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Diversity is widely known to fuel adaptation and evolutionary processes and increase
robustness at the population, species and ecosystem levels. The Neo-Darwinian
paradigm proposes that the diversity of biological entities is the consequence of genetic
changes arising spontaneously and randomly, without regard for their usefulness.
However, a growing body of evidence demonstrates that the evolutionary process has
shaped mechanisms, such as horizontal gene transfer mechanisms, meiosis and the
adaptive immune system, which has resulted in the regulated generation of diversity
among populations. Though their origins are unrelated, these diversity generator (DG)
mechanisms share common functional properties. They (i) contribute to the great
unpredictability of the composition and/or behavior of biological systems, (ii) favor
robustness and collectivism among populations and (iii) operate mainly by manipulating
the systems that control the interaction of living beings with their environment. The
definition proposed here for DGs is based on these properties and can be used
to identify them according to function. Interestingly, prokaryotic DGs appear to be
mainly reactive, as they generate diversity in response to environmental stress. They
are involved in the widely described Red Queen/arms race/Cairnsian dynamic. The
emergence of multicellular organisms harboring K selection traits (longer reproductive
life cycle and smaller population size) has led to the acquisition of a new class of
DGs that act anticipatively to stress pressures and generate a distinct dynamic called
the “White Queen” here. The existence of DGs leads to the view of evolution as a
more “intelligent” and Lamarckian-like process. Their repeated selection during evolution
could be a neglected example of convergent evolution and suggests that some parts
of the evolutionary process are tightly constrained by ecological factors, such as the
population size, the generation time and the intensity of selective pressure. The ubiquity
of DGs also suggests that regulated auto-generation of diversity is a fundamental
property of life.
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THE FUNDAMENTAL QUESTION OF HOW AND WHY
DIVERSITY IS GENERATED

In reference textbooks, the extremely wide diversity of biological entities is traditionally presented
as the consequence of genetic changes that occur spontaneously and randomly. However, a growing
number of studies in multiple fields now challenge this paradigm of diversity, to the point that it
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is no longer indefensible. This article attempts to summarize
current knowledge about the sources and consequences of genetic
and phenotypic diversity in living systems.

As we will see, individual diversity makes ecosystems, species
and populations more robust to environmental stress and can
favor the emergence of complex collective behaviors such as
collectivism. This demonstrates that diversity not only constitutes
the fuel for the evolutionary process, but can also confer
new functions and better adaptive capacity at all levels of
biological complexity. The magnitude of these fitness gains
suggests that partial control of the generation of diversity
may be beneficial. In keeping with this assumption, numerous
examples of tightly regulated mechanisms generating individual
genetic and phenotypic diversity have been described among
prokaryotes, parasites and complex multicellular organisms.
These mechanisms seem to play a key role in the evolution of
biological systems as well as in the dynamics of the host–pathogen
relationship. Their ubiquity suggests that they are indispensable
to adaptation to environmental stress, and that regulated auto-
generation of diversity must be considered as a fundamental trait
of biological systems. Based on these observations, the present
article proposes a new conceptual framework for thinking about
the diversity and organization of biological systems. It has three
goals in particular: (i) to provide a functional definition of the
acquired mechanisms contributing to generate diversity, based
on their shared properties, (ii) to identify the factors defining
their dynamics, and finally (iii) to discuss the complex question of
how and why they were selected and stabilized during evolution.

THE IMMEASURABLE DIVERSITY OF
LIVING ENTITIES

We have only recently begun to imagine the true scope of the
diversity of life forms and the difficulty that lies ahead to quantify
it. Recent estimates of total eukaryotic diversity fall within the
range of 1–5 × 107 species (May, 1988; Mora et al., 2011)... with
more than 450,000 species of beetles alone, which supposedly led
J.B.S. Haldane to say that “The Creator must have an inordinate
fondness for beetles”... Although only around ten thousand species
of prokaryotes have been described, mainly because only a few
number of bacteria can be cultivated in the laboratory, indirect
molecular approaches based on the annealing of DNA extracted
from the environment (without cultivation) suggest that there
could be 109 or more prokaryotic species worldwide (Dykhuizen,
1998), and >106 species within a given habitat (Gans et al., 2001).
However, even these astronomic numbers do not reflect the real
diversity of living forms:

• First, the genotypic diversity within one prokaryotic species
can be amazingly high. Species boundaries for prokaryotes
appear to be “fuzzy” and members of a bacterial species
share certain portions of their genomes (core genome)
encoding essential metabolic and informational functions,
but often carry unique, strain-specific sequences (auxiliary
genes, accessory/flexible/dispensable genome) serving in
the adaptation to local environmental pressures (Achtman

and Wagner, 2008; Riley and Lizotte-Waniewski, 2009).
The size of the core genome appears to vary widely. In
the case of Streptococcus agalactiae, it accounts for 80% of
any single genome of 8 strains (Tettelin et al., 2005) but a
recent analysis showed that for Escherichia coli it represent
only 6% of genes present in 61 strains (Lukjancenko et al.,
2010). This fluidity of the prokaryotic genome has led
to the emergence of concepts such as the pan-genome
(core + accessory genome) (Tettelin et al., 2005) and fuzzy
species (Hanage et al., 2005) in microbiology and each
bacterial species is now considered as a “gene flow unit”
(Cordero and Polz, 2014).
• Second, the phenotypic diversity of living forms is greater

than their genotypic diversity. Prokaryotes (Velicer and
Vos, 2009) and protozoa (Li and Purugganan, 2011) may
have complex life cycles including multiple differentiation
states. Furthermore, multicellular eukaryotic organisms are
widely known to display amazing “phenotypic plasticity”
(defined as the ability of a single genotype to produce
multiple phenotypes in response to variation in the
environment) during their development and life. Change
can be reversible or irreversible, occur within a single
individual or a population, be cyclic or not (reviewed in
Piersma and Drent, 2003). Phenotypic plasticity confers
the capacity to anticipate predictable seasonal changes or
react to unpredictable changes by remodeling physiological
processes to compensate for the potentially negative effects
of changing conditions. Interest in this phenomenon has
surged over the last decades because it could facilitate the
accumulation and release of cryptic genetic variation and
favor diversification and speciation (Pfennig et al., 2010).
• Third, genetically identical individuals can express

considerable variation in behaviors, such as social, sexual,
anti-predatory responses, and can show task and diet
specialization (reviewed in Dall et al., 2012). While
behavioral variation among individuals in eusocial insect
societies (queen and various workers) has been described
since ancient times, the existence of individual behavioral
specialization is now well documented throughout the
animal kingdom.

BIODIVERSITY INCREASES THE
ROBUSTNESS, EVOLVABILITY AND
COLLECTIVISM OF BIOLOGICAL
SYSTEMS

“. . .there is a constant tendency in the forms that are increasing in
number and diverging in character, to supplant and exterminate the
less divergent” Darwin, The Origin of Species

The impact of biodiversity on the robustness and productivity
of a biological system has been investigated at various levels of
complexity.

A growing number of studies have analyzed the consequences
of species diversity on the resistance of ecosystems to natural
selection. Grassland plant ecosystems have been particularly
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studied. It has been reported that species-rich communities
are generally more productive (Hector, 1999; Tilman et al.,
2009), more stable (Tilman and Downing, 1994; Tilman et al.,
2006; Proulx et al., 2010) and resistant to extreme climatic
changes (Isbell et al., 2015), and are less vulnerable to invasions
(Hector et al., 2001) than less diverse system. In controlled
laboratory conditions, species diversity also increases the stability
of microbial communities against environmental perturbations
(Eisenhauer et al., 2012). Likewise, in nature, the reduction of
species diversity constitutes a major driver of ecosystem change
(Hooper et al., 2012). Multiple mechanisms have been proposed
to explain the impact of species diversity on ecosystems, but
their relative importance remains controversial (reviewed in
Cardinale et al., 2011). Darwin proposed that species diversity
might increase the productivity of ecosystems due to the division
of labor among species, suggesting that each species is unique
in how it exploits its environment (introducing the niche
concept). It thus follows that species-rich systems can exploit
resources more efficiently than species-poor systems (known as
the complementarity effect). Alternatively, high species diversity
also implies higher chances of having species that efficiently
fulfill functions required by their environment (known as the
selection probability effect or sampling effect). A large number
of species may imply a certain level of functional redundancy:
the loss of one species has a smaller effect in a diverse system
than in a species-poor one (known as the insurance effect, Yachi
and Loreau, 1999). Although more rarely studied (Reusch et al.,
2005; Crutsinger et al., 2006; Genung et al., 2010; Cook-Patton
et al., 2011; Roger et al., 2012), genotypic diversity within one
population of the same species is also thought to improve the
resistance of an ecosystem to environmental changes by the same
mechanisms.

Studies of microbial populations in controlled environments
have clearly demonstrated that even bacteria can display
phenotypic heterogeneity independently of genetic or
environmental variation, a form of variation that we call
“individuality” here. Individuality can result from a random
molecular process (phenotypic noise), cellular age, asymmetric
division, cell-cell interactions or epigenetic modifications
(reviewed in Ackermann, 2015) and can have important
functional consequences, similar to those of species and
genotypic diversity in ecosystems. Individuality can allow certain
individuals to survive sudden changes in the environmental
conditions [a phenomenon known as bet hedging (Philippi and
Seger, 1989)]. For example, the persister phenotype promotes
E. coli survival in the presence of antibiotics (Balaban et al.,
2004). Individuality can also lead to the emergence of cheaters
(selfish individuals) that exploit the public goods produced
by other individuals or favor the cooperative division of labor
between individuals (West and Cooper, 2016). Cooperative
division of labor enables groups of bacteria to synergize, but also
to engage in tasks that are incompatible with each other and thus
to gain new functions. For example, multicellular cyanobacteria
gain the ability to simultaneously perform photosynthesis and
nitrogen fixation though these two tasks are incompatible as the
oxygen produced during photosynthesis permanently damages
the enzymes involved in nitrogen fixation. Time and space

coordination have also been documented, which demonstrates
that in some cases bacterial populations cannot be considered as
simple assemblies of independent individuals, but must be seen
as “functional units.”

In summary, all forms of biodiversity, independently of the
level of complexity, seem potentially able to favor the resistance
of biological systems to environmental selective pressures.
Importantly, this biodiversity can, in many cases, allow for the
emergence of new functions within a population and constitute
the basis for collectivism. In addition, genotypic and phenotypic
diversity may increase the evolvability of populations. Sustained
high genotypic diversity could increase the chances of finding
and fixing an adaptive genotype. Phenotypic diversity could help
maintain genotypic diversity by allowing for the persistence of
genotypes in fluctuating environments. Of course, the impacts
of diversity are not always positive. High levels of mutation in
particular can lead to the accumulation of deleterious mutations
that jeopardize the survival of small populations of individuals,
though this does not seem to be predominant in nature as a
much greater number of positive effects have been reported in
the literature.

CLASSICAL NEO-DARWINIAN
PARADIGM OF DIVERSITY GENERATION

“Our ignorance of the laws of variation is profound” Darwin, The
Origin of Species

One major goal of evolutionary biology is to understand how
living entities diversify. How did a billion species arise from
one single species of microbial life 3500 million years ago? Neo-
Darwinism hypothesizes that the diversity of living entities is the
consequence of genetic changes that occur spontaneously and
randomly, without regard for their usefulness, and of the action
of natural selection by the environment (Figure 1A). In other
terms, under this paradigm, genetic accidents are considered
as the most important source of diversity and adaptation to
environmental stress conditions. However, most spontaneous
genetic mutations appear to be neutral. A few are detrimental
and beneficial mutations seem to be very rare. This has led to
Muller’s ratchet concept (Muller, 1964) which postulates that, in
absence of genetic mixing, a population accumulates deleterious
mutations in an irreversible manner up to a critical threshold
inducing its collapse. Three main types of mechanisms to escape
this collapse have been described:

• Natural selection has favored the acquisition of mechanisms
to control mutation rates and also to ensure some
robustness to detrimental mutations. These mechanisms
include molecular chaperones, modularity (the separation
of networks into clusters, also called the scale-free network
organization) and degeneracy (partially interchangeable
modules) (Kitano, 2004).
• Antagonistic coevolution acts as a mechanism to purge

deleterious mutations from the genome and maintain
genotypic diversity among populations (Buckling et al.,
2006; Decaestecker et al., 2007; Paterson et al., 2010).
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FIGURE 1 | Evolution of paradigms of diversity. (A) Classical Neo-Darwinian paradigm. (B) Red Queen paradigm. (C) The Two Queen hypothesis.

