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Although originally a systematic term associated with speciation by hybridiza-
tion, this book exemplifies “reticulate evolution” as it occurs by mechanisms and 
processes of symbiosis, symbiogenesis, lateral gene transfer, hybridization or diver-
gence with gene flow, and infectious heredity. These phenomena are currently taking 
up a prominent role in the evolutionary sciences. Almost on a daily basis, new and 
fascinating data are presented that prove that evolution can result not merely from 
natural selection which brings forth a vertical pattern of linear descent with modifi-
cation, but also from various types of reticulate evolution whereby evolutionary line-
ages connect, merge, and dissolve into one another.

A vast majority of these data are coming in from molecular biology, molecular 
systematics, and molecular phylogenetics. These fields developed after the founda-
tion of the Modern Synthesis, and they currently enable a unification of bacteriol-
ogy, virology, medicine, cell biology, exo-, and astrobiology. Together, these fields 
are building the new and fascinating research area of reticulate evolution. Many of 
the means whereby reticulate evolution can occur, however, were already identi-
fied before the foundation of the Modern Synthesis. Research on hybridization 
first developed in pre-evolutionary times and reaches as far back as the seventeenth 
century. Symbiosis and symbiogenesis has mostly been associated with ecologi-
cal disciplines as well as with research on (a) biogenesis, developmental biology, 
and cell cytology. These disciplines originated in the late nineteenth century, during 
a period that has been characterized by Julian Huxley as the “eclipse of Darwin” 
because the then rising fields favored non-selectionist evolutionary explanations. 
Infectious heredity and the mechanisms of lateral gene transfer in prokaryotic 
organisms were first identified in the beginning of the twentieth century, within the 
bacterial and biomedical sciences, and today associated with virology, bacteriology, 
and genetic engineering and with attempts to personalize medicine. None of these 
fields belong to the classic Modern Synthesis that combined theoretical population 
genetics with Mendelian hereditary laws and aspects of diverse mutation theories. 
Today, scholars are therefore more and more pleading for an Extended Synthesis 
that integrates these research fields and their important data into a larger and richer 
theoretical framework whereby we can understand the evolution of life.

Preface and Acknowledgments
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There is a general recognition that reticulate evolutionary mechanisms are stir-
ring up and overthrowing many tenets of the standard neo-Darwinian framework, 
but how the new findings can become integrated with the standard paradigm, and 
how a new evolutionary biology might look like, is nonetheless still very much 
in the open. Natural selection, for example, is traditionally defined as a slow and 
gradual process, while symbiogenesis and lateral gene transfer are argued to occur 
rapidly in time. Research today is adding to the complexity, by demonstrating 
that the various evolutionary mechanisms are often simultaneously active within 
the various domains of life. Symbiotically acquired organelles, for example, or 
ontogenetically acquired viruses, can exchange genes laterally with the nuclear 
genes. Horizontally transferred genes in turn become integrated into the germ line 
where they evolve via natural and sexual selection mechanisms. When both verti-
cal and reticulate mechanisms are active within the same individual or population, 
then how do we define the pace(s) and mode(s) of overall evolution? At present, 
we do not have the epistemic frameworks that synthesize vertical with reticulate 
evolutionary theories. The mechanisms of reticulate evolution are currently (1) 
awaiting synthesis into a standard reticulate evolutionary paradigm, and (2) that 
paradigm in turn is awaiting integration with the classic, neo-Darwinian one.

Though knowledge on the various means by which reticulate evolution occurs 
has never been so vast, a wider recognition and dissemination of these ideas 
toward the public sphere as well as within and across the general evolutionary 
sciences continues to lag behind. Almost all founders of the Modern Synthesis, 
and many leading neo-Darwinian scholars, brought natural selection to a wider 
academic and non-academic audience by publishing accessible books on their 
findings. It brought forth a general recognition that, regardless of our private or 
public institutional affiliations, the study of evolution by means of natural selec-
tion concerns us all and therefore needs integration in all scientific and public 
domains. Whether we are biologists or not, and academics or not, reticulate evolu-
tion equally impacts how we are to understand life’s natural history, and it has a 
vast array of applications in the study of human health and disease, genetic engi-
neering, or agriculture. Today, few experts unfortunately feel chosen to bring their 
work outside their field-specific disciplines, and instead, they report their results 
in technical journals. Field-specific handbooks that have as goal to train future 
expert-scientists are equally inaccessible to non-experts because of the necessary 
technical language.

The goal of this book is to provide an introduction on reticulate evolution to 
scholars and students working outside the fields, but it is not an encyclopedia of 
the numerous advocates. Such encyclopedias will eventually be edited by the biol-
ogists themselves. For this book, I chose to focus on the mechanisms that under-
lie reticulate evolution. Here too, choices had to be made, because there are many 
ways in which reticulate evolutionary mechanisms can be explained and exempli-
fied. One can choose to provide a dictionary or glossary of new scientific jargon; 
one can give a state of the art on a selection of current data; one can dive into 
history and examine the original context of discovery wherein the mechanisms 
were first identified and perform an epistemic, philosophical analysis on how these 



Preface and Acknowledgments vii

ideas were and are received as well as what their consequences are for scientific 
theory in general; one can exemplify one reticulate evolutionary mechanism by 
providing examples of how it occurs within diverse lineages; or one can exemplify 
the relation between the various reticulate evolutionary mechanisms by exempli-
fying how they together bring forth the evolution of one or a couple of species. 
In agreement with the theme, the authors in this work have merged these various 
approaches, and their works focus either on theory formation or on particular case 
studies, or they either provide historical and philosophical contextualization or 
introductions to the state of the art.

This book also draws the line under a one-year long project funded by the 
Templeton Foundation that set out to investigate how reticulate evolutionary the-
ories, and also macroevolutionary theories, are currently expanding evolution-
ary thought and how they can be implemented into the sociocultural domain. 
With the project, my collaborators, Marcia Belchior, Francisco Carrapiço, Luís 
Correia, Larissa Mendoza Straffon, Marco Pina, Olga Pombo, and Emanuele 
Serrelli, and I organized evolution schools for pre- and postdoctoral research 
scholars that featured courses on reticulate evolution taught by Michael Arnold, 
Frédéric Bouchard, Francisco Dionisio, Luis Villarreal, and Douglas Zook 
(http://evolutionschool.fc.ul.pt/videos); a symposium session on how symbiogen-
esis, lateral gene transfer, and virolution extend the synthesis for the 2013 meet-
ing of the American Association for the Advancement of Science (http://appeel.
fc.ul.pt/sub/eve/dir/aaas/aaas2013.html); a public conference on evolution that fea-
tured talks for a general audience and classes for teenagers on topics of reticulate 
evolution (http://evolutionconference.fc.ul.pt); and a conference on Evolutionary 
Patterns: Horizontal and Vertical, Micro- and Macroevolutionary Patterns 
of Biological and Sociocultural Sciences (http://evolutionarypatterns.fc.ul.pt/
videos). Along the way, we captured several video interviews with the schol-
ars involved, which can be viewed either on the respective video channels men-
tioned above, or directly on Appeel’s YouTube channel (https://www.youtube.com/
user/appeellisboa).

Many of the scholars that partook in the project and its associated events are 
also featured in this volume. I am very grateful to the authors who were willing 
to disseminate their and other people’s work on reticulate evolution to a larger 
academic community, and I am quite confident that this book will provide an 
excellent entry point to interested scholars outside the field. Cordial thanks fur-
thermore go out to Andreas Bohn, Frédéric Bouchard, Jorge Carneiro, Maurizio 
Casiraghi, Claudine Chaouiya, Eveline Kolijn, Alan Cooper, Cristina Cruz, Tal 
Dagan, Lee Dugatkin, Ricardo Guerrero, Frank Kressing, Paulo Madruga, William 
Martin, Ana Noronha, Frank Ryan, Jan Sapp, Rosalia Vargas, Davide Vecchi, Luis 
Villarreal, Tyler Volk, Richard Watson, and Slava V.I. Yukalov. Finally, my grati-
tude, as always, goes out to the entire Springer team, especially Anette Lindqvist, 
Sabine Schwarz, and the team in India.

Nathalie Gontier
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Reticulate Evolution Everywhere

Nathalie Gontier

© Springer International Publishing Switzerland 2015 
N. Gontier (ed.), Reticulate Evolution, Interdisciplinary Evolution Research 3,  
DOI 10.1007/978-3-319-16345-1_1

Abstract Reticulation is a recurring evolutionary pattern found in phylogenetic 
reconstructions of life. The pattern results from how species interact and evolve 
by mechanisms and processes including symbiosis; symbiogenesis; lateral gene 
transfer (that occurs via bacterial conjugation, transformation, transduction, Gene 
Transfer Agents, or the movements of transposons, retrotransposons, and other 
mobile genetic elements); hybridization or divergence with gene flow; and infec-
tious heredity (induced either directly by bacteria, bacteriophages, viruses, pri-
ons, protozoa and fungi, or via vectors that transmit these pathogens). Research 
on reticulate evolution today takes on inter- and transdisciplinary proportions and 
is able to unite distinct research fields ranging from microbiology and molecular 
genetics to evolutionary biology and the biomedical sciences. This chapter sum-
marizes the main principles of the diverse reticulate evolutionary mechanisms and 
situates them into the chapters that make up this volume.

Keywords Reticulate evolution · Symbiosis · Symbiogenesis · Lateral Gene 
Transfer · Infectious agents · Microbiome · Viriome · Virolution · Hybridization ·  
Divergence with gene flow · Evolutionary patterns · Extended Synthesis

1  Reticulate Evolution: Patterns, Processes, Mechanisms

According to the Online Etymology Dictionary (http://www.etymonline.com), the 
word reticulate is an adjective that stems from the Latin words “rēticulātus” (having a 
net-like pattern) and rēticulum (little net). When scholars identify the evolution of life 
as being “reticulated,” they first and foremost refer to a recurring evolutionary pattern.

N. Gontier (*) 
AppEEL—Applied Evolutionary Epistemology Lab, University of Lisbon, Lisbon, Portugal
e-mail: nlgontier@fc.ul.pt

http://www.etymonline.com
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Net(work)-like patterns can be found in the way organisms belonging to dis-
tinct groups, species, or higher ranks of life interact with other such entities and 
exchange material and energy at a biochemical, behavioral, sexual or ecological 
level; as well as in the phylogenetic reconstructions of life’s evolved lineages that 
scholars obtain by comparing the genes, proteins, and overall morphological and 
behavioral features of organisms and species.

Reticulate evolution brings forth rapid evolutionary change characterized by a 
network-like pattern of horizontal crossings and mergings that often precede a 
pattern of vertical descent with modification. This contradicts standard neo-Dar-
winian evolutionary theory that understands life to evolve gradually by means of 
natural selection that brings forth a bifurcating or ramificating pattern.

To understand why and how evolution is reticulate in mode and pattern, and 
why the tempo of reticulate evolution is often fast and non-gradual, scholars have 
to determine the processes and mechanisms that bring forth these reticulate evolu-
tionary patterns. From the nineteenth century onwards, and mostly from outside 
or within the margins of the Darwinian and neo-Darwinian paradigm, botanists, 
microbiologists, bacteriologists, cytologists, and molecular geneticists have been 
increasingly able to identify these mechanisms and processes. Reticulate evolution 
today is a vernacular concept for evolutionary change induced by mechanisms 
and processes of symbiosis, symbiogenesis, lateral gene transfer, hybridization or 
divergence with gene flow, and infectious heredity.

1.1  Symbiosis

The concept of symbiosis was introduced in botany by de Bary (1878) who defined 
symbiosis as “the living together of unlike-named organisms.” de Bary was inspired 
by the zoologist Van Beneden (1873, 1875), who a couple of years earlier had dis-
tinguished between “commensalism,” “mutualism,” and “parasitism” to character-
ize the “social lives” of animals.

Symbiosis thus refers to species interactions, and symbiotic associations have 
been mostly studied from within ecological research fields (Buchner 1921, 1939; 
Paracer and Ahmadjian 1986; Sapp 1994). Distinct organisms interact by pro-
viding a habitat or ecological niche for one another, by serving as a nutritional 
source, by enabling reproduction (in the case of pollination, for example), or by 
providing metabolic functions, morphological traits, and behavioral features nei-
ther of the partners are able to develop on their own. When organisms engage in 
a symbiotic association, both the host (the larger partner in the association) and 
the symbiont(s) (the smaller partner) often develop new features and sometimes 
form new individuals with characteristics not found in the individual organisms 
(Margulis 1991, 1998). Lichens, for example, result from a conjunctive symbiosis 
between a fungus (the mycobiont) and algae or cyanobacteria (the phycobiont).

Symbiosis can be temporary and facultative or extend prolonged periods of 
time, sometimes resulting in obligate and hereditary symbiosis (Buchner 1921, 
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1939; Wallin 1927; Lederberg 1952; Sagan 1967). When distinct organisms live 
on the surface of other organisms (on their skin, the leafs or roots of plants, the gill 
of fish, the outer membrane of cells), the symbiosis is called ectosymbiosis; and 
when organisms live inside other living organisms (inside the cells, leaf cavities or 
roots of legumes, or inside the vascular, lymphatic or gastro-intestinal systems), it 
is called endosymbiosis. Symbiotic associations are also differentiated based upon 
actual (penetrating) physical contact between the host and symbiont (conjunctive 
symbiosis), or the mere living inside each other’s vicinity (disjunctive symbiosis) 
(Albany 1998).

Symbiotic associations can be acquired by horizontal or vertical transmission 
(outside or via the germline) (Archibald 2014; Douglas 2010; Gontier forthcom-
ing). And although symbiosis per definition defines symbiotic relations to occur 
between living organisms, also viruses (genetic agents) and prions (infectious 
proteins) can be understood as symbiotic partners although neither are considered 
basic units of life (Lederberg 1952, 2003; Roossinck 2012).

The original symbiosis concept does not specify the nature of the living 
arrangement that exists between distinct organisms. The exact nature of the sym-
biotic relation between distinct individuals can be characterized further as neu-
tralism (when the symbiosis neither harms nor benefits either of the partners), 
commensalism (when one partner benefits from the symbiosis and the other is 
unaffected), mutualism (when both partners benefit), parasitism (when one organ-
ism benefits and the other is harmed), amensalism (where one organism is harmed 
or killed and the other is unaffected), and synnecrosis (where both partners are 
harmed or killed by the symbiotic association) (Table 1).

Symbiotic interactions are numerous and diverse. One organism can simul-
taneously entertain different kinds of symbioses with a variety of organisms. So 
far, scholars have not been able to delineate a limit on how many organisms can 
simultaneously engage in a symbiotic association. What is becoming increasingly 
clear though, is that many commensal and mutual symbiotic associations are often 
necessary to obtain and maintain normal development, successful survival, and 
reproduction. Because symbiosis impacts adaptation, reproduction, and fitness, 
symbiosis can affect speciation and, in cases such as synnecrosis or amensalism, 
extinction (Brucker and Bordenstein 2012; Gontier forthcoming; Pound 1893; 
Schneider 1897).

Table 1  Possible symbiotic 
associations

+ beneficial; − harmful; 0 indifferent

Types of symbioses Effects on species 1 Effects on species 2

Neutralism 0 0

Commensalism + 0

Amensalism − 0

Mutualism + +
Parasitism + −
Synnecrosis − −
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Commensal, mutual, parasitic, or amensal symbiotic associations with microor-
ganisms also impact organismal health, which is something we return to in the part 
on infectious heredity.

The effects of symbiotic associations extend the organisms that engage in the 
living arrangement because symbiosis can significantly alter biotic and abiotic 
ecological systems from the lowest to the highest hierarchical level. The evolu-
tion of photosynthesizing cyanobacteria, for example, which is estimated to 
have occurred between 2.7 and 2.4 billion years ago, is known to have severely 
impacted the earth’s atmosphere and climate (Carrapiço 2006; Dole 1965; 
Flannery and Walter 2012; Holland 2006; Melezhik 2006; Pentecost and Franke 
2010; Robert et al. 2005). The origin of photosynthetic life forms (organisms 
that produce oxygen as a waste product), led to the great oxygenation event 
which commenced somewhat 2.4 billion years ago. The transition from a reduc-
ing atmosphere to an oxygen-rich atmosphere led to the oxygen catastrophe, i.e., 
the first major extinction event where obligate anaerobe life forms that evolved in 
the Hadean and Archean became severely threatened. The great oxygenation event 
was a precondition for oxygen-respiring life forms to evolve, and it triggered the 
Huronian glaciation (the first ice age). These environmental changes were also 
one of the triggers for the evolution of symbiogenesis out of permanent symbiosis, 
where, as an adaptive environmental response, various life forms increased in size 
and sought permanent shelter in one another to find protection against the devas-
tating environmental conditions.

In this volume, Zook provides us with a current state of the art as well as a new 
definition of symbiosis, Carrapiço reviews the history of symbiosis research, and 
Faria and Sucena exemplify how endosymbiosis can induce rapid speciation.

1.2  Symbiogenesis

Symbiogenesis is an evolutionary mechanism that occurs through “long-term 
hereditary symbiosis” (Margulis and Dolan 2000: 157). The fact that symbiotic 
associations can become hereditary was first acknowledged by von Faber (1912) 
who attested that bacteria found inside tropical plants engaged in a form of “erbli-
che Zusammenleben.” The latter term was translated as “hereditary symbiosis” 
by Cowles (1915) and was later adopted by scholars such as Buchner (1921, 
1939), Wallin (1927) and Lederberg (1952).

The concept of symbiogenesis was first introduced by the Russians Constantin 
Merezhkowsky, Andrey Famintsyn, and Boris Kozo-Polyanski (Sapp 1994). By 
building on earlier work of Andreas Schimper, the Russians pointed out that chlo-
roplasts, organelles found in algae and plant cells, had evolved from  cyanobacteria 
that engaged in long-term symbioses. The permanent endosymbiosis resulted in 
symbiogenesis: the cyanobacteria evolved into organelles, cellular structures 
that permanently reside inside the cells. With the Russians, hereditary  symbiosis 
became understood as a causal agent in the evolution of new morphological 
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features, and symbiogenesis was identified as an evolutionary mechanism whereby 
species evolve. A symbiogenetic origin for mitochondria, which are also eukary-
otic organelles, was conjectured by Paul Portier in France (who identified them as 
“cellular symbiotes”), and in America by Ivan Wallin who adopted the notion of 
hereditary symbiosis and introduced the concept of “symbionticism” (Sapp 2003).

Our modern notions on symbiogenesis come from Lynn Margulis (Sagan 
1967; Margulis 1970, 1998), who from the late 1960s onwards reintroduced, sys-
tematized, and expanded these ideas into the encompassing Serial Endosymbiotic 
Theory (Fig. 1). SET-theory,

… presents a theory of the origin of … discontinuity between eukaryotic (mitosing or 
‘higher’) and prokaryotic cells. Specifically, the mitochondria, … and the photosynthetic 
plastids can all be considered to have derived from free-living cells, and the eukaryotic 
cell is the result of the evolution of ancient symbioses. Although these ideas are not new 
[Merechowsky (1910) and Minchin (1915) in Wilson (1925), Wallin (1927), Lederberg 
(1952), Haldane (1954), Ris and Plaut (1962)], in this paper they have been synthesized 
in such a way as to be consistent with recent data on the biochemistry and cytology of 
 subcellular organelles. (Sagan 1967: 226)

Contrary to Woese (Woese et al. 1978, 1990; Woese and Fox 1977) Woese and 
Fox 1977) who divides life into three domains, namely Archaea, Bacteria, and 
Eukaryota, Margulis endorsed a 5-kingdom classification of life and understood 
symbiogenesis as the distinguishing feature that separates prokaryotic organisms 
such as Archaebacteria and Eubacteria belonging to the Monera kingdom from 
all eukaryotic organisms, i.e., the Protoctists or protists (for the difference see 
Rothschild 1989), Fungi, Animal and Plant Kingdoms (Whitaker and Margulis 
1978). For Margulis (1998: 42):

symbiogenesis is the factor that distinguishes all nucleated-cell life from all bacterial life. 
No middle ground exists - either a group of organisms evolved by symbiogenesis or it 
did not. My claim is that all nucleated organisms (protoctists, plants, fungi, and animals) 
arose by symbiogenesis …

SET provides a theory for the origin of the four eukaryotic kingdoms which 
have evolved by three symbiogenetic mergings (Fig. 1).

The first merger is still controversial among scientists and involves the origin of 
the eukaryotic cell. According to SET, the eukaryotic cell evolved from a perma-
nent hereditary symbiosis between different prokaryotes, namely Archaeplasma-
like archaebacteria (Thermoplasma acidophilium) and Spirochete-like eubacteria. 
Archaeplasma bacteria are anaerobe and fermenting microorganisms that today are 
classified as a genus in the Archaea domain. Spirochetes are a phylum of double-
membraned, corkscrew-shaped, mobile bacteria, today classified as belonging to 
the domain of Bacteria. The symbiotic merger between these distinct individuals, 
for Margulis, enabled the origin of the first nucleated cells, overall cell movement, 
and the formation of the mitotic spindle (Margulis et al. 2000, 2006).

In eukaryotic cells, the nucleated genes are organized on separate chromo-
somes. The mitotic spindle is a microtubule-rich organellar structure found outside 
the nucleus that helps in pulling apart the chromosomes during mitosis. Mitosis 
involves a series of complex movements of compartmentalized genes, and for 
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Margulis (1998: 40–43), spirochetes are what enabled this internal movement or 
“dance of the chromosomes.” The first merger also enabled external movement, 
because it gave rise to undulipodia (“waving feet”), including cilia, the “tails” and 
“hairs” of eukaryotic cells. For that reason, the first merger is also called “motility 
symbiosis.”

Evidence for motility symbiosis is found in the structure of centrioli, undulipo-
dia and cilia. Centrioli make up the centrosome, i.e., the microtubules-organizing 
center important for mitosis. Centrosomes also lie at the formation of kineto-
somes, the basal bodies wherefrom moving organelles (undulipodia and cilia) 
extend. Undulipodia and cilia are made up of microtubular structures that in their 
shaft (the axoneme) have microtubules arranged according to a [9(2) + 2] pat-
tern and in their basal bodies (kinetosomes) they all have microtubules arranged 
according to a [9(3) + 0] pattern. This latter pattern is identical to the microtu-
bular organization found in centrioli (Fig. 2), and the centrioli are responsible for 
the formation of the kinetosome as well as the mitotic spindle. Based upon their 
morphological similarity, in SET theory, centrioli, undulipodia, and cilia are con-
jectured to have evolved from once-free-living spirochetes because free-living spi-
rochetes often contain cytoplasmic tubules that resemble microtubules (Margulis 
and Dolan 2001: 89–96).

