins assembling, Levy et al.
(2008)demonstrated thereversal ofthe processthrough
the dilution of the denaturant and/or manipulation of
the ionic strength. They observed the recovery of the
original homodimer in 50% of the studied complexes.
They refer to this result as “a molecular analogy
to Haeckel’s evolutionary paradigm of embryonic
development, where an intermediate in the assembly
of a complex represents a form that appeared in its own
evolutionary history”. It must be said that Haeckel s
biogenetic law contrasts two timescales: ontogenetics
and phylogenetics. Ontogeny recapitulates in some
way the phylogeny or life history of biological units.
Self-assembling, in turn refers to reversible chemical
accretion of symmetric multisubunit complexes
occurring in the same timescale.

The presence of diverse multigene eukaryotic
significance of gene

families underscores the

duplication followed by the diversification of
functional genomes. However, the origins of these
duplication events and the myriad of new functions
that emerge alongside them remain less understood.
There is a scarcity of cases that clearly distinguish
patterns from processes, particularly when examining
the evolutionary progression of protein functional
diversification. Several publications continue to echo
Dayhoff’s framework of gene duplication, fusion,
and diversification. However, the process that may
be involved in the gene expansion pattern may be
polyploidy, which could entail the hybridization of
lineages.

3. Gene Duplication in Polyploidization
and Genome Size

Polyploidization occurs when a complete set
of chromosomes is added to an existing genome
species (autopolyploidy) or

from the same
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(allopolyploidy). These
phenomena often result from errors in meiotic
and mitotic segregation, leading to chromosomal
endoreduplication during gamete production
(Consortium 2014; Fox and Duronio 2013). Such
processes induce revolutionary and evolutionary

through hybridization

changes in the function and structure of the genome
(Feldman and Levy 2012; Van de Peer et al. 2017).
The doubling of DNA content, a consequence of
polyploidization,
duplications (Van de Peer et al. 2017). Given that gene
duplication significantly influence protein structure,
as discussed in the preceding sections, hybridization
processes (allopolyploidy) or autopolyploidy could be
implicated in the origin of increased protein domains.
polyploidy has repeatedly

evolutionary history, genome size

accompanies extensive gene

Since occurred
throughout
increases accordingly, although not in an ideal
geometrical progression. Derived from genetic
redundancy, molecular and cytological adjustments
leadto genelossesand gains, altered regulatory genetic
and epigenetic pathways (Markov and Kaznacheev
2016; Van de Peer et al. 2017). Genome evolution has
followed varied evolutionary pathways as indicated
by gradual and quantum shifts accounting for the
differences in DNA content (Gallardo et al. 2003;
Gregory and Hebert 1999). One of the most significant
shifts in genome size is exemplified by the transition
from haploidy to diploidy (and later, to polyploidy).
Indeed, the staggering genome size variation across
eukaryotes, mounts to over 64,000-fold whereas in
land plants it ranges around 2,400-fold (Gregory
2024; Pellicer et al. 2018). Genome size has been
widely recognized as instrumental to understand
genome evolution (Levasseur and Pontarotti 2011;
Wolfe 2006), molecular novelties (Conant and Wolfe
2008; Deng et al. 2010) and organismal complexity
(Ferguson et al. 2014; McLysaght et al. 2002;
Panopoulou and Poustka 2005). Thus, genome size
variation is a complex topic with ongoing debates
surrounding its evolutionary origins and impacts.
Questions persist regarding whether genome size is
a neutral trait or subject to selective pressures, and
to what extent these pressures shape evolutionary
outcomes. Duplications and deletions of genic
regions can have immediate phenotypic effects, while
changes in non-coding DNA may have longer-term
consequences. Advances in sequencing technologies
offer new insights into these mechanisms, but
integrating them with traditional evolutionary
experiments could provide a comprehensive
understanding of genome size evolution and resolve
existing debates (Blommaert 2020).
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4. Genome Duplication and Hox
Genes

Hox genes, a subfamily of homeobox-containing
transcription factors, specify cell fate along the
anterior-posterior axis of bilaterian animals (Mallo
and Alonso 2013). Whole-genome duplication (WGD)
is the most widely accepted explanation for the
numerical increase in Hox gene clusters coincident
with the origin of vertebrates and gnathostomes
(Amoresetal. 1998; Holland et al. 1994; Pascual-Anaya
et al. 2013). In fact, the structure and gene content
of the amphioxus genome corroborated the existence
of two genome-wide duplications and subsequent
reorganizations in the vertebrate lineage (Putnam
et al. 2008). The first round of genome duplication
would have predated the Cambrian explosion while
the second would have occurred in the early Devonian
(2R hypothesis). A fish-specific round of WGD is
proposed to have occurred by the late Devonian
(Meyer and Schartl 1999). Phylogenetic analyses
suggest that tandem duplication of a protoHox gene
produced a four-gene cluster, which was duplicated
producing a four-gene Hox cluster, and a four-gene
ParaHox cluster on a different chromosome (Brook et
al. 1998). It is argued that these genome duplications
were causally associated with quantum jumps in
morphological complexity, body design, and adaptive
radiations (reviewed in Taylor and Raes 2004).
Apparently, vertebrates have undergone significant
modifications since the last common ancestor of the
chordates. Although some anterior genes are dated
back to the ancient divergence between protostomes
and deuterostomes, others have been lost from the
vertebrate lineage more recently (Butts et al. 2010;
Furlong and Holland 2002; Zhong and Holland
2011). Indeed, the family of posterior Hox genes is
claimed to probably originated through independent
tandem duplication events at the origin of each of
the ambulacrarian, cephalochordate and vertebrate/
urochordate lineages (Pascual-Anaya et al. 2013).

Phylogenetic analysis of ambulacrarian posterior
genes (Hox 9 to 13), indicates a lack of correlation
and multiple polytomies between this cluster and the
posteriorgenes from cephalochordates and vertebrates
(Ferrier et al. 2000). This lack of correlation pattern
(one-to-one orthology assignments) is referred to
as deuterostome posterior flexibility (Ferrier et al.
2000; Amemiya et al. 2008). Its far from understood
causality is claimed to have resulted from dilution of
selective constraints (Ferrier et al. 2000).

Thus, the genomic organization of bilaterian
animals, reflected by a shared set of Hox genes is
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rather confusing. In some distantly-related species,
Hox genes are collinearly clustered, but not in others.
This suggests that the urbilaterian ancestor had a
Hox gene set with clustered genomic organization
that was subsequently either maintained or lost
(Duboule 2007). When discussing the reasons and
mechanisms behind Hox gene clustering and collinear
developmental organization, the phenomenon of
allopolyploidy becomes crucial. Indeed, Hox gene
clusters arranged on different chromosomes serve
as a cytogenetic evidence supporting the underlying
causal process of polyploidy.

5. Genome Duplication and Synthetic
Polyploids

Wild and cultivated allopolyploids are well adapted
and stable. Synthetic (man-made) allopolyploids are
cytogenetically unstable at the beginning, exhibiting
in some cases homeotic transformation (Murai et
al. 2002; Murai 2013), but eventually leading to the
establishment of biological novelties (Chester et al.
2012; Comai 2000). Chromosomal rearrangements,
changes in chromatin constitution, fluctuations, and
distribution in repeats of repetitive DNA accompany
the newly synthesized allopolyploids (Liu et al. 1998a;
Liu et al. 1998b). Retrotransposition is activated
following polyploidization in several syntethic
plants (Parisod et al. 2010). Moreover, regulatory
abnormalities derive from ploidy changes and/or
incompatible interactions between parental genomes
(Jones and Pasakinskiene 2005). In this way, it has
been suggested that intergenomic incompatibilities
play the major role in the generation of a fertile
organism (Comai 2000). Epigenetic expression
patterns are altered as well as chromatin remodeling,
affecting promoter’s response in the new cellular
environment (Wendel et al. 2016). On the other hand,
the impacts of polyploidy on the genomic processes
of natural Arabidopsis populations are subtle yet far-
reaching. These effects encompass reduced purifying
selection efficiency, variations in linked selection, and
extensive gene flow from diploids. Polyploidy initially
conceals harmful mutations, accelerates nucleotide
substitution rates, and facilitates interploidy
introgression (Monnahan et al. 2019).

Theimportance of hybridizing the paternal species
of naturally-occurring polyploids (2n, 4n, 6n) is that
their genome dynamics and the phylogenetic pattern
alreadyevolvedinnature(H ),couldbecompared with
its homologous synthetic allopolyploid combination,
produced and maintained in laboratory conditions

(H). All parameters of genetic or ecological interest
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can be accurately studied and any empirical result,
comparatively validated. Thus, sequence elimination
after polyploidization, genomic differentiation,
and diploid-like meiotic behavior of the synthetic
counterpart turn into predictive empirical questions
that support conceptually transformative hypotheses.
In this context, no inferences are made or needed
since those predictions reflect the underlying process
directly.

Micro and macroevolutionary changes in newly
synthesized amphiploids of Triticum and Aegilops can
become fixed in few generations and could give rise
to evolutionary novelties (Liu et al. 1998a; Liu et al.
1998b; Mason and Wendel 2020). Nevertheless, the
mostsyntheticallo-and autopolyploidsare meiotically
unstable, as evidenced by high frequencies of
chromosome rearrangements in young allotetraploid
species such as Tragopogon miscellus (Mason and
Wendel 2020). Extensive karyotype variation has
been observed in these species, including clear
products of homoeologous recombination between
the subgenomes (Chester et al. 2012). Additionally,
studies comparing individuals and populations of
syntheticlines with natural populations of the recently
formed allotetraploids Tragopogon mirus and T.
miscellus have detected extensive chromosomal
polymorphisms (Lim et al. 2008). These included
monosomic and trisomic individuals for particular
chromosomes, intergenomic translocations, and
variable sizes and expression patterns of individual
rDNA loci.
loss, and meiotic irregularities (i.e., quadrivalents)

Chromosomal translocations, gene

were detected in both synthetic lines and sibling
plants (Lim et al. 2008). These patterns point to an
explanatory meaning for cytogenetic variation and
indicate that chromosomal adjustments, chromatin
remodeling and elimination occur rapidly following
polyploidization (Wendel et al. 2016). The lineage
giving rise to the Arabidopsis genus has experienced
three rounds of genome duplication in the last 250
Ma (De Bodt et al. 2005). Its synthetic allotetraploids
also exhibit rapid epigenetic changes including
gene silencing via heterochromatization and have
preferentially retained development genes an others
involved in signal transduction pathways (Bomblies
and Madlung 2014; Del Pozo and Ramirez-Parra
2015; Shi et al. 2015). Thus, it appears that the
species” genetic redundancy is responsible for its
rapid diversification (De Bodt et al. 2005; Couvreur
et al. 2010; Schranz et al. 2012). In contrast to the
‘genome shock’ observed in synthetic polyploids,
characterized by genome reorganization, altered
expression, and transposition, recent research
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has revealed that the genome of natural polyploid
Arabidopsis suecica remains colinear with ancestral
genomes. There is no dominance of a subgenome in
expression, and transposon dynamics appear stable
(Burns et al. 2021). This suggests that domesticated
polyploids may not always accurately represent
natural polyploidization processes.

