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Abstract—In the first description of evolution, the fundamental mechanism is the natural selection favoring the individuals
best suited for survival and reproduction (selection at the individual level or classical Darwinian selection). However, this
is a very reductive description of natural selection that does not consider or explain a long series of known phenomena,
including those in which an individual sacrifices or jeopardizes his life on the basis of genetically determined mechanisms
(i.e., phenoptosis). In fact, in addition to (i) selection at the individual level, it is essential to consider other types of nat-
ural selection such as those concerning: (ii) kin selection and some related forms of group selection; (iii) the interactions
between the innumerable species that constitute a holobiont; (iv) the origin of the eukaryotic cell from prokaryotic organ-
isms; (v) the origin of multicellular eukaryotic organisms from unicellular organisms; (vi) eusociality (e.g., in many species
of ants, bees, termites); (vii) selection at the level of single genes, or groups of genes; (viii) the interactions between individ-
uals (or more precisely their holobionts) of the innumerable species that make up an ecosystem. These forms of natural se-
lection, which are all effects and not violations of the classical Darwinian selection, also show how concepts as life, species,
individual, and phenoptosis are somewhat not entirely defined and somehow arbitrary. Furthermore, the idea of organ-
isms selected on the basis of their survival and reproduction capabilities is intertwined with that of organisms also selected

on the basis of their ability to cooperate and interact, even by losing their lives or their distinct identities.
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INTRODUCTION

Natural selection is often described or known as the
preferential reproduction of the individuals best suited
to survive and reproduce, a description that could be de-
fined as the classical Darwinian selection.

However, as it is possible to document extensively
on the basis of a large body of works, the Darwinian de-
scription of natural selection appears to be an oversim-
plified description of selective phenomena. This is not a
reductive criticism of the huge contribution of Charles
Darwin because a great scientific revolution initially
describes the fundamental concepts and subsequently
these concepts are extended into the infinite complex-
ity of phenomena. Indeed, it is possible to describe var-
ious “types” of natural selection, much more complex
than selection at the individual level and leading to well-
known phenomena that would be impossible to explain
by the Darwinian description of natural selection. These

phenomena do not invalidate or contradict the classic
Darwinian selection, while representing a more com-
plete and necessarily more complex description of the
effects of natural selection, with results that are some-
times even paradoxical.

Each type of selective phenomenon has certainly
been studied better and in more depth in authoritative
works, some of which are then cited in the subsequent
specific sections. The fundamental idea that natural se-
lection acts at multiple levels has already been proposed
in valuable works (e.g., [1-3]). The fact that in the
course of evolution there have been fundamental transi-
tions, for example towards increasing complexity [4] and
towards increasing degrees of cooperation [5] has been
the subject of other valid works.

However, this review aims to comprehensively and
generally examine the various forms of natural selec-
tion, including natural selection related to holobionts
and ecosystems, and selective phenomena at the level
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of individual gene sequences. Furthermore, it is consid-
ered the concept of phenoptosis, which is unlikely in
terms of selection at the individual level while well ex-
plainable in terms of supra-individual selection and
fundamental for the description and understanding of
a wide series of phenomena.

DISCUSSION

In fact, eight general “types” of natural selection
can be described.

Individual selection. In the classical Darwinian de-
scription of evolution, individuals who are the fittest to
survive reproduce more than those less fit. The survival
and preferential reproduction of individuals with better
morphological and functional characteristics gradually
change a species, so determining its evolution [6].

With the subsequent discovery that the characteris-
tics of a species are determined by genes, it was also pos-
sible to explain how the necessary transmission of the
characteristics of a species from one generation to the
next took place. Genes also made it possible to define
the mechanism of natural selection and evolution as the
preferential diffusion of each gene based on the surviv-
al and reproduction capabilities that it determined. This
can be summed up in a single very simple formula (1):

Acx S P, (1)

where Ac is frequency variation between one generation
and the next of a gene C manifesting its action in the in-
dividual I; §, advantage or disadvantage for I caused by
the gene C; P, residual reproductive capacity of I at the
age when the gene acts.

These concepts were summarized by Spencer, a
great defender and popularizer of Darwin’s ideas, with
the expression “survival of the fittest” individuals [7]
which was later adopted by Darwin himself [8].

Kin selection and some related form of supra-indi-
vidual selection. However, the idea of natural selection,
and so of evolution, limited to the survival capacity of
the single individual appeared insufficient even on the
basis of simple considerations.

In fact, reproduction and the parental actions al-
lowing the survival of the offspring force us to consider
not only the single individual but also other genetically
related individuals. For example, a mother who breast-
feeds a newborn transfers part of her energies to it, re-
ducing her own survival capacities and increasing those
of the newborn. Actions of this kind cannot be summed
up only in the concept of survival of the fittest individ-
uals.

Furthermore, according to Darwin himself, the
actions of members of a tribe who sacrifice their lives
or put them in grave danger to save or defend the other
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members of the tribe would be favored by natural selec-
tion (see [9], p. 500). These actions also fall outside the
literal definition of “survival of the fittest”, but are de-
scribed by Darwin as favored by natural selection.

Consequently, although not excluding the selection
at individual level, it is necessary to consider the con-
sequences of genetic effects not only on the individual
in whom a gene acts but also on other individuals.

Indeed, this clear difficulty was resolved by the
proposal of the concept of “inclusive fitness” [10-13].

In formal terms, in the calculation of natural selec-
tion, considering a gene C which determines or influ-
ences an action in the individual I, where it is present,
causing an advantage (51 > 0) or a disadvantage (5 < 0)
for I, it is indispensable also consider possible advanta-
geous or disadvantageous effects on other genetically re-
lated individuals (S for I, with a coefficient », of genet-
ic relationship between I, and I,). Furthermore, for each
of the individuals, it is necessary to consider the residual
value of the reproductive capacity (P) at the moment in
which the gene acts. These concepts are summarized by
the formula (2):

Ac S (S PR, 5)

x=1

where Ac is frequency variation between one generation
and the next of a gene C that acts in the individual I;;
n is number of the individuals Ix (I, I, ..., I,) genetical-
ly related to I, for which the actions of the gene C have
any effect.