Predator and prey, parasite and host and exploiter and
victim interact in a continuous “arms race” of defense
and counter-defense mechanisms even under constant
environmental abiotic conditions. Based on the quote by
the Red Queen “Now here, you see, it takes all the running
you can do to keep in the same place” in Lewis Carroll’s
“Through The Looking-Glass” (1871), such dynamics are
often called the “Red Queen” in evolutionary biology
because competitors must constantly evolve to maintain
their fitness (Van Valen, 1973). Under the Red Queen
dynamic, as summarized by J. B. C. Haldane, “Just because
of its rarity it will be resistant to diseases which attack the
majority of its fellows,” new or rare variants are positively
selected.
• In addition, in order to escape the inevitable accumulation

of detrimental mutations, organisms have also acquired
some mechanisms to open their genome up to genetic
innovation and favor phenotypic variation among
populations. The nature of these mechanisms appears
to differ widely among prokaryotes and multicellular
eukaryotes organisms and will be examined below.

GENERATION OF GENETIC DIVERSITY
AMONG PROKARYOTES

The sequencing of numerous entire microbial genomes has
demonstrated the importance of horizontal gene transfer (HGT)
in the evolution of archaeal and bacterial genomes (Gogarten

and Townsend, 2005). Bacterial genomes are constantly subjected
to the input of new genes from a large available pool. Three
mechanisms of HGT that can contribute to the genetic variability
and evolution of bacteria have been identified to date (reviewed
in Ochman et al., 2000): natural transformation, conjugation,
and transduction by phage infection by which exogenous genetic
material is presented to a cell as free DNA, as a plasmid
or packaged in a phage, respectively. Although each of these
processes was characterized decades ago, the availability of
numerous complete bacterial genome sequences has sparked
renewed interest in their contributions to adaptation and
evolution.

HGT-induced genetic mixing may be accidental, but it
is generally regulated by both active genetic barriers and
environmental stress factors: high population densities, DNA
damage, abundance or a lack of certain carbon sources and/or
starvation (Galhardo et al., 2007). Genetic barriers include several
passive and active mechanisms that ensure genetic stability
and relative self/non-self genetic discrimination. Homologous
recombinations are strongly favored when the donor DNA and
the host genome share DNA sequence similarities required
to form DNA heteroduplexes. For example, with a similarity
decrease from 100 to 90%, the recombination frequency is
reduced by a factor of 40 in Escherichia coli (Shen and
Huang, 1986). Bacterial restriction-modification (RM) systems
are present in over 90% of sequenced bacteria and protect the host
DNA against “contamination” by unrelated foreign sequences
(Jeltsch, 2003). Diversity-generating retroelement (DGR) systems
(Medhekar and Miller, 2007) and CRISP/Cas systems (Brouns
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et al., 2008) are specific bacterial immune responses against
phage infections and regulate transduction-induced HGT. In
contrast, several mechanisms may favor HGT. Some bacterial
species take up DNA from their close relatives based on short
stretches of specific recognition sequences evenly dispersed
in the DNA (Smith et al., 1999). Stress-induced activation
of SOS-systems provides some help to the DNA integration
(Baharoglu et al., 2012). Biofilms, generally defined as “aggregates
of microorganisms in which cells are frequently embedded in
a self-produced matrix of extracellular polymeric substances
that are adherent to each other and/or a surface” (Flemming
et al., 2016), have also been reported to be hotspots for HGT
(Sørensen et al., 2005). Such negative and positive regulation
of genetic exchange delimits “genetic exchange communities”
(GECs) constituting a genetic reservoir that includes viruses,
bacteria and eukaryotes (Jain et al., 2003; Skippington and Ragan,
2011). GEC boundaries are not necessarily defined by physical
proximity or relatedness, but only by the ability to exchange genes
by HGT. As rapid adaptation to environmental stress depends on
the available genes in GECs, GECs could constitute a natural unit
of selection.

In summary, recent advances in microbiology and genetics
have led to the conclusion that genetic variation in prokaryotes
is not only a “by-product of nature’s imperfections” but is mainly
due to HGT mechanisms. It has been estimated (Jain et al., 2003)
that HGT could increase the genetic innovation rate 107 to 1010-
fold in bacteria, suggesting the considerable importance of HGT
for bacterial evolution and adaptation. From this perspective, it
appear plausible that the genetic code is presently unified mainly
because of continuous selective pressures that allow for gene
exchange (Syvanen, 1985). As genetic variation due to HGT and
SOS systems is regulated and frequently induced in response
to environmental stress, these mechanisms appear as reactive
diversity generator (DG) mechanisms in prokaryotes. The idea
that environmental stress can stimulate the production of genetic
variations in prokaryotes (Figure 1B) was previously proposed
in Cairns et al. (1988) and defended by several authors (Thaler,
1994b). This phenomenon has been variously called “Cairnsian”
or “selection-promoted” variation and has been the source of
intense polemics due to its quasi-Lamarckian nature. However,
almost 30 years later, Cairnsian genetic variations have been
largely documented and their molecular mechanisms have now
been clarified.

DIVERSITY GENERATOR ACQUISITION
AND REGULATION ARE DEPENDENT ON
THE INTENSITY OF ENVIRONMENTAL
SELECTIVE PRESSURES

The relationship between the acquisition of DGs and the intensity
of environmental stress is exemplified perfectly by the host–
pathogen relationship. To chronically infect a host, bacteria
and protozoa must be able to escape the unpredictable and
adaptive host immune response, particularly if they persist
extracellularly and are permanently exposed to the humoral
immune response. Immune escape is frequently made possible

by the acquisition during evolution of highly efficient DGs that
act constitutively to quickly diversify populations of infectious
agents. Whole genome sequencing of bacterial populations
during in vivo infection has highlighted the within-host evolution
ability of various bacterial pathogens (reviewed in Didelot et al.,
2016). Bacteria, such as Pseudomonas aeruginosa, can rapidly
diversify in the host with the presence of hypermutable (mutator)
strains that display an increased mutation rate, usually as a
result of a loss of functionality of DNA repair systems (Oliver
et al., 2000). Many bacterial pathogens, such as Haemophilus
influenzae, contain genes that are excessively prone to mutation.
These hypermutable genes, called “contingency loci,” regulate
many aspects of bacterial behavior such as antigenicity, motility,
chemotaxis, attachment to host cells, resistance to desiccation,
acquisition of nutrients and sensitivity to antibiotics. Bacterial
pathogens can also contain “phase-variable” genes that mediate
the on/off reversible stochastic switch between variants (reviewed
in Moxon et al., 2006). The phase variation is typically associated
with external antigens, such as lipopolysaccharide biosynthesis
genes and adhesins, iron acquisition genes, as well as type
III RM systems (Srikhanta et al., 2005) to thus influence the
expression of multiple other genes. The rickettsial pathogen
Anaplasma marginale has a small genome but uses segmental
gene conversion to successively express a great number of
variants of the immunodominant Major Surface Protein 2
(Msp2), allowing it to escape from the adaptive immune response
(Brayton et al., 2002). Msp2 variants are generated from a small
number of donor pseudogenes (<10) with recombination into a
single expression site. The number of distinct variants is strongly
increased by segmental gene conversion. Expression site mosaics
are generated by recombination of short segments from multiple
donor alleles. This combinatorial recombination process has the
capacity to generate thousands of distinct Msp2 variants and thus
allow for lifelong persistence of Anaplasma in the host.

Protozoan parasites also possess very specialized
diversification mechanisms allowing them to successfully
persist in their host. For example, Trypanosoma brucei has
acquired a mechanism for antigenic variation during infection
by which the parasite can turn on and off variant surface
glycoprotein (VSG)–encoding genes from a genomic repertoire
of ∼2000 different silent genes and pseudogenes mainly located
in subtelomeres. This location favors ectopic recombination
between VSGs, increasing the diversity of VSGs. Comparison
of the VSG expression profile in distinct mice infected with the
same T. brucei strain demonstrates that each infection presents a
distinct sequence of VSGs (Mugnier et al., 2015). In addition, the
VSG repertoire appears to be highly diversified between different
strains of T. brucei (Cross et al., 2014), which suggests that, in
nature, each infection may have a private repertoire and sequence
of VSGs. Plasmodium falciparum erythrocyte membrane protein
1 (PfEMP1) is a diverse family of hypervariable proteins that are
inserted into the surface of P. falciparum-infected erythrocytes.
PfEMP1 mediates binding of infected erythrocytes to the
endothelial lining of blood vessels as a strategy to avoid clearance
by the spleen and is a major target of host humoral adaptive
immunity. PfEMP1 is encoded by a large multi-gene family
called var. Each parasite genome contains ∼60 var genes but
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many millions of rearranged var gene sequences are produced
by recombination every 48-h life cycle in infected individuals
(Claessens et al., 2014). Var genes are expressed in a mutually
exclusive manner. The switches in var gene expression allow
the parasite to evade host immunity and surviving parasites
are those that express PfEMP1 variants corresponding to gaps
in the endogenous repertoire of host antibodies. Genetic code
alterations in the fungal pathogen Candida albicans have been
shown to also constitute a phenotypic DG (Miranda et al.,
2007), creating cell surface variation (Miranda et al., 2013) and
modulating drug resistance and immune response (Bezerra et al.,
2013).

Diversity generator have been described in helminth parasites
such Schistosoma mansoni. S. mansoni uses the snail as an
intermediate host. Specific S. mansoni strains can infect only
certain snail strains efficiently while others are incompatible.
The success of the snail infection is strongly dependent on
the expression of polymorphic mucins (SmPoMuc) that form
the mucus facilitating parasite penetration through the snail
epidermis. Histone modifications of the SmPoMuc promoters
generate SmPoMuc transcription polymorphism leading to
important phenotypic diversity among the parasite population
and favoring success of the infection (Fneich et al., 2016).

In summary, numerous studies have shown that some
pathogens, and especially those chronically exposed to the
humoral response, have acquired specialized DGs during
evolution. These DGs seem to operate constitutively to
compensate for the small size, and thereby the poor individual
diversity, of the infecting population and to continually escape
the host adaptive immune response and persist in the host.

MULTICELLULAR EUKARYOTES
ACQUIRE GENETIC DIVERSITY
GENERATOR MECHANISMS ACTING
ANTICIPATIVELY TO ENVIRONMENTAL
STRESS

Frequencies of HGT in unicellular eukaryotes are difficult to
quantify, but some reports suggest that HGT between bacteria
and protists is not unusual (Andersson, 2005) and is facilitated
by the phagocytosis process (Doolittle, 1998). In contrast,
multicellular eukaryotes have acquired a specialized tissue layer
that provides better protection against environmental conditions
and isolates germinal cells from sources of HGT. Therefore,
while the impact of HGT on their evolution is not negligible [as
illustrated for example by the viral origin of RAG (Kapitonov
and Jurka, 2005) and syncitin (Dupressoir et al., 2009) genes
in metazoans], HGT frequency in multicellular eukaryotes
appears to be dramatically reduced compared to prokaryotes.
This phenomenon even affects obligate endosymbiotic bacteria
persisting in metazoans that display striking genome stability
compared to free-living bacteria (Bordenstein and Reznikoff,
2005). Rare cases of HGT in multicellular organisms appear
to be mediated mainly by host infection or the microbiota
that constitutes, like an internal biofilm, a hotspot of HGT

(reviewed in Skippington and Ragan, 2011). The rarity of HGT
in multicellular organisms may be correlated with the acquisition
of numerous new DG mechanisms.