The formation of allopolyploid wheat has been
also accompanied by rapid nonrandom changes in
low-copy noncoding, and coding DNA sequences
(Liu et al. 1998a; Liu et al. 1998b; Levy and Feldman
2022). Indeed, newly synthesized amphiploids of
different ploidy levels showed disappearance of
parental hybridization fragments, and appearance of
novel fragments. Pattern variations among individual
plants of the same amphiploid level and between
several synthetic and natural amphiploids occurred
at random (Feldman and Levy 2012). Moreover,
intergenomic triggered  DNA
methylation and modified expression levels that led
to meiotic diploidization, gene-dosage compensation
and increasing variation among amphidiploid plants
(Liu et al. 1998a; Liu et al. 1998b; Li et al. 2021).
These evolutionary changes observed during the

recombination

lifespan of allopolyploids increase intra-specific
genetic diversity. Consequently, this enhancement
leads to greater fitness and competitiveness
(Feldman and Levy 2009). The scientific value of
synthetic polyploids allows us to realize that the
above-mentioned duplicated genomic patterns
and adjustments are derived from interspecific
hybridizations, precisely dated and available in the
greenhouse. Thus, synthetic polyploids provide
empirical tests of enormous predictive capabilities
to address the otherwise overlooked transcendental
evolutionary role of interlineage hybridization.

6. Small Heat Shock Proteins in
Wheat

Bread wheat originated from hybridization
involving genera Triticum and Aegilops to give rise to
the allotetraploid emmer wheat (Triticum turgidum;
AABB). The second hybridization event between
emmer wheat and Aegilops tauschii (DD), occurred
around 0.4 Ma and gave rise to allohexaploid wheat
(Triticum aestivum; AABBDD). Thus, the present-
day genome of wheat is a product of multiple, cyclic
rounds of genome duplications (Marcussen et al.
2014).

Comparative analysis of small heat shock proteins
(sHSPs) in bread wheat has pointed out massive

intrachromosomal expansions and
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pattern diversity with polyploidization (Wang et
al. 2017). The number of sHSPs in tetraploid wheat
and in its diploid progenitors was similar, although
gene copy number much higher and enriched in
specific chromosome fragments of hexaploids.
In fact, 25 to 31 sHSP genes were identified in
diploid and tetraploid relatives whereas 117 were
identified in the bread wheat; many more than
the 56 to 70 copies of its tetraploid progenitors.
Further genomic comparisons revealed remarkable
sHSPs expansion in subgenomes A and B, but not
in subgenome D, consistent with its stable gene
content after tetraploidization (Wang et al. 2017).
These findings underscore the significance of
hexaploidization, alongside segmental and tandem
duplications, in explaining the rise in sHSP
numbers. This relationship between polyploidy
and intrachromosomal segmental and tandem
duplications, which contribute to sHSPs gene
expansions, is also evident in Arabidopsis (Waters
et al. 2008), rice (Sarkar et al. 2009), and soybean
(Lopes-Caitar et al. 2013).

A detailed partitioning of chromosome 3B of
bread wheat indicated that its 2,216 genes greatly
surpass the gene number of homologues in rice and
sorghum (Choulet et al. 2014). Additionally, 46%
of these duplicated genes are tandemly repeated,
while 56% are dispersed duplicates, resulting
in an intriguingly even split. Additionally, more
than twice as many duplicate genes are retained
after intrachromosomal duplication relative to
other grass species. The finding that 94% of the
conserved genes in those grass relatives are also
present in chromosome 3B indicated limited gene
loss after polyploidization. Indeed, the reduction
of the basic chromosome number from 12 to 7 in
Triticeae proceeded by the telomeric insertion of one
chromosome into a centromeric break of another; a
process unaffecting gene content (Luo et al. 2009).
The 23% of syntenic dispersed duplicates (those
located at their ancestral locus) have originated from
recent intrachromosomal and interchromosomal
duplications at a much higher comparative rate.
Interestingly, interchromosomal duplicates
were evenly distributed along chromosome 3B
whereas the increase of tandem duplications is
only telomeric, suggesting the existence of two
superimposed mechanisms of gene duplication
(Choulet et al. 2014). These findings underscore the
intricate interplay between polyploidization, gene
duplication, and genomic evolution in shaping the
genetic landscape of bread wheat.
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7. Evolutionary Significance of
Polyploidy

While polyploidization represents one of the most
dramaticmutationsknowntooccur,itisalsoawidespread
and common phenomenon among eukaryotes, serving
as a source for evolutionary innovation and species
diversification (Otto and Whitton 2000; Otto 2007; Van
de Peer et al. 2021). Indeed, the majority of flowering
plants and vertebrates have descended from polyploid
ancestors. Up to seven rounds of ancestral polyploidy
have been suggested in major angiosperm phyla
(Jaillon et al. 2007), and three have been proposed in
the lineage that gave rise to chordates (Holland et al.
1994; Pascual-Anaya et al. 2013). Ancient polyploidies
are widely recognized as events with important roles
in the origin of evolutionary novelties in plants and
animals, such as the origin of seeds and flowers (Clark
and Donoghue 2017; Jiao et al. 2011), as well as the
emergence of limbs and jaws (Holland 1998; Pascual-
Anaya et al. 2013). Nevertheless, polyploidy is thought
to have had a lesser role in animal evolution (Otto and
Whitton 2000). The distinction between the numbers
of validated polyploids in plants and animals is
indeed substantial. While attributing solely to specific
factors may oversimplify this issue, the increased
developmental plasticity in plants, the absence of the
Weisman barrier, and differences in meiotic processes
that prevent rapid solutions to high crossover rates in
animals post-WGD could all play crucial roles (Mable
et al. 2004 and literature therein). Nevertheless, this
difference gets blurred under genomic scrutiny. In
fact, the conventional assertion that polyploidy is less
feasible in animals has been reverted, since insects the
most speciose class of invertebrates, has experienced
massive polyploidization and extensive genome
duplication (Li et al. 2018).

In this exposition, we explore genetic and genomic
data concerning duplication, investigating the
origin and evolutionary patterns of Hox genes. We
also explore studies of synthetic and natural plant
polyploids to glean insights into their evolutionary
trajectories. Our survey suggests that polyploidy plays
a significant role in generating genetic variability,
driving protein evolution, and facilitating the
emergence of macroevolutionary diversity. Moreover,
contributes to the activation of transposons and the
formation of tandem duplicates in diverse organisms.
These intricate molecular processes, stemming
from gene duplication and polyploidy, challenge
conventional evolutionary paradigms and enrich our
understanding of macroevolutionary diversity.
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Abstract

The role of kinases in the cell cycle of unicellular eukaryotes and cells of multicellular organisms has been the
object of numerous studies involving normal and cancer cells. These studies described in detail how two daughter
cells are ge-nerated from a single normal or cancer mother cell. Among the thousands of participants in the cell
cycle, kinases play a crucial role in the dynamic aspects of the cell cycle thanks to the phosphorylation of substrates
with which they react. Inhibitors of these kinases have figured prominently among the strategies to treat cancers.
However, evidence shows that the benefits that cancer patients accrued from this therapeutic approach have
been of a limited degree. In this arti-cle, we review the rationale for adopting such a strategy and the factors that
contribute to its shortcomings.
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1. Introduction

The proliferation of somatic cells in multicellular
organisms is accomplished through a rather strictly
regulated process called the cell cycle (Alberts et al.
2014; Weinberg 2014). The completion of the cell
cycle in somatic cells of multicellular organisms
takes a variable amount of time during which those
cells traverse four stages arbitrarily called Go/G1 (G
stands for gap), S (S stands for DNA synthesis), G2
and M (M stands for mitosis). Consistently, at the end
of the cell cycles a “mother” cell generates two similar
but not identical “daughter” cells. These stages
occur regardless of whether the cells are normal or
neoplastic (Nurse 1990).

The description of the myriad of molecular/
biochemical interactions taking place during the
cell cycle in cells from multicellular organisms has
clarified to a great extend how cells accomplish
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their reproductive function. Those steps are not
much different from those happening in unicellular
eukaryotes, like yeast (Rew and Wilson 2000; Alberts
et al. 2014). In fact, the characterization of those
steps in yeast have enriched the detailed roles played
by the cell cycle components in cells of multicellular
organisms regardless, again, of whether those cells
were of normal or cancer origin. Intriguingly, however,
textbooks of both normal and cancer cell biology, as
well as research papers in these areas have claimed for
several decades that the signaling pathways happening
during the cell cycle in cancer cells are qualitatively
altered when compared with those in normal cells
(Hunter 1998; Blume-Jensen and Hunter 2001). More
specifically, under the notion that there are qualitative
differences between the cell cycles of normal somatic
cells and their cancerous counterparts, it has been
widely reported that cyclin-dependent
(CDK) dysregulation, directly or indirectly, plays

kinase
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an essential role in carcinogenesis (Malumbres and
Barbacid 2009). In addition, this notion that cyclin-
dependent kinase (CDK) dysregulation underlie other
diseases has not been restricted to the carcinogenesis
area alone: comparable views regarding altered
intracellular signaling processes involving kinases
have been extended to virtually all major diseases,
such as immunological, inflammatory, degenerative,
metabolic, cardiovascular, infectious diseases,
epilepsis, and even mental retardation (Ferguson and
Gray 2018; Maury et al. 2024).

All along, it has been reported that there are
anywhere between 518 and over a thousand kinases
encoded in the human genome that are responsible
for the phosphorylation of a third of its proteome.
As a result, the ubiquity of kinases makes testing
the specific role of each of those mutated enzymes
singly or in combination a challenging task. However,
empirical evidence indicates that, either singly or in
combination, mutated kinases do not deleteriously
influence cell cycle steps to the extent that can be
empirically verified downstream through altered cell
counts when compared with non-mutated cells (Rew
and Wilson 2000).

