
Vol.:(0123456789)1 3

Cellular and Molecular Life Sciences (2021) 78:6797–6806 
https://doi.org/10.1007/s00018-021-03931-6

REVIEW

Struggle within: evolution and ecology of somatic cell populations

Bartlomiej Swiatczak1 

Received: 6 May 2021 / Revised: 31 July 2021 / Accepted: 25 August 2021 / Published online: 3 September 2021 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2021

Abstract
The extent to which normal (nonmalignant) cells of the body can evolve through mutation and selection during the lifetime 
of the organism has been a major unresolved issue in evolutionary and developmental studies. On the one hand, stable mul-
ticellular individuality seems to depend on genetic homogeneity and suppression of evolutionary conflicts at the cellular 
level. On the other hand, the example of clonal selection of lymphocytes indicates that certain forms of somatic mutation 
and selection are concordant with the organism-level fitness. Recent DNA sequencing and tissue physiology studies sug-
gest that in addition to adaptive immune cells also neurons, epithelial cells, epidermal cells, hematopoietic stem cells and 
functional cells in solid bodily organs are subject to evolutionary forces during the lifetime of an organism. Here we refer to 
these recent studies and suggest that the expanding list of somatically evolving cells modifies idealized views of biological 
individuals as radically different from collectives.
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Introduction

To enable the emergence of multicellular individuality 
hundreds of millions of years ago, synergism must have 
had been reached between cellular and organism levels of 
selection [1]. This interlevel harmonization was assumed 
to result from suppression of the autonomous behaviors of 
individual cells and their subordination to somatic functions 
[2–4]. To account for this attunement of cellular activities 
to the greater needs of the organism, specialized “policing” 
mechanisms have been postulated and suggested to act as 
conflict modifiers and intercellular cooperation enforcers 
[5]. In addition, diminished variation between cells and their 
reliance on extrinsic molecular features were considered to 
contribute to the stable existence of higher-level units [6]. In 
short, some form of somatic “de-Darwinization” or suppres-
sion of intra-organism evolution has become recognized as a 
prerequisite for multicellular individuality [5–9].

Despite its appeal, the idea of somatic de-Darwinization 
has been compromised by the observation that certain forms 

of intra-organismal variation and somatic competition are 
actually favored in nature. This includes evolution of somatic 
cells in plants and clonal selection of lymphocytes in higher 
vertebrates [10, 11]. Nevertheless, questions have been 
raised if these instances should be considered as manifes-
tations of widespread selective processes in metazoans or 
whether they are only rare exceptions of Darwinian pro-
cesses in selected organisms [6, 10]. Here we refer to recent 
somatic DNA sequencing and tissue physiology studies to 
investigate this problem. Pointing at an extraordinary scale 
of clonal selective processes in multicellular organisms these 
pioneering studies challenge idealized views of bodily cells 
as evolutionarily idle and, if affirmed, current understanding 
of the differentiation of individuals and collectives must be 
re-considered.

Evolution within the body

Initially considered as mere sequencing errors, observed 
differences in DNA code between bodily cells appear to be 
a natural byproduct of accumulating mutations during the 
lifetime of the organism [12]. Indeed, despite relying on 
DNA repair and other damage response systems, somatic 
cells diverge genetically during the lifetime of the organism, 
contributing to the substantial polyclonality and mosaicism 
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of animal tissues [13, 14]. Passed on from cell genera-
tion to cell generation, this post-zygotic variation is most 
apparent in an embryo whose unstable chromosomes and 
frequent structural DNA changes leave permanent marks 
on its genetic makeup [15]. Unequal in their reproductive 
capacitates, diversified somatic cells are subject to natural 
selection, which promotes survival of the fitter and extinc-
tion of less adapted clones [16, 17]. Not always harmful or 
pro-malignant, the selective processes influence the dynam-
ics of clonal processes, often contributing to crucial bodily 
functions [18, 19].