Meiosis is one of the major innovations of eukaryotic
organisms (reviewed in Cavalier-Smith, 2002; Goodenough
and Heitman, 2015; Lenormand et al., 2016). The core genes
implicated in the meiosis process appear to be highly conserved
among eukaryotes, and this suggests that this mechanism
appeared in the last common ancestor of all eukaryotes and
has been maintained for over one billion years. The nature of
the selective forces that maintain sexual reproduction in most
contemporary eukaryotes is a central question of evolutionary
biology (reviewed in Lehtonen et al., 2012). In many ways, sexual
reproduction is a less efficient method of reproduction compared
with asexual reproduction and its costs are high. Mitosis can take
as little as 15 min. By contrast, meiosis usually takes more than
10 h. In addition, mates have to be found, special cell types must
be formed and diploid genomes need to be maintained.

Functionally, meiosis is a sophisticated form of exchange and
mixing of genes between sexual partners. The first step of meiosis,
fusion of the gametes, involves specific recognition between
sexual partners mediated by multiple highly polymorphic
adhesion receptors (Palumbi, 2009). This identity (self/non-
self) check is much more restrictive than the genetic barriers
governing the bacterial HGT DG process in prokaryotes. It
drastically restricts the size and diversity of GEC and sets
down sharp boundaries to GEC, which characterizes “classical”
metazoan species in opposition to “fuzzy” prokaryotic species.
This limited gene mixing could explain why new genes in
metazoans arise mainly through the duplication of existing
genes (Rubin, 2000). However, the meiosis process also greatly
optimizes recombination between sexual partner genomes
(Thaler, 1994a), presumably to compensate for poor genetic
diversity among partners. Thus, as discussed by Thaler, sexuality
appear as a DG mechanism “enabling creative differentiation
within self ” (Thaler, 1994a).

In protists and some lower metazoans, such as Porifera
and Cnidaria, reproduction (i.e., an increase in number) is
decoupled from sexuality. Like HGT in prokaryotes, sexuality
occurs principally in reaction to stressful environmental
conditions (Bernstein and Bernstein, 2010). In contrast, in
the large majority of higher metazoans, reproduction is
closely linked to sexual meiosis. This change is fundamental,
as meiosis-induced gene mixing has become an ubiquitous
programmed step in an organism’s reproduction. Thus, in
higher multicellular organisms, the meiosis DG mechanism
initially appeared as a reactive DG in protists, and later became
anticipative.

MULTICELLULAR EUKARYOTES
ACQUIRED INHERITABLE PHENOTYPIC
DIVERSITY GENERATORS

The mechanisms underlying phenotypic variability not
associated with evident individual fitness gains have attracted
little interest from evolutionary theorists or ecologists. Some of
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those mechanisms, however, appear to be very interesting when
analyzed at the population level.

For example, the fitness gains resulting from development
of the adaptive immune system (AIS) during evolution are
still the subject of hot debate (reviewed in Muraille, 2014).
A large random repertoire of antigenic receptors is costly to
develop and could be the source of autoimmune reactions. And
yet, despite their drawbacks, AIS-like systems seem to have
been independently acquired in several phyla of metazoans,
such as jawless vertebrates (Pancer et al., 2004) and arthropods
(Watson et al., 2005), with very different anatomies, longevities,
and lifestyles. It is well known that the AIS enables an
organism to produce a specific immune response to all natural
or artificial antigenic structures. For example, the mammal
AIS could theoretically generate more than 1011, 1015 and
1018 distinct B cell receptors, αβT-cell receptors and γδT-cell
receptors, respectively (Davis and Bjorkman, 1988). However, as
the produced repertoire is several orders of magnitude smaller
(Arstila et al., 1999), each individual actually generates a unique
“private” adaptive immune system (Lu et al., 2014; Thomas
et al., 2014). In addition, studies using recent high-dimensional
immune system analyses have showed that numerous other
parameters of adaptive but also innate immune systems appear
to vary widely between individuals, but are remarkably stable
over time, thus demonstrating that this variability is not due
to an instability or fluctuation of these parameters (reviewed
in Brodin and Davis, 2016; Liston et al., 2016). This individual
variability has been linked to host genetics, sex, age, microbiota,
diet, past/chronic infections and environmental factors. The
influence of these factors on the immune system renders the
immune response to a pathogenic agent largely unpredictable
at the individual level (reviewed in Muraille, 2016). It is
frequently neglected that this individualization of immune
defenses implies that invasion and escape immune mechanisms
developed by pathogens will certainly not always be successful
as the specific targets and organization of the immune response
are somewhat unpredictable. In a population where individuals
display heterogeneous immune responses to infection, the
probability that a pathogen is able to infect all individuals could
be reduced compared to a homogeneous population. Based on
these considerations, I have previously suggested (Muraille, 2014)
that the individual diversity of the adaptive immune repertoire
is not a by-product of development of the AIS but one of
its fundamental properties and could be in part responsible
for repeated selection and conservation of the AIS during
metazoan evolution. Thus, the generation of a random repertoire
of antigenic receptors by the AIS could constitute a neglected
ubiquitous anticipative DG in metazoans.

Individual differences in animal behavior that are maintained
over time and across contexts constitute the “personality” (Wolf
and Weissing, 2012) and have frequently been considered as
merely noise by psychologists and ecologists. This paradigm
has evolved in light of their roles in the adaptation of a
population to stress conditions (Dall et al., 2012). It has become
clear that distinct personalities introduce variation in behavior
to stress conditions that, at the population level, has led to
the emergence of adapted behavior. Recent evidence (reviewed

in Singer et al., 2011) suggests that, in mammals, neuronal
genomes are genetically diverse and brains are somatic mosaics
between individuals. This neuronal genetic diversity results from
aneuploidy (whole chromosome gains and losses), genomic
copy number variations, and actively “jumping” transposable
elements, or “long interspersed repeated sequences” (LINE-
1 or L1 elements). New somatic L1 insertions may generate
“genomic plasticity” in neurons by causing variation in genomic
DNA sequences and altering the transcriptome of individual
cells. This random mosaicism of neurons could account for the
range of individual differences in behavior observed in isogenic
animals presumed to be genetically identical, and could underlie
phenotypic discordance in monozygotic twins. It can constitute
another example of a widely distributed anticipative DG in
metazoans.

Long-term immunological and neuronal memories are widely
considered to have been selected because they can facilitate
faster adaptation based on the fact that adapted past responses
can be also adapted in the future. However, during its lifetime,
each individual acquires a unique set of experiences that will
influence its future reactions. Thus, long-term memory can also
contribute to making an individual’s response to environmental
stress singular and unpredictable and can be considered as a so-
called “anticipative” DG because the response to a specific stress
is not only affected by the previous encounter with this stress, but
is also the result of all previous stresses interacting together in a
complex non-linear network. In the case of acquired immunity
to infectious diseases, it is now clearly established that past
infections can deeply affect the immune response to unrelated
infectious agents. This phenomenon is partially dependent on the
“poly-specificity” of T and B memory lymphocytes and on trained
immunity mechanisms (reviewed in Muraille, 2016; Muraille and
Goriely, 2017).

It is evident that AIS and the central nervous system are highly
complex multitasking systems. Thus, my hypothesis concerning
the fitness gains resulting from their generation of individual
diversity does not exclude the possible additional contribution of
other benefits to their selection during evolution.

THE TWO QUEEN HYPOTHESIS

As previously noted, the activity of some DGs appears to be
induced by environmental stress. These reactive DGs participate
in the widely described Red Queen/arm race/Cairnsian dynamic.
Interestingly, other DG mechanisms, such as DGs acquired by
pathogens, seem to act constitutively to allow the pathogen to
escape the host adaptive immune response and achieve long-term
persistence in the host. Yet other DGs, such as obligatory sexual
reproduction, generation of an adaptive immune repertoire and
neuronal mosaicism appear to be regulated independently of
environmental conditions and can be considered as anticipative
DGs. Such anticipative DGs appear mainly in metazoans,
suggesting that they are selected in response to particular
constraints. In addition to limitations of gene exchange by HGT,
most higher metazoans present K selection traits such as a long
reproductive life cycle and a small population size (compared to
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bacteria) (Figure 2). These K characteristics drastically reduce
the probability that accidental or reactive genetic variations
in germinal cells will lead to rapid phenotypic adaptation of
metazoan populations. I hypothesize that anticipative DGs have
been favored by natural selection in several phyla of higher
metazoans because they can overcome these limitations. As a
tribute to Leigh Van Valen and Lewis Carroll, I propose to call
the dynamic generated by anticipative DGs the “White Queen”
dynamic, in reference to the White Queen’s famous quote in
“Through the Looking-Glass” (1871): “Sometimes I’ve believed as
many as six impossible things before breakfast”. This metaphor
seems particularly appropriate as anticipative DG activities are
based on random phenotypic diversification that is not adaptive
at individual level (impossible things) and anticipative (before
breakfast) (Figure 3).

COMMON CHARACTERISTICS OF
DIVERSITY GENERATORS

While they may differ in their origin and components, DG
mechanisms share common properties:

• Though they are based on deterministic and tightly
regulated mechanisms, DGs confer unpredictability
on biological systems. Two main mechanisms have
been described: random generation of genetic diversity
(at the germinal or somatic level) and memorization of

past experience. For example, in prokaryotes, CRISPR-
Cas systems participate in the response to foreign
genetic elements such as phages and provide a form of
acquired immunity. Their action leads to the integration
of new sequences in the prokaryotic genome. Thus,
CRISPR-Cas systems diversify prokaryotic populations
and customize individuals by integrating part of their
immune history at the genome level. In mammals, as
previously discussed (Muraille, 2014), it is impossible
to predict the repertoire of antigen receptors expressed
by an individual under natural conditions. This is due
to two distinct DG mechanisms: (i) the random nature
of rearrangement of the genes coding for the antigen
receptors of lymphocytes, although this process uses a set
of enzymes with tightly regulated activity and expression,
(ii) the memorization and integration of past immune
experience via adaptive immune memory. Accordingly, the
adaptive immune responses of wild-type mice in nature
display considerable inter-individual differences (Abolins
et al., 2017). These two examples show that DGs help
make the composition and action of biological systems
largely unpredictable, which allows them to partially violate
the causality principle, as same causes/conditions do not
necessarily lead to similar effects/responses by individuals
or populations. Unpredictability itself constitutes a
selective advantage during antagonistic coevolution,
because the complete adaptation of parasites/predators to
unpredictable hosts/prey is impossible, thus confirming the

FIGURE 2 | Comparison of prokaryotes and multicellular eukaryotic organisms.
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FIGURE 3 | The Two Queen Hypothesis. Comparison of the Red Queen and White Queen diversity generation dynamics.

claim of Oscar Wilde that “One should always be a little
improbable.”
• DGs operate mainly by manipulating interface control

systems of living entities. HGT and meiosis mechanisms
are not limited to producing gene exchange. They define
with which partners the genes are exchanged/mixed
and thus define GECs (Jain et al., 2003; Skippington
and Ragan, 2011). In other words, they determine a
form of self/non-self discrimination at the genetic level.
Similarly, the AIS regulates self/non-self discrimination
that distinguishes between cooperative (microbiota) and
selfish (pathogen) microorganisms (Muraille, 2013). The
central nervous system of higher metazoans organizes
the social interactions and structure of societies. DGs
expressed by pathogens specifically target cell surface
proteins interacting with the host immune system. Thus,
by focusing these effects on the systems that control
the interaction of living entities with their environment
(termed here “interface control systems”), DGs introduce
random variation in response to environmental stress and
social interactions and provide for a certain amount of
unpredictability at the genetic, phenotypic and behavioral
levels. This focus on interface control systems also serves
to protect core systems such as metabolic pathways that are
highly conserved and interconnected.
• DGs favor robustness of biological systems against

selective pressures mainly at the population level. As I
have previously discussed in the case of the AIS (Muraille,
2014), DGs are generally costly, with unpredictable fitness

gains at the individual level, but almost guaranteed
fitness gains at the population level. Take the example
of eukaryotic meiosis. Phenotypic traits are rarely the
consequence of the action of one gene. They are more
generally the result of non-linear interactions between the
products of a large set of genes (epistasis effect) in a
given environment. Thus, by modifying the combination
of genes, the meiosis process breaks up successful gene
combinations, generating largely unpredictable phenotypes
and thereby unpredictable gains at the individual level. The
new genotypes in the following generation could be, on
average, less fit (Lehtonen et al., 2012). In a Neo-Darwinian
paradigm based on the selection of individuals displaying
high fitness, this “cost of recombination” makes the fitness
gains generated by sexuality difficult to identify. However,
these fitness gains become evident at the population level:
the resulting phenotypic diversity increases the fitness of
a population because a heterogeneous population is more
generally resistant to epidemics and more likely to present
complementation effects compared to a homogeneous
population.