The gene C is favored by natural selection and so
increases its frequency when the summation is positive,
while the contrary happens when the summation is neg-
ative.

When the gene C acts only on individual I, as
ri = 1, the formula (2) becomes (3):

ACOCSI'PI, (3)

which is the same of formula (1).

In particular cases, the inclusive fitness formula
can easily be extended to group selection.

Case 1. Let us consider a species divided into de-
mes each composed of identical individuals being origi-
nated from a single clone and hypothesize that:

— Following particular events, if no individual sac-
rifices himself, there is damage for each individual equal
to —S;

— Conversely, let us hypothesize that, within a
deme, among n individuals with a gene C, nq individuals
sacrifice themselves and die (therefore with a damage
Sa equal to —1), and #, individuals survive and enjoy an
advantage S;. So, since in a monoclonal deme the kinship
coefficient ry is always equal to 1, neglecting for the sake
of simplicity the reproductive value which is assumed
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to be the same for all, the diffusion or elimination of
gene C by natural selection will depend on the formula (4):

2 (—So) + g (S)>(Sn, 4)

x=1

This means that C will be favored if (5):
na(—Sa) + nySs > (—8)n. %)

Case 2. Let us now consider the case in which the
deme is composed of individuals deriving from several
clones (1, 2 ... z). If gene C exists in clone 1, the proba-
bility that it exists in clone x will be equal to the kinship
coefficient between clones 1 and x (ry). Gene C will be
favored by natural selection if (6):

[A1a"(—Sa) + nis S + [n2a 72 (=Sa) + masr S ... + 6)
+ [nz,d'rz'(_Sd) + nz,s'rz'Ss] > (_S) n,

where, nyq are the individuals in a clone X that sacrifice
themselves and ny the survivors in the same clone in the
case of an event similar to that of case 1 [14].

It should be noted that formulas (4), (5) and (6) are
all developments of formula (2) that describes inclusive
fitness. These formulas demonstrate that, at least in par-
ticular cases, inclusive fitness describes forms of group
selection.

The importance of inclusive fitness is that, among
other things, it can very well explain actions that dam-
age the individual in which a specific gene acts, a fact
that is inexplicable if only selection at the individual lev-
el is considered.

More generally, forms of supra-individual selection,
of which inclusive fitness is a part, can very well ex-
plain the innumerable phenomena defined by the gen-
eral term phenoptosis proposed by Vladimir Skulachev
[15, 16], in which an individual sacrifices his own life or
exposes it to a serious danger due to actions that are ge-
netically determined or influenced [17].

Phenomena of this type are widespread in nature
and have been well known for some time [18] but only
after the definition proposed by Skulachev they have
been highlighted as phenoptotic phenomena [17].

Even in recent times, such actions are considered
unlikely as they are certainly disadvantaged by selec-
tion at the individual level. E.g., for the case of possible
aging-causing genes: “... any hypothetical ‘accelerated
ageing gene’ would be disadvantageous to the individual.
It is therefore difficult to see how genes for accelerated
ageing could be maintained in stable equilibrium, as indi-
viduals in whom the genes were inactivated by mutation
would enjoy a selection advantage.” [19]; “The anoma-
lous nature of ageing as a putative adaptation is that it is
bad for the individual in which the process is exhibited.
An animal that grows to maturity and thereafter repro-
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duces indefinitely has, other things being equal, a great-
er Darwinian fitness than one that grows to maturity
and then survives and reproduces for only a fixed period
of time.” [20]

However, overcoming these objections that are in-
validated by the consideration of supra-individual selec-
tion mechanisms, aging, which may be defined as “in-
creasing mortality with increasing chronological age in
populations in the wild” [21], has been described as a
sort of “slow phenoptosis” [22] and classified as “oblig-
atory and slow phenoptosis” [17]. The theoretical con-
siderations and empirical data supporting this thesis as
an alternative to aging as a phenomenon determined by
insufficient selection against harmful agents are widely
discussed elsewhere [14].

Holobiontic selection. By limiting the discussion
to multicellular species like ours, with regard to natural
selection it is misleading to consider individuals as iso-
lated organisms continually undermined and exploited
by countless other species, which can be microbial (vi-
ruses, bacteria — including mycoplasmas — fungi, proto-
zoa, etc.) or even multicellular (mites, intestinal worms,
etc.). These other species are considered as foreign or-
ganisms that are generally harmful to survival, with
particular rare exceptions, for example bacteria that are
useful because capable of synthesizing vitamins [23, 24].
Even when these species behave as harmless commen-
sals, they are considered a potential danger which is held
back by the body’s defenses but manifests itself when the
body is weakened and is no longer able to fight them.
According to this conception, these organisms are im-
portant for the individual selection mainly because they
represent a threat to survival.

For our species, this conception is strongly contra-
dicted by the empirical evidence which leads to a radical
rethinking.

First of all, it is necessary to consider the variety
and number of species that are present on the external
and internal body surfaces and also in more internal
parts of the human organism:

— The number of bacteria living in the gut, and
on skin and mucous surfaces has been estimated at
3.8 x 10", i.e., a higher number than that of the cells in
the human body estimated at 3 x 10" [25];

— The number of viruses present in each part of
the human body [26, 27] has been estimated at around
10" [28], i.e., a number comparable to that of bacteria.
Viruses are also present in areas of the body that are typ-
ically considered sterile. For example: bloodstream [29];
cerebrospinal fluid [28, 30] and breast milk [31];

— In every part of the internal and external surfac-
es of our organism, there are complex ecosystems com-
posed of numerous species of microorganisms. For ex-
ample, the mucous membranes of the oral cavity host
“fungi, viruses and protozoa” and “over 700 species of
bacteria” [32]. The microorganisms present in the gut
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ecosystem “have a combined metabolic capacity equiv-
alent to that of the liver, justifying their description as
an additional human organ ...” [33]. The ecosystems
hosted by the respiratory tract and the skin have a simi-
lar complexity and it has been estimated that the species
belonging to all ecosystems present in the human body
have genetic information which is over 150 times that
present in the human genome [34];