In addition, although it is seldom mentioned
explicitly, the rationale behind aggressively studying
the cell cycle of somatic cells and the role of kinases
in it relates to the two assumptions on which the
somatic mutation theory of carcinogenesis (SMT) is
based, namely, 1) cancer is a cell-based disease, and 2)
carcinogenesis is due to an accumulation of somatic
mutations in a multitude of genes, included those
involvedinintracellularsignaling,inaninitiallynormal
somatic cell that eventually due to the intracellular
disruptions caused by those mutations will generate a
neoplasm. Due to multiple incongruencies (Soto and
Sonnenschein 2020; Sonnenschein and Soto 1999),
the SMT has been the object of multiple course-
corrections (see below). As with other intracellular
targets (genes,
translational components) (De Magalhdes 2022),

molecular transcriptional and
and structural organelles (mitochondria, nucleolus,
chromosomes), kinases have also been singled out as
prominent targets of carcinogens and therefore, as a
result of this assumed interaction, a consensus in this
field adopted the notion that they are responsible for
the unwieldy behavior of cancer cells. Based on this
inference, it was concluded that kinase inhibitors
(KIs) represented promising therapeutic agents for
cancer patients (Suski et al. 2021). It is noteworthy,
however, that first, normal cells can proliferate as fast
or even faster than cancer cells; examples of rapidly
proliferating normal cells are those following egg
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fertilization, cells in the epithelium of the intestinal
tract, and hematopoietic cells. Second, mutated cell
cycle kinases do not show distinctive proliferative
phenotypes. And third, the original argument
proposing that KIs exert their therapeutic effects by
targeting mutated kinase-coding genes (BCL/etc
translocation) has been subject to criticism based on
the acknowledged argument that therapeutic drugs
(for cancer and other diseases) have pleiotropic effects,
a feature that prevents assigning accurate causation
to these drugs. Separately, statistical analysis of the
effects of cancer treatment in the last decades suggest
that aggressive efforts in this direction have not
significantly affected the overall survival of cancer
patients (Unni and Arteaga 2019; Settleman et al.
2018; Carlisle et al. 2020; Tiwari et al. 2024).

2. KIs in Cancer Therapy

For several decades now, based on the previously
mentioned idea that there are qualitative differences
in the signaling pathways utilizing kinases in general
and more specifically those of the cell cycle of normal
and cancer cells, most cancer researchers agreed with
the notion that KIs should occupy a prominent role in
the strategy to effectively treat the disease. To develop
such a therapeutic strategy, researchers concentrated
on two main areas: a) one aimed at strictly defining
the biochemical and biophysical properties of those
enzymes (Hunter 1998; Blume-Jensen and Hunter
2001; Mortuza et al. 2018), and b) another one aimed
at examining the roles of kinases in functional cellular
events which affect the dynamics of the cell cycle and
how to deal with alleged kinase malfunctions (Suski et
al. 2021; Besson et al. 2008).

Finding small size KIs to use as therapeutic tools
has been intensively pursued for a period long enough
to allow for a fair evaluation of the outcome of this
strategy (Prasad 2020). In fact, many compounds
initially reported to be therapeutically effective were
subsequently shown to lack potency, selectivity and/
or be toxic (Goel et al. 2018; Jiang et al. 2023; Tiwari
et al. 2024).

Thelack of significant benefits from this therapeutic
approach invites the proposal of alternative plausible
explanations to either refine, if possible, the
unproductive strategy, or else to abandon it altogether
if proven ineffective or damaging to the patient’s
wellbeing. To further explore the subject, we focused
our attention on i) the epistemology of carcinogenesis
and ii) the rationale of designing the therapeutical
approaches aimed at effectively “curing” or, at least,
arresting the progress of this disease.
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Table 1: Control of cell proliferation in the context of theories of carcinogenesis.

The somatic mutation theory (SMT) The tissue organization field theory (TOFT)
Implicit premise Default state: quiescence | e
Explicit premises Default state: proliferation
Neoplasms due to mutations in cell cycle and cell
proliferation regulatory genes
Proliferation stimulated by exogenous growth factors .Proll 1ferat10n controlled by exogenous and endogenous
inhibitory factors
Cell cycle is affected by oncogenes, suppressor genes,
cyclins, inhibitory factors
Carcinogenesis occurs at the cellular level of biological | Carcinogenesis occurs at the tissue level of biological
organization organization (tissue-tissue interactions)
Control of cell proliferation and control of the cell
cycle are often conflated
Neoplasms are monoclonal
Corollary Cancer is irreversible Cancer is reversible

3. Cancer theories

Currently, there are two main theories of
carcinogenesis. They are: i) the still hegemonic cell-
based SMT proposed by Theodor Boveri in 1914 and
ii) the Tissue Organization Field Theory (TOFT)
proposed in 1999 (Sonnenschein and Soto 1999).
Of note, the TOFT differs from the SMT in two
fundamental criteria; first, while the SMT assumes
that the default state of cells in multicellular
organisms is quiescence, the TOFT explicitly posits
instead that proliferation is the default state of
all cells (Shomar et al. 2022). And second, while
the SMT considers cancer a cell-based disease,
the TOFT considers it as a tissue-based one (Table
1). Empirical evidence generated over the years
when applying the strategy promoted by the SMT
(i.e., cell killing, inhibition of cell proliferation)
encountered multiple examples of lack of fit. When
addressing these inconsistencies, researchers siding
with the SMT incorporated course corrections to
this theory’s original version (Sonnenschein and
Soto 2020). Among them, the microenvironment
surrounding the original “normal” cell was added
as a supplemental target that also accumulated
somatic mutations or affected cancer epithelial cells
through epigenetic modifications. This ad hoc course
correction represent a “compromise” involving the
original SMT plus the role played in this instance
by the stroma that surrounds the primary epithelial
tumor cells; this alternative was already proposed
in the 1930s by J. Needham and by C. Waddington.
Altogether, despite the incorporation of this and
other theoretical manipulations as add-ons to the
SMT, these “compromises” retain the assumption of
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a causal carcinogenic role for the somatic mutations
accumulated in normal epithelial cells that eventually
may become neoplastic (while generating mostly
carcinomas). Essentially, regardless of which of
these ad hoc modifications is adopted, the consensus
that cancer is a cell-based, genetic, molecular disease
remains unaltered. Interestingly, these conclusions
are still considered meritorious by most cancer
researchers even when it has been reproducibly
shown that clones of normal cells present in several
organs that will not generate cancers carry alleged
cancer-causing “driver” mutations and that “cancer
cells” that are part of a neoplasia do not carry
those same “driver” mutations (Martincorena and
Campbell 2015; Dou et al. 2018; Martincorena et al.
2018; Kakiuchi and Ogawa 2021). The incorporation
of novel powerful and less expensive sequencing
technologies
contributions of the Molecular Biology Revolution

resulting from the significant
has contributed to unexpectedly clarify that the
genome of normal cells carried comparable cancer
“driver” gene mutations to those thought to be
unique to cancer cells (Martincorena and Campbell
2015; Dou et al. 2018; Martincorena et al. 2018;
Kakiuchi and Ogawa 2021). If anything, as pointed
out above, the data now collected through deep
sequence probes suggest instead that those alleged
cancer-causing “driver” mutations are also present
in cells which are considered normal (meaning non-
cancer cells) (Naxerova 2021; Colom et al. 2021). This
new development justifies K. Naxerova’s pondering;:
“These new insights invite us to reconsider how we
genetically define cancer. If having multiple driver
mutations does not make a cancer, what does?”.
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4. Cell Proliferation and Effective KI
Activity in Cancer Therapy

Toward the end of last century, aberrant tyrosine
phosphorylation was being considered as an important
hallmark in cancer initiation (Hunter 1998). The
expected effectiveness of KIs was predicated on a series
of inferences that supported the rationale that these
drugs would have selectively slowed down the speed of
the cell cycle of cancer cells. Those expectations have
not been fulfilled as anticipated because, among other
reasons, a lack of specificity. Separately, after two
decades of insisting that the core of the carcinogenic
event can be attributed to a dysregulation of the cell
cycle of cancer cells due to “either overexpression of
cyclin D1, loss of p16Ink4a, the mutation of CDK4
to an Inkg-refractory state, or the loss of Rb itself”,
no plausible alternatives in the form of novel KIs are
being offered by academic research or BigPharma
labs. Notwithstanding, all along, the notion that cell
cycle signaling defects in cancer cells are central to
the difference between normal and cancer cells is still
being promoted (Classon and Harlow 2002; Klein et
al. 2018; Prasad 2016; Naxerova 2021; Colom et al.
2021).

During a standard human lifetime, it is estimated
that the average person will undergo about 10* cell
cycles in an uneven timescale. That is, some cells in
some tissues proliferate during embryonal, fetal,
and early childhood and then enter a period during
which proliferation is rather minimal or totally
absent (neurons, fibroblasts, etc.; meanwhile, cells in
other tissues proliferate incessantly (bone marrow,
intestinal system, skin). Simultaneously, epithelial
cells in other organs of metazoans proliferate at
different speeds while moving (streaming) and
expressing their “differentiated” functions. So called
“differentiated” cells are continuously subject to
changes in their respective local morphogenetic
units and other changes imposed on them by
extemporaneous homeostatic conditions, e.g. —
adult stem cell trans-differentiation. In other words,
under physiological conditions, cells performing
“specialized” functions (such as hepatocytes secreting
albumin, small intestine epithelial cells absorbing
nutrients, epithelial cells in glandular organs secreting
milk, saliva, enzymes, etc.) nonetheless do continue to
proliferate and move unperturbed. This uncontested
feature implies that there is no obligatory linkage
between the ability of cells to proliferate and move
on the one hand, and the ability of those same cells
to concurrently synthesize and/or secrete a variety of
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cell products (collagen, albumin, sex hormones, etc.),
on the other (Sonnenschein and Soto 2021).