THE ISSUE OF THE SELECTION OF
DIVERSITY GENERATORS DURING
EVOLUTION

As previously discussed, the action of DGs confers unsure,
random fitness gains at the individual level. It thus follows that
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their expression could be favorable for certain individuals though
unfavorable for others. In contrast, at the population level, the
fitness gains offered by DGs appear to be more evident and
guaranteed. Thus, the issue of the selection of DGs seems to
converge with the fundamental problem of the selection and
stabilization of cooperative processes between individuals during
evolution.

Based on William D. Hamilton’s inclusive fitness (or kin
selection) theory, interacting organisms may have an evolutionary
incentive to help each other if they share genes, and the
magnitude of this incentive is thought to increase with the degree
of relatedness between them. As infection is generally due to
a limited number of microbial pathogens, we can reasonably
hypothesize that DGs associated with microbial pathogens act
within a population composed of closely related individuals.
Thus, their selection could be explained from an inclusive fitness
selection perspective. However, DGs associated with multicellular
eukaryotes, such as meiosis mechanisms and the mechanisms
favoring diversity of the adaptive immune response or of the
neural network, act clearly within populations composed of
unrelated individuals. To explain their selection, we need to
use the multi-level (or group selection) theory, which postulates
that natural selection not only acts on individuals but can act
(simultaneously) on multiple levels of biological organization,
such as cells, individuals, groups or species. Therefore, processes
that are disadvantageous at one level can be positively selected for
a benefit conferred at a higher level of the biological hierarchy.

Although inclusive fitness and multilevel selection theories
are complementary, a long and intense conflict has opposed,
and continues to oppose, their partisans (reviewed in Kramer
and Meunier, 2016) and, until now, the inclusive fitness theory
has dominated the thinking of most zoologists. However, in
recent decades, microbiologists have extensively documented
the ubiquity of cooperation between populations composed
of different species of prokaryotes as well as between
viruses, prokaryotes and complex multicellular organisms.
The observation that <1% of all known bacteria can be
successfully cultured [the “great plate count anomaly” (Staley
and Konopka, 1985)] suggests that the majority of bacteria
seem to depend on the activity of other bacteria to successfully
grow and reproduce (reviewed in Boon et al., 2014). In nature,
bacteria often live as biofilms typically containing many
unrelated species. This organization has led to the emergence
of multiple cooperative mechanisms (complementation, gene
exchange, etc.), making biofilms clearly more than the sum
of their individual components (Flemming et al., 2016).
Accordingly, many bacterial genes appear to only be involved
in communication between bacteria and the synchronization
of bacterial populations. The ability of bacteria to differentiate
in a coordinated manner, such as in the filamentation process
(Justice et al., 2008), hyphae formation (Flärdh and Buttner,
2009), differentiation into dormant persister cells (Lewis, 2007),
or to exert programmed cell death-like activity (Bayles, 2014)
makes more sense if we accept their ability to cooperate and
share tasks (West and Cooper, 2016). Multicellular organisms
are composed of clonal eukaryotic cells as well as of a great
number of bacteria, archaea, fungi, protozoa and viruses,

forming together the microbiota that contributes greatly to the
fitness of its host. A particularly striking example of this is the
symbiosis of termites with an extremely diverse community of
microbial gut symbionts. This symbiosis explains the unique
ability of termites to degrade lignocellulose, the principal cell
wall component of woody plants (Brune, 2014). In mammals,
it is now widely accepted that microbiota composition affects
the efficacy of the immune system (Rooks and Garrett, 2016),
the ability to metabolize nutrients (Rowland et al., 2017) and
even mating preference (Sharon et al., 2010) and emotional
behavior (Bravo and Forsythe, 2011). On this basis, a new
selection unit, the holobiont (“the sum of the genetic information
of the host and its microbiota” Rosenberg et al., 2009; Rosenberg
and Zilber-Rosenberg, 2016), also called the ‘metaorganism’
(“the macroscopic host and its synergistic interdependence with
bacteria, archaea, fungi, and numerous other microbial and
eukaryotic species including algal symbionts” Bosch and McFall-
Ngai, 2011), has been proposed. This new level constitutes an
important conceptual rupture with previous theories. As written
by Rosenberg and Zilber-Rosenberg (2016) “Animals and plants
can no longer be considered individuals.” By redefining the
individual as a consortium of unrelated agents, the holobiont
theory postulates that cooperation between unrelated agents
is a proven fact. As previously discussed by myself and others
(West et al., 2007; Strassmann and Queller, 2010; Muraille, 2013),
the problem of the selection and stabilization of cooperative
mechanisms in a holobiont/consortium could be solved by the
selection of both “identity markers” and “police mechanisms”
protecting the consortia of selfish/cheater agents. Thus, the
holobiont theory could explain the selection of prokaryotic
DGs acting within populations composed of several distant
species, such as HGT mechanisms in biofilms in which bacterial
immune defenses, such as RM, DGR and CRISPR-Cas systems,
are thought to play the role of police mechanisms defining
the genetic boundaries of GECs. Of course, the validity of
the holobiont theory is not unanimously accepted and several
criticisms have been formulated (Douglas and Werren, 2016)
regarding in particular the fact that only part of the microbiota is
specifically bound to the host.

The repeated selection during evolution of DGs displaying
similar properties can be viewed as a neglected example of
convergent evolution and suggests that some parts of the
evolutionary process are deeply constrained and thus partially
predictable. From a cybernetical point of view, a biological
system’s need to acquire DGs can be predicted by the Law of
Requisite Variety of W. Ross Ashby (Ross Ashby, 1956; Ashby,
1958). This law proposed, in substance, that a controller system
must contain as much variety (a measure of the number of
possible states or actions) as the phenomenon it attempts to
control. In our context, this means that biological systems must
be at least as diverse that their set of environmental pressures.
Thus, under this theory, the survival of biological systems is
dependent on their ability to maximize their internal variety
(or diversity) to be optimally prepared for any predictable or
unpredictable contingency. This principle appears to be true
at all levels of complexity as low internal diversity reduced
the resistance of an ecosystem (Tilman and Downing, 1994;
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Hector et al., 2001; Tilman et al., 2006; Proulx et al., 2010;
Eisenhauer et al., 2012; Isbell et al., 2015) and species (Reusch
et al., 2005; Crutsinger et al., 2006; Genung et al., 2010;
Cook-Patton et al., 2011; Roger et al., 2012) to environmental
stress. Another fascinating example is the human microbiota.
In addition of these metabolic roles, the microbiota forms an
integral part of the natural mechanisms of mucosal surfaces
that protect the organism against pathogenic agents. A large
body of epidemiological data supports the idea that the Western
diet (rich in fat and sugar, poor in plant fibers) and lifestyle
practices (Caesarian sections, antibiotic use, and formula feeding
of infants) have led to a dramatic loss of diversity of the
human gut microbiota in developed countries compared to
the human population living in developing countries and non-
human primates (Moeller et al., 2014; Martínez et al., 2015;
Clayton et al., 2016). This loss of diversity appears to be
strongly correlated with the development of immune pathologies
such as inflammatory bowel disease, autoimmune diseases (i.e.,
multiple sclerosis, type 1 diabetes, and rheumatoid arthritis),
obesity-associated metabolic disorders and allergies (reviewed in
Silva et al., 2015), suggesting that individual internal microbial
diversity is required to educate the immune system and allow it
to adequately respond to environmental stress.

In conclusion, the selection of DGs constitutes a fascinating
and complex problem that challenges the theories explaining
the selection of cooperative processes during evolution. As the
majority of DGs are unrelated multitasking systems, there is no
reason why all DGs would have been selected in the same way
or on the basis of a single property. I remind the reader that
many complex mechanisms have been described and analyzed
over decades, though no consensus regarding the reasons for
their selection has emerged. Thus, this article does not aim to
choose between the different theories explaining selection of the
DGs, but only to document and provide a formal definition of
the DG mechanism and analyze the consequences of the actions
of DGs.

OVERALL CONCLUSION

The theory of evolution must not be dogmatic and must evolve as
our knowledge grows. The “modern synthesis,” also called Neo-
Darwinism, forged in the 1930s and 1940s, has combined genetic
and natural selection. Since then, generations of evolutionary
biologists have extended the framework of Neo-Darwinism
to include multilevel selection, the interdependent cooperative
nature of genomes, extra-genetic inheritance, niche construction,
the developmental process and phenotypic plasticity (reviewed in
Corning, 2008; Rosenberg et al., 2009; Fusco and Minelli, 2010;
Moczek et al., 2011; Laland et al., 2014, 2016). It is now time
to integrate new knowledge about the mechanisms generating
genetic and phenotypic diversity. Numerous authors have already
brilliantly discussed the importance of stress-induced genetic
diversity in unicellular prokaryotes and eukaryotes (reviewed
in Thaler, 1994b) and its ability to generate a Red Queen
dynamic. Here, I have tried to summarize the observations
justifying introduction of the concept of the DG mechanism.

Formally, I propose to define DGs as mechanisms that
generate unpredictability of the composition and/or behavior
of biological systems by acting on their interface control
systems, which leads to random alterations in their response
to environmental stress. As a growing body of data strongly
suggests that biodiversity increases survival to environmental
stress at all levels (ecosystem, species, population and individual)
of biological complexity, it is not really surprising that evolution
processes have favored the selection of specific mechanisms
to regulate the emergence of diversity among populations.
Interestingly, the existence of DGs profoundly changes the
dynamics of evolution. In contrast to the classical Neo-
Darwinian paradigm where diversity is generated passively by
accidental events, living entities also appear able to actively
generate diversity in reaction to stress (Red Queen/Cairnsian
dynamic) and/or anticipatively at certain points in time (White
Queen dynamic) (Figure 1C). As discussed previously, the
predominance of the Red Queen and White Queen dynamics
seems to depend on the r/K selection traits of organisms. Under
this new vision, evolution is conceived as a more “intelligent”
and Lamarckian-like process than is generally accepted. Though
genetic diversity due to DGs remains random, it is regulated in
time and space. DG activities are generally focalized on particular
sets of genes over a short period of time, as observed with
phase variation in bacteria (Moxon et al., 2006), the meiosis
recombination process [hot spot of recombination (Paigen and
Petkov, 2010)] and the AIS [hypermutation of immunoglobulin
genes (Martin and Scharff, 2002)].

Diversity generators play a key role in the host/pathogen
relationship. Both the host and the pathogen display DG
mechanisms and a large part of their interactions are dependent
on these mechanisms. The host/pathogen relationship can, in
part, be seen as a competition between DGs at the population
level. The importance of individual diversity in the control
of epidemics is currently not taken into account in vaccine
strategies. In the context of vaccination campaigns, it might be
important to avoid uniformization of the immune responses.
Thus, as I suggested previously (Muraille and Goriely, 2017), it
could be of interest to administer distinct vaccines targeting the
same pathogen within a given population.