— Archaea, a vast group of prokaryote microorgan-
isms metabolically very different from bacteria, and capa-
ble of living even in extreme environments where bacteria
could not resist, were discovered over 40 years ago [35].
For a long time, also due to the difficulties for their iso-
lation and in vitro cultivation, archaea were not consid-
ered relevant for human physiology and pathology [36].
However, archaeal species are normal components of
human body ecosystems such as those of intestine, oral
cavity, vagina, and skin [37]. For the archaea present
in the human intestine, a recent study has highlight-
ed the presence of over 1000 distinct genomes [38].
The importance of archaea in both physiological and
pathological conditions is the subject of growing in-
terest [39, 40];

— Two species of mites (Demodex folliculorum and
Demodex brevis), small arthropods belonging to the sub-
class Acari, are present in the human hair bulbs, in an
estimated number of about 1000-2000 mites for each
individual [41].

Now consider the large number of species that co-
exist with our body, in every part of it, the huge number
of genes present in these species, most of which are mi-
crobial [42], and the large number of relationships be-
tween all these species, and between them and our spe-
cies. This extraordinary set of species and their mutual
relationships, has been defined as a holobiont, a concept
proposed in 1943 — see [43] — and later reproposed in
1991 [44], or also as supraorganism/superorganism [33],
where there is a host organism (host, or main biont) and
the other organisms that constitute it (other bionts).

As examples of the interrelationships:

— There are about 200 special oligosaccharides
(HMOs) in human breast milk [45], which in the new-
born are useful for the growth of particular intestinal
bacteria and perform other functions related to gut mi-
crobiome [46], so demonstrating close interrelationships
between the host organism and the other components
of the human holobiont;

— In populations that do not live according to mod-
ern lifestyles and where, among other things, the eradi-
cation of intestinal worms is not practiced, the presence
of helminths and other parasites is the rule [47, 48].
These infestations are the subject of great attention due
to the pathologies they can cause, but it is also known
that the presence of these parasites is important for the
regulation of the immune system [49, 50]. Furthermore,
the eradication of helminths and alterations of the in-
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testinal microbiome cause autoimmune diseases [51, 52]
and allergic diseases [53].

However, considering the close relationships among
all the component species of a holobiont, in particular
the dependence of the host for many functions on the
other bionts and the relationship between the survival of
the host and the survival of the other bionts, it is un-
likely that natural selection would not exercise actions
on the bionts that constitute the holobiont and on the
relationships among the bionts, and so, indirectly, on
the entire holobiont. It is likely that this type of selec-
tion, which we can briefly define as holobiontic, cannot
be described with the same conciseness as individual
selection, and indeed there are no formulas available
or which can be easily developed.

The concept of selection at the holobiont level does
not mean that for natural selection the holobiont is
a distinct unit (i.e., a unit of selection), or something
that evolves as a species for the effects of natural selec-
tion. However, certainly natural selection acts on the
countless species that constitute the holobiont, also as
a function of the numberless interrelationships among
these species, and therefore indirectly models the holo-
biont. In short, holobiontic selection is not a different
form of selection but the overall effects of the usual
selective mechanisms on a complex set of interacting
species.

Origin of eukaryote cell. The hypothesis that the
eukaryotic cell has its origin in the symbiosis of sever-
al microbial species was formulated for the first time
by Mereschkowsky, in 1905, with regard to chloroplasts.
These organelles were explained as individuals of one
microbial species being phagocytosed and becoming
endosymbionts of another microbial species. The dif-
ferent origin was mainly motivated on the basis of their
autonomous duplication [54]. This thesis was neglected
or considered unsustainable for a long time until 1967,
when it was re-proposed for plastids (of which chloro-
plasts are an important type), and, for the first time, for
mitochondria, also with autonomous duplication and
endowed of DNA distinct from that of the cell nucle-
us [55].

The re-proposed idea initially met with consider-
able resistance (Sagan’s article was proposed and reject-
ed several times before publication), but subsequently
became widely shared following many observations that
supported it [56-58].

The first is that prokaryotes are divided into two
distinct domains on the basis of multiple biochemical
differences: archaea (formerly archaebacteria) and bac-
teria (formerly eubacteria) [35, 59]. Indeed, the nucle-
ic DNA and ribosomes of eukaryotes (eucarya) appear
related to those of archaea while the DNA of mito-
chondria (mtDNA) and plastids (pIDNA), and their
ribosomes, appear phylogenectically related to that of
bacteria. In particular, the correlation with chloroplasts
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Fig. 1. Eukaryotes probably originated from the endosymbiosis of a bacterium (an a-proteobacterium) in an archaebacterium, with the bacterium
constituting the progenitors of the mitochondria. In one eukaryote branch, the subsequent endosymbiosis of another bacterium (a cyanobacteri-
um) gave rise to chloroplasts and so to plants. This second endosymbiosis did not affect the ancestors of animals, fungi and protists.

appears to be greater, which is a sign of a less ancient
symbiosis.

From this and other more specific observations, it
has been deduced that in a first phase an archaea pro-
karyote (likely an Asgard archaea [60]) developed a
symbiosis with a eubacterium, an a-proteobacteria, giv-
ing rise to the mitochondria and so constituting the pro-
genitor of all eukaryotic cells. Subsequently, about a bil-
lion years ago, a eukaryotic cell developed a symbiosis
with another eubacterium, a cyanobacterium, giving rise
to chloroplasts [61] and thus constituting the progenitor
of all plants (Fig. 1). Moreover, “Plastids have on mul-
tiple occasions also moved horizontally from eukaryote
to eukaryote by secondary and tertiary endosymbiotic
events.” [61].

After each endosymbiosis was stabilized, it is likely
that there was a progressive reduction in the number of
endosymbiont genes, cither because they were no longer
needed or because they existed in DNA host, and that
there have also been transfers of genes from the endo-
symbiont to the host, or even replacements of host genes
with genes from the endosymbiont [62].