Contrary to SET theory that explains the origin of all eukaryotic cell types as 
resulting from permanent symbioses between different prokaryotes, several schol-
ars (Livingston Bell 2001; Villarreal and Witzany 2010: 699) have suggested a 
viral origin for the eukaryotic nucleus. In this scenario, archaea-like organisms 
symbiogenetically integrated double-stranded DNA virus(es) which enabled the 
origin of hypercyclic DNA compartmentalization. Both scenarios need not be 
mutually exclusive, but so far, no scholar has tried to integrate both views into an 
overall tripartite chronological sequence.

The second and third merger involve the origin of mitochondria and chloro-
plasts, two eukaryotic cell organelles. The second merger of SET theory describes 
the evolution of mitochondria from aerobe proteobacteria that started to entertain 
permanent symbiotic relations with some of the first eukaryotic beings (possibly in 
response to the oxygen crisis); and in a third merger, chloroplasts evolved from the 
intracellular incorporation by phagocytosis (eating or engulfing) of cyanobacteria. 
In both cases, these once-free-living bacteria were engulfed by the first eukary-
otic life forms, the endosymbiosis with the intracellular guests became permanent 
and hereditary, and this hereditary symbiosis led to the evolution of the respective 
organelles. Not all cyanobacteria and proteobacteria (which both encompass large 
taxonomic groups) engaged in symbiosis, and to this today, both cyanobacteria 
and proteobacteria continue to live independently of eukaryotic organisms.

Mitochondria and chloroplasts contain their own DNA and their endosymbio-
genetic, bacterial origin is today undisputed because there is proof coming from 
comparative molecular phylogenetics (Bonen and Doolittle 1975, 1976; Bonen 
et al. 1977). The DNA found in these cellular organelles still relates more closely 
to the free-living bacteria where they presumably evolved from than it does to the 
nuclear genes of the cells they belong to.
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All chloroplasts thus appear to be related by common descent from cyanobac-
teria. Nonetheless, these plastids have been acquired repeatedly, often as primary, 
secondary, and tertiary endosymbiosis events. Eukaryotic organisms with chloro-
plasts in place and forming a primary endosymbiosis were completely engulfed 
by other eukaryotes where the engulfed organism, as a whole, started to function 
as a chloroplast. Products of this secondary endosymbiosis in turn have also been 
engulfed by other eukaryotes, a process called tertiary endosymbiosis (Archibald 
2011, 2014). Symbiogenesis as an evolutionary mechanism therefore not merely 
evidences a pattern of reticulation, it also demonstrates a pattern of increased 
embedding, comparable to Russian dolls, though the dolls have different mor-
phologies rather than being identical.  Mitochondria, in turn, have all evolved from 
proteobacteria with which they still share a high genetic similarity.

Evidence is furthermore accumulating that proves that these organelles have 
undergone considerable gene loss after their symbiogenetic acquisition (Archibald 
2014), and they have engaged in lateral gene transfer with the nuclei of eukary-
otic cells, in both directions (Archibald and Richards 2010; Blanchard and Lynch 
2000; Martin and Herrmann 1998). Finally, Margulis also associated SET the-
ory with the Gaia hypothesis which was first introduced in its modern form by 
Lovelock (1972) and later elaborated by both authors (Lovelock and Margulis 
1974).

Besides chloroplasts that are found in all plant cells, and mitochondria, found 
in all aerobe protist, plant, fungal and animal cells, eukaryotic cells contain many 
more organelles, and their evolutionary origin remains obscure. The Belgian cytol-
ogist, de Duve et al. (1974), who first discovered lysosomes (eukaryotic organelles 
found in animal cells and involved in housekeeping), also suggested a symbioge-
netic, bacterial origin for these organelles.

In this volume, Zook elaborates upon primary, secondary, and tertiary endo-
symbiosis, which is especially relevant for understanding the origin of green and 
red algae as well as dinoflagellates (marine plankton that often combines photo-
synthesis with phagotrophy: the engulfment and eating of prey). And both Zook 
and Carrapiço explain how symbiogenesis is to be understood as an evolutionary 
mechanism in and of itself that complements the mechanism of natural selection. 
Correia and Manso provide a computational model to simulate symbiosis, sym-
biogenesis, and lateral gene transfer.

1.3  Horizontal or Lateral Gene Transfer

Lateral gene transfer is the process whereby genes are exchanged horizontally, 
either between distinct organisms with different genealogical histories, or between 
distinct genomes present in the same organism (e.g. between gene-containing 
organelles and the nucleus; or between the bacterial genome and plasmids resid-
ing inside the bacterial cell). In prokaryotes, lateral gene transfer occurs mainly by 
mechanisms of transformation, transduction, and bacterial conjugation (Fig. 3).
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Transformation involves the uptake of naked DNA from the surroundings, 
and the process was first described by Frederick Griffith and later confirmed by 
Oswald Avery, Colin MacLeod, and Maclyn McCarthy. Transduction was first 
described by Joshua Lederberg and Norton Zinder and involves the transfer of 
bacterial genes via bacteriophages, i.e., bacterial viruses. Bacterial conjugation, or 
bacterial mating as it is often called, was discovered by again Joshua Lederberg, in 
collaboration with Edward Tatum, and involves the transfer of plasmids.

A plasmid is an extrachromosomal (Lederberg 1952), mobile genetic element 
(Shapiro 1983), often made up of circular DNA. Plasmids are central agents for 
lateral gene transfer by means of bacterial conjugation whereby a single strand of 
the double-stranded plasmid is laterally transferred from a donor bacterium to a 
recipient. Plasmids often carry antibiotic resistance genes, and via bacterial conju-
gation, these resistance genes are exchanged between bacterial populations. Such 
“extra genes” are not necessary for the bacterium to survive, but they can nonethe-
less increase the bacterium’s chances of survival and therefore also its fitness.

Several bacteria also contain Gene Transfer Agents (GTAs) in their genome. 
GTAs are bacteriophage-like elements that are horizontally exchanged (Maxmen 
2010; Stanton 2007), and they present a fourth form of lateral gene transfer among 
bacteria.

Prokaryotes and eukaryotes alike contain “jumping genes” (McClintock 
1950, 1953) or transposons. These are mobile genetic elements that can change 
their position in the genome and move to another location. They can switch their 

Fig. 3  Schematic of the three main mechanisms of lateral gene transfer in prokaryotes
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position inside the genome they belong to, or they can travel horizontally from 
the bacterial genome to a bacterial plasmid or vice versa, or from organellar DNA 
to nuclear DNA and vice versa. Retrotransposons are a subclass of transpos-
able elements found in eukaryotes (Engels and Preston 1981; Frost et al. 2005; 
Kazazian et al. 1988; SanMiguel et al. 1996; Shapiro 1969; Singer 1982; Taylor 
1963).  Retrotransposons are alternatively known as transposons via RNA inter-
mediates, because they move about by copying and inserting themselves via RNA 
intermediates. Transposons are always made up of DNA, and they cut and paste 
themselves into genetic sequences (Finnegan 1989).

Transposons leave gaps at the places where they cut themselves and often inter-
rupt the gene sequence where they insert themselves, while retrotransposons ena-
ble genome growth by duplication of gene sequences, and both therefore enable 
“genetic transformation” (Rubin and Spradling 1982) of the organismal genome 
they belong to. In other words, they change the genetic make-up of organisms and 
are therefore key players in evolution.

Another type of mobile genetic elements are retroviruses. Retroviruses can 
insert their genes into the host’s genome, and they can become transmitted ver-
tically. Retroviruses furthermore resemble certain retrotransposons, making some 
scholars believe they are evolutionary related (Flavell 1981; Nelson and Hooley 
2004; Ryan 2009; Temin 1980).

Scientists are currently mapping the various mobile genetic elements there exist 
in order to find recurring structures, elements, patterns, and mechanisms whereby 
these elements are transmitted. These efforts are designated as the mobilome pro-
jects (Frost et al. 2005; Siefert 2009).

The abundant occurance of lateral gene transfer in all three domains of life 
has only been recognized in recent years. Molecular phylogenetic reconstructions 
(Doolittle 2000; Gogarten 2000; Bapteste 2014; Sapp 2009) now provide conclu-
sive evidence for “alien” or exogenous DNA uptake, which has greatly contributed 
to the general academic reception and recognition of the phenomena. Nonetheless, 
the existence of jumping genes and many of the mobile genetic elements, as well 
as the basic mechanisms whereby prokaryotes exchange genetic material hori-
zontally, were already identified in the beginning of the twentieth century, mostly 
under artificial laboratory conditions.

In this volume, Summers provides a history of plasmids, and Dionisio et al. 
provide a symbiotic account of non-transferrable plasmids. Gontier sketches the 
discoveries of lateral gene transfer mechanisms in history and relates it to current 
epistemic debates on the “web” versus “tree” of life.

1.4  Hybridization

Originally, the neo-Darwinian framework mainly provided a theory on ani-
mal evolution, and both natural and sexual selection theories rely heavily on 
eukaryotic reproduction systems such as sex that enable the differential vertical 



12 N. Gontier

descent of (mutated) genes over generations through time (Gontier forthcoming). 
Prokaryotes, however, reproduce by division and also many plants and flowers 
reproduce asexually by division or “cloning.” When plants and flowers do repro-
duce sexually, they do so by means of cross-fertilization (where the gametes of 
sexually different individuals belonging to the same species join—similar to ani-
mal sex), self-fertilization (many flowers have both male and female sex cells that 
recombine during reproduction within the same, bisexual individual), pollination 
(the transfer of pollen from anther to stigma often mediated by insect species such 
as wasps and bees that live in symbiotic association), or hybridization (López-
CaamaI and Tovar-Sánchez 2014).

Hybridization occurs when two genetically distinct individuals (that in turn can 
belong to different subspecies, species, genera, and even families) reproduce off-
spring. The offspring can be infertile, but most of the time they are fertile, and 
the hybrid can reproduce either with its parental lineages (backcrossing or intro-
gression) or only with similar hybrids. In both cases, hybridization can lead to 
the introduction of novel features as well as new species altogether (Arnold 1997, 
2004, 2006; Harrison 1990; Mallet 2005, 2007; Rieseberg 1995, 2001).

In many ways, the Modern Synthesis has prohibited hybridization to become 
recognized as an evolutionary mechanism that can, and often does, induce spe-
ciation. Hybridization poses a problem for the neo-Darwinian paradigm. Mayr’s 
(1942) biological species concept, for example, defines species based upon sexual 
compatibility and geographical accessibility. Per definition, individuals that can 
produce fertile offspring belong to the same species and such a definition logi-
cally excludes speciation to occur because of sexual exchange between individuals 
belonging to distinct species. But this is exactly what happens during hybridiza-
tion, when individuals of distinct species mate and produce offspring.

Hybridization of animals was already recognized in ancient societies. Mules, 
for example, were deliberately bred. The word “mule” stems from “mulato” or 
“half-breed,” and it was also used to designate humans with multiple-ethnic ori-
gins from the Middle Ages onwards. At the time, scholars falsely divided the 
human species into separate races. Colonization led to many mixed marriages 
and “bastard children,” leading naturalists and clergyman of the seventeenth, 
eighteenth, and nineteenth century to speculate on the long-term consequences 
of mixing. John Ray, for example, in a paper presented at the Royal Society of 
London in 1684, argued that hybridization violates the divine order in the world 
for God had created the species in a fixed form, and he speculated that hybridiza-
tion would have devastating influences on the “pure breeds” (Kingsbury 2009). In 
short, debates on the consequences of hybridization ran high in pre-evolutionary 
societies and are very much comparable to current debates on the long-term conse-
quences of genetic engineering that artificially combines hybridization with endos-
ymbiosis and LGT techniques.

The mechanisms of pollination in flowering plants and the recognition that also 
plants have sexes and reproductive organs was only recognized in 1694, by the 
German scholar Camerarius or Rudolph Jakob Camerer (Roberts 1929; Zirkle 1934, 
1935). Thomas Fairchild in London and Josef Gottlieb Kölreuter in Germany would 
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attempt to produce deliberate crosses of various plant species (López-Caamal and 
Tovar-Sánchez 2014). In 1720, Fairchild presented to the British academic commu-
nity what would become known as “Fairchild’s mule,” a deliberate cross he pro-
duced in 1717 between two plant species belonging to the Dianthus genus, known 
as Dianthus barbatus and Dianthus caryophyllus. Kölreuter mixed various spe-
cies of tobacco plants in the 1760s, but many of those turned out sterile, making 
Kölreuter agree with Ray and conclude that hybridization was against divine crea-
tion and that it would eventually lead to sterility in the offspring of all crosses.

Carolus von Linnée or Linnaeus (1753) also applied the incoming knowledge 
of the existence of sexual organs in plants. In his double-volumed work on the tax-
onomy of plants, he provided the first systematic classification of round and about 
9000 different plant species.

Linnaeus classified plants based upon a sexual system which he dubbed 
“Clavis Systematis Sexualis,” a system later incorporated in the 10th edition of 
his Systemae Naturae. Plants were considered to undergo “public” or “clandes-
tine marriages,” and plant species were further differentiated based upon whether 
or not the marriage between the sexual partners lasted in time, whether they had 
different means to engage in sexual reproduction (e.g., by pollination, self-fertili-
zation), and whether or not the species were monogamous or endorsed promiscu-
ous relations with multiple partners. Though his system made use of logical and 
binary oppositions, and thus remained based upon artificial classifications, he first 
attempted to classify the naturally occurring hybrids of different plant species and 
he also came to recognize that hybridization challenges the idea that species are 
fixed entities that undergo no significant change through time.

The incoming results on the rather “promiscuous” intercourse and “mar-
riages” between various plant species thus first facilitated evolutionary thinking. 
For Christian Konrad Sprengel, who would later inspire Darwin, hybridization led 
him to understand that species are not fixed but in constant flux, and also Karl 
Friedrich von Gärtner, who was able to produce fertile crosses, recognized the 
potential hybridization had for agriculture and the production of more nutritional 
crops (for reviews, see Kingsbury 2009; Camaal and Sanchez 2014). Darwin him-
self endorsed ideas on genetic blending and recognized hybridization to occur, but 
nonetheless, the neo-Darwinians focused on genetic recombination as it occurs by 
cross-fertilization between distinct sexual members of the same species.

At the turn of the twentieth century, Erich von Tschermak von Seyssenegg 
(one of the rediscovers of Mendel) in Austria also studied hybridization, as did 
the Danish scholar Øjvind Winge who was able to produce stable hybrids, and the 
Swedish geneticist Arne Müntzing who discovered chromosomal recombinations 
(Camaal and Sanchez 2014). Nonetheless, plant hybridization and introgression 
(the backcrossing of diverging species with the parental stock) (Fig. 4) was espe-
cially brought to the attention of the modern scientific evolutionary community by 
Anderson (1949) and Stebbins.

Stebbins was responsible for integrating plant studies into the Modern Synthesis by 
introducing the first “botanical synthesis” (Smocovitis 1997, Smocovitis and Ayala 
2000) in his major 1950 work on “Variation and Evolution in Plants” (Stebbins 1950).
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Stebbins began his career by studying the Crepis genus, a genus of flowering 
plants popularly known as Hawks Beard that contains around 200 different species 
and that belong to the Cichoriaea tribe that also includes common lettuce, chic-
ory, and other plants. Babcock and Stebbins (1938) discovered that many Crepis 
species regularly hybridize, that hybridization leads to polyploidy (chromosome 
doubling), and they pointed out that hybridization maximizes both variation and 
the potential to occupy diverse ecological niches. For Stebbins (1940), polyploidy 
in particular was important to understand the evolution of new plant genera. With 

Fig. 4  Different modes of speciation, Top left Speciation by natural selection and drift: Spe-
cies B, C, D evolve by splitting off from species A (cladenogenesis), while Species A gradually 
evolves into a new species E (anagenesis). Top right Speciation by hybridization: Members of 
species A and B cross and form a new species C, while species A and B either seize to exist 
due to the crossings or continue to evolve independently. Bottom left Speciation by symbiosis, 
symbiogenesis, lateral gene transfer, or hybridization: species A and B maintain symbiotic rela-
tions, acquire symbionts, or exchange genes horizontally, or they regularly hybridize, while they 
remain distinct species. Species A′ and B′ are nonetheless genetically, morphologically, or behav-
iorally altered by the various crossings, transfers and symbiotic associations in time, possibly 
up to the point that they evolved into new species (species C and D). Bottom right Divergence 
by gene flow or introgression: During its divergence from species A, species B either regularly 
backcrosses with its parental species (introgression), or exchanges genes laterally (directly or via 
symbiosis), thereby causing both species to diverge in time. This leads to the evolution of a new 
species B, and also the parental species is genetically altered (species A′), possibly up to the point 
that it evolved into a new species (species C)
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Stebbins, Crespis species soon became what Drosophila provides for geneticists, 
Escherichia coli for bacteriologists, and Wolbachia for scholars studying lateral 
gene transfer and symbiosis: a model organism.

By invitation of Ernst Mayr and Theodosius Dobzhansky, both major found-
ers of the Modern Synthesis, Stebbins (1959) combined hybridization with natural 
selection theory and theoretical population genetics, systematics, and taxonomy. 
With the 1959 book, he launched the new field of evolutionary plant biology and 
he dedicated full chapters to hybridization and polyploidy which he understood to 
be targets of natural selection.

Anderson (1949), who coined the term introgression, pointed out the creative 
role hybridization can play because hybrids may backcross with their parental spe-
cies, thereby increasing genetic diversity, adaptation, and fitness of both popula-
tions. Anderson was also a member of the Society for Evolution that gave way to 
the foundation of the Modern Synthesis (Gontier forthcoming; Smocovitis 1997). 
Together with Stebbins, he emphasized that hybridization plays a significant role 
in evolution because hybridization introduces new variation and enables a wider 
occupancy of ecological space (Anderson and Stebbins 1954).

Stebbins and Anderson’s ideas on hybridization as adaptive for individual 
organisms and long-term beneficial for species are today proven by numerous 
scholars (e.g., Arnold 2004, 2006; Harrison 1990; Mallet 2005, 2007; Riesenberg 
1995, 2001), who furthermore add that hybridization facilitates speciation and 
extinction, as well as provides a means to enter the genome of foreign species 
(Mallet 2005, 2007).

Because plant hybridization and introgression is well-documented and well-
recognized to occur, in this volume, Arnold et al. focus on animal hybridization 
and introgression, or as the authors prefer to call it, “divergence with gene flow”, 
in mammalian lineages.

1.5  Infectious Heredity in Health, Disease and Evolution

Many diseases are caused by the body’s own (mutated) genes (e.g., following 
radiation), or by the malfunctioning of the individual’s own metabolism and auto-
immune system (e.g., systemic, auto-immune deficiencies), but the majority of 
diseases are caused by infectious agents that an organism haphazardly acquires 
during its lifetime. Infections can cause abnormal growth associated with diseases 
such as cancer, or benign but nonetheless obstructive tumor formation.

All three domains of life are prone to viral infections, or “viral colonization” 
as Villarreal calls it (Villareal and Defilipps 2000; Villarreal and Witzany 2010). 
There are around 50 known double-stranded, and two single-stranded DNA 
viruses that infect Archaea (Pietilä et al. 2014), bacteria are vulnerable to infec-
tions by bacteriophages (bacterial viruses), and eukaryotes can become infected 
by numerous DNA and RNA viruses as well as bacteria, fungi, worms, and small 
protozoan organisms.
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In multicellular organisms, parasitic bacteria such as pneumococci, for exam-
ple, enter their eukaryotic host and start multiplying inside the organism. They can 
block vital airways such as the lungs which can lead to respiratory problems; or 
they can start competing with the body’s own cells for resources, thereby inducing 
cell mortality in their host.

To enable the formation of new viruses, viruses make use of the host metabo-
lism and upon release, they kill the host cell. Many viruses can also copy their 
genetic material into the genome of the host. Endogenous retroviruses or ERVs 
(Gifford and Tristem 2003; Löwer et al. 1996; Ryan 2009) are viruses that upon 
infection can horizontally insert their genetic material into their host genome. 
ERVs resemble retrotransposable elements (Nelson and Hooley 2004), and they 
are often classified as a subtype of the latter. ERVs make use of the genetic appa-
ratus of the somatic cells, but they can also integrate in the genomes of the sex 
cells and nestle inside the germ line. Once they become part of the germ line, 
the genes become the subject of vertical transmission where they are passed on 
to future generations in a Mendelian fashion. It is now well established that the 
genomes of mammals contain bits and pieces of these viruses in regions that 
were previously designated as “junk DNA.” The genomes that acquire retroviral 
genes, however, not merely serve as containers for the latter. On the contrary, the 
acquired retroviral genes often play crucial functional roles in developmental path-
ways. It has been proven that endogenous retroviruses played a significant role 
in the formation of the female placenta (Knerr et al. 2002; Sugimoto and Schust 
2009). Evidence furthermore suggests that our human ancestors caught endoge-
nous retroviruses from Neanderthals (Marchi et al. 2013). At least theoretically, 
it is likely that Neanderthals reciprocally caught some of our infectious diseases, 
which might have eventually contributed to their decline.

Our specific human history is also filled with pandemics such as the plague, 
cholera, tuberculosis, Ebola, SARS, HIV, and child diseases such as the measles 
or rubella. These diseases often spread nation- and worldwide. Travel induced by 
war, colonization, or commerce enables the spread via various modes of human 
contact and as such these epidemics and pandemics can influence human life his-
tory as well as human evolution (Gontier 2006, 2007). In this regard, Ryan (2005, 
2006; 2009) has introduced the term plague culling. When infectious diseases 
populate biological groups, species, or higher taxa, or when they make their way 
into the germ line, then over evolutionary time, they can introduce new features, 
cause bottle necks, or induce speciation events, and as such play a creative role in 
evolution.

Research on neurodegenerative diseases has led to the identification of prions 
by Prusiner (1982, 1991). Prions are infectious proteins that underlie mamma-
lian neurodegenerative diseases such as Creutzfeldt-Jakob disease in humans and 
Bovine Spongiform Encephalopathy (BSE) or mad cow disease in bovines; as well 
Kuru in humans, and Scrapie in sheep. Creutzfeldt-Jacob disease and BSE are also 
related in etiology and caused by similar prions. Prions are proteins that undergo 
post-translational, epigenetic changes in their three-dimensional folding structure. 
Thus, after the genetic code is transcribed and translated into proteins, the protein 
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that makes up the prion undergoes further, non-genetically encoded alterations 
in form. What exactly causes the proteins to change form is still uncertain, but 
Spiroplasma bacteria have been implicated (Bastian et al. 2007). Once the proteins 
flip into prions and take on the altered morphological form, these prions can bind 
to the regular proteins and make them change form as well. The prion-induced 
disease is able to spread across the brain and causes neurodegenerative, spongi-
form diseases where the brain starts to shrink in size and morphologically starts to 
resemble a sponge.