Among the best characterized selective processes in the 
organism are those involving lymphocytes (B cells and T 
cells) that, following diversification, can clonally expand or 
contract depending on the antigen-binding fitness of their 
receptors [20–22]. To diversify antigen receptor genes, ver-
tebrates, from sharks to humans, rely on the process of V(D)
J gene rearrangement, which introduces variation in the ini-
tial (naïve) immune repertoire [23]. Varying in their receptor 
specificities, individual lymphocytes become activated by 
their antigenic targets to proliferate and increase representa-
tion of their progeny in the immune cell pool [24]. Compet-
ing for antigen, activated B cells undergo additional cycles 
of mutation and selection in specialized structures known 
as germinal centers [25]. As a result of these diversifica-
tion and selection processes, the repertoire of lymphocytes 
undergoes adaptive transformations acquiring the potential 
to handle recurrent pathogenic insults and by constructing its 
antigenic niche by means of specialized immunosurveillance 
and microbiota-shaping functions [26–28]. Computational 
studies help to elucidate this dynamic, shedding light on the 
diversity and populational structure of the repertoire [29, 
30]. Due to their reliance on previous immune encounters 
and the potential to acquire shared immune receptor signa-
tures, immune repertoires manifest features of contingent 
as well as convergent evolution [31]. Acting on distinct 
parts of the B cell receptor molecule, positive, and purify-
ing negative selection are both at play in the repertoire [32]. 
These findings support the view that immune cells operate 
as complex systems that evolve, adapt and transform—an 
observation that validates application of population-based 
approaches to the lymphocyte repertoire.

Apart from lymphocytes, other cell types undergo selec-
tion and adaptation. For example, epithelial cells, to sur-
vive in their microenvironment, can differentially proliferate 
without causing cancer or tissue disfunction. This is evident 
in mouse esophageal epithelial cells, which by accumulating 
mutations in NOTCH1, P53 and other so-called “cancer-
associated genes,” clonally expand and remodel the tissue 
[33, 34]. Natural selection also drives changes in the layer 
of urothelial cells, whose chromatin remodeling genes like 
KMT2D and KDM6A, confer advantage on selected clones 
allowing them to proliferate and colonize the tissue [35, 36]. 

The widespread character of somatic evolution of epithelial 
cells is further supported by studies of endometrial glands 
that tend to become dominated by one or a few mutant 
clones in post-menopausal women without obvious signs of 
a pathology [37, 38]. Finally, genome sequencing studies of 
bronchial epithelium in smoking subjects reveal that muta-
tions in NOTCH1, TP53 and ARID2 drive clonal expansion 
of these cells [39]. A rapid increase in a fraction of less 
mutated healthy cells following smoking cessation attests to 
adaptive clonal changes in altered lung environment. Hence, 
epithelial surfaces of the lungs, uterus, esophagus, and uri-
nary tract are all polyclonal patchworks of evolving cells 
that, despite accumulating driver mutations in cancer genes, 
only rarely cause neoplastic changes.

Still another class of cells known to undergo clonal trans-
formations during the lifetime of the organism are hemat-
opoietic stem and progenitor cells, whose pattern of descent, 
like that of other evolving populations, can be represented 
as a phylogenetic tree [40]. Based on mutational profiles of 
these cells, Lee-Six et al. [40] were able to trace their origin 
back to the most recent common cell ancestor in the same 
human subject. As this cell ancestor shared characteristic 
mutations with buccal epithelial cells, it was likely present 
already in a pre-gastrulation embryo before the separation 
of germ layers. An aberrant form of hematopoietic stem cell 
evolution is called clonal hematopoiesis of indeterminate 
potential (CHIP) and is known to increase hematologic can-
cer and cardiovascular disease risks in humans [41]. During 
this process, natural selection rather than neutral genetic 
drift promotes expansion of one or a few selected clones at 
the expense of other clones [42]. While pronounced forms of 
CHIP are pathological, minor forms of clonal hematopoiesis 
(below 0.02 variant allele fraction) driven by mutations in 
leukemia-associated genes (DNMT3A and TET2) are wide-
spread, affecting as many as 95% of healthy human subjects 
aged between 50 and 70 [43]. This ubiquitous, low-grade 
clonal expansion does not pose a health risk to the affected 
person and its detection has no prognostic clinical signifi-
cance. Thus, in addition to adaptive immune cells and epi-
thelial cells, hematopoietic cells also exhibit somatic evolu-
tion during the lifetime of the organism.