As summarized above, kinases have been claimed
to be causally involved in the carcinogenic process.
Based on this premise emerged the notion of small
molecular KIs as a potentially powerful class of
effective drugs in cancer therapy (Ferguson and Gray
2018; Zhou et al. 2016). How can the discrepancy
between promising pre-clinical effects and the lack
of equivalent results in clinical tests be explained? In
addition to the lack of specificity argument allude to
above, several possible explanations were proposed
by the defenders of the “kinase inhibitor” therapeutic
strategy. Recently, pioneers in this field conceded
that dozens of published articles on a leucine zipper-
containing serine/threonine kinase called MELK
lacked credibility (Settleman et al. 2018). It was also
claimed that MELK is activated during the cell cycle
and is important for maintaining proper asymmetric
division of stem cells (Ganguly et al. 2015). As a
result of this inference, kinases were then considered
worthy, potential therapeutic targets in human
cancers. However, researchers recently claimed that
the experimental criteria used to validate candidate
cancer therapeutic targets was subject to serious
methodological faults (Settleman et al. 2018). The
main factors responsible for the credibility gap were
considered technical, namely, the use of cancer cells
in culture conditions or the use of RNA interference
for target validation. Notwithstanding, it is equally
plausible that additional technical factors contribute
to the failure to validate the candidate kinase
inhibitors. Off-target deleterious effects of TKs could
be considered as valid explanations for the therapeutic
failures (Gyawali et al. 2021).

At first glance, off-target effects and poor
selectivity may appear as an issue of poor inhibitor
design and/or unanticipated pleiotropy of action.
For example, while the expression level of the above-
mentioned MELK has been strongly correlated with
the mitotic activity in human cancers and remains
one of the main predictors of the patient mortality in a
variety of tumors, cancer cells with a loss-of-function
MELK mutation still proliferate at wild-type levels.
In addition, the known targets of MELK also become
phosphorylated in these cells. This and similar
examples of the lack of biological specificity of alleged
chemically specific enzyme inhibitors illustrate the
difficulty of achieving a selective effect by targeting
redundantly acting enzymes. Beyond the practical
implications, functional redundancy casts doubt
on the possibility that a single mutation in a single
kinase gene by itself may induce cancer. The initial
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enthusiasm generated by biochemists and molecular
biologists for the specificity of KIs obscured the
concept of redundancy and pleiotropy omnipresent in
living organisms.

Inhibitors of essential kinases represent another
example of the difficulty of achieving biologically
selective effects using high-potency enzyme inhibitors.
This difficulty is conceptual and not just technical.
The development of mitotic kinase inhibitors was
based in part on the idea that targeting only cycling
cells will minimize the toxicity on post-mitotic cells.
Unfortunately, these inhibitors lack an effective
therapeutic window because of the high toxicity
observed on non-neoplastic tissues with a high cellular
proliferation rate exposed to KlIs (Zhou et al. 2016).
As explained above, it is a common misconception
that cancer cells proliferate more rapidly than cells
in normal tissues. Also, as mentioned above, several
normal tissues have higher proliferation rates than
most tumors. Proliferating cells in these normal
tissues are also targeted and affected by KIs.

Another example illustrating the confusion between
conceptual and technical difficulties is provided by the
inhibitors of PI3K kinases (Vasan and Cantley 2022).
PI3Ks are involved in a wide variety of pathways
linked to cell growth, proliferation and differentiation
through their role in the regulation of metabolic and
insulin pathways. This class of kinases were and still
are considered as potential candidates for therapy.
Several drugs targeting the PI3K pathway have
received approval. However, as in all other cases with
KIs, achieving a therapeutic window that maximizes
efficacy and minimizes adverse effects has proven to be
a major barrier to an effective therapeutic use of PI3K
inhibitors (Prasad 2020; Tiwari et al. 2024).

5. Conclusions

The example of kinase inhibitors highlights how
the systematic use of ad-hoc explanations to account
for unexpected results may hide important conceptual
problems that eventually canalize the research into
dead-ends. The failure of kinase inhibitors as effective
anti-cancer drugs challenges first, the decades-old
assumption that cancer is a cell-based disease as
suggested by the SMT. And second and of comparable,
if not greater importance, the failure of those
therapeutic approaches aimed at correcting those
proposed, but yet-to-be rigorously documented cell
cycle signaling defects, obscures productive avenues
aimed at both preventing carcinogenesis and to offer
effective therapeutic options based on alternative
theoretical approaches. These shortcomings were
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already noticed over 60 years ago by David Smithers
who, based on rigorous clinical data he collected,
offered an organicist-based alternative to the
cytologism that then began to dominate experimental
and clinical cancer research (Soto and Sonnenschein
2020). Additional evidence accumulated since then
-4point to the need to switch attention to theoretical
and empirical alternatives that, as the TOFT proposes,
are based on solid evolutionary-based premises, such
as those related to the default state of cells and the
merits of considering cancer as a tissue-based disease.

The rationale of remaining loyal to a thoroughly
mistaken theory and to the diagnostic, prognostic and
therapeutic mishaps that have followed as a result,
does not benefit the wellbeing of cancer patients or
the prestige of the scientific enterprise. Abandoning
the SMT and its wrongheaded implications over
cancer diagnoses and therapies is long overdue
(Sonnenschein and Soto 2000).
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Abstract

Reports of low replicability and translatability of biomedical research have called the value of animal models
into question. The problems are real, but abandoning animal research is not the solution. Rather, improving the
translatability of model-based research requires attention to relevant differences between humans and models,
and to attributes of the models themselves that are essential to both robust science and effective translation.
One is biological plasticity, the responsiveness of individual organisms to complex and variable environments.
Though under-represented in model systems (for both historical and practical reasons), plasticity is central to
human biology. While there are good reasons to minimize environmentally-induced variation in model-based
research, doing so may undermine its translatability by eliding the kinds of external influences that are critical to
human development, health, and disease. Accounting for plasticity can strengthen both the replicability and the
translatability of model-based studies; this paper identifies strategies for doing so at each stage of the research
process.
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(for example, learning and acquired immunity are
adaptive; PTSD and anaphylaxis are not). Plasticity
is ubiquitous, and recognition of its importance in

1. Introduction

In recent years, emerging information about low

replicabilityandtranslatabilityofbiomedical research ecology, evolution, conservation, and medicine is

in animal models has prompted some to question
their utility (Greek and Menache 2013; Pound and
Ritskes-Hoitinga 2018). While the problems are real,
the answer is not to give up animal studies. Rather,
improvingthe translatability of model-based research
requires paying attention to attributes of the models
themselves that are essential to both robust science
and effective translation (Dominguez-Oliva et al.
2023; Garner et al. 2017; Pallocca, Rovida, and Leist
2022; Robinson et al. 2019; Ferreira et al. 2020).

One such attribute is biological plasticity,
the responsiveness of individual organisms to
complex and variable environments. The effects
of plasticity may be adaptive, negative, or neutral
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now widespread (Gilbert and Epel 2015; Guidi et al.
2021; Levis et al. 2018; McCarthy and Birney 2021;
Nobile, Di Sipio Morgia, and Vento 2022; Uher 2014;
Sultan 2015; West-Eberhard 2003). In particular,
environmental influences generate critical variations
in development, health, and disease between
individuals and across human populations.

In contrast, model systems used for biomedical
research are constructed to minimize variation.
By deliberate design and as a consequence of their
history (which species are chosen, and what happens
to them once they enter the research ecosystem;
Bolker 1995; Krinke 2000; Logan 2002), models
typically show limited phenotypic variation and




SAPIENZA

UNIVERSITA DI ROMA

Or g ANISINS The Role of Biological Plasticity in Model-based Translational Research

Box 1: Plasticity and validity

Study design, including model choice, dictates what form of validity can be claimed for the results. (For discussion and
definitions of validity, see Garner et al. 2017; van der Staay, Arndt, and Nordquist 2009; Wiirbel 2017).

Structural validity in a study of plasticity requires that the model and target species share mechanisms for
transducing environmental signals into phenotypic changes. The cues and outcomes may differ. For example, while
the adrenocortical stress response is conserved across vertebrates, the identity of stressors and external manifestations
of stress are shaped by each species’ evolution and by individuals’ prior experience.

Predictive validity, especially in a biomedical context, does not require that the cue and mechanism match precisely
between model and target: a bioassay or screening study can yield useful outcomes (such as predictions about efficacy
or toxicity of a drug candidate) even if we do not fully understand how it works. However, the range over which
predictions are reliable is difficult to assess without some understanding of mechanism.

Internal validity — replicability and robustness of results — can theoretically be achieved by standardizing or
controlling all possible variables. To account for the possibility of plasticity in the study system, it is important to
record standardized (and even presumably irrelevant) factors as well as deliberately controlled or manipulated
variables. Such background information can also support post hoc analysis if experiments stop working or cannot be
reproduced in other labs.

External validity corresponds to exportability or translatability, and is often assumed for models where structural
validity has been established. Structural validity alone does not guarantee successful translation. To warrant claims
of external validity, model-based studies should describe support factors as well as focal mechanisms, noting that

support factors for a shared mechanism may differ between species.

relatively little plasticity: they are inherently robust
to environmental variation, and embedded in
systems of standardized husbandry, genetics, and
research practices. For some models, generations of
breeding and selection in laboratory environments
— the process of “laboratorization” (Robinson 1965)
— may have rendered them even less flexible than
their wild relatives. These attributes have many
benefits: they can increase statistical power, reduce
animal numbers and costs, streamline husbandry,
and facilitate replication. Such practices are key to
stabilizing phenotypes, especially traits that might
vary in response to environmental factors.

However, deliberately removing plasticity from
model systems has epistemic as well as biological
implications: how we use models can weaken their
external validity by eliding external influences that
are critical to human biology (Voelkl et al. 2020b;
2020a; 2020b; Voelkl and Wiirbel 2016; 2021).
While standardized models maintained in constant
environments are excellent tools for studying
molecular pathways and other internal mechanisms,
they are poorly suited for questions where plasticity
matters — or might matter. Researchers may
fail to recognize the existence or importance of
environmental influences simply because their
models render such effects invisible. To counter
this bias and increase the chance that results from a
model system will translate to humans, it is essential
to consider plasticity at each stage of the research
process.

30

Organisms

2. Planning: Is Plasticity a Question or
a Challenge?

Choosing a suitable model — the right tool for the
job — depends on the research goal: what the question
is, and what sort of answer is desired (Bolker 2014;
Clarke and Fujimura 1992). Articulating what role the
model will play in addressing the question is central
to identifying criteria for model choice, as well as
assessing the strengths and limitations of whatever
model is selected (Bolker 2009).

If the question is about plasticity, then the model
needs to match the target with respect to relevant
plasticity-related traits. To begin with, it is helpful
if the degree of environmental responsiveness is
broadly similar between species: using an inflexible
model to represent a highly plastic target is not
ideal.? (If doing so is unavoidable, the implications of
this disparity need to be recognized and addressed.)
Not everything needs to match: the mechanism that
transduces environmental information into a shift
in the phenotype or biology of the model need not
be identical in model and target, unless that is what
the study is about (Box 1). Conversely, if the research
centers on transduction mechanisms, it does not
matter if the cues or specific outcomes are different
provided they operate via the same pathways:
structural validity requires similarity of mechanism,
not identical inputs and outputs.