Moreover, phylogenomic analysis of many archaeal
and bacterial genomes has shown that the incorporation
in archaeal genomes of many bacterial genes is charac-
teristic of the major groups of archaea and that probably
at the origin of each archaeal branch there is “massive
acquisition” of bacterial genes [63]: “These findings
have obvious and striking implications for the origin of
eukaryotes. Acquisitions of numerous bacterial genes
that amount to genomic chimaerism and lead to sub-
stantial remolding of cell physiology and emergence of
groups with new lifestyles appears to be a recurrent rath-
er than unique event in evolution, at least in archaea.
Could it be that most if not all major groups of archaea
emerged from botched endosymbiotic events? Should
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that be the case, cukaryogenesis only differs in that the
endosymbiont survived, retaining part of its physical
and genetic identity.” [63]

The symbiosis that gave rise to the eukaryotes are
very ancient and very intimate, so much so that (i) the
independent life of the single symbionts is impossible;
and (ii) the organelle genome has been largely replaced
by analogous host genes or transferred into the host nu-
clear genome [64]. Nonetheless, possible situations of
conflict between the symbionts can arise, in particular
because the organelles are endowed with their own ge-
nome with selective factors that can be in conflict with
those of the host. For example, possible mutants of the
mitochondria, with “selfish” actions, could favor their
own reproduction and at the same time damage the en-
tire symbiotic organism. Perhaps, precisely to limit the
spread of selfish mitochondrial genes, the transmis-
sion of mitochondria from one generation to the next
is limited to a single sex. In mammals, the paternal mi-
tochondria are marked during spermatogenesis with a
particular small protein, the ubiquitin, which then after
fertilization activates the destruction of the mitochon-
dria [65]. In this way the mitochondria of the progeny
are only of maternal origin and the variability of the mi-
tochondria is curbed, hindering the possible transmis-
sion of selfish mitochondria.

However, these brief notes are by no means intend-
ed to be a precise and complete history of the fascinating
events which are at the origin and development of the
eukaryotic organisms. They just want to indicate that in
such a story there are events of symbiosis and gene trans-
fers between very different species and that these events
go beyond the simple logic of the evolution of a single
species determined by individuals more suited to survive.

Selection in multicellular organisms. Multicellular
eukaryotic organisms are in fact a clone of genetically
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uniform cells, in which there are different types of cells
with differentiated roles and, in particular, with the role
of the reproduction of the whole organism entrusted
to specialized cell types. Multicellularity in eukaryotic
organisms has developed distinctly multiple times. Re-
stricting the definition of multicellularity to the intrinsi-
cally multicellular organisms, i.e., those with a heritable
phenotype and cellular sustained cell-to-cell intercon-
nection, communication, and cooperation, it has been
estimated that multicellularity developed at least 11-fold
among eukaryotes. [66]. Namely: once in the origin of
animalia (metazoa) and amoebozoa, three times in the
fungi (for chytrids, ascomycetes, and basidiomycetes),
and twice in each of the photosynthetic eukaryotic
clades (rhodophytes, stramenopiles, and chlorobion-
ta) [67, 68].

Even among prokaryotes, multicellularity has
evolved several times (e.g., for actinobacteria, myxobac-
teria, and cyanobacteria [69]). Among cyanobacteria it
has been demonstrated that multicellularity developed
several times and then often there was a return to the
single-celled condition [70].

However, here we do not want to investigate or il-
lustrate the conditions and mechanisms that led to the
development of multicellularity and which then condi-
tioned its subsequent developments (or sometimes the
return to unicellularity), very interesting topics widely
debated in other works (e.g., [66, 71, 72]), but only to
focus on some essential aspects of eukaryote multicellu-
larity useful for the discussion of the present work.

In a eukaryote multicellular organism:

— the reproduction of the organism is entrusted ex-
clusively to specialized cell types;

— the other cells can reproduce, inside the organ-
ism and when this is useful or necessary for the whole
organism, but this does not mean reproduction of the
organism as a whole;

— each cell, when this is useful or necessary for the
organism, sacrifices itself by mechanisms that can be
defined as programmed cell death (PCD).

In animals, the various types of PCD derive from
the needs for morphologic development or physiological
functions or even to allow continuous cell renewal [73].

With regard to the last necessity, in tissues not
subject to particular physiological needs or conditions
of wear, there is a type of genetically regulated sponta-
neous cell death, defined as apoptosis, which was dis-
covered quite late [74] because it is present in apparent-
ly unchanging tissues. In reality, apoptosis is present in
most cell types [14, Chapt. 6], and even, improperly, the
term is used as a synonym for PCD [75], when in fact
it is only one of PCD forms.

Apoptosis and other kinds of PCD are types of
cellular sacrifice of some of the cells of a multicellular
organism, which is useful for the multicellular organism
and does not mean the death of the whole organism.
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The term inspired the birth of the word phenoptosis
[15, 16], which includes numberless types of sacrifice of
an individual in favor of other genetically related indi-
viduals, a typology of widespread phenomena favored
in the context of supra-individual selection [17]. Thus,
apoptosis and other forms of PCD are not a particular
type of phenoptosis, although somehow the selective
logic that leads to PCD is analogous to that at the origin
of phenoptotic phenomena.

In fact, the birth of multicellular organisms has been
defined as the result of a kind of “phenoptotic pact” [14,
Chapt. 2] in which the cells of a clone are united in a
multicellular organism with the differentiation of their
functions and simultaneously with the availability to
sacrifice where this is useful for the new multicellular
organism.

For the new organism, natural seclection follows the
same rules valid for unicellular organisms, while for the
single cells of the new organism the rules change ac-
cording to the adaptive needs of the new organism.

Selection and eusociality. The term eusociality de-
fines the particular organization of numerous species in
groups where, in general, there is: reproduction reserved
to few individuals, division of roles among various types
of individuals (defined as castes) with physiological and
morphological differentiation according to the role, and
joint rearing of the young [13].

Species that fall under the definition of eusociality
are the ants, many species of bees, wasps, and termites,
some species of thrips, aphids, snapping shrimps, a bee-
tle species [76], and two mammal species, the naked
mole rat (Heterocephalus glaber) [77] and Damaraland
mole-rat (Fukomys damarensis) [78].