The expanding list of somatic cells subject to selection 
also includes post-mitotic neurons that, despite not being 
able to proliferate, undergo the process of negative selection 
to eliminate less adapted clones [44]. This process represents 
differential survival that appears as a Darwinian struggle 
for neurotrophins that act as survival factors for these cells 
(indirect competition) and on direct recognition of special-
ized “fitness markers,” like Flower, which, depending on 
their expressed isoform, allow fitter cells to induce apopto-
sis of the suboptimal neurons (direct competition) [45, 46]. 
Key for eliminating surplus suboptimal cells, the interneural 
competition not only occurs early in development but also 
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later in life as part of an ongoing process of neurogenesis 
in the hippocampus [44]. The outcome of this competition 
depends, among other factors, on genetic characteristics of 
the involved neurons whose accumulating mutations may 
gain fitness advantage or disadvantage over other cells [47]. 
One mechanism for gene diversification in the brain includes 
an amyloid precursor protein (APP)-based recombination 
(reminiscent of V(D)J rearrangement in lymphocytes) that 
generates genetic variation and sets the framework for cell 
selection in this organ [48, 49]. In sum, an emerging picture 
shows how joint action of mutation, selection and competi-
tion guide development of the nervous system that enables 
the organism to attain its unique neural circuitry.

In addition to the immune, hematopoietic, neural, and 
epithelial cells, multiple other types of cells are also sub-
ject to somatic evolutionary processes. This includes nor-
mal human eyelid epidermis, which, despite the significant 
burden of mutations bearing characteristic UV exposure 
signatures in NOTCH1, P53 and other loci, remains histo-
logically normal [50]. Single cell resolution studies of nor-
mal melanocytes revealed that these cells have an extremely 
high mutation burden (especially in sun-exposed areas) and 
that 20% of these cells, despite being noncancerous, bear 
alterations in BRAF, NRAS, and other melanoma-associated 
genes [51]. Beyond the eyelids, cancer-associated genes can 
promote expansion of epidermal cells in the head, legs, fore-
arms, trunk, and abdomen, shaping clonal skin architecture 
in these body parts [52]. As revealed by whole genome and 
targeted DNA sequencing, strong environmental pressures 

act on the skin, fostering survival of some and extinction 
of other mutant clones [52]. In addition to environmental 
factors, such as UV light, mutant selection in the epidermis 
depends on competitive exchanges between heterogenous 
clones, which growing laterally, fight for limited space and 
resources. Hence, clonal dynamic of normal human skin 
is driven by mutation, selection, and struggle: Darwinian 
forces influencing changes also in other body parts.

Functional cells of solid organs also undergo somatic 
evolutionary changes as illustrated by karyotypic adaptive 
changes of liver cells, which, due to chromosome variation, 
undergo selection for injury-resistant clones during stress 
[53]. Indeed, as shown by a model of hereditary tyrosinemia, 
maladapted euploid hepatocytes can be replaced by clon-
ally expanding fitter aneuploid ones to reconstitute and pro-
tect the organ. Further highlighting importance of somatic 
evolution is the role of genomic diversity of hepatocytes in 
cirrhotic liver that by hosting a heterogenous set of cells 
allows the adapted ones to gain proliferative advantage and 
regenerate the organ [54]. In particular, loss-of-function 
mutations in PKD1, ARID1A, and KMT2D enhance fitness 
of hepatocytes to expand and promote liver protection. Com-
plementing the above studies of clonal selection in various 
body parts is an RNA sequence analysis of 29 tissue types, 
all of which hosting numerous large clonal cell populations 
sometimes reaching macroscopic dimensions [55]. Thus, 
immense in its scale and intensity, clonal evolution appears 
to be normal and inescapable part of somatic cell dynamics 
[56] (Fig. 1).

Fig. 1   Diverse genes modulate fitness of somatic clones in healthy 
subjects. Characteristic sets of genes in different body parts can con-
fer proliferative advantage on constituent cells in the tissues (A). 

Somatic evolutionary changes in the organism involve accumulation 
of mutations and clonal expansion of selected clones, which despite 
positively selected may cause no pathology (B)
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Individuals as collectives

While certain forms of somatic evolution have been rec-
ognized, doubts have been raised if bodily cells could be 
considered as genuine Darwinian population considering 
that genetic variation and selection are constrained in the 
tissues [5, 6]. In fact, specialized mechanisms exist to 
modulate evolution of somatic cells and to prevent uncon-
trolled expansion of the fittest clones [57]. These mecha-
nisms include targeted elimination of mutated cells by pro-
apoptotic and immune effectors as well as maintenance 
of a stable tissue landscape to prevent rapid alterations of 
selective pressures in the microenvironment. The impor-
tance of these controls is highlighted by the fact that their 
deterioration later in life greatly increases cancer risk as 
aging-associated changes in tissue environment can alter 
selective pressures to favor expansion of malignant clones 
[58]. Hence, mechanisms are in place to inhibit clonal 
selective processes in an organism, seemingly supporting 
the view that these cells have been completely deprived of 
the capacity to evolve.