Prions cannot only become spread intraspecifically, they can also spread inter-
specifically by horizontal transmission. When humans, for example, eat with BSE-
infected cow meat, it can induce the development of Creutzfeldt-Jacob disease 
which is exactly what happened in the early 2000s, in the UK and other European 
countries (see, e.g., the European Parliament and Council Regulation (EC) No 
999/2001 on the “TSE-regulation” or the laws and decrees enacted against the 
spread of Transmissible Spongiform Encephalopathies at http://ec.europa.eu/food/
food/biosafety/tse_bse/legisl_en.htm).

In sum, viruses, bacteriophages, bacteria, fungi, worms, protozoa, and also pri-
ons (Fig. 5) can function as pathogens or infectious agents. They are horizontally 
acquired, and they can become intra- and interspecifically transmitted in both ver-
tical and horizontal fashion, via the germ line, or via the blood, milk, mucus, or 
other bodily fluids; they are ingested via food resources; or caught via inhaling 
infected air. Infectious agents can also become horizontally transmitted via vec-
tors, i.e., symbiotic organisms that themselves carry microorganisms which are 
transmitted from the symbiont to the host.

All infectious agents are also symbionts, and not all infectious agents are 
pathogens that cause disease. Our gastro-intestinal tract, for example, provides an 

Fig. 5  Examples of infectious agents (not to scale). From left to right and top to bottom: viruses, 
bacteria, bacteriophages, prions (infectious proteins), fungi, worms. The prions are based on 
https://microbewiki.kenyon.edu/index.php/File:R7_prion.jpg

http://ec.europa.eu/food/food/biosafety/tse_bse/legisl_en.htm
http://ec.europa.eu/food/food/biosafety/tse_bse/legisl_en.htm
https://microbewiki.kenyon.edu/index.php/File:R7_prion.jpg
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oxygen-low environment, and is therefore a suitable niche for the anaerobe organ-
isms that first evolved under a reduced atmosphere. Over millions of years, these 
anaerobes have found shelter in multicellular organisms, and in return, the symbi-
onts often provide the host with traits and biochemical substances that the host can 
neither produce nor establish on its own. Anaerobe gut flora is known to contribute 
to digestion of certain food substances, they help build the colon walls, and they 
often protect their host against infections with less beneficial microbes (Backhed 
et al. 2005; Turnbaugh et al. 2007, 2009; Ley et al. 2006). Current studies are 
even pointing towards the various compositions of microbiomes to explain body 
weight, sexual attraction, stress responses, temperament, and personality (Foster 
and McVey Neufeld 2013; Ley 2010; Bravo et al. 2012; Venu et al. 2014).

Multicellular, eukaryotic organisms have evolved complex anatomical forms 
and their various bodily organs and systems are populated by numerous micro-
organisms with which the eukaryotic hosts entertain symbiotic relationships. 
Scholars are increasingly demonstrating that besides parasitic symbiotic asso-
ciations, also mutual and commensal associations between infectious agents and 
their hosts contribute to acquiring and maintaining normal development and over-
all health. Scholars are currently engaged in mapping the various microbiota, i.e., 
protozoan, microbial, and viral communities, that symbiotically live inside or 
onside eukaryotic organisms. These endeavors are known as microbiome and viri-
ome projects and include the Human Microbiome Project that was launched by the 
American National Institute of Health (The NIH HMP Working Group 2009; the 
official website of the Human Microbiome Project can be found at http://www.hm
pdacc.org/).

The complex symbiotic associations with the microbiomes, viriomes, and other 
microbiota furthermore need to be understood in terms of coevolution and lateral 
gene transfer (Dunning Hotopp et al. 2007). The host often provides environmen-
tal and ecological conditions suitable for microbial or viral growth, and (parasitic) 
symbionts can exchange genes laterally with their host, leading to altered genetic 
codes and altered metabolism.

Lederberg first coined the terms “microbiota” and “microbiome” in the early 
twenty-first century, to delineate “the ecological community of commensal, sym-
biotic, and pathogenic microorganisms that literally share our body space and 
have been all but ignored as determinants of health and disease” (Lederberg 
and McCay 2001). Earlier in time, and to emphasize the association there exists 
between infectious agents and symbiosis, he popularized concepts such as “heredi-
tary symbiosis” (Lederberg 1952), and “infective transmission” (Lederberg 1998: 
1) to delineate “DNA-mediated transformation, or virus-mediated transduction” 
(Lederberg and Lederberg 1956), as well as “infective heredity”—a concept first 
used by one of his collaborators, Zinder (1953), to describe Lederberg’s work 
on bacterial transduction and conjugation. Writing in a time before “lateral gene 
transfer” as a notion was coined, he associated both infectious agents as well as 
the various means of prokaryotic horizontal gene exchange with symbiosis theory. 
For Lederberg (2003: 287), “We should think of each host and its parasites as a 
superorganism with the respective genomes yoked into a chimera of sorts.” This 

http://www.hmpdacc.org/
http://www.hmpdacc.org/
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introduces a “sociological development,” or, in other words, a coevolutionary and 
social epistemic dimension to research on chimeric organisms.

In short, infectious heredity deals broadly with the horizontal acquisition of 
infectious agents, as well as the impact infectious agents have on health and dis-
ease of their host, both ontogenetically and phylogenetically. Classically, infec-
tion is understood as an ontogenetically acquired trait. Because the founders of 
the Modern Synthesis adhered to the Weismann barrier that rejected any type of 
Lamarckian inheritance and evolution, ontogeny was not considered to influence 
phylogeny. Research today on the contrary demonstrates that ontogenetically 
acquired infectious agents can most certainly influence phylogeny.

Infectious heredity therefore links the biomedical sciences with the evolu-
tionary and ecological sciences. The acknowledgment that disease and health is 
induced by microorganisms was first put forward in the bacteriological and bio-
medical sciences when scholars like Joseph Lister in Great Britain, Louis Pasteur 
in France, and Robert Koch in Germany advanced the germ theory of disease 
(for reviews, see Sapp 1994, 2003, and for a timeline, see Campbell’s 2007–2015 
Germ Theory Calendar at http://germtheorycalendar.com/). Disease, in turn, 
became correlated to research on immunity and medicinal therapies by British 
scholars such as Edward Jenner and Alexander Fleming, the Russian zoologist 
Ilya Mechnikov, and the German scholars Paul Ehrlich and Emil von Behring (for 
reviews, see Gaudillière and Löwly 2001).

As early as 1949, J.B.S. Haldane, one of the population geneticists, linked 
the advances in bacteriology, microbiology, and the overall biomedical sciences, 
with evolutionary theory in an article on “Disease and Evolution” wherein he dis-
cussed various infectious diseases as agents of natural selection (Lederberg 1999). 
Diseases like malaria, for example, which is caused by parasitic protozoans, alter 
the successful survival rates of infected individuals, and certain hemoglobin disor-
ders in turn protect against malaria.

For Haldane (1949), infectious agents can be understood as a medium through 
which natural selection becomes expressed. But as said, the relation between 
organismal diseases and the infectious agents that cause them additionally needs 
to be understood in terms of coevolution, symbiosis, and lateral gene transfer. 
Many bacteria and viruses “know” how to infect organisms, and many organisms 
“know” how to fight against or collaborate with the infectious agents. In other 
words, over the course of evolutionary history, infectious agents and their hosts 
have coevolved behavioral and biochemical repertoires to recognize and respond 
to one another. Many possess the biochemical “keys” of our bodies’ “locks,” and 
our bodies have evolved intricate immune responses that enable the identification, 
limitation, and even eradication of unwanted foreign agents, as well as means to 
recognize and use beneficial traits provided by these foreign bodies. Reticulate 
evolution is therefore pivotal in understanding the epidemiology of infectious dis-
ease as well as immunity.

In this volume, examples of infectious heredity, microbiome and viriome stud-
ies are discussed by Souto Maior, Weyrich, Zook, Arnold, and Gontier.

http://germtheorycalendar.com/
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2  Introduction to the Chapters

Authors in this volume provide a state of the art on current data and theory. They 
exemplify the mechanisms and processes by reviewing case studies of reticulate 
evolution as they occur in various ranks of life; by delineating the historical con-
text of discovery wherein reticulate evolutionary mechanisms were first recog-
nized to occur; and by explaining how reticulate evolution challenges some of the 
classic tenets of the standard evolutionary, neo-Darwinian paradigm.

Douglas Zook, the decade-long former president of the International 
Symbiosis Society (http://iss-symbiosis.org/) and inheritor Lynn Margulis’ first 
course on symbiosis that she developed at Boston University, provides a current 
state of the art of symbiosis research. He provides a new definition of symbiosis as 
“the acquisition of an organism(s) by another unlike organism(s), and through sub-
sequent long-term integration, new structures, and metabolism(s) emerge.”

In his chapter “Symbiosis: Evolution’s Co-Author,” the author takes on an 
 overall ecological approach and details how the biosphere (the global ecosystem 
that encompasses the habitable zones of life) is the outgrowth of intimate symbi-
otic interactions between living organisms and the abiotic environment. Organisms 
have from the very beginning and continuing over billions of years played crucial 
roles in the evolution of the earth’s atmosphere and its biomes via processes of 
biomineralization, lithification (the formation of rocks), and by aiding and sustain-
ing crucial biochemical cycles such as the nitrogen, oxygen, and carbon cycle.

From stromatolites onwards, Zook reconstructs life’s early origins and explains 
how primary, secondary, and tertiary symbiosis events have molded early eukar-
yotic life. The author explains why concepts such as “mutualism,” “parasitism,” 
and “commensalism” are outdated. The concepts imply a “compartmentalization,” 
while Zook understands symbiosis as evolution’s coauthor. Both symbiosis and 
natural selection are the primary mechanisms whereby life’s immense biodiver-
sity evolves, and he explains why symbiosis and natural selection are not mutually 
exclusive concepts.

The author adopts Margulis’ “holobiont” concept that designates the new entity 
that forms as a result of a symbiotic association as a new unit of evolution. The 
holobiont concept also plays a crucial role in the Rosenberg’s Hologenome theory 
that explains how holobionts are new units of selection, and Zook details how hol-
obiont selection results in rapid adaptation and increased fitness.

Zook ends his chapter with extracts from an unreleased video interview he con-
ducted with Lynn Margulis on how she understood the relation between the stand-
ard neo-Darwinian paradigm and the evolutionary symbiogenetic view of life.

In his chapter Can We Understand Evolution Without Symbiogenesis?, 
Francisco Carrapiço, one of the former secretaries of the International Symbiosis 
Society, understands symbiogenesis as an evolutionary mechanism crucial for 
understanding biodiversity as well as speciation events.

Carrapiço shares his truly encyclopedic knowledge on the rich history that 
precedes symbiosis and symbiogenesis research, and reviews when concepts 

http://iss-symbiosis.org/
http://dx.doi.org/10.1007/978-3-319-16345-1_2
http://dx.doi.org/10.1007/978-3-319-16345-1_3
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such as “consortia,” “commensalism,” “parasitism,” “mutualism,” “symbio-
sis,” and “symbiogenesis” were first introduced in time as well as how they got 
redefined over the ages. He lines up numerous pioneering scholars, includ-
ing Simon Schwendener, Heinrich Anton de Bary, Pierre-Joseph Van Beneden, 
Albert Bernhard Frank, Andreas Schimper, Constantin Merezhkowsky, Andrey 
Famintsyn, Hermann Reinheimer, Paul Portier, Ivan Wallin, Boris Kozo-
Polyansky, Lynn Margulis and many many others.

Carrapiço systematically demonstrates the difficult epistemic relations there 
have been between symbiologists, Darwinians, and neo-Darwinians, causing 
symbiosis research to have developed parallel and mostly outside the standard 
evolutionary paradigm. The malreception of symbiosis theory by neo-Darwinian 
scholars is explained as resulting from different notions both paradigms entertain 
on the nature of the organism, species-specificity, cooperation and interaction, and 
the overall role ecology plays in understanding the evolution of life. The author 
tracks the rise of these ideas and situates them in opposing sociopolitical ideolo-
gies of the nineteenth century.

Carrapiço ends by providing guidelines on how the evolutionary paradigm can 
be re-conceptualized to include the important results brought forth by research on 
symbiosis and symbiogenesis, and the author avers for a fuller and richer under-
standing of the evolution of life. Symbiosis leads to “synergies” and enables the 
evolution of “consortia” that can be characterized as “symbiogenic superorgan-
isms,” which the author defines as “new entities or consortia formed by the inte-
gration of individual organisms, that possess characteristics that go beyond the 
sum of the individual properties of each element of the association, resulting in the 
development of new attributes and capacities as an integrated whole.” He exempli-
fies the concept by reviewing his own work on Azolla, an aquatic fern that enter-
tains symbiotic relations with the microorganisms that inhabit its leaf cavities.

(Endo)symbiosis is not a phenomenon confined to the evolution of organismal 
cell types associated with the four eukaryotic kingdoms. Rather, symbiologists 
agree that symbiosis continues to impact speciation. Speciation events, however, 
are rarely witnessed in nature, and neo-Darwinian scholars or symbiologists alike 
therefore have to combine observational knowledge with theory to explain how 
either natural selection or symbiosis, or both, can enable speciation. Symbiologists 
are rapidly catching up in providing new species concepts as well as theoretical 
scenarios on how symbiosis can lead to speciation.

The evolutionary-developmental biologists Vitor Faria and Élio Sucena detail 
how endosymbiosis influences and facilitates speciation of both hosts and symbi-
onts. They explain how in particular intracellular coevolution between  facultative 
endobacteria and their insect hosts can contribute to rapid phenotypic change 
and speciation of the host’s progeny. In their chapter Novel Endosymbioses as a 
Catalyst of Fast Speciation, the authors provide a five-step scenario for the appear-
ance of novel host lineages. Facultative bacterial endosymbionts of eukaryotic 
organisms are not only transmitted horizontally, they are often transmitted verti-
cally among members of the host species. As such, they become a defining feature 
of the host lineage’s phenotype, and they impact the fitness of their host.

http://dx.doi.org/10.1007/978-3-319-16345-1_4
http://dx.doi.org/10.1007/978-3-319-16345-1_4
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A prototypical example is Wolbachia, a genus of bacteria that entertains par-
asitic and mutual symbiotic associations with many insect species. Wolbachia is 
often vertically transmitted via the female eggs and impacts the reproductive suc-
cess of both the males and females of the host insect, by disabling or enabling 
sexual compatibility. Faria and Sucena detail how endosymbionts like Wolbachia 
either impact “directional” or “disruptive selection” of their host among its con-
specifics. In disruptive selection, the host’s possibility to mate with its conspecifics 
is reduced by the presence of the endosymbiont; in directional selection, the host’s 
ability to mate with conspecifics is increased by the presence of the endosymbiont. 
In both cases, the host’s symbionts introduce barriers that facilitate rapid specia-
tion by symbiosis.

Besides Wolbachia, Faria and Sucena exemplify their proposal for how speci-
ation-by-endosymbiosis possibly occurs with numerous real-life case studies on 
coevolution between host and endosymbiont, fitness impacts of facultative endo-
symbionts, horizontal and vertical transmission of symbionts between hosts, and 
endosymbiont-induced phenotypic and genotypic novelties.

In the chapter on Historical and Epistemological Perspectives on What Lateral 
Gene Transfer Mechanisms Contribute to our Understanding of Evolution, 
Nathalie Gontier first reviews how lateral gene transfer has been brought to the 
attention of the larger academic community by results coming in from molecular 
phylogenetics. In the beginning of the 1990s, species-genome sequencing tech-
niques as well as ribosomal RNA comparisons of various taxa led to the introduc-
tion of Carl Woese’ three-domain classification of life. Such research also made 
it obvious that lateral gene transfer and symbioses occur abundantly, and schol-
ars such as Gogarten (2000), Doolittle (2000) and Bapteste et al. (2005), among 
others, subsequently started to question the standard neo-Darwinian tree of life 
iconographies. The scholars introduced new metaphors, such as the “web of life” 
and “net of life” metaphor, which in turn upset neo-Darwinians such as Richard 
Dawkins, Jerry Coyne, and Daniel Dennett. Polemic debates followed in various 
journals and media. Gontier reviews these polemics and places them in historical 
and epistemological context.

In the second part of her chapter, she reviews the basic mechanisms accord-
ing to which horizontal gene transfer occurs in both pro- and eukaryotes. Gontier 
traces the identification of bacterial transformation, transduction, and bacte-
rial conjugation to pre-synthetic times where discoveries made by Frederick 
Griffith, Oswald Avery, Colin MacLeod, Maclyn McCarty, Norton Zinder, Joshua 
Lederberg, Edward Tatum, Barbara McClintock, François Jacob, and many others 
improved knowledge on bacteriology, immunology, and disease. She investigates 
why these phenomena were long considered biomedical peculiarities rather than 
genuine evolutionary mechanisms relevant to understanding the evolution of life.

That it is beyond reasonable doubt that horizontal gene transfer occurs abun-
dantly, but many of the mechanisms by which genes are transferred between 
eukaryotic species remain obscure. It is becoming increasingly obvious though 
that symbioses, symbiogenesis, and hybridization act as facilitators of lateral 
gene transfer, and Gontier investigates how scholars today are trying to identify 

http://dx.doi.org/10.1007/978-3-319-16345-1_5
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recurring patterns and mechanisms. Along the way, she identifies where and how 
the incoming results conflict with specific tenets put forward by the founders of 
the Modern Synthesis.

In the chapter Plasmids: Histories of a Concept, the historian of science and 
molecular biologist William C. Summers provides the context of discovery of 
plasmids and reviews how definitions of plasmids and associated concepts such a 
episomes have changed over the last decennia.

It has taken biologists some time to determine what the exact nature of heredi-
tary particles is, and where such hereditary material is stored inside the cell. 
Summers details how the first observations of mitosis and meiosis led to the for-
mulation of the chromosome theory and the gene theory, and how both became 
combined, making scholars assume that the “Mendelian factors” or “genes” are 
located on chromosomes and transmitted vertically from parents to offspring. 
Nonetheless, cytologists also observed the cytoplasmic (lateral) transfer of non-
chromosomal biochemical substances, “plasmagenes,” which made them intro-
duce theories on cytoplasmic inheritance. One such cytoplasmic biochemical 
substance that can be transferred laterally is the bacterial plasmid, which today we 
know is made up of circular DNA. Bacterial conjugation involves the lateral trans-
fer of a plasmid-strand from a donor to a recipient bacterium.

Summers details how work on E. coli bacteria by Joshua and Esther Lederberg, 
Edward Tatum, Luigi Luca Cavalli-Sforza, William Hayes, and Allan Campbell 
led to the identification of plasmids and their lateral transmission by bacterial con-
jugation. The plasmid concept was first introduced by Joshua Lederberg in 1952, 
a year before the unravelling of the double helix, to designate “extrachromosomal 
hereditary particles.” Lederberg’s paper carries the title “Cell genetics and heredi-
tary symbiosis,” and he understood bacterial conjugation as one type of hereditary 
symbiosis.

Summers reviews how studies on plasmid transfer gave way to the discovery 
of the fertility factor (F-factor) necessary to induce bacterial conjugation, and how 
it became clear that genetic exchange can also occur between plasmid DNA and 
chromosomal DNA (e.g., in Hfr strains where the F-factor becomes part of the 
genome of E. coli).

In 1958, François Jacob and Elie Wollman introduced the episome concept, 
to identify “genetic elements which were optionally associated with the chromo-
somes of the cell” and Summers describes how, because of advanced knowledge 
into the biochemical nature of plasmids and episomes, the plasmid concept was 
favored over the episome concept.

Bacteria, and to a lesser extend Archaea, house many plasmids that are non-
transferrable. Some of these can nonetheless become mobilized by other conjuga-
tive plasmids that reside inside the host cell, but around 48 % of proteobacterial 
plasmids are neither conjugative, nor mobilizable, and thus always non-transfer-
rable. These non-transferable plasmids contain genes that are not essential for the 
bacterial host, and the bacteria sometimes lose these plasmids over time or the 
plasmids undergo considerable gene loss. Many are nonetheless able to maintain 
their position. This poses an interesting scientific riddle: Are plasmids “selfish 

http://dx.doi.org/10.1007/978-3-319-16345-1_6
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genes” that entail a fitness cost for their bacterial hosts and if so, does there exist 
selection against the presence of these non-transferrable plasmids towards plas-
mid-free cells; or is there instead selection towards the maintenance of a symbiotic 
relationship between the host and the plasmid?

In their chapter Symbiosis Between Non-Transferable Plasmids and Prokaryotic 
Cells, Francisco Dionisio, João Alves Gama, and André F.P. Carvalho detail 
how the prokaryotic organisms entertains a symbiotic relationship with the non-
conjugative plasmids and how there can be selection for the maintenance of such 
relationship. By examining the selective mechanisms that underlie stable symbi-
otic associations between the host and the non-transferrable plasmid, the biologists 
provide a new means to understand the intricate interaction between symbiosis and 
natural selection.

From the chapter, we learn that there are more connections to be drawn 
between how neo-Darwinists and symbiologists approach their research subject. 
Dionisio, Alves Gama, and Carvalho apply sociobiology, especially “the public 
goods theory” to bacteria. Metaphorically speaking, a bacterium harboring plas-
mids can be considered a public entity or public space where different plasmid 
individuals (the goods of the public entity) compete over resources (the goods of 
the host) as well as the occupation of that space provided by the host. Most impor-
tantly, that public entity itself also sets rules on who can inhabit the niche and how 
the space is occupied. The reader is introduced to several trade-off scenarios and 
cost-benefit equations that help conceptualize the symbiotic association between 
plasmids and their host at the micro-organismal level.

The disease ecologist Caetano Souto-Maior explains how both symbiosis 
and lateral gene transfer provide innovative ways in which we can understand (1) 
host–symbiont relations, (2) symbiont–pathogen relations, and (3) pathogen–host 
relations as crucial for the transmission of infective disease. Many diseases are 
transmitted by vectors, i.e., symbiotic organisms that harbor pathogens which in 
turn infect the host of the symbiont. When these vectors endure long-lasting sym-
biotic associations with a host, both the vector (the symbiont) as well as the patho-
gens (residing inside the symbionts and affecting the host) can become vertically 
transmitted in the host lineage.