For a time eusociality, starting from the fact that
ants, bees, and wasps have a particular sex-determina-
tion system defined as haplodiploidy, was explained as
a direct consequence of kin selection mechanisms [13].
Subsequently, this explanation proved to be insufficient
(non-significant relationship between haplodiploidy and
eusociality; presence of many species that were both
eusocial and non-haplodiploid) and was overcome by
means of precise models of population structure. These
turned out to be a simpler and better approach which
allowed the comparison between alternative conditions
and provided a precise context for interpreting the nat-
ural observations [79].

A key element to explain the origin and mainte-
nance of eusociality has been considered the ancestral
condition of monogamy, which allows the formation of
a genetically homogeneous group: “We found that mat-
ing with a single male, which maximizes relatedness, is
ancestral for all eight independent eusocial lineages that
we investigated.” [80] However, this condition is neces-
sary but insufficient and certainly other particular con-
ditions are necessary [79] as, for example, for the only
two species of eusocial mammals [77, 78].
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The organization of eusocial species, particularly
that of ants and eusocial termite and bee species is ex-
traordinary [13] and a eusocial colony has been defined
as a “superorganism, essentially a new kind of organism
built up of organisms of the old kind.” [76]

However, this definition does not highlight a fur-
ther degree of complexity since such a “superorganism”
is more precisely composed of holobionts.

Let us consider the case of termites, animals essen-
tial for the metabolization of plant cellulose:

— “Culture-independent studies indicate that a sin-
gle termite species harbors several hundred species of
gut microbes unique to termites, and that the microbiota
is consistent within a host termite species.” [81];

— “Termite-gut microbiota form a complex, highly
structured, but stable microbial community compris-
ing largely yet-uncultivated, novel and diverse species”
[81-84];

— Among other things, termites need other species
present in their intestines to metabolize cellulose, their
main food [85, 86].

Furthermore, adding a further degree of complexi-
ty: (i) in the gut of many termites there is the prevalence
of “cellulolytic flagellates of the genus Trichonympha,
which are consistently associated with bacterial symbi-
onts” necessary for cellulose lysis [87]; and (ii) for the
recycling of uric acid nitrogen, a critical function for
animals that are predominantly wood-feeding, termites
need particular bacteria present in their intestines [84,
88, 89].

Selection at the level of single genes, or groups of
genes. Natural selection, both for unicellular and mul-
ticellular organisms, also acts within single cells at the
level of single genes, or groupings of genes, which are
somehow favored in their diffusion by actions defined as
“selfish” [90]. This adjective, excluding any impossible
ethical meaning, simply indicates that particular effects
of a genetic sequence favor an increase in the frequen-
cy of the sequence even if this involves damage to the
organism in which the sequence expresses its action.
A detailed discussion of this huge topic is impossible and
incongruous here and we refer for a fuller exposition to
the work cited above [90].

Here only some general concepts and facts will be
set forth which may be useful for the discussion of this
paper.

An increased frequency of a genetic sequence can
be achieved by many types of mechanisms. The most
widespread and best studied belong to two main catego-
ries [90]:

— Actions of duplication of the sequence of a gene,
or of a group of genes, with the insertion of copies in
other points of the genome;

— Actions defined as “drive” by which a gene, or a
group of genes, increases its frequency, favoring its dif-
fusion and hindering that of alleles.
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(1) Genes increasing their frequencies by duplication.
Transposable elements. Among the “selfish” genes, the
so-called transposable elements constitute an important
group. While other types of genes “compete” with their
alleles to be present at a given locus, transposable ele-
ments try to place copies of their respective sequences
elsewhere in cell’s genome. Because they try to duplicate
themselves, i.e., move, to other parts of the DNA they
have also been known as “mobile DNA” [91]. Their dis-
covery dates back to 1951 by Barbara McClintock [92],
and for many years the acceptance of their existence met
with strong resistance, but their discoverer was awarded
the Nobel prize in 1983 [93]. They have been and are
the subject of a large number of studies. An authoritative
2002 book dedicated to this topic offered 50 contribu-
tions based on thousands of references [94] and there
are many more recent works (e.g., [95, 96]).

It should be emphasized that transposable ele-
ments are not only present in eukaryotic cells but have
also been described for prokaryotes and viruses (e.g., for
DNA Transposons see [97]).

Among the transposable elements, there are three
main types that are quite different in terms of structure
and duplication mechanisms:

*  DNA Transposons [98]

The sequence of DNA Transposons mostly encodes
a single protein whose action is the excision of the se-
quence from where it is present, and its insertion in an-
other point of the DNA. It is useful to add that DNA
transposons can be inactivated by mutations and that
they are also capable of horizontal transmission with the
passage from one species to another [99, 100].

* LINEs (long interspersed nuclear elements) and
SINEs (short interspersed nuclear elements) [101, 102]

In general, a LINE codes for one or two proteins
whose actions are as follows [103, 104]: (i) using an in-
ternal promoter the sequence is transcribed into RNA;
(ii) this RNA goes to the cytoplasm where it is translated
forming one or two proteins; (iii) one of these proteins
binds to the aforementioned RNA; (iv) the RNA—pro-
tein complex then moves into the nucleus and is insert-
ed into a point of the DNA different from that of origin
(depending on the type of LINE, it can be random or
limited to some particular sites).

The SINE sequences do not code for any protein
but have particular short sequences which allow the ex-
ploitation of the mechanisms of the LINE sequences
for their duplication. In fact, they are “parasites” of the
LINE sequences and are able to duplicate even without
no protein-coding capacity [105, 106].

* LTR (long terminal repeat) Retroelements, which
are retrotransposons [107]

LTR Retroelements are more complex than the
aforementioned other two categories of transposable
elements. Generally, they code for three proteins with
enzymatic activity and two proteins with structural
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functions to form a capsid. The DNA of these LTR Ret-
roelements is transcribed into RNA, which can either be
translated into proteins to form a capsid, or remain as
RNA which has to be inserted into the capsid. Subse-
quently, the RNA is reverse transcribed and integrated
at a different point in the DNA [108].