However, as we have seen, clonal selective processes 
are extremely common in normal healthy tissues. Indeed, 
instead of blocking clonal evolution, the specialized regu-
latory mechanisms help to ensure its safe operation recon-
ciling the adaptive interests of the organism and its parts 
[59]. Minimizing cancer risk, these mechanisms allow 
cells to operate as semi-autonomous living entities, which 
can act on their unique features and fitness characteristic 
much like animals and plants in their natural environment 

[60]. Indeed, if somatic variation and selection are as ubiq-
uitous as the above recent studies indicate, then the gulf 
between paradigm Darwinian populations and somatic cell 
populations is not as wide as often assumed [61] (Fig. 2).

Studies of lymphocytes help to understand how autono-
mous cell mechanics and randomness rather than rigorous 
external controls determine the fate of somatic cells in a 
population [62]. Suggesting that no two cells are identical 
in the organism, biological studies blur the divide between 
individuals and collectives suggesting that organisms oper-
ate as “weak individuals”, organized cell populations remi-
niscent of loosely organized forms of biological coexistence 
[61]. Compromising the idea of somatic cell de-Darwini-
zation, these recent studies support a view in which bodily 
cells operate as complex ecosystems rather than as determin-
istically regulated and integrated wholes [63, 64].

Recognition of the relative autonomy and evolvability of 
somatic cells opens a framework in which the concepts of 
habitat, diversity, niche, and population structure are key 
aspects of normal physiology [63, 65]. So far considered 
mostly in the context of cancer [66–68], this eco-evolution-
ary perspective can be expanded also to capture the activity 
of cells in a healthy organism. Reconceptualizing certain 
forms of collective cell behavior as equivalent to that of a 
flock of birds or school of fish such a perspective could help 
to explain cell coordination in populational terms rather than 
in top-down regulation categories [64]. This perspective also 
allows framing interactions between somatic cells and tissue 
cells in terms of co-evolving predator–prey dynamics, in 
which selective pressures exerted by self-reactive immune 
cells promote development of adapted tissue cells to evade 

Fig. 2   Based on criteria such as supply of variation, competitive 
interactions and dependence on intrinsic characters, somatic cell 
populations, and organismal populations can no longer be considered 
as radically opposed. In an idealized model, somatic cell populations 
were considered to occupy completely different areas in the “individ-

uality space” (A). More realistic model modifies this view, suggesting 
that somatic cell populations and organismal populations approximate 
each other with respect to the above three criteria (B). (Adapted with 
modifications from Godfrey-Smith, 2009)
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immune-related damage [69]. This ecological outlook also 
allows reframing certain aspects of organogenesis to account 
for their reliance on tissue-environment interactions rather 
than on specialized molecular mechanisms [1]. Finally, the 
environmental vision could advance our efforts to capture 
the relationship between somatic and microbial cells in the 
gut in terms of niche construction and ecological equilib-
rium states [70, 71]. Indeed, when considered in this frame-
work, the internal and external ecologies of the organism 
cannot be decoupled, meeting at a fluid ecotone at which 
they interact [72, 73]. All in all, the realization that somatic 
cells, like other biological populations, mutate, evolve, and 
adapt demands recognition of their ecological behaviors that 
encompass a wide spectrum of interactions from cooperation 
to communication to conflict [74].

Despite varying degrees of autonomy, somatic cells are 
not unconstrained in their capacity to evolve and engage 
into ecological relationships in the organism. (Note the gap 
between somatic cell populations and paradigmatic Darwin-
ian populations in Fig. 2B). Limits imposed on evolving 
somatic cell populations include regulatory mechanisms that 
help to target somatic mutagenesis to defined gene regions 
[75], specialized systems modulating the balance between 
cell proliferation and cell death [76], and spatial constraints 
like physical barriers separating liver lobules to prevent 
uncontrolled expansion of the fittest clones in a cirrhotic 
liver [54]. The existence of such limitations on somatic evo-
lution does not challenge the ecological and evolutionary 
perspective on somatic processes in so far as populations of 
free-living organisms also manifest a variety of “multicel-
lular traits” [77]. Indeed, division of labor, policing controls, 
regulation of cell proliferation and differentiation can be 
found not only in somatic cells but also in evolving unicel-
lular populations [78–80]. Thus, following this dynamically 
informed understanding of the multicellular individual, our 
understanding of a free-living cell population also changes 
inasmuch as the latter manifests many features so far attrib-
uted mostly to the former and that, accordingly, our idea of 
paradigmatic Darwinian populations is an idealization that 
may have no direct counterpart in reality (Fig. 2B).