In his chapter, Host-Symbiont-Pathogen-Host Interactions: Wolbachia, Vector-
Transmitted Human Pathogens, and the Importance of Quantitative Models of 
Multipartite Coevolution, the author highlights several case studies. Different spe-
cies of mosquitos and worms that parasitize humans often themselves carry vari-
ous bacterial strains such as Wolbachia, or viruses such as the dengue virus, and 
both can cause disease in humans. Wolbachia infections have been implicated in 
various human diseases, including river blindness (van den Hurk et al. 2012) and 
elephantiasis (a lymphatic disease characterized by swellings of the lower limbs). 
The dengue virus causes dengue fever, a tropical blood disease that induces rashes, 
gastro-enteritis, muscle and joint pains, and potentially lethal fevers as well as 
potentially lethal hemorrhagic shock (the uncontrollable release of blood from the 
veins leading to severe bleedings).

http://dx.doi.org/10.1007/978-3-319-16345-1_6
http://dx.doi.org/10.1007/978-3-319-16345-1_6
http://dx.doi.org/10.1007/978-3-319-16345-1_8
http://dx.doi.org/10.1007/978-3-319-16345-1_8
http://dx.doi.org/10.1007/978-3-319-16345-1_8
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Wolbachia provide their host mosquito with protection against infection with 
the dengue virus, but Wolbachia also harm mosquitos by reducing their fitness 
and intervening in the sexual maturation of the female mosquito eggs (Kozek and 
Ramakrishna 2007; Hurst et al. 1999). With Wolbachia-infected mosquitos reduce 
the chance that the dengue virus infects mosquitos and that they in turn infect 
humans with the dengue disease via mosquito bites.

Experimental projects have been introduced whereby scholars intentionally 
infect the mosquitos prone to dengue infection with Wolbachia strains that are 
harmless to humans (see e.g., http://www.eliminatedengue.com). These mosqui-
tos have subsequently been released in nature, with the hope to eradicate dengue 
fever infections in humans. Similar experiments have also been conducted with 
the hope to reduce the spread of yellow fever and the chikungunya virus (van den 
Hurk et al. 2012), as well as the West Nile virus (Hussain et al. 2013), which are 
all transmitted by mosquitos. Such genetic engineering can help eliminate infec-
tive disease.

Souto Maior furthermore details several cases of horizontal gene transfer 
between the Wolbachia genome and the host’s nuclear genome. To understand 
these intricate and complex horizontal interactions between hosts, symbionts, and 
pathogens, the author illustrates how important it is to develop tri- and multipartite 
population dynamics. Evolutionary models, for the author, should include ecologi-
cal, immunological, and epidemiological accounts on the interactions hosts, sym-
bionts, and pathogens entertain. He furthermore emphasizes that most infections 
occur stochastically, and drift, more than natural selection theory should under-
lie population genetics and symbiology, as well as the epidemiology or spread of 
disease.

In the chapter Evolution of the Human Microbiome and Impacts on Human 
Health, Infectious Disease, and Hominid Evolution, the anthropologist Laura 
Weyrich exemplifies studies on the evolution of the human microbiome. Ancient 
feces (coprolite) provide insight into the evolution of the human gut microbiome, 
and calcified dental plaque gives knowledge on the various microorganisms that 
have populated the oral cavity. Weyrich demonstrates an intricate coevolution 
between lifestyle, microbiome, health, and disease.

She starts her chapter by comparing the human microbiome with the micro-
biome of our closest living relatives, the chimpanzees and bonobos, in order to 
reconstruct the microbiome of our last common ancestors. She subsequently com-
pares incoming data on the microbiomes of Western urbanized, and Indigenous 
populations. Her overall conclusion is that the microbiome is ecologically deter-
mined: when populations share the same environment and thus the same food 
resources, they share the same microbiome.

The author then turns to more ancient human lineages. Using next-generation 
sequencing techniques (especially meta-barcoding), Weyrich, together with her 
colleagues at the Australian Centre for Ancient DNA, was able to identify the 
changes in the oral human microbiome over the past 8000 years. They found that 
especially the Neolithic Revolution (the onset of agriculture some 7500 years ago) 
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http://dx.doi.org/10.1007/978-3-319-16345-1_9
http://dx.doi.org/10.1007/978-3-319-16345-1_9


26 N. Gontier

and the Industrial Revolution (which occurred around 200 years ago) severely 
changed the human oral microbiome, mostly in negative ways.

The introduction of agriculture marks a transition from a hunter-gatherer life-
style to a more sedentary lifestyle characterized by the domestication and culti-
vation of crops. While the introduction of agriculture is often characterized as a 
“great leap forward,” Weyrich demonstrates that hunter gatherers fared much bet-
ter healthwise than the early agriculturalists did. The ancient biofilms even ena-
ble Weyrich to infer when bacterial pathogens entered the human microbiome in 
time, and thus to infer when certain diseases started to plague humankind; and she 
can backtrack the coevolutionary process the microbiome has undergone with the 
human immune system.

The Industrial Revolution was characterized by the invention of the machine 
which in turn enabled the production of manufactured foods as well as the pres-
ervation of food products by pasteurization, sterilization, or canning. Polluted air 
from factories and metal poisoning are some of the negative consequences, while 
on the other hand, the industrialization also marks an end to famine that character-
ized Western societies for centuries. These events are also evidenced in shifts in 
the composition of the human microbiome, and the data show an intricate, com-
mensalist coevolution between human hosts and microbial communities.

In the final parts of her chapter, Weyrich reviews how the hybridization that 
took place between early Homo sapiens species and Neanderthals and Denisovans 
(a sister taxa of Neanderthals), have impacted the evolution of the human micro-
biome, and how the microbiomes of the various species has in turn contributed to 
successful hybridization. In short, the human microbiome contributes to physical 
health, infectious disease, successful adaptation, hybridization, and possibly also 
extinction and speciation.

Michael Arnold, Amanda Brothers, Jennafer Hamlin, Sunni Taylor, and 
Noland Martin also take us to the Animal Kingdom and write on Divergence-
With-Gene-Flow—What Humans and Other Mammals Got up to. The authors 
define divergence with gene flow as “evolution of diverging populations with some 
amount of continued genetic exchange between them,” and understand the concept 
as an alternative to the notion of hybridization that historically invokes negative 
connotations and assumptions on hybrid sterility or assumptions that hybrid geno-
types induce a genetic burden on their carrier. The authors demonstrate that these 
assumptions are untenable. “Divergence with gene flow” furthermore enables the 
inclusion of incoming research on symbiosis and lateral gene transfer.

Arnold and coauthors prove that divergence with gene flow occurs abundantly 
in animal life. To make their case, the authors have chosen to baffle us with 
numerous case studies and scientific evidence of divergence with gene flow as it 
has been reported in scientific works since 2008. They in particular focus on the 
mammalian lineage and include data on our own species, Homo sapiens.

The authors give an impressive lineup that starts with the cooptation of retrovi-
ral DNA in early mammalian lineages and the role these viruses play in the forma-
tion of the placenta. Making their way through the mammalian tree, they illustrate 
divergence with gene flow in marsupials, mice, rats, chipmunks, hares and rabbits, 
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shrews, minks, pole cats, polar and brown bears, panthers, wild cats, boars and 
domesticated pigs, wildebeest, chamois, deer species, marine mammals, horses, 
and bats. When turning to the primates, Arnold and coauthors note that the “clade 
in general is a rich source of examples of reticulate evolution.” From Lemurs to 
Old World monkeys, numerous proofs exists for inter-taxa mating. Within our own 
Homo lineage, several subtaxa have mixed: there was admixture between Homo 
sapiens and H. neanderthalensis, and also various human sub-populations have 
introgressed with more archaic species, thereby incorporating Denisovan genes, 
as well as currently unidentified Melanesian, African, and European lineages of 
archaic H. sapiens. The authors emphasize that “these data falsify the hypothesis 
of simple replacement of archaic forms by our species and instead favor a scenario 
of mutual attraction and genetic exchange leading to a human genome that is a 
mosaic of recent and ancient DNA sequences.”

Their case studies demonstrate that divergence with gene flow occurs abun-
dantly and rapidly. Repeated divergence with gene flow does not, as a rule, lead 
to sterility. Most of the time, rather than pose a genetic burden on the mixing spe-
cies, divergence with gene flow increases successful survival as well as speciation, 
it occurs more than sympatric or parapatric speciation, and divergence with gene 
flow contributes to biodiversity.

The authors conclude that reticulate evolution does not confine itself to lat-
eral gene transfer between prokaryotes and hybridization between plants, it also 
occurs abundantly in animals, by both divergence with gene flow as well as lat-
eral gene transfer. Along the way, the authors also introduce the reader to new sci-
entific jargon as well as a series of innovative techniques and methodologies by 
which scholars can, beyond any reasonable doubt, make the case for understand-
ing genetic exchange not as linear but reticulate and “web-like.”

Evolutionary biology has greatly advanced by adopting bioinformatics and 
overall computational approaches that help test evolutionary hypotheses as well as 
model evolutionary scenarios. In their chapter A Multiset Model of Multi-Species 
Evolution to Solve Big Deceptive Problems, Luís Correia and António Manso 
demonstrate how reticulate evolution can be modelled artificially.

In previous work, the authors have developed a Multiset Genetic Algorithm 
(MuGA) that enables to model competitive multiple species evolution. Instead of 
depicting populations as a collection of individuals, in MuGA, the populations are 
represented as multisets (multi-populations), and the operators explore the mul-
tisets in order to optimize problems. Such multisets are not found in the natural 
world, but the models are interesting to examine engineering problems.

In this chapter, they present a variant of their model, SMuGA, which is a novel 
approach to artificial symbiosis. The model integrates symbiosis and lateral gene 
transfer with MuGA to model cooperative coevolutionary and symbiotic relations 
between hosts and parasites.

Their model is able to simulate symbiotic collaborations between a single 
host and multiple symbionts. More specifically, they model how a single host 
receives genetic material from multiple parasites with varying genome length, and 
they model the interaction between the multiple parasites and the host. They can 
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investigate how artificial symbiogenetic evolution enables optimization of fitness 
calls, thereby accelerating optimization of deceptive problems.

The model has two phases: in the first phase, symbiotic interactions are gener-
ated and competition exists over the composition of the next generation of host 
population, and in the second phase, hosts and parasites first evolve independently, 
but the parasites compute their own fitness based upon the host’s fitness which 
enables a computing of successful collaborations instead of actually generating 
them. Symbionts are thus enabled to “evaluate” and “explore” their host.

In general, it is hard to simulate real-life events because of the complexity 
involved. Symbiosis, symbiogenesis, and lateral gene transfer pose additional 
problems and challenges to be overcome by modelers, not in the least because 
of the numerous additional relations that need to be brought into the system. The 
authors present an innovative model as well as new techniques and methodologies, 
to model the complex interactions and integrations of symbionts and their genes 
into the host.

3  Reticulate Evolution, the Modern, and the Extended 
Synthesis

As this introduction makes clear, there are merely fine lines to be drawn between 
the various mechanisms whereby reticulate evolution can occur, and most of 
the time, the various mechanisms are simultaneously active within the same 
organisms.

Both symbiosis and symbiogenesis can impact the future course of evolution. 
Symbionts can become horizontally and vertically transmitted without inducing 
symbiogenesis. The major difference is that in symbiosis, the individuals maintain 
some form of individuality although both partners, and at a higher level also the 
populations they belong to, are affected by the symbiotic relation (which is the 
case with Wolbachia and their insect hosts, for example). Symbiogenesis occurs 
through a permanent form of hereditary and obligate symbiosis, whereby the part-
ners start to become dependent upon one another, up to the point that they become 
a single new individual.

The easiest way to distinguish between lateral gene transfer and symbiosis or 
symbiogenesis is by following Margulis (1998) differentiation: lateral gene trans-
fer is characterized by “gene fusions,” while endosymbiosis is characterized by 
“cell fusions” or “body fusions.” During horizontal gene transfer, the genes are 
not literally fused, but they are horizontally exchanged between distinctly evolved 
organisms, an exchange that leads to the insertion of foreign DNA into the recipi-
ent’s genome. During symbiogenesis, not genes but whole cells or multicellular 
organismal bodies fuse, literally, one organism engulfs the other in its totality, and 
such a fusion leads to symbiogenesis.
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According to this distinction, also any type of meiotic, eukaryotic sex is primar-
ily based upon endosymbiosis, and such a characterization in turn makes the line 
between hybridization and symbiogenesis or symbiosis more fluent. Per definition, 
hybridization always requires a form of sex. But sexual contact can be understood 
as a form of symbiosis or symbiogenesis, where the sex cells and genes come 
together into a new and stable individual. An example is human sexual reproduc-
tion where the male and female temporarily engage in a facultative form of con-
junctive symbiosis; and upon fertilization, the head of the sperm cell permanently 
enters the egg cell. The haploid chromosomes of both cells form diploid pairs, and 
the zygote starts to differentiate into the various structures that make up the newly 
formed multicellular organism. Or as Margulis (1998: 40–42) put it: “Sex, too, is 
the coming together, the merging of cells of different histories and abilities. In sex 
the cells that fuse are closely related and the fusion is reversible; in serial endos-
ymbiosis the cells that fuse are only distantly related, and the fusion is permanent.”

Hybridization, by necessity, only occurs in sexual and thus eukaryotic organ-
isms, while symbiogenesis is not confined to eukaryotic life forms, it also occurs 
in asexual individuals. The same goes for lateral gene transfer. It crosses all 
domains of life, and it occurs by asexual means.

Infectious heredity blurs the divide between the living and the non-living. 
Prions and viruses are not considered to be living entities or basic units of life. 
Nonetheless, they evolve by means of reticulate evolution. They affect the evolu-
tion of life, and they might also be the outcome of reticulate mechanisms them-
selves. The origin of viruses or genomes in general imply a combination of various 
genes into a hypercyclic structure. Prions obtain their structure from interactions 
between proteins and possibly also certain bacteria. Infectious heredity occurs 
through all known media of reticulate evolution and was introduced as a separate 
form to emphasize the important role it plays in health and disease, which in turn 
impacts the future course of evolution.

It is important to note that until recently, the various means whereby reticulate 
evolution occurs were studied from within varied disciplines. Just as communica-
tion was lacking between the founders of the Modern Synthesis and scholars who 
studied reticulate evolution, communication was also lacking between the scien-
tists who studied hybridization, symbiosis, symbiogenesis, lateral gene transfer, 
and infectious heredity.

Studies on hybridization and symbiosis first arose in botany and zoology. From 
the very onset, symbiosis research has developed in close contact with ecologi-
cal research fields, where the symbiotic association was interpreted as a behav-
ioral phenomenon displayed by different organisms that entertain various contact 
modes (commensalism, parasitism, or mutualism).

With the introduction of symbiogenesis as an evolutionary mecha-
nism, Merezhkowsky introduced symbiogenesis into evolutionary biology. 
Merezhkowsky also linked symbiosis and symbiogenesis with the then-rising 
fields of bacteriology and research on the origin of life, abiogenesis, and astrobiol-
ogy. But his work was by and large ignored.



30 N. Gontier

Bacteriology and virology have from its very beginning been intricately related 
to the biomedical sciences, especially immunology and epidemiology. It was in 
this context that the modes of lateral gene transfer were first described. But until 
recently, the biomedical sciences did not engage in evolutionary studies because, 
rather than focusing on the past, they focused on the present (the ontogeny and eti-
ology of disease) and the future (by finding cures that eradicate diseases).

Bacteriology and virology were the first fields that defined microbiology as a 
separate area of research. Microbiology also forms a bridge between evolutionary 
biology, (an)organic chemistry, and abiogenesis, because Archaea provide insight 
into the first life forms, as do viruses, that might have played a significant role in 
the (pre-)RNA world as well as the formation of the eukaryotic nucleus, in a sym-
biogenetic fashion. In fact, it was the study of bacterial transformation that first 
evidenced that genes are the seats of heredity, insights that contributed to the rise 
of molecular genetics.

Cytoplasmic biology has brought to light that extrachromosomal structures such 
as plasmids and organelles exist and that extrachromosomal heredity plays a sig-
nificant role in the evolution of life.

Nonetheless, at the turn of the twentieth century, botany, zoology, ecology, 
ethology, bacteriology, virology, astrobiology, cytoplasmic biology, developmen-
tal biology, epigenetics, and the biomedical sciences, were distinct research areas 
with little interdisciplinary contact. Besides zoology and to a lesser extend bot-
any, these epistemic fields evolved separately from overall evolutionary theory. 
Symbiosis and symbiogenesis, or ecology, epigenetics, and developmental biol-
ogy find their historical beginnings in a period designated by Julian Huxley as the 
“eclipse of Darwin.” Research on cytoplasmic heredity, the mechanisms of lateral 
gene transfer, and the impacts of infectious heredity date back to the beginnings of 
the twentieth century, but the disciplines matured their theoretical and evidential 
frameworks outside or in the margins of the standard neo-Darwinian paradigm.

It is only in recent years that recognition of their significant data became well-
received and that scholars are developing inter- and transdisciplinary practices 
that enable them to cross field-specific boundaries. The main reason for this is 
that the molecular phylogenetic reconstructions of the tree of life, that were based 
exclusively on neo-Darwinian frameworks, have led to anomalies that can only be 
explained by accepting reticulate evolution as a fact of life. Molecular phylogenet-
ics in turn combines bioinformatics and computational evolutionary approaches.

The current challenges we are faced with are (1) to combine these emerging 
reticulate theories into encompassing reticulate evolutionary paradigms and (2) 
to integrate reticulate evolutionary theories with the existing theories on natural 
selection and drift into a more encompassing evolutionary synthesis.

Today, reticulate evolutionary mechanisms themselves are becoming com-
bined into unifying frameworks, and such unification in turn provides a means 
to unify zoological and botanical evolutionary biology with molecular genetics, 
cell biology, microbiology, virology, mycology, ecology, developmental biology 
and epigenetics, and the biomedical sciences. Reticulate evolution also provides 
new methodologies and theoretical frameworks to investigate and understand old 
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evolutionary problems, it enables innovative means for biochemical and genetic 
engineering, and it opens up intriguing ways to personalize medicine.

Even the sociocultural and linguistic sciences are applying key concepts of 
reticulate evolution to understand complex behavioral and sociocultural phenom-
ena, and in turn, reticulate scholars are beginning to integrate sociocultural studies 
to understand the behavioral and biochemical communication and interaction that 
underlies symbiosis, symbiogenesis, hybridization, lateral gene transfer, and infec-
tious heredity.

Neo-Darwinian theory has made significant progress by understanding not 
only anatomical form, but also the behavior of animals as outcomes of natural 
selection. Beginning with sociobiology, scholars have been able to extend the 
evolutionary framework towards the sociocultural and behavioral sciences, by 
understanding differential phenotypic behavior as the outcome of social or cultural 
learning. Sociobiological and behavioral theories are today applied within bacteri-
ology and microbiology. Microorganisms do not have a brain, but they nonetheless 
display differential phenotypic behavior that is relevant from an ecological point 
of view. Communication need not involve spoken or signed language, it can also 
be of a biochemical kind.

Reticulate evolution also raises fascinating questions on units and levels of 
selection as well as cooperation that extend the individual towards higher ranks 
such as the group, bacterial types, colonies, or species. This necessitates an eco-
logical and overall hierarchical approach to evolution that enables scholars to con-
ceptualize how individual and group behavior, higher and lower-level evolution, as 
well as higher- and lower-level interactions occur.

Turning to the second challenge, the neo-Darwinian synthesis combines 
Darwin’s mechanism of natural selection with Mendelian hereditary laws, chro-
mosome and gene theories, aspects of mutation theories, and insights from theo-
retical and experimental population genetics. This theoretical effort has brought 
forth a standard paradigm according to which we can understand vertical evolu-
tion: the Modern Synthesis. The Modern Synthesis has helped explain why the tree 
of life, and especially the evolution of eukaryotic animal and plant life, takes on a 
vertical pattern of descent with modification, a splitting pattern characterized by 
the bifurcation and ramification of evolutionary lineages.

When we compare insights on reticulate evolution with the standard neo-Dar-
winian text books, it reads very much as science fiction. Nonetheless, reticulate 
evolution has and continues to be a determining factor in the evolution of life. It 
brings forth a pattern of intricate mergings in the tree of life that takes on net and 
web-like shapes when we cartography the crossings.

Reticulate evolution and vertical evolution induced by mutation, drift, natu-
ral selection, and migration are often theorized to be complementary prin-
ciples, where natural selection and drift are hypothesized to follow after 
symbiosis or symbiogenesis took place. Scholars such as Merezhkowsky, Wallin, 
Kozo-Polyanski, or Margulis understood symbiosis as the primary source of evo-
lutionary novelty, and natural selection was a secondary principle that acted upon 
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the novel variation introduced by symbiogenesis. For them, natural selection was 
(merely) a weeding-out mechanism.

Both neo-Darwinians and early symbiologists alike have also often opposed 
themselves in “either/or” debates and have understood vertical and reticulate 
mechanisms as mutually exclusive principles. In practice, however, life evolves 
according to numerous evolutionary mechanisms, and they simultaneously influ-
ence the organism and higher ranks of life at multiple levels. Eukaryotic organisms 
incorporate organelles that evolved by means of symbiogenesis, which was the 
result of an intricate symbiosis of the original merging individuals. These eukary-
otic organisms also evolved according to selectionist principles that underlie the 
vast biodiversity that characterizes the tree of life. Nonetheless, the eukaryotic 
organisms can become infected by microbiota, and during ontogeny, numerous 
symbiotic associations are entertained by all living organisms.

The future therefore consists of finding out how these various evolutionary 
mechanisms simultaneously bring forth the evolution of life. At a meta-level, we 
therefore need to ask how these mechanisms interact, and whether or not there 
is a higher-order sorting of evolutionary mechanisms. Does evolution sometimes 
favor selection over symbiogenesis, hybridization over symbiosis, or infectious 
heredity over lateral gene transfer? Or is there sometimes selection for reticulate 
evolution, or does reticulate evolution induce selection? What would induce such 
higher-order sorting? Is it the nature of the organism, the type of group it belongs 
to, or the environments the various taxa inhabit? These are questions that need to 
be tackled by a future generation of researchers. At present, we do not know and 
we also lack the epistemic frameworks to adequately frame the questions.

We live in an age of fascinating new discoveries and data collection, similar to 
the exiting times the early naturalists lived through when they first started to detail 
the adaptive behaviors and anatomical traits of animal life.

Data on reticulate evolution is currently ahead of theory and understanding. 
Integrating reticulate evolution into the overall existing evolutionary framework 
will undo many of the assumptions the latter once made. How we define organ-
isms, groups, species, genera, or higher taxa requires reconceptualization that 
takes the numerous interactions that exist between organisms into account. It 
requires a basic reformulation of notions such as behavior, communication, fit-
ness, adaptation, speciation, and extinction. Reticulate evolution has identified new 
units of evolution (such as hybrids, mobile genetic elements, symbionts, and holo-
bionts), as well as levels of evolution. The “environment” is both abiotic as well 
as biotic. A multicellular organism is itself an entire community, from the intra-
genetic and intracellular level all the way up to the outer layers that bound it.