A particular type of LTR retrotransposons, present
in all types of vertebrates, is constituted by the endog-
enous retroviruses (ERVs) which are retroviruses inte-
grated into the genome and thus become transposable
elements [109]. ERVs have been documented in various
vertebrate species, including baboons and mice [110].

Transposon elements can be inserted at points that
are indifferent to host cell functions or at points that
somehow modify those functions. Similar to mutations,
most of the time these changes are harmful, but in some
rare cases they can cause improvements or innovations
in the functions of the organism. Therefore, their effects
are analogous to those of mutations [90].

Furthermore, transposon elements can cause larger
modifications of the genetic heritage (e.g., duplications,
deletions, rearrangements, inversions, translocations)
which are often harmful or lethal but which can be sig-
nificant elements of non-minimal modifications of the
genome “unlikely to arise by any other means (e.g.,
during DNA replications)” [90], pp. 280-287.

Apart from this, in the long run, as the copies mul-
tiply, the DNA of the host cell and the related metabol-
ic demands increase more and more. For plants it has
been demonstrated that a greater load of transposable
elements is related to a greater risk of extinction [111].
Among vertebrates this has been demonstrated for rep-
tiles and birds, which have the smallest mean genome
sizes, but not for fish, amphibians, and mammals,
which have higher genome sizes [112]. Therefore, it is
important that the rate of copy number expansion of
transposon elements is very low. A limiting factor for
the expansion of the transposon elements, among other
things, is that any mutations of the sequence can in-
validate the duplication mechanism and therefore many
of the duplicated sequences become inactive sequenc-
es, which however remain to unnecessarily burden the
length of the DNA [90].

The genetic weight of the transposon elements is not
irrelevant, but the cell appears to have mechanisms which
greatly slow down the rhythms of their accumulation.

In particular, the estimated numbers of inserts for
DNA transposons, LINEs, SINEs, and LTR retroele-
ments are 400,000 (3% of the genome), 1,000,000 (21%),
2,000,000 (14%), and 600,000 (9%), respectively; and the
total represents about 46% of human or mouse genome
(24% acquired in the last 75 million of years and 22% be-
fore) (data for human genome from [113] and for mouse
genome from [114]).

(2) Genes increasing their frequencies by drive ac-
tions. There are many genes of this category [90].
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For the sake of brevity, only two general types will be
mentioned:

*+ HEGs (homing endonuclease genes) (see [90],
pp. 198-217). HEG sequence is translated into an endo-
nuclease which, in the heterozygous condition, cleaves
DNA at a specific recognition site opposed to HEG se-
quence. Then, cell repair system, necessary to rejoin the
two ends of a broken DNA sequence, uses the template
of HEG sequence in a DNA strand to insert it in the
middle of the recognition site of the other strand. So,
the HEG sequence passes from the heterozygous to the
homozygous condition and doubles its frequency [115].

HEGs are transmitted horizontally by bacterio-
phages [116] and this would explain their greater pres-
ence in eukaryotes with simpler organization [90].

« Selfish sex chromosomes (see [90], pp. 60-95).
Most species have different sex chromosomes (females
XX and males XY, or, in other species, males ZZ and
females ZW). This determines different conditions for
the transmission of the genes existing in the parts of the
chromosomes which are not identical in the two sexes.
So, different selection conditions arise which can fa-
vor “selfish” genes in these parts of the chromosomes.
For example, in some diptera species there are “killer X
chromosomes” which reduce male frequency in the off-
spring [117]. Conversely, in two mosquito species, “kill-
er Y chromosomes” have been described that reduce fe-
male frequency in the offspring [118]. As a likely defense
against this type of selfish genes, in mammals, transcrip-
tion from sex chromosomes is blocked early in meiotic
prophase and “backup” copies of some X-linked genes
are expressed in meiotic and postmeiotic cells [119].

Plasmids. In addition to these “selfish” genes, on the
blurred border between transposable elements and virus-
es, there are the plasmids, genetic elements that are wide-
ly diffused among prokaryotes [120], and have a high-
er level of complexity than the transposable elements:
“... our provisional understanding of a plasmid is that it
is a genetic element that is extra-chromosomal, yet some
plasmids are temporarily integrated into chromosomes;
it is a small circular genome, yet some plasmids are lin-
ear; it is mobile or self-transmissible, yet about half of the
known plasmids are non-mobilizable or not self-trans-
missible; it is transferred as naked DNA, yet some plas-
mids have their own packaging; it can have positive or
negative effect on the host fitness, yet some plasmids are
cryptic and have no clear impact on the host.” [121]

Plasmids have the important effect of allowing the
transmission of genes between different individuals, even
of different prokaryotic species: “Plasmids are a major
driver of horizontal gene transfer in prokaryotes, allow-
ing the sharing of ecologically important accessory traits
between distantly related bacterial taxa.” [122]

The effects of plasmids, together with those of bac-
teriophages, are among the main ways by which antibi-
otic resistance can spread rapidly among bacteria [123].
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Natural selection in an ecosystem. The individuals
of a species, or more precisely its holobionts, are not
and cannot be organisms living in isolation without con-
tacts and interrelationships with individuals/holobionts
of other species. The set of these species, their relation-
ships and the physical environment in which they live
constitute an ecosystem. This concept, fundamental for
the explanation of innumerable biological phenomena,
was for the first time defined as “ecosystem” in a publi-
cation in 1935 [124], and was soon refined including in
it “not only the organism-complex, but also the whole
complex of physical factors forming what we call the en-
vironment” [125].