2 This is especially tricky in translational research because
humans are much more plastic than most common animal
models.
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Table 1: What does it mean to “know your species”?

Aspect Why it matters

Informs expectations for exportability, depending on how the model is being used
Phylogenetic and taxonomic position Identifies ancestral vs. specialized traits

Documents taxon-wide characteristics (e.g. physiology, life history strategy)

Timing of lineage divergence between Provides context for patterns of trait similarity and divergence across clades

model and target species Describes how long model and target have been evolving independently

Helps identify adaptations with implications for model use and/or husbandry practices

Evolutionary history and known or
inferred selection pressures in the wild

Suggests behavioral and other preferences that may reflect adaptations to evolutionary niche

Guides the search for models with adaptations that make them especially useful (Krogh
models)

Highlights ways laboratory animals may diverge from their recent (wild) ancestors, e.g. genetic

. . .. bottlenecks and intense selection for tractability under lab conditions
History of laboratory strains: origins,

genetics, breeding, selection in lab

. Identifies deliberate or incidental selection pressures in research environments that may
environments

reduce plasticity in lab strains, leading to an underestimate of its importance in ancestral or

“wild type” lineages

Sensory and physiological range

capabilities

Informs husbandry practices that maximize well-being and reduce stress

Enables the design of experimental stimuli and assays that align with subjects’ sensory

How can one choose an appropriate model for
studying mechanisms of plasticity, if the research
objective is to discover what the mechanisms are,
or details of how they operate? One approach is to
consider the evolutionary origins of each species’
plasticity, and the role and context of the trait with
respect to species-specific natural history (Bolker
2019; Levis et al. 2018). This is analogous to the
strategy recommended by Blanchard and Chalfin
of studying functionally and ecologically relevant
behaviors in model animals, rather than relying
on superficial similarities to humans (Blanchard,
Summers, and Blanchard 2013; Chalfin et al. 2014).
Importantly, similar environmental cues may have
disparate impacts in different species (or lab vs.
wild populations) as a consequence of their different
evolutionary histories — and human evolutionary
history, especially in relation to health and disease, is
particularly complex (Benton et al. 2021; Natterson-
Horowitz et al. 2023).

One strategy for bolstering the ability of animal
models to represent human targets is to assess
environmental information in a species-agnostic
or at least a translatable way, recognizing that
different animals have different needs and different
perceptions of the world (Keijer, Li, and Speakman
2019; Makowska and Weary 2019; Yong 2022). For
example, “thermoneutral range,” “normal social

» «

context,” “expected microbial exposure,” and “low-

stress environment” all have species-specific values,
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ranges, or definitions (Garner et al. 2017; Gordon
2017). Performing physiological experiments within
the thermoneutral range, or providing adequate
nutrition, does not require that temperature or
diet be the same for every species: it means that
these environmental factors need to be in a species-
appropriate range for each of them. This requirement
extends to social arrangements. For instance, the
presence of other mice improves recovery in a murine
cancer model (Hermes et al. 2009; Kerr et al. 1997),
but while pet mice might conceivably enhance
recovery in people with cancer, what is relevant to
patients is support from other humans (Kroenke et al.
2006).

Determining what is species-appropriate requires
understanding the species’ natural history and
evolution [Table 1]. Knowledge of species-specific
needs is already built into many husbandry protocols
(e.g., provision of adequate nutrition via customized
commercial feeds, and physical environments that
support the expression of natural behaviors). The
natural history and evolution of particular models can
have paradoxical implications for how we maintain
and use them: for example, the evolution of mice
as small ground-dwelling scavengers able to thrive
in a microbe-rich environment explains their high
tolerance for bacterial toxins (Mestas and Hughes
2004; Perlman 2016; Webb et al. 2015). In fact, the
per-kilogram dose of endotoxins sufficient to trigger
an inflammatory/immune response in mice is far
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higher than in humans (Mestas and Hughes 2004;
Webb et al. 2015). However, laboratory mice raised
under standard husbandry practices that strictly
limit pathogen exposure have immune systems that
never mature to the normal level for an adult mouse
(or human) (Beura et al. 2016; Reese et al. 2016) —
though development in the uterus of a wild surrogate
yields lab mice with normal adult immune function
(Rosshart et al. 2019).

If the research question is not centered on
plasticity, it is essential to consider whether plasticity
might impact the trait or phenomenon anyway,
and how to account for that possibility in the study
design. Traits or systems that directly mediate an
organism’s interaction with its environment (via
sensory, neurobehavioral, or immune systems)
are especially likely to have undergone selection
for plasticity (Bolker 2019). But there is no simple,
predictive rule. One can look for evidence of plasticity
in related species, as well as in more distant taxa with
evolutionary histories shaped by similar selection
pressures: while not definitive, the occurrence of
plasticity in either of those groups can provide clues
about its possible role in the prospective model
species. Plasticity itself can evolve, certainly at
highter taxonomic levels but also potentially between
wild and lab-selected lineages (Krinke 2000; Levis
et al. 2018; West-Eberhard 2003). Here, again, it is
critical to know your species [Table 1].

Besides knowing about their species, researchers
need to know about the environment in which
animals are housed and data collected. Laboratory
conditions may generate confounding variation:
statistical noise can result from acoustic noise
(Lauer et al. 2009; Parker et al. 2022; Pfaff 1974), or
interfere with animals’ normal biology in ways that
increase stress and/or energy expenditure (Garner et
al. 2017; Gaskill and Garner 2017; Gordon 2017; Lac,
Tavernier, and Moro 2023; Mo, Renoir, and Hannan
2016; Toth 2015). The traditional approach has
been to try to standardize everything (Festing 2014;
Festing and Altman 2002) — which certainly has
advantages, but (besides tending to mask plasticity
that might be present) this strategy may miss factors
that are not recognized a priori as important: the
“unknown unknowns” (Mogil 2017).

A dramatic example of an unrecognized
but powerful influence was the realization that
“standard” commercial rodent feeds contain high
and variable levels of phytoestrogens (mainly from
soy) that can confound research in areas from
cancer to endocrinology (Heindel 2008; Ruhlen
2008). Paradoxically, providing soy-free diets to
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lab rats induces obesity, likely via perturbation of
fetal metabolism; Ruhlen et al. suggest that this
unexpected result might reflect prior adaptation of
lab-bred strains to high phytoestrogen intake from
commercial feeds (Ruhlen 2008). Dietary levels
of phytoestrogens during pregnancy and -early
development can have profound impacts; however,
researchers purchasing animals from commercial
suppliers rarely have access to information about this
key environmental variable (Heindel 2008).

Trying to eliminate variation runs the risk of
missing some of the sources (such as phytoestrogens
in rat chow). Another approach is to deliberately
introduce variation in an explicit, systematic way,
or attempt to distribute preexisting variation evenly
via heterogenization (van der Staay, Arndt, and
Nordquist 2010; Richter, Garner, and Wiirbel 2009;
Richter et al. 2010; 2011; Wiirbel 2000). This strategy
can potentially account for sources of variation that
have yet to be recognized.

In addition to increasing overall variation,
plasticity in individual research subjects can lead
to results that reflect environmental variation in
a systematic way, and can confound or eclipse
the effects of the focal experimental variable (Mo,
Renoir, and Hannan 2016; Mogil 2017; Toth 2015).
Randomizing the placement of subjects or treatment
groups within the environment (e.g., locations of
plots, tanks, traps, cages on racks) is important,
but cannot eliminate biases related to experimental
or observational techniques per se. For example,
experimentally-modified and control animals might
differ in their susceptibility to stress from handling
or administration of placebo treatments; there can
also be significant differences between individuals
(Andrews and File 1993; Aydin, Frohmader, and Akil
2015; Hurst and West 2010). Even within individuals,
details such as the exact location of injections can
have unexpectedly significant effects (Auerbach
1978).

Determining what degree of standardization is
appropriate for a given study is context-dependent and
difficult (van der Staay, Arndt, and Nordquist 2010).
Standardization can reduce the number of animals
used and enhance statistical power and the ability to
detect small effects. But if the trait being studied is,
itself, plastic, over-standardization can reduce external
validity (especially translation to humans) and even
mask the mechanisms one hopes to understand. The
goal should be to “standardize, but not too much”
(Bolker 2019; Richter, Garner, and Wiirbel 20009;
Striedter 2022).
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3. Performance: Collect
Environmental as well as
Experimental Data

Along with results of planned experiments, it is
essential to document the context in which the study
is carried out: environmental factors that might
turn out to be relevant, or correlate with unexpected
outcomes or variation (Toth 2015). For example,
details of husbandry practices or characteristics of
research personnel (such as their sex; Sorge et al.
2014), while rarely explicitly noted in study designs,
can have significant effects on lab rodents and thus on
study results (Mogil 2017).

What data are worth collecting? Start by
considering what environmental information is
known or suspected to matter to the organisms in
question. Toth and Neville et al. survey the importance
of rodent cage environments to the reproducibility of
preclinical studies (Neville et al. 2023; Toth 2015),
and Mogil (2017) reviews external factors that affect
the outcomes of pain studies in mice. Notably, both
the magnitude and the direction of environmental
effects can vary by genetic strain (Crabbe, Wahlsten,
and Dudek 1999; Crawley et al. 1997; Mogil 2017).

The already long, but likely still incomplete, list
of environmental factors that are known to matter
suggests that there are a lot of things researchers
should be tracking (and describing in published
methods), from animal housing and handling to data
about the physical environment (Toth 2015; Neville et
al. 2023; Sundberg and Schofield 2018). Critically, we
need to be thinking about this from the perspective
of the animals, and collecting data within the species’
sensory range, for instance measuring acoustic noise
across frequencies audible to rodents (Lauer et al.
2009; Parker et al. 2022; Turner 2020). Even if mice
in a research study are serving as surrogate models for
humans, they experience their environment as mice:
what counts as a normal or a stressful noise level,
temperature range, or housing situation for them is
not the same as what counts for us (Fischer, Cannon,
and Nedergaard 2018; Garner et al. 2017; Keijer,
Li, and Speakman 2019; Yong 2022; Weber et al.
2017)... and what seems normal to a laboratory-bred
rodent may differ from its wild ancestors’ natural
environment, given the divergent selection pressures
acting on research populations (Krinke 2000).