Whether it is possible to synthesize reticulate with vertical evolution into a 
revised evolutionary synthesis remains an unanswered question. Some scholars 
plead for an integration and a revision of the synthesis, others deny the possibility 
and call out for a rupture with the Modern Synthesis. Only the future will tell and 
though this volume is (merely) of an introductory level, we do hope it will inspire 
scholars to engage in finding the answers to these fascinating questions.
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 Glossary

Aerobe organisms Organisms that require gaseous oxygen to metabolize. Compare to anaerobes

Algae (Aquatic) eukaryotic organisms that photosynthesize

Anaerobe organisms Organisms that are poisoned by gaseous oxygen and that live in oxygen-low 
or oxygen-free environments. Compare to aerobes

Archaea First domain of life, previously designated as Archaeabacteria in the kingdom of Monera

Axoneme Shaft of undulipodia

Bacteria Second domain of life, previously designated as Eubacteria in the kingdom of Monera

Bacteriophage Virus that infects bacteria

Centrioli Cylindrical cell organelle, found in pairs (together called the centrosome) in many 
eukaryotic organisms, built up from microtubules (tubulin protein structures) structured 
according to a [9(3) + 0] pattern. They help build the mitotic spindle that separates the chro-
mosomes during division. Compare to undulipodia and cilia

Chloroplasts Organelles found in plant cells that have evolved by symbiogenesis from photo-
synthesizing cyanobacteria, currently enabling cells to photosynthesize

Cilium/Cilia Type of undulipodium that visually appears as hairs on the cell and functions as 
sensory organelles, often enabling motility. Their basal body has a [9(3) + 0] microtubular 
structure, and their shaft a [9(2) + 2] one. Compare to undulipodia and centrioli

Coevolution Process whereby distinct species reciprocally influence each other’s future course 
of evolution

Computational evolution Field in computer science and artificial intelligence that develops 
computational models to investigate evolutionary problems

Cyanobacteria Chlorophyll pigment-containing and photosynthetic bacteria, previously known 
as blue-green algae, but algae are eukaryotes, while cyanobacteria are prokaryotes

Cytoplasm Cell liquid

Domains of life/3-domain classification According to Carl Woese, and based upon comparative 
molecular phylogenetics (in particular comparisons of sections of ribosomal RNA), life is 
classifiable into 3 major domains: Archaea, Bacteria and Eukaryota. This undoes the previous 
5-kingdom classification

Eukaryota The third domain of life, consisting of protists, fungi, plants, and animals. 
Eukaryotes can be unicellular or multicellular organisms. Their distinctive feature is that 
their cells have nucleated genomes where the genes are packaged into separate chromo-
somes. Besides a nucleus, the cells of these organisms often also contain organelles, organ-
like structures such as mitochondria and chloroplasts, peroxisomes, and Golgi that associate 
with specific metabolic functions

Flagellum/Flagella Bacterial motile extensions made up of flagellin protein
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Fitness Reproductive success, measured by the number of offspring

Five-kingdom classification of life According to Whitaker and Margulis, and based upon the 3 
symbiogenetic mergings proposed by the serial endosymbiotic theory, life can be classified 
into 5 kingdoms: prokaryotic  Monera (that contain the Archaebacteria, and Eubacteria) and 
the eukaryotic Protoctist (alternatively known as Protists, Rothschild 1989), Fungi, Plant, and 
Animal kingdoms

Fungi An eukaryotic kingdom of life that evolved after archaea, bacteria, and protists, and dis-
tinct from animals and plants. They contain microorganisms such as yeast and molds, but 
also larger organisms such as mushrooms

Germ theory of disease Theories first introduced by scholars such as Pasteur and Koch that 
indentify microorganisms as causal agents of disease

Holobiont Term first introduced by Margulis and Fester (1991) to designate an organism and its 
symbiotically associating partners

Horizontal transmission Any type of exchange between distinct individuals that happens dur-
ing their lifetime and outside of the germ line (in a non-Mendelian fashion)

Host The larger partner in a symbiotic association

Jumping genes Genes that can switch position in the genome they are part of, as well as travel 
to adjacent intracellular genomes (neighboring organelles for example), thereby causing 
deletions, insertions, and duplications in turn responsible for mutations, malfunctions, or the 
introduction of novel traits. Today known as transposons

Kinetosomes Basal body of undulipodia

Microbiome The complete ecological community of microorganisms that inhabit a species. 
Compare to viriome

Microtubules Polymers (strings) of tubulin proteins

Mitochondria Eukaryotic cell organelles that evolved from aerobe proteobacteria by symbio-
genesis, functionally resembling power factories because they produce and store energy

Modern Synthesis The standard evolutionary paradigm that unites (aspects of) Darwinian 
selection theory with Mendelian hereditary laws, Boveri–Sutton’s chromosome theory; 
Weismann’s vertical hereditary descent theory; and de Vries’ and others’ mutation theory to 
explain the evolution of life. Alternatively known as neo-Darwinism

Monera Taxonomic unit previously known as the first Kingdom of life, subdivided into Archae- 
and Eubacteria

Nucleoid Prokaryotic genome, not bounded by a membrane, not packaged into separate 
 chromosomes. Compare to nucleus

Nucleus Membrane-bounded cell organelle that contains DNA packaged into separate chromo-
somes, only present in eukaryotes

Pathogens Disease-causing agents such as bacteria, bacteriophages, viruses, prions, fungi, and 
other protozoan microorganisms

Phagocytosis The act of “eating” whereby a cell engulfs a solid particle that either becomes an 
organelle or vesicle 

Phylogenetics The systematic study of the evolutionary relationship amongst species, phyla, and 
higher taxa
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Plasmid Extrachromosomal, often circular DNA, often the seat of antibiotic resistance genes 
and crucial for bacterial conjugation

Prions Infectious pathogenic proteins

Prokaryotes All organisms that neither have a membrane-bounded nucleus nor organelles inside 
their cell. Instead, their genome floats freely inside the cytoplasm in a structure called the nucleoid

Speciation The origin of new species out of old ones, induced by evolutionary mechanisms 
including, among others, symbiogenesis, lateral gene transfer, hybridization, drift, virolution 
and natural selection; biotic factors including geographical barriers or species-mate recogni-
tion factors; and abiotic factors such as climate change

Spirochetes A phylum of gram-negative, anaerobe, double-membraned, corkscrew-shaped, 
mobile bacteria

Symbiont The smaller partner in a symbiotic association

Thermoplasma A genus of Archaea (prokaryotes), consisting of anaerobe and fermenting 
microorganisms

Undulipodium/undulipodia Motile extension of eukaryotic cells, visually resembling a tail. 
Undulipodia are typified by their [9(2) + 2] microtubullar pattern in their shaft (called the 
axoneme) and a [9(3) + 0] pattern in their basal body (called the kinetosome). They are simi-
lar and presumed evolutionary homologous to eukaryotic centrioli and cilia, and distinct from 
bacterial flagella. Compare to cilia and centrioli

Vector Any organism that functions as a medium for the distribution of pathogens or 
microorganisms

Viriome All viruses infectious for, and viral parts present in, a certain species. Compare 
tomicrobiome

Virus Infectious genetic agent
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Abstract Symbiotic integration is a primary contributor to the centerpiece of 
evolution, genetic novelty. Acquisition of foreign organisms or parts thereof, and 
potential subsequent assimilation and often internalization of one or several dif-
ferent genomes into another different entity are the foundational expressions upon 
which natural selection acts, particularly in eukaryotic organisms. Thus, the entire 
landscape of life—from cells to biomes—is substantially an evolving collection of 
chimeric communities. Competition may be pronounced and successful in evolu-
tion in large part because the competing organisms do not function as, and indeed 
are not, individuals. Moreover, growing evidence indicates symbiosis to be on a 
flexible continuum of physiological expression, often with real plasticity in the 
organisms’ integrating life cycles. Therefore, so-called “mutualism”, “parasitism”, 
and “commensalism” as symbiotic reference points and analyses may be outdated 
and perhaps of dubious use. For example, fundamental ecological principles show 
us that “parasitism” among two different organisms is often of significant advan-
tage to not only the “parasite” but its “host.” Symbiosis system examples are here 
reviewed and redefined on a more meaningful evolutionary context; namely, sym-
biosis is the acquisition of one organism(s) by another different organism(s), and 
through subsequent long-term integration, new structures and metabolism emerge.
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1  Introduction

This journey reveals how symbiosis permeates the biosphere and its evolution-
ary history. It emphasizes new perspectives not only about what is in front of us 
every day and how it got there, but reinforces the revolution in science today—the 
emerging realization of individuals as ecosystems. Our travels, with stops at doz-
ens of symbiotic examples, many only recently revealed, will thrust through old 
symbiosis definitions and offer a new workable one. It will dare to step away from 
the traditional mutualism–parasitism–commensalism gyre into new currents that 
reflect the fluid reality that is symbiosis. It will culminate with comments from 
an interview this author conducted a few years ago with longtime friend and sage 
for so much that we realize today in life science, Lynn Margulis. There is no more 
profound and revealing place to start than with the pervasive eukaryotes, the algae.

Algae dominate the biosphere. These autotrophic protists, the larger of which are 
commonly called “seaweeds,” significantly impact every biome and nearly every eco-
system on earth. Most are microscopic and are in high densities in the colder regions 
of the world’s oceans, which make up 71 % of the globe’s surface. The algae (along 
with cyanobacteria) are the main fixers of carbon; the primary source of oxygen in the 
atmosphere; an essential food source for key marine and freshwater food webs; sub-
stantial biomineralizers, contributing much of the lithosphere’s limestone; principle 
conduits for critical element flow; emitters of gases that serve as condensation nuclei 
in cloud formation; and serve as substrates, foundations, and “partners” for biodiverse 
communities such as mats, crusts, and films. They are the physiological glue of the 
biosphere, effectively keeping the earth’s biosystems productive, efficient, and per-
petual. And, their evolution, which extends back to nearly the dawn of eukaryotes 
two billion years ago, is the result of remarkable symbiotic infection and acquisition 
events. Indeed, the vast algal groups are among the most prominent evidence for sym-
biosis strongly sharing the biosphere stage with mutation and recombination as evolu-
tion’s co-author—with natural selection as the essential and ultimately passive editor.

The first photosynthetic-centered symbiotic event is that which also led to the 
lineage that emerged as plants—the phagocytosis of a free-living cyanobacterium 
into a microscopic heterotrophic protist already equipped with other products of 
symbiosis, mitochondria and the nucleocytoplasm (Archibald 2011). In geologic 
time that amounts to a flash of lightning, one genome became embedded and func-
tional within another, resulting in a novel now autotrophic organism. Referred to 
as a “primary symbiosis,” this profound acquisition was the biological big bang 
that still expands outward today, producing phylogenies via little or no gradualism 
and with mutation as a more secondary influence.

2  Primary, Secondary, and Tertiary Symbiosis

This primary event of autotrophy acquisition resulted in three distinct line-
ages represented by the Chlorophyta (green algae), Rhodophyta (red algae), and 
Glaucocystophyta. The latter more obscure algae features a reduced cyanobacterium 
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known as a “cyanelle” as its evolving photosynthetic organelle. This cyanelle 
includes the pervasive polymer and cell wall constituent “peptidoglycan,” a revealing 
remnant of its prokaryotic, cyanobacterial acquisition ancestry. While the few rep-
resentatives of this phylum are extant, this lineage, evolutionarily speaking, was a 
“dead-end” in that there is no evidence that any new forms branched from it. The 
same cannot be said of the other two primary symbiosis lineages (Delwiche 1999). 
At close to 470 mya, green algae from within either the Charophycean class (Lewis 
and McCourt 2004) or Zygnematales (Wodniok et al. 2011) transitioned from 
aquatic habitats to the land, eventually leading to the first plants. Thus, all green 
chlorophyll-containing eukaryotic photosynthesizers, such as plants, are the result of 
this first cyanobacterial acquisition, likely by a mitochondrion-containing amoeboid-
like heterotrophic protist. However, remarkably, this critically significant event—
termed a “primary symbiosis”—was only the start of a broad series of secondary 
symbiosis-generated lineages. Categorized as “secondary” symbiosis, members of 
what we now recognize as from the primary green and red lineages were phagocyt-
ized by another eukaryote. For example, certain chlorophyte algae were engulfed 
by a heterotrophic protist and emerged as Euglenophyta, while still others became 
Chlorarachniophyta (Palmer 2003). The latter group is made up of very few species, 
but has great evidential significance, for these microscopic, colonial forms reveal 
today a greatly reduced genome, essentially a remnant of the nucleus from the chlo-
rophyte, which it phagocytized. Thus, chlorarachniophytes feature the original “host” 
heterotrophic eukaryote with its primary symbiosis-derived mitochondria and nucle-
ocytoplasm, as well as a reduced “captured” alga with its now miniscule nuclear 
expression known as a “nucleomorph.” The discovery of the nucleomorph indicated 
what had been merely suspected previously—that many diverse algal groups are 
actually well-integrated, multi-genomic consortia (Bhattacharya et al. 2003).

The evidence is further strengthened by the existence of a different nucleo-
morph that verifies yet another secondary symbiotic event leading to another 
lineage (Ludwig and Gibbs 1985; Moore and Archibald 2009). This remnant 
nucleus was that of a species of microscopic red alga, which was engulfed by a 
heterotrophic protist but not digested. As in the chlorarachniophytes, this red alga 
counterpart conferred relatively quickly natural selective advantages in the new 
consortium. This algal lineage, which emerged from the primary symbiont rho-
dophyte lineage, represents the phylum Cryptophyta. Cryptophytes are mostly 
freshwater and have two motility organelles (“undulopodia” or what is more tradi-
tionally called “eukaryotic flagella”), which it uses in conjunction with specialized 
ribbon devices known as “ejectisomes.” These structures contract and expand and 
propel the microbe in various directions.

Other secondary symbioses led to other algae of incalculable importance 
to the biosphere. These include the glass-enclosed (SiO2 encased) diatoms 
(Bacillariophyta), the limestone depositing coccolithophores (Haptophyta), and 
brown algae (Phaeophyta). While there are no remnant nuclei from an acquired 
symbiont in these and other algal phyla, evidence shows unequivocally second-
ary symbiosis in action. For example, membrane counting and analysis is a use-
ful indicator. When a heterotrophic protist phagocytizes the alga, the alga becomes 
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permanently surrounded by that host membrane with its characteristic lipids. 
Moreover, the plastid enclosed in the red or green algal symbiont also has at least 
one and often two (or more) membranes, one characteristic of the surrounding 
cytoplasm of the alga and another of the original cyanobacterial primary symbio-
sis. These membrane “layers” combined with ultrastructural and gene sequencing 
comparative data confirm the identity of the integrated genomes within nearly all 
other algal lineages and show their evolution as derived from secondary level sym-
biosis (Archibald 2009) (Fig. 1).

Remarkably, one of the most common algae in the oceans and particularly 
found in symbiosis with larger invertebrate “hosts” such as corals and anemones, 
dinoflagellates, are sometimes the result not only of the primary and secondary 
symbioses but a third symbiotic event. For example, species of haptophytes—
itself the product of secondary symbiosis—have been phagocytized by yet another 
likely heterotrophic protist resulting in a tertiary autotrophic dinoflagellate 
(Inagaki et al. 2000). Such a dinoflagellate can be seen as the sum of up to a dozen 
genomes or genome remnants without of course counting bacterial gene transfer 
events over recent or deep time. Indeed, there is growing evidence of many other 
photoautotrophy-based tertiary symbioses among the protists (Vesteg et al. 2009).

3  Algal Phylogeny: Showcase for Genetic Novelty Through 
Symbiosis

The algae are deserving of focus from the outset, for there is no more profound 
example of symbiogenesis—the acquisition-centered impact of symbiosis on evo-
lution. The autotrophic portion of an entire kingdom (or subkingdom) so central 
to biospheric systems, global biodiversity, and geological substrates is due to the 
process of symbiosis. In each lineage, genes foreign to an organism were toler-
ated and eventually incorporated, whole or in part, into the consortium. The het-
erotrophic protist host would have to undergo unimaginable mutational events to 
express eventually even a fraction of the consortium’s traits. Mutation and recom-
bination influence in the emerging eukaryotic algae without symbiosis is an oxy-
moron. It is plain to see that there would be no diverse phylogeny of algae as such. 
In this way, lasting symbiotic mergers through symbiogenesis are not only central 
to evolution and global ecology but foundational. New species, lineages, varie-
ties can develop within and from the symbiotically constructed lineage, often in 
turn, leading to new symbiotic mergers. Algal taxonomy reveals life-forms much 
like bridging silk strands of an orb spider’s web, a series of integrated connections 
that transform the concept of individual to one of a vast symbiotic community, or 
as the emerging symbiosis-based revolution in science now terms, the “holobi-
ont,” as first proposed by Margulis and Fester (1991, p. 2). The term later became 
more specifically associated with corals (Rowher et al. 2002) and more recently 
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Fig. 1  Diagram by Olivia Hathaway
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transformed to a dynamic concept in understanding the  metagenomic unit of selec-
tion in evolution (Rosenberg and Zilber-Rosenberg 2011; Gilbert et al. 2012; 
McFall-Ngai et al. 2013). Indeed, the term “Hologenome” can be used to not only 
refer to the symbiont genomes but to those identified genes that were horizontally 
transferred from bacteria for example, as well as possible extra- chromosomal 
mainstays which may be in evidence with the extraordinary “ symbiosis” of 
the sacoglossan mollusc Elysia chlorotica with its Vaucheria litorea plastids 
(Bhattacharya et al. 2013).

4  Outdated Symbiosis Definition

Ironically, symbiosis has often been the outcast of biology, at best seen as an inter-
esting curiosity. Even after the uncovering of prokaryotic DNA (characterized as 
within a circular chromosome and not containing key histone proteins) in mito-
chondria in the 1960s (Nass and Nass 1963; Nass 1969), there was antagonism 
toward any evidence that might suggest the powerful role of symbiosis in evolu-
tion. Its original definition, still advocated by many, may not have helped in fos-
tering a clear subdiscipline of symbiosis within Biology. In the late nineteenth 
century, the German De Bary (1879) labeled it “the living together of unlike 
organisms” and implied a lasting relationship. But such a definition has proved too 
all-encompassing. After all, an insect living in the furrow of a particular bark of 
a tree for a good part of its life cycle could qualify. The tree and the insect are 
certainly vastly different organisms. They are living together and even in physi-
cal closeness for an extended period, with one nestled within the other. If natural 
selective advantages are considered, we could perhaps find that the bits of waste 
material from the insect, which get carried down the tracks of the tree bark, end 
up in the rhizosphere and partly nourish the tree. We can further surmise that the 
insect in turn gains a secure habitat for an extended time and so on. Of course this 
is not a symbiosis, but part of the grand expression of fundamental ecology. It is 
the ubiquitous stuff of ecosystems.

Moreover, extensive research reports and reviews, which clearly state that this 
is the definition to which their research is tied, would actually have to include 
systems—pollinators with many angiosperms, epibiont heterotrophic protists on 
marine macro-algae, and uncountable numbers of other ecological relations—in 
their data and discussion that are actually outside the purview of symbiosis.

The vagueness of the original definitions also fostered a sense of new categori-
zations, such as mutualism (that for some could fit the above simplistic insect–tree 
bark example), parasitism, and commensalism. Much of the symbiosis research 
over the past one hundred years and right to the present is seemingly intoxi-
cated with having to place symbiosis in one of these boxes. Strangely, it can even 
guide research, wherein one of the ultimate purposes of many symbiotic studies 
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is to determine the degree of mutualism or “shared benefit” or whether one form 
is more parasitic or simply there for the ride without any significant contribution. 
This has led to subcategories of “cheaters” and “freeloaders,” and other terms that 
seem to not be cognizant that all organisms appear to seize on opportunities to 
enhance their life cycle and balanced or altruistic fits are seldom in play.

Does one really need to use these terms to define or even connote symbiosis? 
To what degree are these terms actually meaningful and strongly reflective of the 
biological and evolutionary reality? Do these terms potentially move us away 
from ecological thinking and replace it with anthropogenic, human chauvinistic 
thinking? To what degree does such an obsession with these terms skew how we 
should be investigating and interpreting our findings? In other words, are we sub-
jecting ourselves to research processes that are far less than open ended but rather 
designed to see how they fit into some prescribed, small set of categories, slots that 
may reflect more human analysis than nature’s reality? I posit that the continued 
reinforcement of the original definitions and the dogmatic emphasis on the three 
categories with analysis of the degree of “benefit” or “antagonism” is neither rep-
resentative nor particularly useful in the now mainstream discipline of symbiosis. 
The data collected can be outstanding and revelatory but the language and context 
is often more convenient, habitual, and simply scientifically inappropriate. It is dif-
ficult to find a symbiosis research paper that does not become focused on “ben-
efits” and “costs,” as well as the mutualism, parasitism, and commensalism.

Moreover, there appears to be little recognition that entire studies and chapters 
of books within the overarching discipline of ecology discuss “mutualism” and in 
so doing are referring to both the widespread behavior of pollination and the asso-
ciation of fungi (mycorrhizal) with plant root cells. The latter a symbiosis, the for-
mer, in most cases, is not. Mutualisms are very common ecological expressions 
and for clarity sake alone should not be used to analyze and judge symbiotic sys-
tems. To do so only risks greater confusion and again makes symbiosis appear to 
be synonymous with ecology when it is a central reasonably identifiable discipline 
within ecology. Further, one can argue with a reasonable degree of validity that 
most associations of any kind are “mutualistic.” Pathogenic organisms that cause 
death are essential to the continuance of that species (the “victim”). Commensals 
die and the decaying biochemistry from it becomes part of the ongoing nutrient 
supply. Parasites ultimately can strengthen the resilience of the species in that nat-
ural selection can often favor new varieties more fit for the threatening environ-
mental conditions.

Symbiosis analysis also implies for some a denial of the centrality of competi-
tion in ecology and evolution. Rather, the reality can be seen in the context that 
some competitors are often more fit because they have symbiotic “partners” and 
alliances. Combined with the fact that many eukaryotic organisms (holobionts), as 
well as bacteria, are naturally selected for efficiency, energy-consuming competi-
tion may be less of an evolutionary driver and often more a life strategy that is 
embedded with frequent caution signs.
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5  Symbiosis Redefined More Concretely and as a Better 
Reality Fit

Those working in symbiosis research know that there are very clear components 
that make the discipline more concrete. Thus, I found it refreshing when the out-
standing symbiosis researcher Angela Douglas in her book Symbiotic Interactions 
(1994, now out of print) indicated some new, clearer criteria, albeit less empha-
sized in her latest book, The Symbiotic Habit (2010). I have adapted some of those 
ideas into a definition that over the years have helped my students truly identify 
symbiotic systems less ambiguously, more accurately, and in a more appropriate 
evolutionary context. Symbiosis is the acquisition of an organism(s) by another 
unlike organism(s), and through subsequent long-term integration, new structures 
and metabolism(s) emerge.