Natural selection is certainly influenced by the in-
numerable interrelationships between the species of an
ecosystem. Numberless cases of natural selection deriv-
ing from these interrelationships are fundamental or pe-
culiar characteristics of an ecosystem. For example:

* A basic need for the species of an ecosystem is
nitrogen fixation. Without it, plants cannot survive nor
is life possible for species directly or indirectly depend-
ing on plants. Various plants, as many legume plants,
are in symbiosis with nitrogen-fixing bacteria (see [126],
Chap. 12). The roots of many plants and trees are sym-
biotic with mycorrhizal fungi and particular soil mi-
crobes to which they supply carbohydrates and in return
obtain phosphorus and nitrogen (N), also from dead
organic matter [127]: “While plants grown with either
soil microbes or AM [Arbuscular mycorrhizal] fungi ac-
quired twofold and threefold more N from the organic
matter than control plants, respectively, plants grown
with both soil microbes and AM fungi acquired ten to
twelvefold more N from the organic matter than control
plants.” [127];

*  “Arbuscular mycorrhizal (AM) fungi are mutu-
alistic symbionts living in the roots of 80% of land plant
species, and developing extensive, below-ground ex-
traradical hyphae fundamental for the uptake of soil nu-
trients and their transfer to host plants. Since AM fungi
have a wide host range, they are able to colonize and
interconnect contiguous plants [of the same species or
of different species] by means of hyphae extending from
one root system to another.” [128] This connection
system has also been defined as a “wood-wide web”
[128-130];

* The connection between plants is allowed by
symbiotic fungi, through a link of the type: roots of
plant 1 — mycorrhizal network — roots of plant 2 [131].
In fact, the connection is multiple and also affects plant
microbiomes and dodders (see below). It takes place
through communications both with direct physical con-
tact (“wired”) and without direct contact (“wireless”):

“Wired communications involve direct signal trans-
fers between plants mediated by mycorrhizal hyphae
and parasitic plant stems. Wireless communications in-
volve plant volatile emissions and root exudates elicited
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by microbes/insects, which enable inter-plant signaling
without physical contact. These producer-plant signals
induce microbiome adaptation in receiver plants via fa-
cilitative or competitive mechanisms.” [132];

* “Dodders (Cuscuta spp.) are plant holopara-
sites that acquire water and nutrients from host plants
via the haustorium, which physically connects the par-
asite to its host. Dodder species have broad host range,
and can interconnect several plant species or clusters of
the same species ... to generate a common dodder net-
work. The common dodder network can be considered
as an inter-plant highway that translocates large num-
bers of proteins, RNA, metabolites, and plant viruses
over a distance of at least 100 cm”. [132-134];

* The removal of even a single key component
of an ecosystem (e.g., an apex predator) can cause seri-
ous alterations of the entire ecosystem. This was under-
estimated or not understood until the definition of the
concept of ecosystem and its implications. A well-doc-
umented example is that of the severe ecosystem alter-
ations of the Yellowstone Park, and of their corrections
only since 1995. After a long period of unlimited hunt-
ing for wolves and other predators (e.g., mountain lions,
bears and coyotes), the wolf population was completely
wiped out from Yellowstone Park in 1926. This resulted
in an overgrowth of deer population, severe alterations
to vegetation eaten by the elks, severe reductions in bear
and beaver numbers, reductions in numbers of hares,
rats, muskrats, ducks and fish, and also unstable stream
banks. These serious alterations of the ecosystem were
only partially reduced by the continuous elimination of
part of the deer population. In 1995, 19 wolves were re-
introduced to the Yellowstone Park. In a few years it was
possible to observe the reduction in the number of deer,
the restoration of normal vegetation growth, the return
of bears and beavers, an increase in the population of
the species whose reduction had been observed, and the
stabilization of watercourses, with a return to the previ-
ous conditions of the ecosystem [135, 136];

* In ecosystems there are also cases of coopera-
tion between individuals of the same species, with seri-
ous risk to their lives, to fight against predators. For ex-
ample, the predominant males of chacma baboons
(Papio ursinus) [137] and of yellow baboons (Papio cyno-
cephalus) [138] strenuously defend their herd in case of
attack by predators even at the cost of their own lives,
which it is an example of optional phenoptosis [17];

* Another case of optional phenoptosis is that of
bacterial phytoplankton mass suicide to block the spread
of a phage [139];

* A species in general is unable to directly syn-
thesize or absorb all the substances the organism needs.
E.g., our species needs various vitamins, indispensable
amino acids, and minerals, two essential fatty acids,
and choline [140]. Under normal ecological conditions,
without the interaction with many other species, these
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essential nutrients would not be available and survival
would be impossible.

In short, an ecosystem is not simplistically a set
of individuals of different species that continuously
struggle to overwhelm each other, but also a very com-
plex intertwining of various types of interrelationships
between the holobionts of numberless species and the
correlated natural selection.

As with holobiontic selection, it is important to
highlight that an ecosystem is not a distinct unit of se-
lection. However, natural selection certainly acts on all
the species (or more precisely holobionts) which consti-
tute it, in relation to their characteristics of which the
interrelationships with the other species of the ecosystem
are certainly an important part. Consequently, natural
selection, or more precisely the set of countless selective
actions on each component of the ecosystem, indirect-
ly shapes the entire ecosystem. As with other “types”
of natural selection, that at the ecosystem level is not a
different form of selection but the effects of the same
selective mechanisms in a much more complex context,
which is difficult to describe in mathematical terms.

DEFINITIONS
THAT ARE NECESSARILY ARBITRARY

The previous brief description of the various types
of natural selection implicitly shows that some essen-
tial biological definitions have uncertain boundaries.
Or rather, it is always possible to define limits for them,
but these boundaries, however useful and necessary, are
often arbitrary and questionable:

About the definition of living being. Entities such as
viruses, and other MGEs (Mobile Genetic Elements),
including those previously referred to as selfish genes,
are generally not considered part of the tree of life [141].
However:

« “MGEs are semiautonomous replicative ge-
nomic entities that are ubiquitous in the natural envi-
ronment and believed to be an intrinsic part of cellular
evolution [142]. They include viruses which may encode
one or more proteins comprising the viral particle (virion)
encasing the genome of the respective MGE [142]. Cat-
egorically, viruses are believed to be the most abundant
biological entities on the planet, shaping ecological and
evolutionary components of the biosphere [143].” [144];

« It was pointed out in a previous section that in
human/mouse genome about 46% of the DNA is made
up of mobile elements;

+  “Approximately 8% of the human genome, over
four times more than its protein-coding regions, com-
prises sequences of viral origin that are known as human
endogenous retroviral elements (HERVs).” [145]

Consequently, by accepting a definition of life ex-
cluding viruses, MGEs, and selfish genes, we will also
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have to accept that over half of our DNA originates from
non-living entities and that most of the “biological enti-
ties on the planet” [144] are non-living.