As a start, animal facilities should incorporate
routine, automatic, continuous monitoring of
physical variables such as temperature, humidity, and
ambient light and noise. Inexpensive data loggers can
be installed in each cage or enclosure, or at least in
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each room where animals are used (ideally in multiple
locations). Time-stamped environmental data from
husbandry facilities could be collected as part of
routine management, and made available to everyone
who has research animals housed there.

Time, itself, can also be an important variable. The
developmental stage at which animals are subjected
to stressful shipping or procedures can affect their
physiological response (Beery 2018). At a smaller
scale, the time of day at which data are collected can
determine what the data look like: circadian clocks
regulate key processes ranging from behavior to cell
proliferation to drug response (Andersen 2023; Lévi
et al. 2024; Sato and Sato 2023).

The biotic environment should be tracked and
accounted for as well. Perhaps the most obvious aspect
is housing. Not only social vs. individual housing, but
social dynamics within shared cages, significantly
affect the biology of lab rodents (George, Padilla-
Coreano, and Opendak 2023; Arakawa 2018; Beery et
al. 2020; Kerr et al. 1997; Manouze et al. 2019; Mo,
Renoir, and Hannan 2016; Mogil 2017; Mumtaz et al.
2018).

Along with intraspecific interactions, it is critical to
consider the influence of other species — particularly
microbes (Honda and Littman 2016). Pathogens are
routinely monitored in animal facilities, but we should
also track at least some of the vast array of commensal
and symbiotic species. Microbial communities play
crucial roles in the development and function of
macroorganisms, shaping host phenotypes at both
morphological and behavioral levels, and they can be
an unrecognized source of variation in rodent models
(Franklin and Ericsson 2017; Gilbert and Epel 2015;
Honda and Littman 2016; Kim et al. 2017; Shin Yim et
al. 2017; Witjes, Boleij, and Halffman 2020). Analyzing
environmental DNA collected via air filters (as well as
routine samples of bedding, surface swabs, etc.) could
track the presence, and potentially the abundance, of
different microbes at housing or research sites (Albers
et al. 2023; Ruppert, Kline, and Rahman 2019). The
rapid expansion of research on the laboratory animals’
microbiomes will shed light on a key aspect of model-
based research, in addition to addressing the specific
questions targeted in each study (Honda and Littman
2016).

Another aspect of the biotic environment that
we may underestimate is the range and impact of
odors in housing and testing facilities. Humans are
not very good at odor detection, but other animal
species are exquisitely sensitive to chemical signals,
and rely on them to modulate their behavior and
physiology (Yong 2022). Engineering approaches
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to odor monitoring focus primarily on chemicals
that are detectable by and/or immediately relevant
to humans, but in principle the technology could be
modified to monitor odors that are detectable by, and
may be important to, laboratory animals (Reimringer
et al. 2022). This would, of course, depend on deciding
exactly what should be monitored — which brings us
back to unknown unknowns. We could start with a
“candidate odor” strategy (analogous to candidate
gene approaches), for example monitoring known
pheromones, stress hormones, and other molecules
with demonstrated impacts on recipients’ biology.
Routinely collected environmental information
may retrospectively identify a factor that was
not intended as a variable, but that turned out to
influence results. However, it is unwise to go on
a fishing expedition in search of environmental
correlates for otherwise unexplained outcomes, in
hopes of finding a statistically significant relationship
to cite as a cause. Such correlates should be treated
as only preliminary or suggestive, if they are not
what the study was originally designed to evaluate.
For example, if the study did not set out to measure
the effects of different bedding materials, but effects
seem to have occurred, a subsequent experiment can
be carried out to directly assess the effects of bedding
under conditions that (otherwise) match those of the
original study. Any significant findings from a robust
study designed to test the effect of bedding may then
shed light on previous work where bedding might
have been an uncontrolled but significant variable
(e.g. Kondo, Kropik, and Wong 2022; Slama 1966).

4. Interpretation: Accounting for
Plasticity as a Possible Cause of
Observed Effects

If a study was designed to examine plasticity,
interpretation of the results should consider not
just individual and internal mechanisms, but also
environmental factors that may have contributed to
the observed outcome. Beyond the variables whose
effect the study is designed to test, it is essential
to address other aspects of the environment that
may serve as support factors that enable particular
outcomes (Cartwright and Hardie 2012). Rather than
considering the environment as outside the frame of
a study, we need to start thinking about it as part of
the frame — or even part of the picture (Bolker 2014).

Considering plasticity can be crucial even for
studies that are not designed to assess it, particularly
when such studies yield unexpectedly variable or
contradictory results (Jaric et al. 2022; Voelkl and
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Wiirbel 2021). Plasticity is one possible explanation
for observed variation. However, caution is required
when drawing conclusions about the importance — or
irrelevance — of the environment from studies that
were not deliberately designed to assess plasticity.
While environmentally-driven mechanisms may well
help explain observed variation, lack of variation
does not necessarily imply lack of plasticity,
because standardizing the study environment also
standardizes plastic traits. This constitutes an
absence of evidence for plasticity, not evidence of its
absence. If statistical analysis suggests the existence
of batch effects, plasticity in response to unrecognized
environmental factors or biases should be considered
as a possible cause (Randall et al. 2019). Alternative
explanations (unrelated to plasticity) could include
equipment calibration, variation in reagents, or other
factors independent of biology.

Failures to replicate previous work can be due to
unrecognized environmental factors. Details of animal
husbandry protocols, handling during experiments,
and microbial exposure are often omitted from
published descriptions of methods because they
are assumed to be constant and/or unimportant.
That assumption may need to be revisited, and both
the original study and the attempted replication
scrutinized for potentially significant environmental
factors (Jaric et al. 2022; Neville et al. 2023). (The
more thoroughly such factors were monitored and
recorded along the way, the easier this will be.) Even
in cases where the environment plays no causal role
in producing an outcome, it may still provide support
factors for conserved mechanisms, thus determining
the exportability or translatability of findings to other
species (Cartwright and Hardie 2012). Absence of
essential support factors can lead to replication failure,
even if the mechanism being studied is present.

Environmental standardization is often a deliberate
strength, not a weakness, of a particular study, but this
approach may limit translatability. Translating results
from a tightly controlled model to a highly variable
target species is an epistemic challenge; bridging the
gap requires understanding the scope and nature of
plasticity on both sides. Plasticity need not diminish
exportability: what is critical is to identify potential
sources of plasticity, and either standardize them,
randomize their impacts through systematic variation,
or align them appropriately between model and target
(Duncan and Keller 2011; Richter 2017). The premise
that plasticity is not relevant to a given study needs to
be explicit and justified, not just an assumption based
on the use of a carefully standardized model species
in a tightly controlled environment. Thinking through
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ways in which plasticity might matter is essential to
assessing the extent to which findings from such
model systems may be exportable — especially how
well they will translate to notoriously flexible and un-
standardized humans.

5. Summary and Conclusions

Both the history and the current practice of
model-based research focus on standardization and
internal processes (Bolker and Brauckmann 2015;
Logan 2002). This approach has yielded deep insights
into traits and mechanisms that have strong genetic
bases and little external connectivity. As described by
Ankeny and Leonelli, the standardization, isolation,
and artificiality of model species generate a form of
“placelessness” that is central to their explanatory
power and broad acceptance (Ankeny and Leonelli
2020). From a biological perspective, however, “place”
matters a great deal. There is thus a tension between
the placelessness researchers attempt to construct
(and then implicitly assume) in model-based research,
and their ability to draw conclusions about species
or phenomena in which the environment plays an
important role. Moreover, we find ourselves with a set
of dominant models that are generally poorly suited
for studying plastic traits (Bolker 2017).

Why does it matter how much plasticity there is
in a model species, especially if it does not appear
to affect the results of a given study? Many aspects
of human health — from immunology (Martin et al.
2021), to neuropsychiatric disorders (Uher 2014;
Assary et al. 2018), to racial disparities in pregnancy
outcomes (Leimert and Olson 2020) — depend heavily
on environmental factors and gene-by-environment
interactions (Benton et al. 2021; Duncan and Keller
2011; Guidi et al. 2021). Research strategies that
seek to understand the underlying mechanisms while
ignoring or eliding plasticity are unlikely to succeed.
Environmental influences, and plastic biological
responses, are central to many of the questions we
want to answer in humans: What are the underlying
mechanisms of immunological and neuropsychiatric
disorders? What causes cancer? What factors
influence the onset and progression of chronic
disease? What determines whether the presence
of genetic risk factors ultimately leads to disease in
particular individuals (McCarthy and Birney 2021)?

The solution is not to give up on these questions or
on widely-used, powerful models. Rather, recognizing
the potential role of environmental factors and
integrating that knowledge into the design,
performance, and interpretation of experiments can
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give us the best of both worlds. A “yes-and” approach
to biomedical research means studying humans
whenever and however we can, and employing
animal models in ways that are most likely to yield
translatable knowledge. Accounting for plasticity can
both improve the translation of model-based research
to humans, and expand our understanding of the
fundamental biology of all species.
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Abstract
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realm of science, where the “truth” on the far side
of the abyss is in perennial contention, and where
scientific inquiry distances itself from others forms
of knowledge prevalent on this side of the abyss. In
essence, the concept of the “abyss” highlights the
stark differences in circumstances and resources that

1. The Abyss

The concept of the “abyss” that underpins this
article is by no means novel and has been previously
used by scholars such as Boaventura de Souza
Santos (2014). According to him, the Western

world is organized around a divide that separates make the practice of science distinct on each side of

us: one side is visible, while the other dissolves
into obscurity as concealed reality. This rift finds
its genesis in colonial processes, which sowed the
seeds of disparity between the colonizers and the
colonized, resulting in contradictions concerning
rights and emancipation in the realm of the former,
and appropriation and violence in the sphere of
the latter. This dichotomy is also mirrored in the
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the divide, underscoring the social and geographical
disparities in scientific knowledge production and
access.

In this article, I will use my personal narrative
to illuminate how the historical experiences of our
ancestors can reverberate in our own academic
and scientific journeys, giving us power to act and
direction to our effort. Born in Chile in a low income
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household during Pinochet’s dictature, I struggled
financially to complete undergraduate studies as a
biochemist. Afterwards, several scholarships allowed
me to earn a doctorate in France, and to conduct
postdoctoral research in Hungary and England. In
2014, I came back to South America, and joined the
faculty at the University Regional Amazoénica Ikiam,
in Ecuador. My scientific journey took me back and
forth across the abyss, through different continents,
countries and realities, allowing me to obtain a
critical perspective of the realities and inequalities
of the scientific community, how they span far and
wide in space and time, and how they need to be
challenged and changed.