Implications of the evolutionary framework

While the full implications of these recent findings on 
understanding somatic evolution and inner ecology of the 
organism still await to be determined, an outline of the chal-
lenges confronting basic assumptions about processes such 
as cancerogenesis and major evolutionary transitions have 
emerged.

(1)	 One of the central tenets of evolutionary studies of 
cancer is that oncogenic transformation results from 

an acquired capacity of cells to evolve in the tissues 
due to somatic mutations in cancer-associated genes 
[81, 82]. From this point of view, cancerogenesis was 
often assumed to represent a reversal of the evolved 
multicellular state and a return to the atavistic state 
in which cells subjected to selection pursue their own 
replicative success (see Ref. [78] for the review). In 
this respect, cancer was considered as an instance of 
“re-Darwinization” or acquisition of the potential to 
evolve in the tissues [83]. Studies of somatic evolution 
in healthy tissues modify this view, highlighting that 
evolutionary process in the organism are ubiquitous and 
not exclusive to cancer.

(2)	 The realization that oncogenic transformation does not 
result simply from an acquisition of evolvability poten-
tial by a cell draws attention to contextual factors in 
the process of oncological transformation [84–86]. The 
importance of such factors is highlighted, among other 
things, by the fact that while cells bearing mutations 
in cancer-associated genes are extremely widespread, 
their potential to progress into malignancy is exceed-
ingly small due to a network of ecological interactions 
they make with other cells [87]. For example, despite 
often affected by oncogenic P53 mutations, epidermal 
progenitor cells rarely become malignant because of the 
competitive equilibrium they reach with other mutated 
cell variants in the basal skin layer [88]. The impor-
tance of such Darwinian controls is further supported 
by studies of esophageal epithelium, where genetically 
heterogenous, but equally fit clones “collide” to restrain 
each other’s clonal behavior and to establish a stable 
state in which no single clone dominates the tissue [89].

	   In addition to intercellular competition, the organi-
zation of tissue landscape helps to prevent mutant 
clones from progressing into cancer [59]. Indeed, sta-
ble microenvironmental niche promotes development 
of stem cell clones with optimal fitness while favoring 
elimination of pre-neoplastic mutants [90]. A decline 
of tissue maintenance systems in the elderly leads to 
alterations in the tissue environment inducing changes 
in selective pressures to direct evolution of mutant 
clones towards malignant phenotypes [57, 91]. Illus-
trating the impact of environmental pressures on the 
course of evolutionary changes within an organism is 
the observation that hematopoietic stem cell mutants 
that fail to gain proliferative advantage in a young indi-
vidual, may promote malignancy later in life due to 
aging-associated alterations in the cytokine milieu [92]. 
Thus, environmental factors such as the ecology of cell 
exchanges and organization of a tissue landscape con-
tribute to cancer-protective functions, preventing cells 
from unlimited growth and invasive spread [93, 94]. 
It is only when the ecological balances are upset (due 
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to tumor promoting inflammation, age-associated deg-
radation of tissue architecture or noxious substances) 
that mutated cells can gain competitive superiority over 
normal cells, a process that mimics a hostile takeover 
by invasive native species following major environmen-
tal alteration like forest fire [95] (Fig. 3).

(3)	 In addition to elucidating the importance of unper-
turbed somatic evolutionary and ecological processes 
in tissue sustainability, studies of intra-organismal vari-
ation and selection help to explain the role of stress-
induced mutagenic systems in metazoan cells [96]. 
While existence of such systems in unicellular organ-
isms has obvious benefits, enhancing emergence of fit 
variants appearing during altered environmental condi-
tions, their persistence in mammalian tissue cells seems 
to make no adaptive sense beyond their involvement in 
generating immune and germline diversity [97]. The 
above-mentioned studies of somatic evolution help to 
support a hypothesis that stress-induced mutagenic 
systems persisted in mammals to ensure somatic het-
erogeneity necessary for tissue resilience, development 
and normal tissue function [98, 99]. This is confirmed 
among other things by the fact that the characteristic 
signatures of APOBEC DNA editing enzymes (a class 
of deaminases present in somatic cells) are not limited 
to cancer but also operate in normal colon and bladder 
linings to increase variation of these cells [35, 100].