This definition makes the focal point of symbiosis the specific physical and 
metabolic outcomes of the symbiosis. For example, the prototype symbiosis 
can arguably still be seen as the lichen (Sapp 1994). In most lichen symbioses, 
we have an alga and a fungus, two fundamentally, phylogenetically distinct life-
forms. If I have an alga isolated species with its own morphology and indeed its 
own genome(s) and I have a compatible fungus separately with its own morphol-
ogy and genome(s), these organisms are fundamentally its own discreet “selves.” 
But, given genetically programmed signaling and recognition factors, if I axeni-
cally bring them physically together in the laboratory for growth on an appropriate 
nutrient medium and mineral substrate, as was done many years ago by pioneering 
lichenologist Ahmadjian (1993)—or even in its natural setting, the morphology 
and indeed the ontogeny change dramatically. Both original forms become sub-
stantially unrecognizable as a growing entity. So much so that we are forced to 
give the new multi-genomic morphotype—this grand “holobiont”—that one can 
see with the naked eye, a name, the “thallus” (Fig. 2).

Fig. 2  Cladonia cristatella 
(“British soldier”) lichen 
on right and Cladina sp. on 
left at Parker River Wildlife 
Sanctuary, Newburyport, 
MA. Photograph by D. Zook
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This construct by both organisms by way of signaling, recognition, environ-
mental conditions, assimilation, and integration is the principal defining character-
istic of symbiosis.

Likewise, alga and fungus have vastly different physiological features, such 
that their metabolic properties are very dissimilar. Fungi cannot photosynthe-
size. Algae generally do not feed by direct uptake from surface materials. But 
together in symbiosis, they each bring different degrees of new metabolic expres-
sion to such an extent that the fungi have become photosynthesizers through the 
de facto integration of a “foreign” eukaryote with chloroplasts embedded within 
the new consortium, resulting in this now lichen holobiont, i.e., the integrated 
multi-genome entity. Thus, the second defining characteristic is the relatively rapid 
emergence of new metabolite expressions (e.g., photoautotophy) essential to the 
holobiont—a physiology(s) and biochemistry that was not there previously in 
either of the free-living proto-symbionts (Fig. 3).

A third critical component of symbiosis is the process of acquisition. Entire 
sets of genes with a genome that is “foreign” to one symbiotic partner become 
sorted, rejected, accepted, and integrated to various degrees in the new multi-
genomic holobiont. Acquisition is defined by “coming to control or possess 
something.” Thus, a genome’s important functions and components of the part-
ner organism are acquired in that they then belong to a new emerging entity. The 
acquisition can often best be considered reciprocal in the sense that both once-
independent entities are acquiring significant degrees of the gene expression of the 
other, if not in some cases the whole genome. Often, the acquisition becomes both 
intimately syntrophic and synergistic.

The proposed symbiosis definition differentiates clearly between relatively 
short-term, ephemeral, and non-integrated relationships involving different organ-
isms and those that are long term, persistent, and highly integrated. For exam-
ple, many ecologists consistently cite mutualism for both a coral-dinoflagellate 
reef-building relationship and a honeybee pollinating a flower. The latter is short 
term, ephemeral, and relatively unpredictable and is simply one of thousands of 

Fig. 3  A new definition of 
symbiosis as proposed by D. 
Zook
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ecological expressions. The former is long term, very persistent, and well inte-
grated, what with specific dinoflagellates changing their morphology and encyst-
ing within coral-created membranes in the anthozoan’s cells. Within this analysis, 
the honeybee’s relationship to flowers is ecologically mutualistic and not a sym-
biosis or holobiont with respect to each other, but the bee with its endosymbiotic 
bacteria is a symbiosis itself (Martinson et al. 2011) and a holobiont. Yet, fre-
quently, we read that both systems represent “mutualists.” This only serves to con-
fuse, oversimplify, and relegates symbiosis to a kind of taboo “cooperation” word 
that should be avoided. The new symbiosis definition does not include ambiguous 
and confusing “mutualist” and various traditional anthropogenic terms, but rather 
emphasizes viewable and measurable outcomes that emerge from an acquisition-
centered reality. In this context, these novel structures—the thallus of lichens, the 
rumen or ruminants, the reefs of dinoflagellate–corals, the trophosome of Riftia 
tube worms, the arbuscles of fungi within root cells, the intercellular Hartig net 
of ectomycorrhizae, the paunch of termites, the bacteriome of many insects, the 
light organ of the bobtail squid–Vibrio, the trichome-lined cavity of Azolla, the 
syconium of Ficus, the subterranean nests of attine ants, the symbiosome mem-
branes around many intracellular symbionts, and the nodules of Rhizobium with 
legumes—are all defining central characteristics of symbiosis and reinforce this 
new definition.

6  Ecosystem Thinking Replaces Compartmentalizing

This labeling of systems as “mutualist” or “parasitic” can also be misleading, 
given the nature of symbiotic systems. Over both the diurnal and full life cycle 
of the holobiont, any of the given integrated genomes can, often through dis-
rupted signaling and alternative feedbacks, be more dominant or subservient than 
the other. Prominent examples reside in the endophyte symbioses, such as those 
involved in Epichloë (fescue) plants and Claviceps fungi (Schardl 2001). In these 
holobionts, switching via enzyme triggering (Tanaka et al. 2008) to a sexual 
cycle in the fungus fosters a more pathogenic expression such that hyphal growth 
becomes so prolific that it chokes out floral development of the grass. This switch 
may be promoted by the fact that metabolites of the grass, which typically restrict 
the fungal partner growth, become relegated instead to the energy needs for grass 
reproductive structure and function. Yet, a different selective advantage expression 
dominates during asexual fungal periods much of the year in the same holobiont. 
At these times, the plant is less susceptible to drought conditions and herbivory 
due to secondary metabolites of the fungus residing intercellularly in the grass leaf 
and often in the seed (Eaton et al. 2011).

There is also evidence that very limited genetic changes can move a symbi-
ont from necessary holobiont entity to assimilated food source. This is the case in 
the amoeba Dictyostelium discoideum which harbors among many bacteria, two 
strains of Pseudomonas fluorescens. The protective anti-fungal more “mutualistic” 
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strain is converted by a single point mutation at the activator gene to the edible and 
thus rapidly ingested strain (Stallforth et al. 2013). Recently, Wooldridge (2010) 
challenged the long-standing compartmentalizing of hermatypic coral animals 
with dinoflagellate symbionts by emphasizing a kind of animal winnowing mecha-
nism that results in the most effective photosynthate-transferring varieties, as well 
as suggesting significant fitness cost for the algal symbionts. Such characteristics 
among many suggest less of a “mutualism” than a kind of “controlled parasitism,” 
a term originally proposed for lichens many years ago (Ahmadjian and Jacobs 
1981) and again which could apply at various parts of the holobiont life cycle to 
many symbioses.

We are starting to see a refreshing perspective emerge that the guide for sym-
biosis enquiry and interpretation needs to be on open-minded exploration of 
physiology, ecology, ontogeny, and cell communication. There is no prescribed 
screenplay but an ongoing series of images that tell a story within an ecosystem 
context. For example, the review of microbial symbiont transmission by Bright 
and Bulgheresi (2010) states at the outset, “The key question is how the symbi-
ont is transferred to the host progeny, regardless of the type of symbiosis” (ital-
ics mine). They go on to emphasize in their astute and comprehensive analysis 
“how the conversation between partners… is initiated.” That said, they also show 
a contradiction in that they are focusing on those organisms that maintain “pro-
tracted physical contact and involve most of the host population,” caveats that 
are not clear within the de Bary definition to which on the next line they pledge 
allegiance.

While some symbiosis researchers are facing this compartmentalizing stigma 
head on by offering such terms as “context-dependent symbioses” (Daskin and 
Alford 2012), this could be considered a malapropism as it is hard to realize the 
life history of any holobiont as being independent of context. Arguably, there can 
be gradations of “context dependency.” The “poster child” of symbiosis dating 
back nearly 150 years has always been the lichen. These algal–fungal and occa-
sionally cyanobacteria-inclusive extracellular consortia have evolved an impres-
sive array of biochemical and physiological features that allow them to secure 
strongly their niches across nearly all terrestrial biome conditions and even on 
many aquatic substrates. No feature is more valuable to their fitness than their pro-
duction of a laboratory full of secondary compounds, commonly labeled as lichen 
acids. These not only break down substrates to their mineral or particulate constit-
uents and thus enhance element cycling, but they are strongly anti-herbivorous and 
often antimicrobial. Even those lichens that do not have such acids, such as those 
that have cyanobacteria as a main phycobiont, may compensate trait loss for such 
biochemistry through the presence of antibiotic-producing actinobacteria (Zook 
1983). Moreover, there is growing evidence that the lichen holobiont may involve 
and perhaps require a consistent community of bacteria (Cardinale et al. 2006; 
Grube et al. 2009). Yet, even in this stalwart symbiosis, there is a fluidity and plas-
ticity that defies simple categorization. The algal and fungal symbionts within the 
holobiont are tantamount to mammalian organs, certainly subject to break down 
but coordinated through positive and negative feedbacks, often involving pH 
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changes that allow for functional and even thriving life cycles. At any given time 
and dependent on environmental conditions such as alternations of wetting and 
drying, either the algal or the fungal genome can be controlling or dominant. The 
emerging realization of lichen symbiont fluidity can be seen in many Cladoniaceae 
lichens which have even been placed outside of key co-speciation possibilities and 
instead adapting to the environment needs of the holobiont through frequent algal 
symbiont switching (Piercy-Normore and Depriest 2001). Various fungal symbi-
onts such as Colletotrichum spp. function across the spectrum of mutualistic to 
parasitic and so-called commensal depending on with which plant species they are 
associating, as well as environmental conditions (Redman et al. 2001).

The emergence of holobiont thinking, recently represented also within the 
hologenome theory (Rosenberg et al. 2009), emphasizes that the unit of selec-
tion is the multiplicity of genomes and genome constituents in what has usually 
been called an “individual,” but in reality is with all eukaryotes a symbiotic com-
munity (Gilbert et al. 2012). This outlook reflects a new and necessary ecologi-
cal and environmental framework, which in turn reveals the fluidity inherent in 
context-dependent nature. A key extension of this fluidity is that many symbioses 
now appear to be highly variable, flexible, and adaptable, consistently utilizing 
associated “foreign” genomes or genomic remnants to fulfill essential metabolic 
expressions.

7  Symbiogenesis Rooted in Lamarck, Darwin, and Kozo-
Polyansky

Acquisition has actually been central to evolution thinking since the early nine-
teenth century. For example, Lamarck developed the first organized view of evolu-
tion, in which he proposed that characteristics can be acquired by organisms and 
then be inherited into the next generation (1809, reprint 2011). While this idea 
was subsequently derided, his views became a running thread through Charles 
Darwin’s Origin of Species (1859, reprint 2011). A variation of this thinking that 
Lamarck would not have been able to realize at that time is a reality today in the 
concept of acquisition-based evolution which we term “symbiogenesis,” origi-
nally proposed by Russian biologist Kozo-Polyansky (1924), later resurrected 
by Margulis (1990) and in a new translation and interpretation by Margulis and 
Fet (2010). Kozo-Polyansky originated the term and summarized its meaning as 
the origin of evolutionary novelty by the merger of different organisms into one. 
Ironically, Darwin himself had some sense of this, “We cannot fathom the mar-
velous complexity of an organic being; but on the hypothesis here advanced this 
complexity is much increased. Each living creature must be looked at as a micro-
cosm—a little universe, formed of a host and a self-propagating organism, incon-
ceivably minute and as numerous as the stars in heaven.” (Darwin 1858, p. 453).

Today, symbiogenesis connotes the emergence of this acquired multi-genomic 
entity (holobiont) over evolutionary time perpetuated by natural selection.
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8  Holobiont Selection Allows for More Rapid Adaptation 
and Greater Fitness

Two insect symbiotic systems dramatically illustrate this intricate coordination and 
fluidity of various symbionts as a community, the holobiont.

The tsetse fly, made up of over 30 species in the genus Glossina, are large, bit-
ing flies which are prolific in North African arid and desert regions. They produce 
four generations each year and are hematophagous. The tsetse holobiont con-
sists not only of itself and its mitochondria but an interlocking array of microbes. 
Two are obligate gammaproteobacteria of Wigglesworthia spp. A third is Sodalis 
glossinidius, a more recent symbiont as evidenced by its ability to be extracted 
and cultured (Snyder and Rio 2013). All three are vertically transmitted through 
the maternal milk glands (Balmond et al. 2013), which carry specific proteins and 
lipids to the uterus for the viviparous symbiosis-accommodating offspring devel-
opment (Attardo et al. 2008; Ma and Denlinger 1974).

Wigglesworthia are mostly intracellular, being located in specialized cells 
known as “bacteriocytes.” The collection of bacteriocytes make up a defined 
region of the insect, the “bacteriome.” Such a new structure, a proposed defin-
ing characteristic of symbiosis, is commonly found in various insect holobionts 
(Baumann 2005). Because the fly lacks B vitamins in its blood diet, selection has 
favored these bacteria which provide not only vitamins but stabilizes the fly immu-
nological development and digestion, and influences the degree of trypanosome 
infection (Snyder and Rio 2013). Verifications of this symbiont dependency have 
been shown by providing Wigglesworthia cell extracts to aposymbiotic, immune-
weak mother flies. Such a treatment restores immune vitality (Weiss et al. 2012). 
While the role of the Sodalis bacterial symbiont, also vertically transmitted via the 
milk glands, in the holobiont community remains unclear, it is undergoing consid-
erable genome reduction, which indicates likely integration through gene elimina-
tion and possible transfers to the other holobiont symbionts. Perhaps indicative of 
the tight community nature of this holobiont, the demise of Wigglesworthia causes 
a corresponding loss of Sodalis (Snyder and Rio 2013).

A fourth (facultative) symbiont in the tsetse fly is a Wolbachia species within 
the bacterial family Rickettsiaceae. Wolbachia is the most common bacteria affect-
ing the reproductive system of animals known. It is most commonly found in 
arthropods and confers dominance of females through various male-reducing and 
male-eliminating strategies (Werren et al. 2008). In the tsetse fly, it induces cyto-
plasmic incompatability, which ultimately means that females that are uninfected 
by Wolbachia cannot mate with males which are infected. Because Wolbachia can 
only be transmitted by females, this promotes Wolbachia reproduction and viabil-
ity (Werren 1997).

The salivary gland hypertrophy virus (SGHV) of the Hytrosaviridae family 
can be considered as another tsetse holobiont genome, albeit a facultative virus. 
This viral infection of the tsetse fly may confer gonad abnormalities and reduce 
reproductive success (Sang et al. 1999). Thus, this genome within this holobiont 
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community mirrors large ecosystems conventionally studied, in that population 
regulation through disease and death is an ongoing necessity for optimal fitness 
and viability of the whole.

Because the holobiont approach tends to minimize the necessity for anthropo-
genic and often misleading terms such as “host,” we can of course consider the 
sixth major symbiont in this holobiont to be the tsetse fly genome itself. For exam-
ple, Wang and Aksoy (2012) founded that a fly peptidoglycan recognition protein 
PGRP-LB, similar to that found in Drosophila, prevents immune deficiency sign-
aling stimulation and thus is closely associated with Wigglesworthia infection and 
maintenance. It is produced by adults and also transferred via milk glands to off-
spring after the latter’s initial blood ingestion (Wang and Aksoy 2012).

Findings with the Planococcus citri (mealy bug) from the Pseudococcidae 
family reinforce and even expand the symbiosis-centered holobiont community 
concept. These cosmopolitan scaly insects are only female in the adult stage and 
commonly feed on plant sap. Males do not feed and live only until fertilization of 
the female. Recently, mealybugs have been found to contain not just a bacterial 
symbiont, but the smallest known bacterial genome at 139 kb, considerably less 
than both free-living bacteria and other symbiotic bacteria. Husnik et al. (2013) 
surmised that such gene reduction may be similar to organelle development as in 
the endosymbiotic origins of mitochondria and plastids in eukaryotes. However, 
quite rare for prokaryotes, they found that the bacterium Tremblaya had acquired 
a 538 kB genome bacterium, Moranella, now completely within its cytoplasm. A 
considerably larger genome at 538 kb than the near-organelle level of Tremblaya, 
this bacterium was found to code for many of the essential metabolites needed 
by its bacterium in which it is situated. Moreover, key enzymes and proteins for 
mealybug function were not merely the result of genes coded within these holo-
biont bacteria, but were substantially due to lateral transfers of genes from three 
diverse bacterial lineages over recent evolutionary time. In essence, this tripartite 
mealybug symbiosis is a holobiont mosaic that may be a model for many holobiont 
systems across the phyla of life. It is noteworthy that this symbiotic story indicates 
that pathways other than transfer of symbiont genes to a “host” nucleus, as in the 
case with many organelles, may be at play among holobionts, given that little evi-
dence was found that the reduction of the genomes among the symbiotic bacteria 
was due to gene movement to the mealybug nuclei (Lopez-Madrigal et al. 2011).

Studies which reveal the complex holobionts of tsetse flies and mealybugs actu-
ally evolved from the many years of research on the aphids–Buchnera bacteria 
symbiosis—except now we know that this is not a pair-wise holobiont, and indeed, 
it may not be obligate or even appropriate to pigeonhole as a so-called mutual-
ist. Pea aphid holobiont includes associated facultative bacteria not located in the 
aphid’s bacteriocytes. Koga et al. (2003) showed in a landmark study that aposym-
biotic aphids infected with only y-proteobacteria secondary symbionts appeared to 
compensate for much of the Buchnera contributions in that the aphid was able to 
reproduce successfully through several generations. These non-Buchnera symbi-
otic aphids were smaller, and their fecundity was less, but nevertheless, they were 
fully functional. Interestingly, these substitute secondary symbionts were found to 



55Symbiosis—Evolution’s Co-Author

not only be in the usual intercellular regions but intracellularly within the primary 
bacteriocytes usually occupied by Buchnera. The question arises, however, as to 
how these secondary symbionts—so effective at compensation in laboratory experi-
ments—confer advantages to the holobiont in nature. The answer may lie in the heat 
stress to which Buchnera is susceptible. The secondary symbionts were found to 
positively impact aphid reproduction under usually detrimental high heat conditions 
(Montilor et al. 2002). Generally, when both Buchnera and the secondary symbionts 
exist with the pea aphid, the secondary symbionts convey periodic negative effects.

These data indicate that facultative symbionts, once thought to be unimportant 
or solely detrimental, can under certain environmental conditions compensate for 
Buchnera weakness or loss. To think that a vertically transmitted obligate sym-
biosis likely “locked in” for over 100 million years (Moran et al. 1993) evolved a 
compensation factor involving facultative bacterial genomes on standby reinforces 
not only the community mosaic of symbiotic holobionts but the fluidity and resil-
ience that argue against static categorization of symbiosis.

Bark beetles are another prime example of holobiont community dynam-
ics. These prolific insects dwell in tree phloem somewhat devoid of nutrients and 
among regions where there are plant-produced anti-herbivory toxins. They thus 
depend on an array of microbial symbionts—an “expanded genetic repertoire” 
as leading insect symbiologist Six (2013) calls them. Several bark beetle species 
colonizing conifers feature novel symbiotic structures called “mycangia,” which 
house obligate associated fungi that provide nutritional selective advantages (Six 
2012). Some beetles carry additional fungi, which tap into sapwood and transport 
it to the phloem, where it is available for the larvae which gain significant amounts 
of nitrogen, a particularly limiting nutrient in these substrates (Bleiker and Six 
2008). A few associated fungi produce sterols that are necessary for the hormones 
that stimulate reproductive metabolism. The determining factor in the degree 
of integration for many of the fungal–beetle associations is often temperature. 
Sudden or unexpected temperature changes can alter fungal populations, a particu-
lar concern with increasing anthropogenic climate change threats. Yeasts are also 
prevalent among bark beetles as well as other insects, with indications that some 
may even be involved in converting tree chemical compounds to pheromones, but 
much of their functional importance remains unclear (Six 2013).

A holobiont community would seemingly not be complete without the implica-
tions of bacterial genomes. While gut microbes are in low diversity in bark bee-
tles likely due to the more sugar centered as opposed to cellulose diet within the 
phloem, the nitrogen-fixing bacterium Rahnella aquatilis is consistently found in all 
stages of the beetle life cycle (Six 2013). Tree defense compounds and toxins may 
be degraded by bacterial symbionts within some beetle species (Boone et al. 2013).

Tropical rain forest biomes are particularly dominated by symbiotic sys-
tems (Zook 2010), with one of the most revealing being the attine ant holo-
biont with its the cascade of adapting players in a symbiosis that likely dates 
back 65 million years (Mueller et al. 2001). This extraordinary holobiont fea-
tures the leaf-cutter ant in association with a fungus from the Lepiotaceae fam-
ily which it cultivates for food but which is consistently threatened by growth of 
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the ascomycete (order Hypocreales) fungus, Escovopsis. Symbiotic actinobac-
teria of the genus Pseudocardia populate the ant’s surface and convey antibiotic 
protection often targeted to the specific variety of the invading fungus (Poulsen 
et al. 2010). Black yeast species in turn tend to limit the actinobacteria growth 
not through resistance to antibiotics but more through outcompeting the bacteria 
for food (Little and Currie 2008). While the gut microbiota of leaf-cutter ants is 
still unknown, a wide variety of ant species are known to harbor specific bacterial 
symbionts which mediate diet and digestion. Bacteria species of Burkholderiales, 
Pseudomonadales, Rhizobiales, and others are consistently a part of ant holobiont 
communities. Russell et al. (2009) concluded that bacteria have facilitated conver-
gent evolution of herbivory across many ant groups and suggested that “symbiosis 
has been a major force in ant evolution.”

9  Symbiogenic Foundation of Earth Biomes

Much of the earth’s biosphere is a geosymbiotic construct, indeed often microbio-
genic. The topography of terrestrial and marine regions on earth results from the 
remnants of symbiotic processes. The coral-dinoflagellate holobiont builds rocky 
substrates, the calcium carbonate reef, which then becomes one of the most biodi-
verse ecosystems on earth. The process evolves around free-living Symbiodinium 
algal varieties encysted within specialized membranes—symbiosomes—of coral 
polyp cells transferring as much as 95 % of its photosynthate, usually as glycerol 
(Stat et al. 2006), to its surrounding animal partner, albeit the degree and timing 
of transfer dependent on the dinoflagellate clade representative and environmen-
tal conditions (Cantin et al. 2009). Without this infection and subsequent multi-
genomic integration, there is not the energy or the metabolites to express a reef. 
The resulting alkaline excretion allows the polyp cells to return to a more acidic, 
functioning pH (Goreau et al. 1979), albeit the primary selection for such a her-
matypic symbiosis may be that coral larvae have a definitive substrate upon which 
to affix as well as habitats that support organisms which the coral tentacles can 
capture as sustenance in their multi-trophic lifestyles.