Diversity generator play also a key role in the evolution of
living entities. DGs could favor diversification and speciation
in two distinct ways: (i) By acting on the genome of germinal
cells, some DGs, such as HGT and meiosis mechanisms, directly
affect diversification and speciation by producing new alleles.
If the effects of DGs are not inheritable, as in the case of
phenotypic diversity generated by the AIS and neuron mosaicism
that are limited to a fraction of somatic cells and thus do not
affect germinal cell lines, DGs can favor genetic robustness and
thus preserve rare alleles and help maintain genetic diversity
in populations that also favor the speciation process. (ii) DG
activities can also lead to an increasing complexity of social
organization inside biological systems. It is therefore likely that
they participated in the emergence of complex systems such as
eukaryotes, multicellular organisms and societies. Each of these
systems can be viewed as a consortium of cooperative agents
(Muraille, 2013). By increasing the individuality of the agents in
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a system, DGs favor the possibility of complementation between
these agents and thereby their interdependence and thus the
global complexity of the system. Thus, DGs appear to be essential
elements promoting growth of complexity during evolution.

Seeing the generation of diversity as the consequence of the
action of regulated DGs leads us to two important general
conclusions about life properties and the evolution process: (i)
Biodiversity should no longer be seen only as a “characteristic of
life” and the result of accidental processes but as indispensable
to the survival of life and actively generated by the latter. Thus,
auto-generation of diversity can be viewed as a fundamental
property of biological systems. From this perspective, the actual
lack of biodiversity observed in a great number of ecosystems
(Miraldo et al., 2016) should be alarming as our proper survival is
dependent on our ecosystems and their robustness is dependent
on their biodiversity. (ii) Genetic diversity is traditionally viewed
as the fuel of the evolutionary process. As both DGs acting on
the genome (HGT and meiosis mechanisms) require partners,
we must conclude that adaptation to environmental conditions,
and more generally the evolution of biological systems, can
be viewed as the result of a social cooperative process where
genes can be considered as “public products” [the public goods
hypothesis (McInerney et al., 2011)] shared in a GEC. This vision
is diametrically opposed to the classical Neo-Darwinian evolution
paradigm where diversity remains mainly due to accidental
alteration of the genome of individuals living only in competition
with others.

Finally, from a theoretical point of view, diversity, self-
organization (i.e., the ability to spontaneously organize

without external tuning) and unpredictability have always
been considered as characteristics of biological systems that
are fundamental though difficult to reconcile (Coffey, 1998).
Recognizing the existence of regulated DGs could allow for a
better understanding of how biological systems can diversify and
display both ordered and unpredictable patterns.

THEORETICAL PREDICTIONS

A theoretical scientific framework must satisfy Popper’s
refutability criteria by presenting testable predictions. In this
article, I have tried to synthesize current knowledge about the
mechanisms of diversity generation. In opposition to the classical
Neo-Darwinian paradigm presenting diversity exclusively as
the result of accidental processes, I propose that a large part of
genetic and phenotypic diversity is the consequence of regulated
mechanisms that I call Diversity Generators (DGs). I propose
two experimentally refutable predictions about DGs:

• DGs are indispensable to the survival of living entities,
and therefore all natural biological entities must have at
least one mechanism that meets the definition of a DG.
To my knowledge, HGT mechanisms have been described
in all bacteria and Archaea and the large majority of
eukaryotic organisms display meiotic/sexual reproduction.
The rare metazoans, like Rotifera, that have lost sexual
meiosis and remain diversified seem to present high levels
of HGT (Flot et al., 2013; Debortoli et al., 2016), which
could compensate for the absence of sexual gene mixing.

TABLE 1 | Summary of the association between diversity generation dynamics and r/K selection strategies.

Population
size

Generation
time

Selective
pressure

DG mechanisms DG dynamic

Bacteria, Archaea Large Short Fluctuating HGT-mediated genetic
mixing

Reactive

Examples of pathogenic bacteria:

Pseudomonas aeruginosa Small Short Strong and
constant

Hypermutable strain Constitutive

Haemophilus influenzae Small Short Strong and
constant

Contingency locus, phase
variation

Constitutive

Anaplasma marginale Small Short Strong and
constant

Segmental gene conversion Constitutive

Protists and lower Metazoa Large Short Fluctuating Meiosis-mediated genetic
mixing

Reactive

Examples of parasites:

Trypanosoma brucei Small Short Strong and
constant

VSGs Constitutive

Plasmodium falciparum Small Short Strong and
constant

PfEMP1 Constitutive

Candida albicans Small Short Strong and
constant

Genetic code alterations Constitutive

Schistosoma mansoni Small Short Strong and
constant

SmPoMuc Constitutive

Higher Metazoa Small Long Fluctuating Meiosis-mediated genetic
mixing, Adaptive Immune
System, Central Nervous
System

Anticipative
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• The dynamics of DGs depend on the intensity of
environmental selective pressures and of the r/K strategy
of organisms. As previously discussed and summarized in
Table 1, this prediction seems largely validated by (i) the
acquisition of specialized constitutive DGs by pathogens
permanently exposed to a host adaptive immune response,
and (ii) the acquisition of anticipative DGs by complex
multicellular organisms to compensate for their K selection
traits, such as a long reproductive life cycle and a small
population size.

SOCIETAL IMPLICATIONS

The theory of evolution constitutes the conceptual foundation
of modern biology and consequently of the life sciences.
Unfortunately, its impact on the organization of human societies
remains negligible. For example, education and fundamental
research are subject to an increasing number of evaluation
criteria. Although these controls were initially developed to
optimize education and fundamental research, they also serve to
standardize them. Is it reasonable to homogenize the intellectual
formation of individuals and research activities, while diversity
is a source of robustness, synergy and complexity in all living
systems? More worryingly, global population growth will require
sustained food production during the 21st century. However,
the industrialization of agriculture over the past 50 years has
led to a dramatic fall in the diversity of agricultural products.

Plants and animals have been intensively selected for strength
and productivity. While this strategy led to good results over the
short term, it is reasonable to doubt the ability of standardized
populations to resist future climate changes that will likely
lead to the emergence of new pathogens. Must I remind the
reader that a particular genotype/phenotype is optimally adapted
only to a given set of environmental conditions? There are no
phenotypes that perform perfectly in all situations. Thus, there is
an urgent need to reconsider the importance of diversity within
populations, both from a theoretical and a practical point of
view.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
approved it for publication.

FUNDING

EM is a Senior Research Associate from the FRS-FNRS (Belgium).

ACKNOWLEDGMENTS

We greatly appreciate comments on the manuscript made by
O. Leo.

REFERENCES
Abolins, S., King, E. C., Lazarou, L., Weldon, L., Hughes, L., Drescher, P.,

et al. (2017). The comparative immunology of wild and laboratory mice, Mus
musculus domesticus. Nat. Commun. 8:14811. doi: 10.1038/ncomms14811

Achtman, M., and Wagner, M. (2008). Microbial diversity and the genetic nature
of microbial species. Nat. Rev. Microbiol. 6, 431–440. doi: 10.1038/nrmicro1872

Ackermann, M. (2015). A functional perspective on phenotypic heterogeneity in
microorganisms. Nat. Rev. Microbiol. 13, 497–508. doi: 10.1038/nrmicro3491

Andersson, J. O. (2005). Lateral gene transfer in eukaryotes. Cell. Mol. Life Sci. 62,
1182–1197. doi: 10.1007/s00018-005-4539-z

Arstila, T. P., Casrouge, A., Baron, V., Even, J., Kanellopoulos, J., and Kourilsky, P.
(1999). A direct estimate of the human alphabeta T cell receptor diversity.
Science 286, 958–961. doi: 10.1126/science.286.5441.958

Ashby, W. R. (1958). Requisite variety and its implications for the control of
complex systems. Cybernetica 1, 83–99. doi: 10.1007/978-1-4899-0718-9_28

Baharoglu, Z., Krin, E., and Mazel, D. (2012). Connecting environment and
genome plasticity in the characterization of transformation-induced SOS
regulation and carbon catabolite control of the Vibrio cholerae integron
integrase. J. Bacteriol. 194, 1659–1667. doi: 10.1128/JB.05982-11

Balaban, N. Q., Merrin, J., Chait, R., Kowalik, L., and Leibler, S. (2004). Bacterial
persistence as a phenotypic switch. Science 305, 1622–1625. doi: 10.1126/
science.1099390

Bayles, K. W. (2014). Bacterial programmed cell death: making sense of a paradox.
Nat. Rev. Microbiol. 12, 63–69. doi: 10.1038/nrmicro3136

Bernstein, H., and Bernstein, C. (2010). Evolutionary origin of recombination
during meiosis. Bioscience 60, 498–505. doi: 10.1525/bio.2010.60.7.5

Bezerra, A. R., Simões, J., Lee, W., Rung, J., Weil, T., Gut, I. G., et al. (2013).
Reversion of a fungal genetic code alteration links proteome instability with
genomic and phenotypic diversification. Proc. Natl. Acad. Sci. U.S.A. 110,
11079–11084. doi: 10.1073/pnas.1302094110

Boon, E., Meehan, C. J., Whidden, C., Wong, D. H. J., Langille, M. G. I., and Beiko,
R. G. (2014). Interactions in the microbiome: communities of organisms and

communities of genes. FEMS Microbiol. Rev. 38, 90–118. doi: 10.1111/1574-
6976.12035

Bordenstein, S. R., and Reznikoff, W. S. (2005). Mobile DNA in obligate
intracellular bacteria. Nat. Rev. Microbiol. 3, 688–699. doi: 10.1038/
nrmicro1233

Bosch, T. C. G., and McFall-Ngai, M. J. (2011). Metaorganisms as the new frontier.
Zoology 114, 185–190. doi: 10.1016/j.zool.2011.04.001

Bravo, J., and Forsythe, P. (2011). Ingestion of Lactobacillus strain regulates
emotional behavior and central GABA receptor expression in a mouse via the
vagus nerve. Proc. Natl. Acad. Sci. U.S.A. 108, 16050–16055. doi: 10.1073/pnas.
1102999108

Brayton, K. A., Palmer, G. H., Lundgren, A., Yi, J., and Barbet, A. F. (2002).
Antigenic variation of Anaplasma marginale msp2 occurs by combinatorial
gene conversion. Mol. Microbiol. 43, 1151–1159. doi: 10.1046/j.1365-2958.2002.
02792.x

Brodin, P., and Davis, M. M. (2016). Human immune system variation. Nat. Rev.
Immunol. 17, 21–29. doi: 10.1038/nri.2016.125

Brouns, S. J. J., Jore, M. M., Lundgren, M., Westra, E. R., Slijkhuis, R. J. H.,
Snijders, A. P. L., et al. (2008). Small CRISPR RNAs guide antiviral defense in
prokaryotes. Science 321, 960–964. doi: 10.1126/science.1159689

Brune, A. (2014). Symbiotic digestion of lignocellulose in termite guts. Nat. Rev.
Microbiol. 12, 168–180. doi: 10.1038/nrmicro3182

Buckling, A., Wei, Y., Massey, R. C., Brockhurst, M. A., and Hochberg, M. E.
(2006). Antagonistic coevolution with parasites increases the cost of host
deleterious mutations. Proc. R. Soc. B Biol. Sci. 273, 45–49. doi: 10.1098/rspb.
2005.3279

Cairns, J., Overbaugh, J., and Miller, S. (1988). The origin of mutants. Nature 335,
142–145.