In conclusion, in contrast to Germain, who argued that 
natural selection cannot explain cancer progression [101], 
we maintain that adaptive explanations are applicable to both 
cancerous as well as noncancerous somatic cells, elucidating 
their clonal dynamic and development. Indeed, with the pro-
gress in our understanding of tissue mosaicism and somatic 
selection, a broader evolutionary and environmental vision 
of physiological and pathological processes is emerging.

Finally, an improved understanding of somatic evolu-
tion also helps to modify our view of major evolutionary 
transitions, including those from molecules to cells, cells to 
multicellular organisms and organisms to societies [102]. 
Involving integration of lower-level parts into higher levels 
of organization, and relying on strong cooperation between 
their parts, these transitions have been considered as well-
defined and complete. Instead, the above-mentioned stud-
ies suggest that these shifts must have been rather fluid and 
fragmentary, allowing the lower-level parts to preserve much 
of their pre-transitional lifestyle and independence. The 
importance of this realization is underscored by its implica-
tions for recent attempts to depict human societies as de-
Darwinized populations [6, 9, 103]. While, indeed, human 
societies departed from paradigm Darwinian populations in 
their reliance on language, division of labor and cooperation, 
the involvement of adaptive factors cannot be quite ignored 
in these communities [104]. A more balanced perspective 
could help to avoid traps of social Darwinism and its con-
verse, i.e., social collectivism: While the former could lead 
to eugenics, the latter could embolden implementation of 
cooperation-enforcing mechanisms in a society.

Fig. 3   Positive and negative 
outcomes of genetic diversity 
of somatic cells. Genetically 
homogenous or near-homog-
enous cells in an embryo (A) 
acquire mutations during the 
lifetime of the organism (B) 
allowing fittest clones not only 
to expand but also to promote 
adaptation of the tissue (C). In 
rare cases, additional mutations 
and/or ecological perturba-
tions may lead to emergence of 
malignant cells, which like inva-
sive native pests in a perturbed 
habitat, monopolize resources 
and dominate the environment 
(D)
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Conclusions: a return to the concept of inner 
struggle

Forgotten for over a century now, the idea of inner struggle 
and adaptation is gaining a new impetus in the light of the 
above studies [105]. Introduced in 1881 by Wilhelm Roux, 
this doctrine presupposed that natural selection does not only 
act on the level of the individual but also on its parts [106]. 
Indeed, Roux assumed that developmental processes in the 
organism are guided by competition between cells and other 
bodily parts, which analogous to autonomous living beings, 
struggle for resources in their habitats. Finding applications 
in biology and medicine at the end of the nineteenth cen-
tury [107], Darwinian ideas infiltrated also bacteriological 
research helping to lay foundations for adaptive explanations 
of acquired immunity [108, 109]. Adopted by Elie Metch-
nikoff to account for immunity, pathology, senescence, and 
development, the evolutionary approach helped to provide 
an overarching vision of an organism as internally con-
flicted and changing [110, 111]. Thus, already considered 
by developmental biologists, zoologists, bacteriologists, and 
philosophers, the idea of somatic evolution was considered 
long before the advancement of the sequencing techniques.

While the Neo-Darwinian synthesis and the immuno-
chemical program led to an abandonment of the somatic 
evolutionary framework, some of its basic tenets are being 
revivified in the context of cutting-edge physiological stud-
ies. These new advances herald a transition from a frame-
work in which somatic mutations and differential cell 
expansion are fundamentally pathological, towards a view 
in which mosaicism and clonal selection are normal parts of 
organismal physiology. Departing from a view of the adap-
tive immune system as an encapsulated island of somatically 
evolving cells in a genetically stable organism, they suggest 
that the emergence of adaptive immunity in vertebrates was 
smoother that assumed [112, 113]. While many instances of 
this ubiquitous somatic variation and selection are detrimen-
tal, increasing cancer risk, others are functionally neutral 
and even beneficial, helping to contribute to developmental, 
immune, regenerative, and cognitive functions. Challeng-
ing the notion that somatic cells had been “de-Darwinized”, 
these novel studies call for a more nuanced understanding 
of events that led to evolutionary transitions and open a per-
spective in which individuals are considered as ecologically 
balanced collectives [63, 114].
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