Oceanic reef regions represent only about 0.1 % of the area of the oceans’ sur-
face area with approximately 90 % of that total being in the Indo-Pacific. While 
oceanic reefs—including many of the result of calcareous sponges likely with 
symbionts—were more prolific in more ancient eras, these water “oases” were 
always in relatively small patches given the reality that nutrients in tropical waters, 
which are basically devoid of upwelling, are in short supply. Reef biomass is 
highly correlated with the diversity of organisms, which depend on the reef struc-
ture, not only as habitat but often as a location for pelagic forms to lay eggs before 
returning to more open waters. In the Great Barrier Reef off the northern coastline 
of Australia, 30 species of cetaceans live in or visit; 40 species of seabirds, 5000 
species of bivalves, 6 breeding species of sea turtles, and 1500 fish live amidst 
the coral reef architecture http://www.reef.crc.org.au/discover/plantsanimals/

http://www.reef.crc.org.au/discover/plantsanimals/facts_plantanimal.htm
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facts_plantanimal.htm. Examined from a symbiosis perspective, these biodi-
versity numbers increase exponentially when we realize that most of these meg-
aorganisms are themselves holobionts made up numerous microbial symbionts. 
Moreover, the reef itself supports varieties of free-living microbes, most of which 
have yet to be discovered, let alone researched.

Through orogeny and terrestrial subsidence, these reefs become part of the 
lithospheric crust and pedosphere. The reef can then be seen as a limestone-
dominated mountain, mountain ridge, peak, mountain chain, rolling hills, plains, 
or karstic caves. More than 25 % of the surface area of the People’s Republic of 
China is limestone. This includes massive cave regions as well as extraordinary 
mountain regions in Guangxi region. Even much of the Gobi desert features rem-
nant limestone fine “sand,” the result of biogenic rocks ground down by ancient 
glacial retreat. Biogenic and microbiogenic limestone geology is prolific around 
the planet, including in North America where one of the largest limestone quarries 
exists in the state of Michigan.

But, many of the limestone zones are derived from yet another vast holobiont 
diversity. The most common eukaryote on earth could be Emiliania huxleyi and 
its varieties. This haptophyte alga produces intricate calcium carbonate “tests” 
known as coccoliths, as it floats within the photic zones in mostly northern tem-
perate seas (Shutler et al. 2010; Holligan et al. 1983). As these massive blooms of 
algae die, most of the limestone tests gradually reach the benthic regions and accu-
mulate tens of meters thick over tens of thousands of years. Much of the upper-
most lithospheric crust of Europe—not merely well-known outcroppings such as 
in Dover, UK—is remnant coccoliths as well as some foraminifera tests (Huxley 
1868). As with all haptophytes, the coccolithophorids are the result of a second-
ary symbiosis involving a heterotrophic protist phagocytizing a microbial red alga 
(Archibald 2009), which in turn had of course internalized a free-living cyanobac-
terium originally.

Thus, limestone-based geology common around the globe and critical to global 
ecology is a crucial extension and visible reminder of the dominance of symbio-
genesis not only in macroevolution but in the emergence and maintenance of the 
biosphere. The origins and life cycles of karst-depositing hermatypic corals and 
hapotophytic algae have an impact far beyond its own singular body or colonial 
structure. The boundaries of holobionts are therefore fluid as well, for they involve 
the expressions of readily viewable geology, geomorphology, biogeography, and 
ecosystem dynamics. Symbiosis, as manifested through holobiont communities, is 
a central component of global ecology.

10  Anthropogenic Threats to Holobiont Global Ecology

If, as the evidence shows, the very foundations of how biomes and its ecosys-
tems emerged and are maintained are substantially symbiosis-reliant, then, one 
can imagine identifying many symbionts as “keystone” species, i.e., usually 

http://www.reef.crc.org.au/discover/plantsanimals/facts_plantanimal.htm
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inconspicuous, smaller organisms that have a disproportionately significant impact 
on the greater biodiversity (Zook 2002). An example is the Ficus (fig tree) sym-
biosis with highly specific fig wasps of the superfamily Chalcidoidea. The flower 
of this prolific tropical rain forest tree is an enclosed receptacle with often hun-
dreds of florets inside. This evolving fruit is called a “syconium” and can only be 
entered by specific pollinating female wasps through an ostiole. Using its ovipos-
itor, the wasp lays its eggs deep within the stamens, and offspring later fly out 
carrying fig pollen. Ficus trees are critically important to the biodiversity of the 
rain forests in that a single tree can mast (produce fruits) up to four times each 
year, providing abundant food for organisms from throughout the phyla (Janzen 
1979). The fig wasp is clearly a keystone species. Indeed, conservation policy 
directed at preserving fig trees will “automatically” help to conserve a wide range 
of other species, nearly all of which are likely holobiont symbiotic communi-
ties themselves. The Symbiodinium spp of hermatypic corals are another classic 
example of keystone species, and how identifying and conserving such symbionts 
may be essential in the process of not only understanding the symbiotic system 
and its environment but establishing policies and initiating actions to maintain 
biodiversity.

While the demise of coral-dinofagellate reefs due to bleaching out of the dino-
flagellate algae within the coral cells is the most prominent example of anthropo-
genic climate change effects on symbiotic systems, emerging research indicates 
other potentially problematic holobiont changes with significant ecosystem impli-
cations. Kiers et al. (2010) in a review paper pointed out that in the last forty 
years, fertilizer use by humans has increased 700 %, which in turn resurrects the 
long prevalent concern that such excess over an extended period can translate to 
demise for some mycorrhizal–plant symbioses, as well as Rhizobium–Fabaceae 
nitrogen fixers. Nutrient-rich sites commonly show replacement of strong mycor-
rhizal strains with weaker, less advantageous (to the plant) strains (Johnson 1993). 
Wang and Qui (2006) pointed out that some plants in Brassicaceae that typically 
thrive in high nutrient soils have lost their ability to form symbioses with mycor-
rhizae. Kiers et al. (2010) warned of a worrisome picture for the near future with 
symbiotic systems. They emphasize the likelihood of partner switching as “mutu-
alistic” relationships are threatened and even indicate the actual replacement of a 
symbiont by antagonistic species. However, while the warnings ring true, the over-
all analysis cites symbiotic and other ecological systems with minimal considera-
tion of bacteria impacts, now well recognized as critically important in holobiont 
metabolism, viability, and ontogeny.

Problems in this analysis are compounded by the traditional ecology usage of 
“mutualists.” Mycorrhizae fungi with specific plants are lumped into the same 
group as bee generalists in ephemeral relationships as pollinators. Indeed, the 
entire article avoids the terms “symbiosis” or “holobiont.” This is all the more con-
founding when in the same paper, the authors readily admit to fluidity in “mutual-
isms” (which presumably include some symbioses) pointing out how at ecological 
and evolutionary timescales the partners shift on a bidirectional continuum from 
beneficial to antagonistic. Key questions of environmental impacts on partnered 
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organisms are on target, but lost in the questionable uniting of ubiquitous ecologi-
cal relationships with actual symbioses, as discussed earlier in this chapter.

There are some growing indications that lethal diseases affecting both bats and 
amphibians worldwide may be related to climate-related temperature changes 
affecting microbial populations associated with the animals (Daskin and Alford 
2012). In bats, there are grounds to speculate that the lethal affect of the fungus 
Pseudogymnoascus destructans (formerly Geomyces destructans), known as white 
nose syndrome (WNS), may have become pronounced due in part to changes in 
the bat microbiota. If any of the six species of bats extensively affected are shown 
to be a holobiont with interacting multiple genomes such as most mammals, some 
climate change, or environmental effects that helped to foster the fungi could be 
ameliorated by the fluidity inherent in many bacterial-influenced symbioses. 
Studies such as that of Daniel et al. (2013) have identified key members of the gut 
microbiota in the shortnosed fruit bat (Cynopterus brachyotis), albeit the authors 
characterize their work as a search for pathogens. A good start in Chiroptera-
microbiota into enquiry of the microbiota of Chiroptera is represented by Phillips 
et al. (2012) who used comparative metagenomic analysis to not only identify the 
likely endemic gut microbiota but to indicate how such populations vary depend-
ent on geography, stage of the bat life cycle, and diet.

The destructive agent for amphibians worldwide appears to be fungus 
Batrachochytrium dendrobatitdis (Bd) (Kilpatrick et al. 2010). The prevalence 
and severity of the disease with amphibians have been at higher elevations in the 
tropics. It is possible that the effects of possible symbiotic bacteria in the animals 
may have reduced impact on immunity against the fungi in the new tempera-
ture regimes influenced by current climate (Daskin and Alford 2012). This view 
is credible in light of recent work (Myers et al. 2012) that shows antimicrobial 
peptides (AMP) of the frog Rana muscosa secreted onto its skin may work syn-
ergistically with metabolites from endemic frog bacteria to confer resistance to 
the lethal chytridiomycosis. More specifically, Plethodon cinereus and skin bacte-
rium Pseudomonas fluorescens may be a holobiont in that the bacterium limits the 
amount of AMP necessary from the frog.

Such findings further promote the concept of bioaugmentation in the face of 
environmental degradation and climate change. For example, probiotics using anti-
Bd bacteria on amphibian skin in vitro reduced the harmful infection (Harris et al. 
2009). Administration of specific bacteria to augment immunity in the amphibians 
could be a necessary conservation measure. Such human intervention is not with-
out risks, for probiotic use could reach other organisms in and beyond the food 
web or certainly beyond the holobiont. Myers et al. (2012) suggested using an 
ecological ethics framework such as that of Minteer and Collins (2008) to consider 
and balance such risks and promote appropriate decision-making that is more con-
servation helpful than harmful.

Amphibian dependency on its microbiota is perhaps not so surprising given 
the historic findings of Kerney and colleagues (Kerney 2011; Kerney et al. 2011) 
and Graham et al. (2013). The eggs deposited as gelatinous masses in shallow 
waters by North American spotted salamander Ambystoma maculatum are later 
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penetrated by a green alga, Oophila amblystomatis. Since first discovered dec-
ades ago (Gilbert 1942; Hammon 1962; Goff and Stein 1978), it was presumed 
that this association was an epibiotic ecological association in that perhaps oxy-
gen emitted from the algae through photosynthesis provided an appropriate envi-
ronment for egg development in an ecosystem context. However, the recent work 
shows a deeper story that fits in well with the growing holobiont perspectives. The 
algae actually enter the developing embryo capsules near the blastopore and set-
tle within the cells and tissues of the salamander embryo. Moreover, while oxy-
gen can be a selective advantage for the animal in the holobiont, the alga actually 
translocates photosynthate to the salamander embryo as well as inhibiting inva-
sive bacterial growth. Comparative studies with non-infected spotted salamanders 
confirm that the infecting algal symbiont is essential for optimal growth and via-
bility of the salamander. These discoveries open the door for important follow-up 
enquiries such as whether the algae foster antibiotic production through associ-
ated bacteria; how the holobiont, in particular the chlorophyte alga, populations 
are regulated; and, of course, the obvious developmental biology and immunology 
questions of how this infection evolved and emerged as obligate. Moreover, this 
work is especially noteworthy in modern science, for they represent first definitive 
evidence of algae in symbiosis with a vertebrate; the latter previously considered a 
completely foreign domain for photosynthesizers.

Much like the bacteria and algae, with respect to the amphibian sustainability, 
certain mycorrhizal fungi could be a partial solution to both human-caused and 
natural environmental threats of a quite different nature: The human-created toxic 
waste sites scattered around the world. Mining for metals and minerals may allow 
for a supply of consumables deemed important in our societies, but the extrac-
tion process results in massive tons of hazardous waste products. For example, in 
Poland, as in many countries of the world, metals such as zinc, lead, and silver 
have been extracted for industrial purposes. Entire natural areas have been trans-
formed and degraded. In some cases, excavation and removal of minerals and the 
corresponding waste has gone on since the twelfth century, but more intensively 
since the industrial revolution start in the mid-nineteenth century.

Case in point is the once active Trzebionka Mining Works within a major karst 
belt in southern Poland. Each year over many decades around two million tons 
of ore had been extracted. The ground-down waste rock and soils from the pro-
cess were deposited as a 60 m-high heap covering about 64 ha (158 acres). Now, 
with the site essentially abandoned, there is little effort to water down the dry bar-
ren hazardous waste hill, albeit doing so would only be a very short-term meas-
ure. Therefore, some of the waste area is completely devoid of nearly all plant life 
including what was once there as part of a temperate zone forest biome. The domi-
nant elements in these tailings (ore mining waste) are not organic matter but tons 
of crushed rock resulting in essentially zinc, cadmium, and lead “sand,” all at lev-
els far beyond what is tolerable for most life. These toxic-laced particles, usually 
about 0.3 mm in diameter, easily blow off from the tailing heap surface in even 
light winds. Rain and melting snows on the tailings tend to run off into nearby 
greener zones and can potentially percolate to regions where water is used for 
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gardens, farms, or drinking. The area is surrounded by fragmented forest zones, 
a highway, and some farming and village communities. Phytostabilization of the 
tailing heap is the only viable practical way to ensure reduction of contamination 
into neighboring villages and ecosystems. Until recently, even this possibility was 
far-fetched as it was unimaginable that any plant with its roots could grow and 
take hold on such a low nutrient and toxic substrate. However, within the emerging 
subdiscipline of “applied symbiosis,” the possibility of remediation is now realized 
through utilizing selected plants that show some evidence of tolerating extremely 
harsh soil conditions in association with mycorrhizae (Turnau et al. 2012) (Fig. 4).

Mycorrhizae in association with these “extreme” plants not only can act as root 
extensions and reach limited phosphorus and water, but its mycelium (extensive 
hyphal network in the soil) can accumulate and store massive amounts of toxic 
metals. For example, one arbuscular mycorrhizae type can accumulate 10–20 
times more cadmium than the plant roots to which it is associated. Identifying and 
collecting those plants that grow sporadically at the site, its perimeter, or nearby 
downslopes have resulted in identifying a growing inventory of those plant–myc-
orrhizal holobionts which may have the best chance at populating the tailings and 
then continuing to grow and reproduce into distance future generations. Thus, the 
field of phytoremediation in once-mined regions where toxic metal waste remains 
situated substantially depends on the capabilities of the mycorrhizal symbiont in 
symbiotic association with specific plants (Turnau et al. 2012).

All the examples posed and the many not mentioned usually involve a holo-
biont community interacting with another holobiont community. Nowhere is this 
more evident than with the spruce beetle and its microbiota involved in mycor-
rhiza-supported spruce tree substrates. In Alaska and the adjacent Yukon region 
in the 1990s, consistently warmer than normal temperatures during summers pro-
moted an extra beetle reproductive cycle, such that eggs were annually doubled in 
what would usually be over a two-year span (Raffa et al. 2013). With some beetle 
outbreaks, it is not only the increased reproduction as a result of increased tem-
perature, but also the spread into new regions. For example, the mountain pine 
beetle expansion in western Canada has expanded over the past 40 years into more 

Fig. 4  Abandoned heavy 
metal mining site in southern 
Poland where bioremediation 
via the use of specific 
mycorrhizal plants is being 
investigated. Photograph by 
D. Zook
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northerly latitudes and higher altitudes with a 1 °C increase. Because bark beetle 
bacterial symbionts are known to detoxify tree defense chemicals (Adams et al. 
2013; Boone et al. 2013), evolving research is focusing on some manipulation of 
the bacterial community to alleviate the growing invasive strength of the beetles, 
especially with increasingly alarming data on anthropogenic climate change.

11  Symbiosis as an Ancient Strategy in Evolution

While symbiosis is front and center in the emerging crises involving anthropo-
genic-caused climate change and related issues, the evidence indicates that as a 
prevalent system in the biosphere, symbiosis is both ancient and resilient.

For example, it is likely that there were major selection pressures for the endo-
symbiotic evolution of the eukaryotic cell two billion years ago. We now know 
that mitochondria resulted from a free-living facultatively aerobic bacteria being 
assimilated into a chimeric archaea–eubacterium “host.” It is likely that this criti-
cally important symbiogensis occurred in part due to the environmental pressures 
of relatively toxic oxygen levels emerging in a substantially anaerobic world. As 
has so often been expressed, the serial endosymbiotic theory (SET) for the ori-
gin of eukaryotic cells resurrected, restructured, and promulgated by the late 
Lynn Margulis (Sagan 1967) shows clearly the powerful role acquisition-oriented 
behavior exemplified by symbiogenesis plays in shaping evolution. For nearly a 
half century, the energy transforming centers of eukaryotes, mitochondria, and 
plastids have been the sine qua non of symbiosis significance in evolution. Yet, 
it has always appeared as a kind of strange omission or bias that this endosymbi-
otic basis of so many life-forms and their metabolism—foreign, greatly reduced, 
but assimilated genomes resulting from symbiotic acquisition—was and remains 
relegated in textbooks from high school and upward to a page or two or a special 
sidebar box. With the holobiont-centered revolution in science real and prominent 
today, this is finally likely to join the newer prolific discoveries as an exemplar of 
the new evolution paradigm.

The deep time symbiogenesis story is not only about the essential eukaryotic 
cell components, for there is significant micro- and plant–fossil evidence that 
symbiosis was an entrenched lifestyle for a variety of organisms through ancient 
time. One can even think of the dominant microbiogenic features dating back to 
nearly 3.5 billion years ago (Schopf and Kudryavtsev 2012) and forward through 
the Paleozoic, the stromatolites, as a kind of ubiquitous precursor to symbiosis 
on a grand scale. After all, these lithified structures due to binding and trapping 
of sediment in usually shallow salty water were the creations of a community of 
bacteria led by specific polysaccharide-excreting cyanobacteria. Moreover, we 
can be assured that this prokaryotic layering through photoautrophic growth and 
post-metabolic mineral deposition consistently included substantial gene transfers, 
such that any given individual bacterium in the community was likely housing 
genes from neighbors and the past. These stromatolitic structures when still living 
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entities feature a blue-green color on the rock surface indicating their continued 
colonization by cyanobacteria and continued growth. Much like the latter bio-
genic geomorphology represented by limestone generated from secondary symbi-
ont coccolithophorid algal and coral-dinoflagellate holobionts as discussed earlier, 
stromatolite communities were a dominant biospheric feature with great global 
ecological importance. These prokaryotic communities became greatly reduced by 
the Cambrian Period (541–489 mya) as ocean regions became less shallow and 
less salty and the emergence of a wide variety of algal and cyanobacterial-feeding 
animals appeared (Schopf 1999).

Dating back to at last 600 million years are the oldest unicellular ancestors of 
Animalia, the choanoflagellates. Pre-dating sponges, an extant choanoflagellate 
protist Salpingoeca rosetta, has been found to respond to sulfonolipid signaling 
from associated bacteria that initiates colony formation (Alegado et al. 2012). 
This is the seed of a fascinating possibility—that multi-cellularity may have 
arisen through a choanoflagellate–bacterial symbiosis (McFall-Ngai et al. 2013). 
Sponges actually have choanocytes or “collared cells,” much like the choanoflag-
ellate protists. Moreover, nearly all marine sponges are considered now to be sym-
biotic with wide varieties of bacteria and algae prevalent (Thacker and Freeman 
2012). It is striking that these earliest animal forms that remain a highly successful 
phylum today may be among the most dense and diverse holobiont communities.

Evidence indicates that well before bryophytic and vascular plants, fungi and 
photoautotrophs were evolving as likely symbioses. The primary terrestrial life-
form most widely associated with symbiosis, lichens, appears now to have had 
its origins more than 600 million years ago, with the report by Yuan et al. (2005) 
of hyphae and coccoid cyanobacteria or algae in likely biogenic phosphorite-rich 
sedimentary rock at Weng’an S. China. In a landmark study, Lutzoni et al. (2001) 
examined the small and large subunits of nuclear rRNA genes for 52 species from 
24 orders of ascomycete fungi that associate as lichens in order to infer the occa-
sions of lichenization and losses of lichenization, as well as to get indications of 
lichens in more accurate phylogenic placement. The work not only showed lichen 
symbiosis as more ancient that originally surmised being Late pre-Cambrian in 
origin, well before the first plants, but that major ascomycete fungal lineages are 
actually derived from lichen-forming ancestors.

Moreover, electron micrograph examination of fossilized lichens from the 
lower Devonian (approximately 400–385 mya) indicates, similar to extant lichens, 
actinobacteria in the medulla layer beneath the photobiont as well bacterial col-
onies on its surface (Honegger et al. 2013). Reports from the same specialists 
(Honegger et al. 2009) clearly show well-stratified lichens featuring both cyano-
bacteria and algae in approximately 415 my strata, while other findings at the 
Rhynie chert reveal a likely ancient lichen, Winfrenatia reticulate, with what are 
probable filamentous and coccoid cyanobacteria (Karatygin et al. 2009).

One current symbiosis stands out as both very unique and yet with likely deep 
linkages to ancient terrestrial ecosystems. Geosiphon pyriforme–Nostoc puncti-
forme is one of the few known symbioses involving a fungus and a cyanobacte-
rium. This holobiont grows on soil surfaces and features unicellular bladders about 
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2 mm long and 0.5 mm in diameter, which house the recognized Nostoc filaments. 
The cyanobacteria are in symbiosomes derived from the fungal plasma membrane. 
Hyphae are prolific between the symbiosomes (symbiosis-created membranes), and 
the bladders are substantially chitinous. The Nostoc grows and divides within the 
bladders and produces the non-photosynthesizing specialized spheres (heterocysts) 
on the filament for nitrogen fixation. It is also photosynthetic in both its sessile col-
ony and its motile hormogonia stages. In fact, there is some evidence it has a higher 
photosynthetic capacity when associated with the fungus than when isolated (Bilger 
et al. 2004). The fungus appears to be a likely ancestor of arbuscular mycorrhizal 
(AM) fungi. Schüssler et al. (2001) showed through SSU rRNA sequencing that 
both AM fungi and the Geosiphon holobiont are a monophyletic group so distinctly 
separated from other fungi that it constitutes its own new phylum Glomeromycota. 
This Geosiphon symbiosis can be seen as a modern-day remnant of ancient forms 
that led to mycorrhizal fungi, which in turn later associated with eukaryotic algae 
en route to initial land plant formation or as an extant more direct AM precursor 
from which its variations developed into fungal–plant associations. New findings 
through phylogenetic analysis reveal that six species of liverworts from the earli-
est diverging clade of land plants, two hornworts and a fern among others associ-
ate with Endogone-like fungi (Mucuromycotina) and pre-date the Glomeromycota 
ancestry back to the mid-Ordovician (475 my) (Bidartondo et al. 2011).