2. Science Over the Abyss

Why do we engage in science? What are the values
we recognize in it? These are fundamental questions
that also deeply rooted in the social discourse
about science. In many ways, science possesses an
emotional quality, a subjectivity of perception that is
not always recognized or acknowledged. On the other
hand, scientific activity has a very real and concrete
impact in society, affecting the lives of both scientists
and non-scientists alike. The abyss, in this context,
represents the divide in the distribution of scientific
knowledge, where the interventions of science tend to
serve those with resources to access it. The “why” of
science often raises questions about its social equity
and justice, particularly concerning accessibility to
knowledge. These issues are not new, as seen in the
reflections of Jean-Jacques Rousseau in 1750, where
he expressed skepticism and a deep concern about
its impact on human society. Rousseau believed that
the advance of science and reason had led to the
corruption of human nature and society. He argued
that the pursuit of knowledge and technological
progress often alienated people from their natural
state of innocence and simplicity. Rousseau was
critical of the Enlightenment’s emphasis on reason
and science, contending that it had contributed to
inequality, social unrest, and the erosion of authentic
human relationships. Instead, he advocated for
a return to a more harmonious and natural way of
life, where science and reason were tempered by
a profound respect for the human heart and its
emotions. These views are still, in different forms,
being discussed today, highlighting epistemological
challenges that have persisted for almost 300 years.

According to the philosopher Boaventura de
Sousa Santos, the abyss represents the idea of a
profound epistemological and ontological divide
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between different forms of knowledge. He highlights
the disparity between the conventional, dominant
scientific knowledge, often associated with the Global
North, and the marginalized, indigenous, or local
knowledge systems of the Global South. This divide,
or abyss, underscores the unequal power relations
and hierarchies in knowledge production. Addressing
this gap is essential for creating a more inclusive
and holistic approach to science, acknowledging the
diversity of knowledge sources, and fostering a deeper
understanding of complex global challenges like
climate change, social injustice, and sustainability.
Bridging this abyss requires recognizing the validity
of multiple knowledge systems and promoting a
more equitable distribution of epistemic authority
in the scientific discourse. In this regard, I am using
the butterflies in this article not only as a model
organism for science, but also as emblematic entities
symbolizing the ability to traverse the abyss and forge
connections between disparate realities.

Irrespective of our location relative to the abyss,
we grapple with comparable challenges in our
scientific pursuits. The ever-increasing competition
limited
resources, places immense pressure on researchers.

for research funding, coupled with
Additionally, issues of reproducibility, inclusivity,
and diversity in science persist, highlighting global
systemic flaws. Balancing the demands of academia
with personal life and mental health concerns adds to
the difficulties scientists face. In the modern scientific
landscape, researchers often find themselves in power
relationships with institutions and funding bodies
that may prioritize profit or specific agendas over
scientific inquiry. This dynamic can lead to conflicts
of interest and compromises in scientific integrity.
Additionally, the hierarchical
research labs can create power imbalances between
principal investigators and junior researchers,
affecting decision-making, credit allocation, and

structure within

opportunities for advancement. Hegemonic academic
communities have traditionally favored uniformity
and exemplary performance, leaving those who
struggle to cope feeling stressed and inadequate.
Scientific research depends on funding,
requiring very expensive equipment and materials
that are difficult to obtain. From a geopolitical
perspective, because scientific knowledge is not
distributed in a socially equitable or just manner,
scientific interventions in the real world will tend
to serve the groups that have the resources to
access this knowledge. Where are these groups?
The geographical distribution of Nobel Prizes and
scientific publications reveals stark inequalities in the




Organlsms Science Across the Abyss: Knitting Bridges with Butterflies

global scientific landscape. Historically, Nobel Prizes
have disproportionately favored Western countries,
with European nations and the United States claiming
the majority of laureates. This inequality reflects
disparities in research funding, infrastructure, and
opportunities, reinforcing a perception of Western
scientific dominance. Interestingly, there is also a
significant gender disparity in Nobel Prize awards,
with male laureates outnumbering female laureates
by a
publications exhibit geographical bias, with a
significant concentration of research output in the
Global North, while regions like Africa often remain
underrepresented. These disparities in recognition
and dissemination of scientificachievementshighlight

substantial margin. Similarly, scientific

systemic challenges that hinder global collaboration
and limit diverse perspectives in shaping the future
of science. Addressing these inequalities is crucial
for fostering a more inclusive and equitable scientific
community.

Poverty, lack of education, and limited research
efforts in regions rich in biodiversity are intricately
interconnected challenges that perpetuate a cycle of
environmental degradation and human suffering. In
these biodiverse areas, many communities struggle
with limited access to quality education, which
hampers their ability to break free from the grip of
poverty. The lack of educational opportunities often
leads to unsustainable practices that exploit natural
resources, further depleting the very biodiversity
upon which these communities depend for their
livelihoods. Simultaneously, insufficient research and
scientific understanding of these ecosystems hinder
the development of effective conservation strategies
and sustainable resource management practices.
Therefore, addressing poverty and promoting
education in biodiversity-rich regions is not only
a matter of human development but also a crucial
step towards preserving the invaluable natural
heritage that these regions hold. Effective policies
and investments that target poverty alleviation,
education, and scientific research can help to create a
harmonious balance between human well-being and
the conservation of biodiversity.

3. The Stories of Our Grandmothers

Human beings are intricate and diverse, and
this as also true for scientists. Human minds are
complex ecosystems of ideas, where all kinds of
influences coexist. Therefore, not only rationality,
but also emotions, dreams, intuition and personal
narratives are integral aspects of the scientific work.
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As Eduardo Galeano once said, “we are made of
stories”, our lives are narratives, woven from the
threads of our experiences, cultures, and ancestors.
Stories are the vessels through which we transmit
knowledge, wisdom, and emotion across generations,
constructing the very fabric of our identities,
shaping our beliefs, values, and understanding of
the world. Through storytelling we build bridges of
understanding in a diverse and complex world. The
stories of grandmothers hold profound importance for
women scientists. These narratives, often laden with
unfulfilled dreams and aspirations due to historical
gender limitations, serve as a poignant reminder of
the progress achieved and the journey that lies ahead.
They embody resilience, determination, and a spirit of
overcoming adversity, inspiring the next generation
of women in science to break barriers and shatter
stereotypes. Grandmothers’ stories instill a sense of
purpose, fostering a deep connection between past
struggles and present opportunities. They empower
young female scientists to not only carry forward the
torch of knowledge but also to redefine the boundaries
of what is achievable, ultimately contributing to a
more equitable and diverse scientific landscape.
I am the second woman in my whole family who
could graduate from university (the first being my
mother). Looking backwards, the women before me
were clever, resourceful, motivated, and enjoyed
learning. Their context, however, determined that
once and again they were denied the opportunity
to complete any studies. Growing up, these stories
made me angry, but also hardened my determination
to succeed in academia, not only for myself, but also
as a way of achieving what my grandmothers were
systematically denied. That moved me to pursue a PhD
scholarship in France, and further postdoctoral stays
in Hungary and Oxford. After this, I was expected to
find a position in the scientific world; however, the
question remained about where to establish myself
and in what capacity. To me, at that moment, the
academic environment seemed brutal, cold and
unfulfilling. There was a huge gap between my past
and what seemed to be my future as a scientist, but
also, between what I considered to be meaningful
and important and the alternatives laid out for me as
possible jobs. More importantly, I did not see how my
work as a scientist would have any impact in changing
the reality of many children, and specially girls, still
struggling to get an education, in the same way I did,
and my mother and grandmothers did. In hindsight,
I can see now that I wanted to save them, through a
huge gap in space and time, and I did not know how.
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4. Persisting in Science: the Power of
Butterflies

From Europe, my search for a meaningful
scientific project took me to the Amazon region
of Ecuador, where I became involved in the
establishment of Ikiam University, in 2014. Situated
on the periphery of the Colonso Chalupas Biological
Reserve, this university was planned to provide
quality scientific education to an area previously
underserved in terms of higher education. The project
placed paramount importance on environmental
preservation, research, and the celebration of
cultural diversity. However, the university starting
from scratch meant spending a long time without
the basic infrastructure, equipment and materials
necessary to do research. This lead some of the
teachers to explore unconventional avenues within
academia, and I chose to apply the art of knitting for
scientific education. Weaving and textile works are
practices deeply rooted in indigenous communities,
with textiles mirroring their connection to the
natural world. As I child, I learned crochet and
knitting from my grandmother, and later in life I
came back to it every time I felt sad or lost. At Tkiam,
knitting emerged as a powerful tool for initiating
dialogues and comprehending the interplay between
indigenous communities and the local fauna. This
undertaking not only empowered Kichwa women
but also promoted the conservation of indigenous
wildlife. Through these interactions, we succeeded
in constructing a bridge between the academic
sphere and the local community, surmounting the
traditional barriers of titles and social hierarchies.

Once we were able to acquire some equipment
and supplies, I decided to establish my research line
using Heliconius butterflies. I made this choice due
to the availability of genetic data, their abundance
in the Amazon ecosystems, and their susceptibility
to climate change. Our initial focus centered on
the expression of heat shock proteins, an area of
research that had remained relatively unexplored
in Neotropical insects. The initial findings have
unveiled potential avenues for future research,
particularly concerning epigenetic responses and
gene expression in response to environmental
fluctuations. In reality, starting from scratch also
meant I could have studied almost anything, I could
have chosen any model from the great variety and
diversity of species that can be found in the forest
around the university. But there was another reason
to chose butterflies: they can fly over the abyss. In
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the realm of biological symbolism, butterflies have
long captivated the human imagination. Beyond
their biological significance as pollinators and
indicators of environmental health, butterflies
have assumed a profound symbolic meaning across
cultures and throughout history. Representing
transformation, rebirth, and spiritual evolution, they
are symbols of hope, growth, and the cyclical nature
of existence. In my story, butterflies allowed me to
establish important and meaningful collaborations
with researchers from all over the world, which has
brought forth student and academic exchanges,
establishment of joint projects with international
funding and organization of international scientific
conferences and workshops.

Our narrative serves as a testament to the fact that,
despite the obstacles and the disparities in geography
and culture, science can functionasabridge connecting
ostensibly distant realities. Through collaboration,
mutual respect, and a willingness to embrace diverse
forms of knowledge, science possesses the capacity
to flourish anywhere. Science, then, emerges as a
potent instrument for forging connections, spanning
chasms, and fostering a world that is not only more
inclusive but also more sustainable.