Cardinale, B. J., Matulich, K. L., Hooper, D. U., Byrnes, J. E., Duffy, E., Gamfeldt, L.,
et al. (2011). The functional role of producer diversity in ecosystems. Am. J. Bot.
98, 572–592. doi: 10.3732/ajb.1000364

Cavalier-Smith, T. (2002). Origins of the machinery of recombination and sex.
Heredity 88, 125–141. doi: 10.1038/sj/hdy/6800034

Frontiers in Microbiology | www.frontiersin.org 13 February 2018 | Volume 9 | Article 223

https://doi.org/10.1038/ncomms14811
https://doi.org/10.1038/nrmicro1872
https://doi.org/10.1038/nrmicro3491
https://doi.org/10.1007/s00018-005-4539-z
https://doi.org/10.1126/science.286.5441.958
https://doi.org/10.1007/978-1-4899-0718-9_28
https://doi.org/10.1128/JB.05982-11
https://doi.org/10.1126/science.1099390
https://doi.org/10.1126/science.1099390
https://doi.org/10.1038/nrmicro3136
https://doi.org/10.1525/bio.2010.60.7.5
https://doi.org/10.1073/pnas.1302094110
https://doi.org/10.1111/1574-6976.12035
https://doi.org/10.1111/1574-6976.12035
https://doi.org/10.1038/nrmicro1233
https://doi.org/10.1038/nrmicro1233
https://doi.org/10.1016/j.zool.2011.04.001
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1046/j.1365-2958.2002.02792.x
https://doi.org/10.1046/j.1365-2958.2002.02792.x
https://doi.org/10.1038/nri.2016.125
https://doi.org/10.1126/science.1159689
https://doi.org/10.1038/nrmicro3182
https://doi.org/10.1098/rspb.2005.3279
https://doi.org/10.1098/rspb.2005.3279
https://doi.org/10.3732/ajb.1000364
https://doi.org/10.1038/sj/hdy/6800034
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-00223 February 10, 2018 Time: 17:43 # 14

Muraille Diversity Generators

Claessens, A., Hamilton, W. L., Kekre, M., Otto, T. D., Faizullabhoy, A., Rayner,
J. C., et al. (2014). Generation of antigenic diversity in Plasmodium falciparum
by structured rearrangement of var genes during mitosis. PLOS Genet.
10:e1004812. doi: 10.1371/journal.pgen.1004812

Clayton, J. B., Vangay, P., Huang, H., Ward, T., Hillmann, B. M., Al-Ghalith, G. A.,
et al. (2016). Captivity humanizes the primate microbiome. Proc. Natl. Acad.
Sci. U.S.A. 113, 10376–10381. doi: 10.1073/pnas.1521835113

Coffey, D. (1998). Self-organization, complexity and chaos: the new biology for
medicine. Nat. Med. 4, 882–885. doi: 10.1038/nm0798-822

Cook-Patton, S. C., Mcart, S. H., Parachnowitsch, A. L., Thaler, J. S., and Agrawal,
A. A. (2011). A direct comparison of the consequences of plant genotypic and
species diversity on communities and ecosystem function. Ecology 92, 915–923.
doi: 10.1890/10-0999.1

Cordero, O. X., and Polz, M. F. (2014). Explaining microbial genomic diversity in
light of evolutionary ecology. Nat. Rev. Microbiol. 12, 263–273. doi: 10.1038/
nrmicro3218

Corning, P. A. (2008). Holistic Darwinism: the new evolutionary paradigm and
some implications for political science. Politics Life Sci. 27, 78–98.

Cross, G. A. M., Kim, H. S., and Wickstead, B. (2014). Capturing the variant
surface glycoprotein repertoire (the VSGnome) of Trypanosoma brucei Lister
427. Mol. Biochem. Parasitol. 195, 59–73. doi: 10.1016/j.molbiopara.2014.
06.004

Crutsinger, G. M., Collins, M. D., Fordyce, J. A., Gompert, Z., Nice, C. C., and
Sanders, N. J. (2006). Plant genotypic diversity predicts community structure
and governs an ecosystem process. Science 313, 966–968. doi: 10.1126/science.
1128326

Dall, S. R. X., Bell, A. M., Bolnick, D. I., and Ratnieks, F. L. W. (2012).
An evolutionary ecology of individual differences. Ecol. Lett. 15, 1189–1198.
doi: 10.1111/j.1461-0248.2012.01846.x

Davis, M. M., and Bjorkman, P. J. (1988). T-cell antigen receptor genes and T-cell
recognition. Nature 334, 395–402. doi: 10.1038/334395a0

Debortoli, N., Li, X., Eyres, I., Fontaneto, D., Hespeels, B., Tang, C. Q., et al. (2016).
Genetic exchange among bdelloid rotifers is more likely due to horizontal gene
transfer than to meiotic sex. Curr. Biol. 26, 723–732. doi: 10.1016/j.cub.2016.
01.031

Decaestecker, E., Gaba, S., Raeymaekers, J. A. M., Stoks, R., Van Kerckhoven, L.,
Ebert, D., et al. (2007). Host–parasite “Red Queen” dynamics archived in pond
sediment. Nature 450, 870–873. doi: 10.1038/nature06291

Didelot, X., Walker, A. S., Peto, T. E., Crook, D. W., and Wilson, D. J. (2016).
Within-host evolution of bacterial pathogens. Nat. Rev. Microbiol. 14, 150–162.
doi: 10.1038/nrmicro.2015.13

Doolittle, W. F. (1998). You are what you eat: a gene transfer ratchet could account
for bacterial genes in eukaryotic nuclear genomes. Trends Genet. 14, 307–311.
doi: 10.1016/S0168-9525(98)01494-2

Douglas, A. E., and Werren, J. H. (2016). Holes in the hologenome: why host-
microbe symbioses are not holobionts. mBio 7:e02099–15. doi: 10.1128/mBio.
02099-15

Dupressoir, A., Vernochet, C., Bawa, O., Harper, F., Pierron, G., Opolon, P., et al.
(2009). Syncytin-A knockout mice demonstrate the critical role in placentation
of a fusogenic, endogenous retrovirus-derived, envelope gene. Proc. Natl. Acad.
Sci. U.S.A. 106, 12127–12132. doi: 10.1073/pnas.0902925106

Dykhuizen, D. E. (1998). Santa Rosalia revisited: Why are there so many species of
bacteria? Antonie Van Leeuwenhoek 73, 25–33.

Eisenhauer, N., Scheu, S., and Jousset, A. (2012). Bacterial diversity stabilizes
community productivity. PLOS ONE 7:e34517. doi: 10.1371/journal.pone.
0034517

Flärdh, K., and Buttner, M. J. (2009). Streptomyces morphogenetics: dissecting
differentiation in a filamentous bacterium. Nat. Rev. Microbiol. 7, 36–49.
doi: 10.1038/nrmicro1968

Flemming, H.-C., Wingender, J., Szewzyk, U., Steinberg, P., Rice, S. A., and
Kjelleberg, S. (2016). Biofilms: an emergent form of bacterial life. Nat. Rev.
Microbiol. 14, 563–575. doi: 10.1038/nrmicro.2016.94

Flot, J.-F., Hespeels, B., Li, X., Noel, B., Arkhipova, I., Danchin, E. G. J., et al. (2013).
Genomic evidence for ameiotic evolution in the bdelloid rotifer Adineta vaga.
Nature 500, 453–457. doi: 10.1038/nature12326

Fneich, S., Théron, A., Cosseau, C., Rognon, A., Aliaga, B., Buard, J., et al. (2016).
Epigenetic origin of adaptive phenotypic variants in the human blood fluke

Schistosoma mansoni. Epigenetics Chromatin 9, 1–13. doi: 10.1186/s13072-016-
0076-2

Fusco, G., and Minelli, A. (2010). Phenotypic plasticity in development and
evolution: facts and concepts. Philos. Trans. R. Soc. Lond. B Biol. Sci. 365,
547–556. doi: 10.1098/rstb.2009.0267

Galhardo, R. S., Hastings, P. J., and Rosenberg, S. M. (2007). Mutation as a stress
response and the regulation of evolvability. Crit. Rev. Biochem. Mol. Biol. 42,
399–435. doi: 10.1080/10409230701648502

Gans, J., Wolinsky, M., and Dunbar, J. (2001). Computational improvements reveal
great bacterial diversity and high metal toxicity in soi. Science 309, 1387–1390.
doi: 10.1126/science.1112665

Genung, M. A., Lessard, J. P., Brown, C. B., Bunn, W. A., Cregger, M. A., Reynolds,
W. N., et al. (2010). Non-additive effects of genotypic diversity increase floral
abundance and abundance of floral visitors. PLOS ONE 5:e8711. doi: 10.1371/
journal.pone.0008711

Gogarten, J. P., and Townsend, J. P. (2005). Horizontal gene transfer, genome
innovation and evolution. Nat. Rev. Microbiol. 3, 679–687. doi: 10.1038/
nrmicro1204

Goodenough, U., and Heitman, J. (2015). Origins of eukaryotic sexual
reproduction. Cold Spring Harb. Perspect. Biol. 6:a016154. doi: 10.1101/
cshperspect.a016154

Hanage, W. P., Fraser, C., and Spratt, B. G. (2005). Fuzzy species among
recombinogenic bacteria. BMC Biol. 3:6. doi: 10.1186/1741-7007-3-6

Hector, A. (1999). Plant diversity and productivity experiments in European
grasslands. Science 286, 1123–1127. doi: 10.1126/science.286.5442.1123

Hector, A., Dobson, K., Minns, A., Bazeley-White, E., and Lawton, J. H. (2001).
Community diversity and invasion resistance: an experimental test in a
grassland ecosystem and a review of comparable studies. Ecol. Res. 16, 819–831.
doi: 10.1046/j.1440-1703.2001.00443.x

Hooper, D. U., Adair, E. C., Cardinale, B. J., Byrnes, J. E. K., Hungate, B. A.,
Matulich, K. L., et al. (2012). A global synthesis reveals biodiversity loss
as a major driver of ecosystem change. Nature 486, 105–108. doi: 10.1038/
nature11118

Isbell, F., Craven, D., Connolly, J., Loreau, M., Schmid, B., Beierkuhnlein, C.,
et al. (2015). Biodiversity increases the resistance of ecosystem productivity to
climate extremes. Nature 526, 574–577. doi: 10.1038/nature15374

Jain, R., Rivera, M. C., Moore, J. E., and Lake, J. A. (2003). Horizontal gene transfer
accelerates genome innovation and evolution. Mol. Biol. Evol. 20, 1598–1602.
doi: 10.1093/molbev/msg154

Jeltsch, A. (2003). Maintenance of species identity and controlling speciation of
bacteria: a new function for restriction/modification systems? Gene 317, 13–16.
doi: 10.1016/S0378-1119(03)00652-8

Justice, S. S., Hunstad, D. A., Cegelski, L., and Hultgren, S. J. (2008). Morphological
plasticity as a bacterial survival strategy. Nat. Rev. Microbiol. 6, 162–168.
doi: 10.1038/nrmicro1820

Kapitonov, V. V., and Jurka, J. (2005). RAG1 core and V(D)J recombination
signal sequences were derived from Transib transposons. PLOS Biol. 3:e181.
doi: 10.1371/journal.pbio.0030181

Kitano, H. (2004). Biological robustness. Nat. Rev. Genet. 5, 826–837. doi: 10.1038/
nrg1471

Kramer, J., and Meunier, J. (2016). Kin and multilevel selection in social evolution: a
never-ending controversy? F1000Res. 5:776. doi: 10.12688/f1000research.8018.1

Laland, K., Matthews, B., and Feldman, M. W. (2016). An introduction to niche
construction theory. Evol. Ecol. 30, 191–202. doi: 10.1007/s10682-016-9821-z

Laland, K., Uller, T., Feldman, M., Sterelny, K., Müller, G. B., Moczek, A.,
et al. (2014). Does evolutionary theory need a rethink? Nature 514, 161–164.
doi: 10.1038/514161a

Lehtonen, J., Jennions, M. D., and Kokko, H. (2012). The many costs of sex. Trends
Ecol. Evol. 27, 172–178. doi: 10.1016/j.tree.2011.09.016

Lenormand, T., Engelstädter, J., Johnston, S. E., Wijnker, E., and Haag, C. R.
(2016). Evolutionary mysteries in meiosis. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 371:20160001. doi: 10.1098/rstb.2016.0001

Lewis, K. (2007). Persister cells, dormancy and infectious disease. Nat. Rev.
Microbiol. 5, 48–56. doi: 10.1038/nrmicro1557

Li, S. I., and Purugganan, M. D. (2011). The cooperative amoeba: Dictyostelium as
a model for social evolution. Trends Genet. 27, 48–54. doi: 10.1016/j.tig.2010.
11.003