The exclusion of viruses from the living world is also
undermined by the existence of the so-called giant viruses:

*  “Viruses are the most prevalent infectious agents,
populating almost every ecosystem on earth. Most viruses
carry only a handful of genes supporting their replica-
tion and the production of capsids. It came as a great
surprise in 2003 when the first giant virus was discov-
ered and found to have a >1 Mbp genome encoding al-
most a thousand proteins. Following this first discovery,
dozens of giant virus strains across several viral families
have been reported.” [146];

«  “Different giant viruses have robust metabolic
machinery, especially those in the Phycodnaviridae and
Mimiviridae families.” [147];

*  “Can giant viruses get infected? Yes, they can!
Giant viruses with a cytoplasmic replication-cycle, such
as mimivirus, can be targeted by other viruses, called
‘virophages’, which use their host’s viral factory to repli-
cate. Virophages are small DNA viruses with genomes of
~20 kb encoding about 20 proteins. They express their
genomes as late genes using the giant virus transcription
machinery.” [148].

About the definition of species. According to classi-
cal ideas, the term species defines a precise concept with
clear distinctions between the various species. Anyway:

« Each eukaryotic cell is the evolution of a very
ancient symbiosis between a species of the domain ar-
chaea and a species of the domain bacteria, subsequently
enriched, in the progenitor of the photosynthetic species,
with a further symbiosis with another species of the do-
main bacteria. These various components of the eukary-
otic cell, among other things, have distinct DNA, but
cannot live independently;

* There are also other cases of symbiosis in which
the independent life of the single component species is
impossible (e.g., lichens [149]).

And, as shown before:

+ Contact and fusion between genomes of the eu-
karyotic cell and genomes of viral origin is frequent;

* The horizontal transfer of genes between differ-
ent species is well known;

* There are many cases in which the definition of
species is subordinated to the definition of life or living
beings.

* These facts make the definition of species diffi-
cult to delimit precisely.

About the definition of individual. The definition of
individual appears well delineated according to the usual
ideas. However:

* As far as multicellular eukaryotic organisms are
concerned, each “individual” is in fact a highly evolved
colony of cells with specialized functions on the basis of
different epigenetic modulations [150], and often capable
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of reproducing autonomously. However, only one type
of cell has the function of transmitting the genes that
characterize the colony to the next generation. In the
evolutionary past of every multicellular organism there
has been a transition phase from a colony of undiffer-
entiated individuals to that of a colony with individuals
with differentiated functions;

« In eusocial species, which form “superorgan-
isms”, we have “individuals” with differentiated func-
tions. Only two types of individuals (e.g., for bees, the
queen bee, and the drones) have the function of trans-
mitting the genes of the superorganism;

« In cases of symbiosis, often the distinction be-
tween the individuals that make up the symbiont is not
entirely definable (e.g., see the case of eukaryotic cell);

» Apart from cases of symbiosis, each individual
coexists with a myriad of other species and constitutes
a holobiont.

As with the definition of species, these cases make
the definition of individual somewhat imprecise.

About the definition of phenoptosis. The definition
of the concept of phenoptosis (see [15-17]) finds a case
of uncertain delimitation when considering both eu-
karyotic multicellular organisms and organizations de-
fined as eusocial [13].

In multicellular eukaryotic organisms, the cells
have different functions and, where this is useful for
the organism, are subject to forms of programmed cell
death (PCD), including apoptosis. These cases of PCD
fall outside the definition of phenoptosis, primarily be-
cause the individual cell types are not capable of auton-
omous life or reproduction.

In the case of the eusocial species, the individuals
of the single functional types perform different func-
tions, are unable to reproduce (except for the individ-
uals specifically assigned to this function) and in par-
ticular cases sacrifice their life for the survival of the
superorganism. These cases are regarded as phenoptotic
phenomena, even though the single functional types of
individuals, as well as the single cells of multicellular or-
ganisms, are unable to reproduce themselves or survive
long in isolation from the superorganism.

For both multicellular organisms and the organiza-
tion of eusocial species, one could say that at their ori-
gin there is ideally a “phenoptotic pact” in which several
individuals form a colony differentiating their functions
and with the availability to sacrifice their lives if neces-
sary.

We therefore have two analogous situations de-
scribed differently. An arbitrary solution is to establish
that the definition of phenoptosis does not extend to the
case of self-sacrificing cells in a multicellular organism.
Here, as in the previous cases, the problem is not so
much a lack of definition but that of complicated bio-
logical realities not always allowing for perfect delimi-
tations.
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selfish actions

competition

unselfish actions
(up to phenoptosis)

isolated
individuals

cooperation

symbiosis, cusociality,
multicellularity,
holobionts

Fig. 2. Biological phenomena caused by natural selection.

CONCLUSION

In the classical conception of Darwinian selection,
the individual struggles for its own survival and repro-
duction and there is little or no room for actions with
different outcomes. An exception, highlighted by Dar-
win himself but not elaborated in its implications, is
when tribesmen take mortal risk or sacrifice themselves
for the survival of the tribe [9].

In biological reality, as summarily outlined in the
previous parts, the cases are more complex and often
apparently contradictory to each other.

Natural selection favors and models phenomena
that represent a complex interweaving between:

— “selfish” and “unselfish” actions (up to the su-
preme sacrifice of phenoptosis);

— acts of competition and others of cooperation;

— individuals operating as isolated entities and forms
of close integration between individuals of various species
or of the same species, with phenomena of symbiosis,
eusociality, multicellularity, and the condition of holo-
bionts.

This extreme variety of manifestations, summarized
in Fig. 2 as a sort of biological yin-yang, does not mean
a denial of the original Darwinian vision, but a develop-
ment of this vision up to paradoxical consequences that
perhaps would have astounded Darwin himself.
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