5. Conclusion

Our experiences on the Latin American side of
the abyss have taught us that science recognizes
no insurmountable boundaries. While challenges
persist, ranging from resource limitations to
inequities in access to knowledge, opportunities for
collaboration, diversity, and inclusion are equally
abundant. Science can function as a unifying force
capable of transcending geographical and cultural
divides. For that, our personal stories can be
much more important than it has been previously
thought. The world needs more science, but it needs
better science, and this requires the involvement
of everyone. It is not just about solving scientific
questions; it is also about addressing the great
challenges and dilemmas of our society. We live
in a complex world, and science must address this
complexity. Science needs to be open to different
perspectives and needs to consider the ethical, social,
and cultural aspects of its work. How can we bridge
the gap between science and society? How can we
make science more inclusive and participatory? How
can we ensure that scientific knowledge benefits
all of humanity? These are challenging questions,
and there are no easy answers. But there are steps
that can be taken to move in the right direction.
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We need to move away from traditional, top-

down, and hierarchical approaches to science and
embrace more collaborative and interdisciplinary
approaches that involve a diverse range of voices
and perspectives in the scientific process, including
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those from marginalized and underrepresented
communities. Bridging the gap between science and
society is a complex and ongoing challenge. But it is a
challenge that we must embrace if we are to address
the pressing issues facing our world today.







Organisms

Books

SAPIENZA

UNIVERSITA DI ROMA

Vol. 7, No. 1 (2024)

ISSN: 2532-5876

Open access journal licensed under CC-BY
DOLI: 10.13133/2532-5876/18556

Organicist Perspectives in Newly Published Biology Textbooks

Carlos Sonnenschein®

aTufts University School of Medicine, Boston, MA USA

*Corresponding author: Carlos Sonnenschein, Email: carlos.sonnenschein@tufts.edu

Citation: Sonnenschein, C 2024, “Organicist Perspectives in Newly Published Biology Textbooks”, Organisms: Journal of

Biological Sciences, vol. 7, no. 1, pp. 47-49. DOI: https://doi.org/10.13133/2532-5876/18556

At the beginning of the current century, in 2004
to be precise, Carl Woese, an outstanding biologist,
wrote, “A society that permits biology to become an
engineering discipline, that allows that science to
slip into the role of changing the living world without
trying to understand it, is a danger to itself. Modern
society knows that it desperately needs to learn how
to live in harmony with the biosphere. Today more
than ever we are in need of a science of biology that
helps us to do this, shows the way. An engineering
biology might still show us to get there; it just
doesn’t know where ‘there’ is”. A few pages later,
he advised us “Let’s stop looking at the organism
as a molecular machine”. Separately, buried in the
Preface of his 1962 influential book, The Structure
of Scientific Revolutions, Thomas Kuhn wrote “If
I am right that each scientific revolution alters
the historical perspective of the community that
experiences it, then the change of perspective should
affect the structure of postrevolutionary textbooks
and research publications” (University of Chicago
Press, 2" ed, p. IX). And then he added, “One such
effect... ought to be studied as a possible index to
the occurrence of revolutions”. Leaving aside for
the moment the skeptical views of philosophers of
science and of biology about paradigmatic changes
and scientific revolutions, it could be acknowledged
today that Thomas Kuhn was, indeed, correct in
justifying substantial changes in the content of
textbooks and publications that followed meaningful
scientific revolutions.

The shortcomings and deficiencies attributed to
the dominance of a reductionist agenda during the
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second half of the 20" century (the “century of the
gene” as Evelyn Fox-Keller characterized it) and even
the first decades of the current one on experimental
and theoretical biology are increasing steadily. Despite
the monumental accumulation of data generated by
molecular biology technologies, the “there” Woese was
referring to is continuously postponed to an indefinite
future by today’s scientific establishment. During the
second half of the 20™ century, the “next ten years” used
to be their timely goal; now a days, the ‘there’ is being
transferred to the “next generations of scientists”. As
a result of these confusions, a consensus is building
among empirical and theoretical biologists that the
onslaught of reductionism must be openly challenged
by a coherent, effective strategy representing worthy
alternatives offered by organicist/holistic approaches.
Briefly, organicism aims at linking developmental
biology and embryology with evolutionary biology
from a perspective where organisms (both unicellular
and multicellular ones) become the center of analysis
and synthesis.

Organicism has a history. Since its inception,
last century contributions, from among others,
by J.S. Haldane, J. von Uexkiill, J.H. Woodger, C.
Waddington, L. von Bertalanffy, R.C. Lewontin,
and S.J. Gould, organicism has been overshadowed
by a greedy reductionist approach to biology that
benefited from an entrepreneurial strategy that
motivated many in its leadership. One of the central
tools to that strategy has been the availability
of textbooks for undergraduate and graduate
education that successfully promoted the message
that molecular biology would successfully resolve
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all kinds of biological and biomedical puzzles.
Textbooks like Molecular Biology of the Cell, and
others like it, while educating generations of young
minds in the complexity of cell structures and
biochemical pathways, both implicitly and explicitly,
were instrumental in promoting a reductionist
gospel when interpreting biological phenomena.
Sociopolitical factors nested at the academic level
during second half of the last century helped as well
in establishing molecular biology as the law of the
land in biological research.

Admittedly, plenty of historical precedents
have established that paradigmatic change is not
necessarily welcomed in academic circles because of
its deleterious impact on the status of scientists and
institutions that prefer instead graded, incremental,
easily manageable changes.

In this regard, the 2023-2024 years will probably
enterthe annals of the history of the biological sciences
as an important turnaround milestone from the
reductionist perception that has dominated academic
epistemological thinking in biology in recent decades.
Specifically, here are the good news. A book authored
by an experienced contributor and editor of Nature
Magazine, Philip Ball, entitled How Life Works
(University of Chicago Press, 2024) and provocatively
subtitled A User’s Guide to the New Biology and
another book entitled Properties of Life (The MIT
Press, 2023) by a highly regarded philosopher of
biology, Bernd Rosslenbroich, Head of the Institute
of Evolutionary Biology and Morphology at Witten/
Herdecke University, in Germany, are already
available in libraries. In my opinion, both books
qualify as worthy representatives of the organicist/
holistic tradition. Philip Ball’s book has already been
glowingly reviewed by the admirable physiologist
Denis Noble in Nature Magazine; Noble considered
it as “a must-read for user’s guide for biologists and
non-biologists alike...”. Ball’s reference for a need
to adopt alternative premises to evaluate the “new
biology” of the 21° century is highly significant.

Rosslenbroich’s book equally qualifies in my view
as a “must-read opus” while being dedicated, instead,
to a more scholarly qualified readership composed
of graduate students, post doctorates as well as for
academic biology professors. In five well-referenced
Chapters, the book accurately and convincingly
compels the readership to consider, even adopt, a
novel approach to evaluate philosophical trends and
empirical evidence about life at large. As explicitly
stated in its subtitle, namely, Toward a Theory of
Organismic Biology, Rosslenbroich concludes that
the time is ripe to move Biology into an elevated stage
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of rigorous analysis and integration comparable
to that adopted by the so-called Exact Sciences.
In his own words, Rosslenbroich states that “My
impression — and also my thesis — is that biology
today develops, or should develop, toward such a
synthesis concerning knowledge from analytical
research on the one hand and an organismic
understanding of life on the other” (p. 67). He further
concludes that “the extensive knowledge of details in
structures, functions and genetic processes provides
a new opportunity to understand integrative and
systemic functions. The chance for an organismic
conception of life on a scientific basis has never been
as good as today”. This is the central message of the
book. For this aim to be achieved will require the
formulation and testing of theories that when proven
wrong or defective be either abandoned or modified,
a practice that have been ignored throughout the last
half century under the epistemological and financial
influence of a reductionist approach to Biology.
Rosslenbroich is therefore attempting to synthesize
the modern insights of Biology with an organismic
conception of life.

detailed
scholarly treatment of a variety of biological topics

Rosslenbroich’s description  and
qualifies as an almost-textbook for anyone interested
in epistemological, historical and even sociological
approaches to basic subjects in the biological
sciences. Young and old biologists interested
in an updated, realistic view of how organicism
advantageously addresses and offer solutions to
the many controversial issues enlivening basic
biological phenomena will have their desire fulfilled.
Rosslenbroich adopts a hierarchical interpretation/
approach to levels of biological organization in an
accessible language.

The theoretical and empirical contributions by
Lamarck, Schwann and Schleiden, Mendel, Darwin,
Virchow and their followers during the 19™ century
were adopted by researchers who from the very
beginning of the 20™" century expanded knowledge
within Biology, with especial emphasis on phenomena
happening at the cellular level of biological complexity.
The explicit rationale for this choice of target was
built around the notion that to explain biological
phenomena it had to be done from the bottom-up
strategy. This favored the growth of knowledge in
empirical disciplines like biochemistry, genetics,
and cellular structure. Despite the generous, almost
extravagant, human-power and financial investments
that reductionist approaches enjoyed for over half a
century, their shortcomings have become obvious
and, therefore, they will require a rearrangement of
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funding priorities. It is time for organicism to become,
again, a welcomed participant in the theoretical and
empirical solutions in the biological scene.

The reductionist approach dominating theoretical
and empirical biology was almost unanimous in the
20" century. Dissenting voices proposing the primacy
of the organism as an alternative to the cellular,
genetic, and molecular (gene-centered) explanations
of phenotypes based on a one-sided reductionist
perspective were offered by inspirational biologists
especially in the UK and continental Europe (von
Bertalanffy and Paul Weiss were the most prominent
among them). Unfortunately, in some cases due to
political factors (which are also a part of the constrains
affecting biological development), those worthy
organicist alternatives to the reductionist approach
were summarily dismissed or de-emphasized.
Recently, well-deserved credit has been given among
others to the views of Conrad Waddington, who
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dealt in basic biological aspects of development
in multicellular organisms in the 1940s and 50s,
and to David Smithers who as early as in the 1960s
presented solid arguments against what he called
cytologism when dealing with the cancer puzzle. It is
expected that professional historians of biology will
soon provide an unbiased, detailed interpretation of
the monumental epistemological mistakes made by
leading entrepreneurial, empirical cancer researchers
who influenced funders to adopt a narrow, for profit-
based perspective when dealing with scientific and
public health policy.

In sum, the availability of two well-conceived and
written publications about the biological sciences
based on the once ignored organicist perspective
should allow the emergence of a new breed of
scholars who would provide a more balanced view
of the complexity of hierarchical levels of biological
organization.
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