Frontiers in Microbiology | www.frontiersin.org 14 February 2018 | Volume 9 | Article 223

https://doi.org/10.1371/journal.pgen.1004812
https://doi.org/10.1073/pnas.1521835113
https://doi.org/10.1038/nm0798-822
https://doi.org/10.1890/10-0999.1
https://doi.org/10.1038/nrmicro3218
https://doi.org/10.1038/nrmicro3218
https://doi.org/10.1016/j.molbiopara.2014.06.004
https://doi.org/10.1016/j.molbiopara.2014.06.004
https://doi.org/10.1126/science.1128326
https://doi.org/10.1126/science.1128326
https://doi.org/10.1111/j.1461-0248.2012.01846.x
https://doi.org/10.1038/334395a0
https://doi.org/10.1016/j.cub.2016.01.031
https://doi.org/10.1016/j.cub.2016.01.031
https://doi.org/10.1038/nature06291
https://doi.org/10.1038/nrmicro.2015.13
https://doi.org/10.1016/S0168-9525(98)01494-2
https://doi.org/10.1128/mBio.02099-15
https://doi.org/10.1128/mBio.02099-15
https://doi.org/10.1073/pnas.0902925106
https://doi.org/10.1371/journal.pone.0034517
https://doi.org/10.1371/journal.pone.0034517
https://doi.org/10.1038/nrmicro1968
https://doi.org/10.1038/nrmicro.2016.94
https://doi.org/10.1038/nature12326
https://doi.org/10.1186/s13072-016-0076-2
https://doi.org/10.1186/s13072-016-0076-2
https://doi.org/10.1098/rstb.2009.0267
https://doi.org/10.1080/10409230701648502
https://doi.org/10.1126/science.1112665
https://doi.org/10.1371/journal.pone.0008711
https://doi.org/10.1371/journal.pone.0008711
https://doi.org/10.1038/nrmicro1204
https://doi.org/10.1038/nrmicro1204
https://doi.org/10.1101/cshperspect.a016154
https://doi.org/10.1101/cshperspect.a016154
https://doi.org/10.1186/1741-7007-3-6
https://doi.org/10.1126/science.286.5442.1123
https://doi.org/10.1046/j.1440-1703.2001.00443.x
https://doi.org/10.1038/nature11118
https://doi.org/10.1038/nature11118
https://doi.org/10.1038/nature15374
https://doi.org/10.1093/molbev/msg154
https://doi.org/10.1016/S0378-1119(03)00652-8
https://doi.org/10.1038/nrmicro1820
https://doi.org/10.1371/journal.pbio.0030181
https://doi.org/10.1038/nrg1471
https://doi.org/10.1038/nrg1471
https://doi.org/10.12688/f1000research.8018.1
https://doi.org/10.1007/s10682-016-9821-z
https://doi.org/10.1038/514161a
https://doi.org/10.1016/j.tree.2011.09.016
https://doi.org/10.1098/rstb.2016.0001
https://doi.org/10.1038/nrmicro1557
https://doi.org/10.1016/j.tig.2010.11.003
https://doi.org/10.1016/j.tig.2010.11.003
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-00223 February 10, 2018 Time: 17:43 # 15

Muraille Diversity Generators

Liston, A., Carr, E. J., and Linterman, M. A. (2016). Shaping variation in the human
immune system. Trends Immunol. 37, 637–646. doi: 10.1016/j.it.2016.08.002

Lu, J., Panavas, T., Thys, K., Aerssens, J., Naso, M., Fisher, J., et al. (2014).
IgG variable region and VH CDR3 diversity in unimmunized mice analyzed
by massively parallel sequencing. Mol. Immunol. 57, 274–283. doi: 10.1016/j.
molimm.2013.09.008

Lukjancenko, O., Wassenaar, T. M., and Ussery, D. W. (2010). Comparison of 61
sequenced Escherichia coli genomes. Microb. Ecol. 60, 708–720. doi: 10.1007/
s00248-010-9717-3

Martin, A., and Scharff, M. D. (2002). AID and mismatch repair in antibody
diversification. Nat. Rev. Immunol. 2, 605–614. doi: 10.1038/nri858

Martínez, I., Stegen, J. C., Maldonado-Gómez, M. X., Eren, A. M., Siba, P. M.,
Greenhill, A. R., et al. (2015). The gut microbiota of rural papua new guineans:
composition, diversity patterns, and ecological processes. Cell Rep. 11, 527–538.
doi: 10.1016/j.celrep.2015.03.049

May, R. (1988). How many species are there on Earth? Science 241, 1441–1449.
doi: 10.1126/science.241.4872.1441

McInerney, J. O., Pisani, D., Bapteste, E., and O’Connell, M. J. (2011). The
public goods hypothesis for the evolution of life on Earth. Biol. Direct 6:41.
doi: 10.1186/1745-6150-6-41

Medhekar, B., and Miller, J. F. (2007). Diversity-generating retroelements. Curr.
Opin. Microbiol. 10, 388–395. doi: 10.1016/j.mib.2007.06.004

Miraldo, A., Li, S., Borregaard, M. K., Flórez-rodríguez, A., Gopalakrishnan, S.,
Rizvanovic, M., et al. (2016). An Anthropocene map of genetic diversity. Science
353, 1532–1535. doi: 10.1126/science.aaf4381

Miranda, I., Rocha, R., Santos, M. C., Mateus, D. D., Moura, G. R., Carreto, L.,
et al. (2007). A genetic code alteration is a phenotype diversity generator in
the human pathogen Candida albicans. PLOS ONE 2:e996. doi: 10.1371/journal.
pone.0000996

Miranda, I., Silva-Dias, A., Rocha, R., Teixeira-Santos, R., Coelho, C.,
Gonçalves, T., et al. (2013). Candida albicans CUG mistranslation is a
mechanism to create cell. mBio 4:e00285-13. doi: 10.1128/mBio.00285-13

Moczek, A. P., Sultan, S., Foster, S., Ledòn-Rettig, C., Dworkin, I., Nijhout, H. F.,
et al. (2011). The role of developmental plasticity in evolutionary innovation.
Proc. R. Soc. Lond. B Biol. Sci. 278, 2705–2713. doi: 10.1098/rspb.2011.0971

Moeller, A. H., Li, Y., Mpoudi Ngole, E., Ahuka-Mundeke, S., Lonsdorf, E. V.,
Pusey, A. E., et al. (2014). Rapid changes in the gut microbiome during human
evolution. Proc. Natl. Acad. Sci. U.S.A. 111, 16431–16435. doi: 10.1073/pnas.
1419136111

Mora, C., Tittensor, D. P., Adl, S., Simpson, A. G. B., and Worm, B. (2011). How
many species are there on earth and in the ocean? PLOS Biol. 9:e1001127.
doi: 10.1371/journal.pbio.1001127

Moxon, R., Bayliss, C., and Hood, D. (2006). Bacterial contingency loci: the role
of simple sequence DNA repeats in bacterial adaptation. Annu. Rev. Genet. 40,
307–333. doi: 10.1146/annurev.genet.40.110405.090442

Mugnier, M. R., Cross, G. A. M., and Papavasiliou, F. N. (2015). The in vivo
dynamics of antigenic variation in Trypanosoma brucei. Science 347, 1470–1473.
doi: 10.1126/science.aaa4502

Muller, H. J. (1964). The relation of recombination to mutational advance. Mutat.
Res. 106, 2–9. doi: 10.1016/0027-5107(64)90047-8

Muraille, E. (2013). Redefining the immune system as a social interface for
cooperative processes. PLOS Pathog. 9:e1003203. doi: 10.1371/journal.ppat.
1003203

Muraille, E. (2014). Generation of individual diversity: a too neglected fundamental
property of adaptive immune system. Front. Immunol. 5:208. doi: 10.3389/
fimmu.2014.00208

Muraille, E. (2016). The unspecific side of acquired immunity against infectious
disease: causes and consequences. Front. Microbiol. 6:1525. doi: 10.3389/fmicb.
2015.01525

Muraille, E., and Goriely, S. (2017). The nonspecific face of adaptive immunity.
Curr. Opin. Immunol. 48, 38–43. doi: 10.1016/j.coi.2017.08.002

Ochman, H., Lawrence, J. G., and Groisman, E. A. (2000). Lateral gene transfer and
the nature of bacterial innovation. Nature 405, 299–304. doi: 10.1038/35012500

Oliver, A., Cantón, R., Campo, P., Baquero, F., and Blázquez, J. (2000). High
frequency of hypermutable Pseudomonas aeruginosa in cystic fibrosis lung
infection. Science 288, 1251–1253. doi: 10.1126/science.288.5469.1251

Paigen, K., and Petkov, P. (2010). Mammalian recombination hot spots: properties,
control and evolution. Nat. Rev. Genet. 11, 221–233. doi: 10.1038/nrg2712

Palumbi, S. R. (2009). Speciation and the evolution of gamete recognition genes:
pattern and process. Heredity 102, 66–76. doi: 10.1038/hdy.2008.104

Pancer, Z., Amemiya, C. T., Ehrhardt, G. R. A., Ceitlin, J., Gartland, G. L., and
Cooper, M. D. (2004). Somatic diversification of variable lymphocyte receptors
in the agnathan sea lamprey. Nature 430, 174–180. doi: 10.1038/nature
02740

Paterson, S., Vogwill, T., Buckling, A., Benmayor, R., Spiers, A. J., Thomson, N. R.,
et al. (2010). Antagonistic coevolution accelerates molecular evolution. Nature
464, 275–278. doi: 10.1038/nature08798

Pfennig, D. W., Wund, M. A., Snell-Rood, E. C., Cruickshank, T., Schlichting, C. D.,
and Moczek, A. P. (2010). Phenotypic plasticity’s impacts on diversification and
speciation. Trends Ecol. Evol. 25, 459–467. doi: 10.1016/j.tree.2010.05.006

Philippi, T., and Seger, J. (1989). Hedging one’s evolutionary bets, revisited. Trends
Ecol. Evol. 4, 2–5. doi: 10.1016/0169-5347(89)90138-9

Piersma, T., and Drent, J. (2003). Phenotypic flexibility and the evolution of
organismal design. Trends Ecol. Evol. 18, 228–233. doi: 10.1016/S0169-5347(03)
00036-3

Proulx, R., Wirth, C., Voigt, W., Weigelt, A., Roscher, C., Attinger, S., et al. (2010).
Diversity promotes temporal stability across levels of ecosystem organization
in experimental grasslands. PLOS ONE 5:e13382. doi: 10.1371/journal.pone.
0013382

Reusch, T. B. H., Ehlers, A., Hammerli, A., and Worm, B. (2005). Ecosystem
recovery after climatic extremes enhanced by genotypic diversity. Proc. Natl.
Acad. Sci. U.S.A. 102, 2826–2831. doi: 10.1073/pnas.0500008102

Riley, M. A., and Lizotte-Waniewski, M. (2009). Population genomics and the
bacterial species concept. Methods Mol. Biol. 532, 367–377.

Roger, F., Godhe, A., and Gamfeldt, L. (2012). Genetic diversity and ecosystem
functioning in the face of multiple stressors. PLOS ONE 7:e45007. doi: 10.1371/
journal.pone.0045007

Rooks, M. G., and Garrett, W. S. (2016). Gut microbiota, metabolites and host
immunity. Nat. Rev. Immunol. 16, 341–352. doi: 10.1038/nri.2016.42

Rosenberg, E., Sharon, G., and Zilber-Rosenberg, I. (2009). The hologenome theory
of evolution contains Lamarckian aspects within a Darwinian framework.
Environ. Microbiol. 11, 2959–2962. doi: 10.1111/j.1462-2920.2009.01995.x

Rosenberg, E., and Zilber-Rosenberg, I. (2016). Microbes drive evolution of
animals and plants: the hologenome concept. mBio 7:e01395. doi: 10.1128/
mBio.01395-15

Ross Ashby, W. (1956). An Introduction to Cybernetics. Eastford, CT: Martino Fine
Books.

Rowland, I., Gibson, G., Heinken, A., Scott, K., Swann, J., Thiele, I., et al. (2017).
Gut microbiota functions: metabolism of nutrients and other food components.
Eur. J. Nutr. doi: 10.1007/s00394-017-1445-8 [Epub ahead of print].

Rubin, G. M. (2000). Comparative genomics of the eukaryotes. Science 287,
2204–2215. doi: 10.1126/science.287.5461.2204

Sharon, G., Segal, D., Ringo, J. M., Hefetz, A., Zilber-Rosenberg, I., and
Rosenberg, E. (2010). Commensal bacteria play a role in mating preference
of Drosophila melanogaster. Proc. Natl. Acad. Sci. U.S.A. 107, 20051–20056.
doi: 10.1073/pnas.1009906107

Shen, P., and Huang, H. V. (1986). Homologous recombination in Escherichia coli:
dependence on substrate length and homology. Genetics 112, 441–457.

Silva, M. J. B., Carneiro, M. B. H., dos Anjos Pultz, B., Pereira Silva, D., Lopes, M. E.,
and Dos Santos, L. M. (2015). The multifaceted role of commensal microbiota
in homeostasis and gastrointestinal diseases. J. Immunol. Res. 2015:321241.
doi: 10.1155/2015/321241

Singer, T., Mcconnell, M. J., Marchetto, M. C. N., Coufal, N. G., and Gage, F. H.
(2011). LINE-1 retrotransposons: mediators of somatic variation in neuronal
genomes? Trends Neurosci. 33, 345–354. doi: 10.1016/j.tins.2010.04.001.LINE-1

Skippington, E., and Ragan, M. A. (2011). Lateral genetic transfer and the
construction of genetic exchange communities. FEMS Microbiol. Rev. 35,
707–735. doi: 10.1111/j.1574-6976.2010.00261.x

Smith, H. O., Gwinn, M. L., and Salzberg, S. L. (1999). DNA uptake signal
sequences in naturally transformable bacteria. Res. Microbiol. 150, 603–616.
doi: 10.1016/S0923-2508(99)00130-8

Sørensen, S. J., Bailey, M., Hansen, L. H., Kroer, N., and Wuertz, S. (2005). Studying
plasmid horizontal transfer in situ: a critical review. Nat. Rev. Microbiol. 3,
700–710. doi: 10.1038/nrmicro1232

Srikhanta, Y. N., Maguire, T. L., Stacey, K. J., Grimmond, S. M., and Jennings, M. P.
(2005). The phasevarion: a genetic system controlling coordinated, random

Frontiers in Microbiology | www.frontiersin.org 15 February 2018 | Volume 9 | Article 223

https://doi.org/10.1016/j.it.2016.08.002
https://doi.org/10.1016/j.molimm.2013.09.008
https://doi.org/10.1016/j.molimm.2013.09.008
https://doi.org/10.1007/s00248-010-9717-3
https://doi.org/10.1007/s00248-010-9717-3
https://doi.org/10.1038/nri858
https://doi.org/10.1016/j.celrep.2015.03.049
https://doi.org/10.1126/science.241.4872.1441
https://doi.org/10.1186/1745-6150-6-41
https://doi.org/10.1016/j.mib.2007.06.004
https://doi.org/10.1126/science.aaf4381
https://doi.org/10.1371/journal.pone.0000996
https://doi.org/10.1371/journal.pone.0000996
https://doi.org/10.1128/mBio.00285-13
https://doi.org/10.1098/rspb.2011.0971
https://doi.org/10.1073/pnas.1419136111
https://doi.org/10.1073/pnas.1419136111
https://doi.org/10.1371/journal.pbio.1001127
https://doi.org/10.1146/annurev.genet.40.110405.090442
https://doi.org/10.1126/science.aaa4502
https://doi.org/10.1016/0027-5107(64)90047-8
https://doi.org/10.1371/journal.ppat.1003203
https://doi.org/10.1371/journal.ppat.1003203
https://doi.org/10.3389/fimmu.2014.00208
https://doi.org/10.3389/fimmu.2014.00208
https://doi.org/10.3389/fmicb.2015.01525
https://doi.org/10.3389/fmicb.2015.01525
https://doi.org/10.1016/j.coi.2017.08.002
https://doi.org/10.1038/35012500
https://doi.org/10.1126/science.288.5469.1251
https://doi.org/10.1038/nrg2712
https://doi.org/10.1038/hdy.2008.104
https://doi.org/10.1038/nature02740
https://doi.org/10.1038/nature02740
https://doi.org/10.1038/nature08798
https://doi.org/10.1016/j.tree.2010.05.006
https://doi.org/10.1016/0169-5347(89)90138-9
https://doi.org/10.1016/S0169-5347(03)00036-3
https://doi.org/10.1016/S0169-5347(03)00036-3
https://doi.org/10.1371/journal.pone.0013382
https://doi.org/10.1371/journal.pone.0013382
https://doi.org/10.1073/pnas.0500008102
https://doi.org/10.1371/journal.pone.0045007
https://doi.org/10.1371/journal.pone.0045007
https://doi.org/10.1038/nri.2016.42
https://doi.org/10.1111/j.1462-2920.2009.01995.x
https://doi.org/10.1128/mBio.01395-15
https://doi.org/10.1128/mBio.01395-15
https://doi.org/10.1007/s00394-017-1445-8
https://doi.org/10.1126/science.287.5461.2204
https://doi.org/10.1073/pnas.1009906107
https://doi.org/10.1155/2015/321241
https://doi.org/10.1016/j.tins.2010.04.001.LINE-1
https://doi.org/10.1111/j.1574-6976.2010.00261.x
https://doi.org/10.1016/S0923-2508(99)00130-8
https://doi.org/10.1038/nrmicro1232
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-00223 February 10, 2018 Time: 17:43 # 16

Muraille Diversity Generators

switching of expression of multiple genes. Proc. Natl. Acad. Sci. U.S.A. 102,
5547–5551. doi: 10.1073/pnas.0501169102

Staley, J., and Konopka, A. (1985). Measurement of in situ activities of
nonphotosynthetic microorganisms in aquatic and terrestrial habitats. Annu.
Rev. Microbiol. 39, 321–346. doi: 10.1146/annurev.micro.39.1.321

Strassmann, J. E., and Queller, D. C. (2010). The social organism: congresses,
parties, and committees. Evolution 64, 605–616. doi: 10.1111/j.1558-5646.2009.
00929.x

Syvanen, M. (1985). Cross-species gene transfer; implications for a new theory of
evolution. J. Theor. Biol. 112, 333–343. doi: 10.1016/S0022-5193(85)80291-5

Tettelin, H., Masignani, V., Cieslewicz, M. J., Donati, C., Medini, D., Ward, N. L.,
et al. (2005). Genome analysis of multiple pathogenic isolates of Streptococcus
agalactiae: implications for the microbial “pan-genome”. Proc. Natl. Acad. Sci.
U.S.A. 102, 13950–13955. doi: 10.1073/pnas.0506758102

Thaler, D. S. (1994a). Sex is for sisters - intragenomic recombination and
homology-dependent mutation as sources of evolutionary variation. Trends
Ecol. Evol. 9, 108–110. doi: 10.1016/0169-5347(94)90208-9

Thaler, D. S. (1994b). The evolution of genetic intelligence. Science 264, 224–225.
Thomas, N., Best, K., Cinelli, M., Reich-Zeliger, S., Gal, H., Shifrut, E., et al.

(2014). Tracking global changes induced in the CD4 T-cell receptor repertoire
by immunization with a complex antigen using short stretches of CDR3 protein
sequence. Bioinformatics 30, 3181–3188. doi: 10.1093/bioinformatics/btu523

Tilman, D., and Downing, J. A. (1994). Biodiversity and stability in grasslands.
Nature 367, 363–365. doi: 10.1038/367363a0

Tilman, D., Reich, P. B., and Knops, J. M. H. (2006). Biodiversity and ecosystem
stability in a decade long grassland experiment. Nature 441, 629–632.
doi: 10.1038/nature04742

Tilman, D., Reich, P. B., Knops, J., Wedin, D., Mielke, T., and Lehman, C. (2009).
Diversity and productivity in a long-term grassland experiment. Science 294,
843–845. doi: 10.1126/science.1060391

Van Valen, L. (1973). A new evolutionary law. Evol. Theory 1, 1–30.
Velicer, G. J., and Vos, M. (2009). Sociobiology of the myxobacteria. Annu. Rev.

Microbiol. 63, 599–623. doi: 10.1146/annurev.micro.091208.073158
Watson, F. L., Püttmann-Holgado, R., Thomas, F., Lamar, D. L., Hughes, M.,

Kondo, M., et al. (2005). Extensive diversity of Ig-superfamily proteins in
the immune system of insects. Science 309, 1874–1878. doi: 10.1126/science.
1116887

West, S. A., and Cooper, G. A. (2016). Division of labour in microorganisms:
an evolutionary perspective. Nat. Rev. Microbiol. 14, 716–723. doi: 10.1038/
nrmicro.2016.111

West, S. A., Griffin, A. S., and Gardner, A. (2007). Evolutionary explanations
for cooperation. Curr. Biol. 17, R661–R672. doi: 10.1016/j.cub.2007.
06.004

Wolf, M., and Weissing, F. J. (2012). Animal personalities: consequences for
ecology and evolution. Trends Ecol. Evol. 27, 452–461. doi: 10.1016/j.tree.2012.
05.001

Yachi, S., and Loreau, M. (1999). Biodiversity and ecosystem productivity in a
fluctuating environment: the insurance hypothesis. Proc. Natl. Acad. Sci. U.S.A.
96, 1463–1468. doi: 10.1073/pnas.96.4.1463

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Muraille. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 16 February 2018 | Volume 9 | Article 223

https://doi.org/10.1073/pnas.0501169102
https://doi.org/10.1146/annurev.micro.39.1.321
https://doi.org/10.1111/j.1558-5646.2009.00929.x
https://doi.org/10.1111/j.1558-5646.2009.00929.x
https://doi.org/10.1016/S0022-5193(85)80291-5
https://doi.org/10.1073/pnas.0506758102
https://doi.org/10.1016/0169-5347(94)90208-9
https://doi.org/10.1093/bioinformatics/btu523
https://doi.org/10.1038/367363a0
https://doi.org/10.1038/nature04742
https://doi.org/10.1126/science.1060391
https://doi.org/10.1146/annurev.micro.091208.073158
https://doi.org/10.1126/science.1116887
https://doi.org/10.1126/science.1116887
https://doi.org/10.1038/nrmicro.2016.111
https://doi.org/10.1038/nrmicro.2016.111
https://doi.org/10.1016/j.cub.2007.06.004
https://doi.org/10.1016/j.cub.2007.06.004
https://doi.org/10.1016/j.tree.2012.05.001
https://doi.org/10.1016/j.tree.2012.05.001
https://doi.org/10.1073/pnas.96.4.1463
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Diversity Generator Mechanisms Are Essential Components of Biological Systems: The Two Queen Hypothesis
	The Fundamental Question of How and Why Diversity Is Generated
	The Immeasurable Diversity of Living Entities
	Biodiversity Increases the Robustness, Evolvability and Collectivism of Biological Systems
	Classical Neo-Darwinian Paradigm of Diversity Generation
	Generation of Genetic Diversity Among Prokaryotes
	Diversity Generator Acquisition and Regulation Are Dependent on the Intensity of Environmental Selective Pressures
	Multicellular Eukaryotes Acquire Genetic Diversity Generator Mechanisms Acting Anticipatively to Environmental Stress
	Multicellular Eukaryotes Acquired Inheritable Phenotypic Diversity Generators
	The Two Queen Hypothesis
	Common Characteristics of Diversity Generators
	The Issue of the Selection of Diversity Generators During Evolution
	Overall Conclusion
	Theoretical Predictions
	Societal Implications
	Author Contributions
	Funding
	Acknowledgments
	References