Whether the new endogonaceae family of fungal mycorrhizal data supersede by 
age or given that the fungi of both the Geosiphon and those involved in AM fungi 
are so similar in features and of the same clade—in either case it is likely that all 
plant-based terrestrial and even estuarial biomes are and have been foundationally 
dependent on symbiogenesis at all stages of their evolutionary history.

The initial hypothesis to explain the emergence of plants from a charophycean 
algal lineage via early mycorrhizal fungi during the Late Ordovician or Early 
Devonian dates back several decades (Pirozynski and Malloch 1975) has gained 
further acceptance in more recent years (Turmel et al. 2007; Selosse and Le Tacon 
1998). TEM evidence from the fossilized axial prevascular plant Aglaophyton 
major recovered from Early Devonian (419–400 my) strata of the famed Rhynie 
chert in Aberdeenshire, Scotland, repeatedly shows mycorrhizae fungal infection 
(Taylor et al. 1995, 2005). Remarkably, other TEM fossil evidence from the same 
plant and region shows extensive filamentous cyanobacteria colonizing the inter-
cellular spaces of the outer cortex as well as penetrating parenchyma cells within 
the plant root zone of arbuscular mycorrhizal infection. Often the filaments are 
seen coiled within the plant cells. Electron micrographs also indicate that entry 
into the plant is commonly through stomata (Krings et al. 2007a, b). Surface 
plant openings are often a means of entry in today’s plant–cyanobacterial symbi-
oses. For example, in the extant ancient plants Gunnera and a variety of cycads, 
cyanobacterial symbionts enter via surface openings, spread intercellularly, and 
some become embedded intracellular deeper into the plant structure. Named 
after a Swedish botanist of the eighteenth century, the herbaceous flowering plant 
Gunnera often features very large leaves of up to 2 m long, and its symbiosis with 
the cyanobacteria Nostoc punctiforme is characterized by prominent glands at the 
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base of its long petioles through which the cyanobacterial symbiont enters and col-
onizes. The Nostoc fixes nitrogen and is vertically transmitted (directly transferred 
via in the holobiont germ line rather than horizontally, i.e., being acquired each 
generation from the environment). This unique plant has been dated back to nearly 
100 million years through its distinctive fossilized pollen (Jarzen 1980). These 
findings in specimens from the lower Ordovician through the Cretaceous lend fur-
ther credence to the view that symbiosis, even apart from eukaryotic cell origins, 
is ancient and likely had high selective advantages for organisms, including for 
transitions to very new environments, adaptation to climate changes, and procur-
ing better access to sustaining resources. Moreover, if the unit of selection is the 
holobiont as is now being widely considered, natural selection would favor those 
forms that were able to adapt most quickly, that is, without the extremely slow and 
usually lethal process of point mutation change.

This speed of symbiogenesis is most readily revealing in the pioneering work of 
Kwang Jeon. Jeon discovered that one of the amoeba cultures he had been growing 
in his laboratory become infected with colonies of a still unidentified Legionella-
like bacterium that could not be separately cultured. These gram-negative rods had 
the effect of killing off most of the amoebae. However, several amoebae appeared 
to tolerate the bacterium (Jeon and Lorch 1967). Their numbers peaked regularly 
at 42,000 per amoeba cell, each sequestered as groups within amoeba-generated 
membranes or “symbiosomes.” Within 18 months or approximately 200 amoeba 
cell generations, the two genomes became obligately dependent on each other. 
Indeed, the new symbiosis based on the bacterial infection could no longer coexist 
with the original amoeba and became restricted to narrow temperature regimes and 
conditions (Jeon 1995). The emerging amoeba–bacteria holobiont was essentially 
a new species in the geological time equivalency of a blink of an eye, became the 
centerpiece of important evolutionary and symbiosis investigations, and continued 
to thrive through thousands of generations for years after. While the laboratory and 
its nutrient-filled petri dishes represent an artificially created environment, rather 
than in nature per se, this series of longitudinal studies extending from 1965 to the 
present day are nevertheless suggestive of how quickly acquisition of genomes can 
occur, be viable, and result in potentially new taxa. Increased rates of evolution are 
also indicated in metagenomic enquiries, including with lichens, wherein Lutzoni 
and Pagel (1997) showed much higher rates of nucleotide substitutions in nuclear 
ribosomal DNA in the symbiotic lichenized state and with liverworts associated 
with fungi than with non-symbiotic associated fungi.

12  The Human Microbiome: A Centerpiece of 
Symbiogenesis

As 2013 closed out, there were about 1,200 refereed, published articles in journals 
that appear when the keywords “human microbiome” are inserted. The majority 
of the titles are mainly in the past six years but date back about ten years. Prior 
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to that time, there were perhaps a half dozen. Nothing has spurred the renewed 
recognition of the centrality of symbiosis and bacterial gene movement in our 
biosphere than this “new” discovery of a biome literally under and including our 
nose. We as humans and all the mammalian kin and indeed all those that emerged 
from blastula developmental architecture have joined the rain forests and coral-
dinoflagellate reefs as key centers of biodiversity. Due to our proclivity to know 
as much about ourselves as we can—some would say due to our egocentricity and 
correspondingly minimal humility in the face of nature—we have poured time, 
monies, and resounding inquisitiveness into finding out who is inhabiting us and 
why. Only of course to find out that the us is not Homo sapiens, the individual 
member of a species, but rather Homo sapiens the mobile ecosystem comprised of 
millions of life-forms, indeed more microbes in and on one human body than that 
human being’s total number of cells or to realize that the microbiota of one human 
body has nearly 100 times more genes that its associated animal “self” (Nelson 
et al. 2010). While a first reaction might well have been there is more of them than 
me, we know that we are on the verge of discovering that each one of us was never 
“I” but always “we” (Gilbert et al. 2012). Could there be alien microbial life in the 
solar system has now been replaced with what is the function and meaning of the 
“alien” life in us, the human holobiont community?

The human microbiome, inclusive of interacting bacteria and the less stud-
ied viral populations, can be functionally envisioned as a classic wheel model in 
that the hub of governance and stability is the intestinal organs—the six meter 
coiled small intestine and the slightly shorter but much wider large intestine. This 
extraordinary gut system is akin to the hermatypic corals’ calcium carbonate reef, 
as its folds and crevices maximize volume, and house a remarkable diversity of 
microbial life. Indeed, extensive genomic studies by Eckburg et al. (2005) led 
them to conclude, “Bacterial diversity within the human colon and feces is greater 
than previously described, and most of it is novel.” The spokes of this hub are the 
specific array of often bidirectional and biochemical signals to and from the gut 
microbiota to and from the respective organ systems; namely, immune, circulatory, 
digestive, reproductive, neuroendocrine, musculoskeletal, and so on, while the 
wheel rim are these systems to which the spokes are spatially, chemically attached. 
One could say the outer tire represents the direct contact of this mammalian hol-
obiont with the greater surrounding ecosystems through which the “wheel” trav-
erses. But, what are the evidences for such a scenario and to what degree are such 
interactions “symbiotic”?

Work in the field of gnotobiology (artificially raised “germ-free” animals) 
allows one to see whether there are functional deficiencies or defects as compared 
to those populations raised in a normal microbe-colonized environment. In such 
studies, gut microbiota were found to be essential for intestinal immune matura-
tion, warding off infections by inducing increased “T” cells (called such for they 
mature in the thymus). Moreover, the bacterial inducers must be the “correct” 
recognized ones (Chung et al. 2012). This has implications for medical treat-
ments as well as suggesting that interactions between the human cell and bacte-
rial genomes are likely well-coordinated and not happenstance. In a remarkably 
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thorough review citing scores of studies, Nicholson et al. (2012) emphasized how 
the human cells and bacteria are involved in an ongoing “cross talk” through sign-
aling pathways within the immune system and beyond. They point out, “These 
immune-mediated signaling processes, together with direct chemical interactions 
between the microbe and the host, act upon multiple organs such as the gut, liver, 
muscle, and brain…. Multiple bacterial genomes can sequentially modulate meta-
bolic reactions resulting in a combined metabolic process by the microbiome and 
host genome.”

The growing evidence of widespread microbiota controls on the human 
immune system mirrors the findings with other animal holobionts which often 
incorporate and maintain a bacterium that confers protection against common 
infectious agents. For example, Drosophila neotestacea is susceptible to infec-
tions which lead to sterility by various nematodes. However, those Drosophila 
that included Spiroplasma bacteria as part of its holobiont community were 
more tolerant of such nematodes and did not become sterile. The bacteria were 
found to inhibit the actual size and therefore potential reproductive output of the 
adult female worms (Jaenike et al. 2010). In one of many examples involving 
Streptomyces bacteria, Philanthus (a beewolf wasp) larval nests can be overcome 
by infecting bacteria and fungi, not unlike the threats to the subterranean nests of 
the leaf-cutter ant. However, most such beewolf wasps are now able to be more 
protective of offspring through the development of glands at the base of the moth-
er’s antenna which house the antibiotic-producing Streptomyces spp. The mother 
wasp actually actively secretes the liquid containing the actinobacteria onto the 
developing offspring as they spin their cocoons (Seipke et al. 2011). In another 
example, this one involving vertebrates, the colorful bird revered in Egyptian his-
tory and other venues, known as the European Hoopoe (Upupa epops) accesses 
secretions from its uropygial gland through preening. These secretions contain 
specific volatile chemicals produced by bacterial symbionts, such as Enterococcus, 
which reduce potentially deleterious high numbers of diverse bacteria in this avian 
holobiont (Martin-Vivaldi et al. 2010).

The human microbiome also shows some affinity with other animals when 
evaluating the digestive tract. Bacteria as well as some protists and fungi in many 
vertebrates, birds, reptiles, and amphibians convert food materials to absorb-
able nutrients and ferment carbohydrates into short-chain fatty acids which foster 
energy and ultimately allows for more efficient absorption of salts and water. In 
some herbivores, the larger gut capacity through the presence of a foregut allows 
for additional fermentation by a microbial community that synthesizes proteins 
and B vitamins (Stevens and Hume 1998). In the human digestive tract, while the 
diversity of microbes changes radically with different food intake, Wu et al. (2011) 
founded specific characteristic bacteria or “enterotypes” associated with long-term 
diets that dominated the gut microbiome and were not easily altered. Bacteroides 
spp. predominated in diets with high animal fat and protein, while Prevotella spp. 
was the enterotype for high carbohydrates diets. This reinforces the view that 
food intake is a significant contributor to the human microbiome and once accli-
mated are not in the short-term susceptible to major change. Pepper and Rosenfeld 
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(2012) emphasized the need more than ever to see animal bodies as ecosystems 
and suggest that the consistently more static enterotypes combined with often 
shifting larger microbial populations reported in the human microbiome may be 
an example of “multi-stability,” in that the bacteria–human holobiont has evolved 
to stay relatively stable under wide-ranging conditions. This can be compared to 
migrating species or seasonal eutrophication in larger ecosystems wherein the sta-
bility of the latter is not fundamentally altered. The diet-microbiome linkage has 
ramifications for sickness and obesity study (Ley et al. 2006) in that the pathway 
of chosen external foods to core gut bacteria to then degree of body size and even-
tually “good health” may be significantly intertwined. Moreover, the linkage of 
the mammalian microbiome to global ecology resonates profoundly with research 
reports from Dominguez-Bello and her team (Clemente et al. 2015). Their 
extended microbiome studies on the isolated Yanomami indigenous peoples of 
Venezuela show levels of microbial diversity far in excess to what has been meas-
ured in the microbiome of modern western civilization cultures. The results imply 
that modern day eating habits and related behaviors may strongly limit microbi-
ome potential and ultimately human health. This research opens an exciting and 
potentially a revealing pathway to understanding the evolution of the microbiome 
within the mammalian holobiont.

At first, suggestions that the brain may be subject to microbiome influence 
seems far-fetched, even science fiction, until we simply realize that the brain 
like all other body organs depends on intake of nutrients conveyed by the blood-
stream from the intestines. And, if nutrient supplies, catalysts, processes, degrad-
ers, recyclers, and signalers are substantially microbial, the connection becomes 
profoundly logical. Indeed, Nicholson et al. (2012) pointed out and McFall-Ngai 
et al. (2013) reinforced that as much as one-third of the metabolites that are dis-
tributed through our blood circulatory system to our body organs are of gut micro-
bial origin.

Neuroscience, microbiology, and ecology have begun a prolonged and essential 
meeting at the human microbiome. The growing number of research papers on this 
aspect is a testament to this. Particularly noteworthy are the detailed studies such 
as by Heijtz and his team in Stockholm, Sweden (2010). They found in repeated 
testing with mice that germ-free mice and normal microbiota (specific-pathogen-
free) mice differed significantly in motor control and anxiety behaviors. However, 
if germ-free mice were exposed to normal gut microbiota very early in life, they 
display behaviors and motor control similar to the mice with normal microbiota. 
Human microbes particularly target, they discovered, two key synaptic proteins, 
PSD-95 and synaptophysin. Intriguing and profound linkages usually involving 
complex chemical signaling of the gut to the brain and vice versa are being con-
sistently reported (Wang 2002; Forsythe et al. 2010).

The unfolding of the human microbiome energized by the Human Genome 
Project certainly puts ecology front and center as the science of what we formerly 
would call the individual. Still more revelatory is that under our symbiotic defini-
tions, including the new one proposed in this chapter, symbiosis can be seen as 
both prevalent and governing in the functioning of all megafauna and megaflora.
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13  Summary

The impacts of symbiosis and symbiogenesis on evolution, ecology, and earth sci-
ence include the following:

1. Establishes essential novelty upon which natural selection “acts” through the 
acquisition of nonself genomes which have a vastly different phylogeny. The 
emerging holobiont is then further acted upon by natural selection, resulting in 
a new organism and often the start of expansive lineages. The primary unit of 
selection is the multi-genomic holobiont.

2. Reveals that the integration of genomes from vastly different lineages often fos-
ters new geodynamic substrates—reefs, calcium carbonate/marble deposits, 
caves, and Ficus-enriched forest canopies—that become physical substrates 
and habitats for the emergence of novel “communities” and expanding lineages.

3. Biome and ecosystem foundations extend deep into the fossil record. Symbiosis 
was likely ubiquitous in the biosphere from the late Proterozoic through the 
Phanerozoic to the present. Symbionts can thus often be seen as foundational 
and serve as “keystone” expressions for both the specific holobiont within 
the larger ecosystem in a macroevolution perspective and for holistic systems 
development from an earth history and homeostasis view.

4. Renders the concept “individuals” among eukaryotes as mythical. The “self” 
is incomplete and non-functional without the integration of foreign genomes 
and frequent gene transfers from “foreign” bacteria and viruses. The reality in 
the biosphere is that all eukaryotes are actually metagenomic entities function-
ing as an integrated community, the holobiont. Prokaryotes are often significant 
symbionts in and on eukaryotic holobionts, albeit the prokaryotic cell itself is a 
holobiont more from consistent gene transfers than whole genome assimilation.

14  Epilogue: The Insightful Proponent of Symbiogenesis 
and the Concept of the Holobiont, Lynn Margulis

The distinguished researcher Margaret McFall-Ngai and her colleagues conducted 
revealing and often elegant work with the dynamic Euprymna–Vibrio biolumi-
nescence research over many years and thereby helped pave the way for the new 
symbiosis-centered paradigm for life on earth. Her review of this new perspective 
published with many accomplished symbiosis research colleagues (2013) as well 
as the brilliant treatise of Gilbert et al. (2012) are already seen as historic contribu-
tory bridges to the holobiont perspective and symbiogenesis. In the former paper, 
McFall-Ngai et al. remarked, “For much of her professional career, Lynn Margulis 
(1938–2011), a controversial visionary in biology, predicted that we would come 
to recognize the impact of the microbial world on the form and function of the 
entire biosphere, from its molecular structure to its ecosystems. The weight of evi-
dence supporting this view has finally reached a tipping point….”
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In this context, I share a recorded, previously unreleased interview excerpt that 
I conducted with the late Lynn Margulis, who was a friend and frequent mentor 
for over three decades and whose course she passed on to me when she left Boston 
University and which I taught with the appropriate major updates for twenty-five 
years. Designed for those just beginning to explore the importance of symbiosis, Lynn 
informally reviews in this excerpt a few Darwinian basics and discusses some key dif-
ferences of symbiogenesis and neo-Darwinism. Rather than excerpting words from 
her extensive publications, which are deserving of the reader’s more prolonged atten-
tion and study, I share here this brief portion of the interview, focusing particularly on 
the centrality of symbiogenesis in evolution. (Margulis 2009, interview by Douglas 
Zook, video recorded by Michael Lee and video/audio edited by Divya Madhavan):

What do virtually all eukaryotes, even diatoms, do that no prokaryotes ever do? 
Eukaryotes can take up new genomes which may ultimately be symbionts essentially a 
genome at a swallow. And, that is the crucial point. Eukaryotes have steroid-containing 
membranes. They open the membranes and they take things in, and they can of course 
digest those organisms, but they do not have to… If the digester is resisting and under con-
ditions where the digester and the potentially digested then live together for an extended 
period, you tend to have these associations. So with eukaryosis, there is this ability to open 
membranes, close them with a foreign genome enclosed, and both survive! That is some-
thing you don’t see in bacteria. Now, we know that bacteria have invented just about all 
the main metabolic processes for life….nitrogen fixation, methanogenesis, sulphide reduc-
tion, sulfur oxidation, and of course chemo- and photoautrophy. We could go on and on… 
But the getting together is pretty weird in bacteria. While they form tight communities, 
their relations are substantially external. They are practitioners of syntrophy, where one 
produces one product and the other uses it. Are you not amazed with fertilization in eukar-
yotes?! In fertilization, you open a membrane and something comes in exclusively and 
closes it again. That’s what is going on in symbiogenesis… We have phagocytosis, exo-
cytosis, endocytosis…. We have all these fancy words, but we don’t have the intellectual 
understanding yet that these are all words for basically the same kind of common central 
process in evolution. And its prevalence in evolution shows us that symbiogenesis becomes 
the rule of speciation, innovation, higher taxa formation, once you have a eukaryotic world 
which is always superimposed on a prokaryotic world. The prokaryotic world of course 
remains and thrives, but members can also be assimilated into the eukaryotic structure.

Ernst Mayr said it well when he pointed out that when you are concerned with evo-
lution, you cannot simply be an evolutionist. It is a multi-component theme. There are 
many processes involved. What are they? Darwinian evolution has these main compo-
nents. The tendency of all populations of organisms is to grow exponentially, beyond what 
the resources available can support. An example is the fungi Alternaria fusarium which 
make 100-150,000 spores per minute for six months. Of course they are growing on a 
tree. Humans have the potential to have 20-21 children per couple. The bacteria that we 
can see and count…a single bacterium doubles to two, four, eight, sixteen, thirty two, and 
so on. A single bacterium can generate the weight of the earth unchecked in less than a 
week. The potential to grow is everywhere, and that potential is never remotely close to 
being reached…. And it can be studied in orchids with their tiny seeds, plants that grow 
vegetatively like the philodendrons here where we sit…every organism can theoretically 
have a number associated with it, which we call its biotic potential, that is the number of 
organisms produced per unit time or translated to the number of organisms produced per 
generation. This is characteristic of all life, always. The fact that the biotic potential is not 
reached…that we don’t have a bacterial planet that is only saturated with bacteria, that 
is what we call natural selection. Natural selection is the elimination of organisms, the 
what is left over – because they always have “checks,” as Darwin would call it. Checks 
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are, among many, lack of food, lack of water, lack of space, disease. Those are among 
the agents of selection. We have wonderful examples of protective coloration where the 
animal is in a proper environment and it is completely hidden. Those organisms will not 
be selected against relative to that same animal just a few meters away that is exposed. 
Natural selection is the fact of biotic potential, which is measurable and is not reached.

So natural selection within evolution maintains what is already there with respect to 
that environment….It is all about the ones who have made it through to reproductive age 
and had offspring which then had offspring. And, of course the vast majority of all species 
to have been recorded on the earth are extinct and the vast majority of all offspring do not 
move on to produce more offspring indefinitely. In the human species, it acts mostly at the 
level of two billion sperm per ejaculation and often not even one gets through to fertilize! 
So, there is a huge example… So with every organism you can show that there is the 
potential to grow new offspring, and it is not reached.

Now what is the essential difference between the symbiogenic view of evolution and 
the standard neo-Darwinian view of evolution? Darwin was quite different than neo-Dar-
winian, indeed he was more Lamarckian in many ways. Well. you and I were taught that 
the source of all variation, the differences from parents, are the accumulation of random 
mutations. I remember being told that there was direct evidence that all offspring are not 
exactly like their parents, and there are lots of reasons for that. And, as Darwin said, we are 
only interested in the variation that is important to us, and by that he meant the inherited 
variation. So we are looking at inherited variation – color of our eyes, your blood type, 
skin, hair qualities and so on with respect to people. There’s this variation in traits that are 
of real interest to evolutionary processes because they have 100 % heritability potential for 
example. These high heritability traits can be measured. From generation to generation the 
probability of laying 12 eggs during a week in a season or something like that. This can be 
inherited. Now here are variations from parent to offspring whether they are non-sexually 
produced from one parent or whether there are two parents, the source of the inherited var-
iation as told to me and in every book is random mutations. And, when there is enough ran-
dom mutations accumulated, you have new species. So the main unit of variability is said 
to be mutational changes in base pairs of DNA, and there’s of course recombination and 
immigration and emigration in natural populations. These are listed as the sources of inher-
ited variation. This is where I part company, not with Darwinism but with neo-Darwinism.

Take a Drosophila and induce random mutations. You will get a sick or dead 
Drosophila. You don’t get a new species. It is nearly always deleterious. I have looked for 
years for examples of how mutations produce a new species in any literature. Even the 
best examples from neo-Darwinists involve the acquisition of mycoplasms or other bacte-
ria. The main way that inherited variation is positive, that is it gives you new changes that 
Lamarck did not understand, is not of inherited characteristics but of entire genomes, bacte-
rial genomes or fungal genomes. There’s lots of different examples of course. The random 
mutations hone, modify, modulate and yes this is important. But when you acquire and 
integrate a whole genome, you gain the key component in evolution - variability - which 
often results in speciation. For example, you get a slug that gropes around eating in translu-
cent environments and it is taking in chloroplasts and that animal turns green relative to its 
non-chloroplast relatives, and in one step, much like punctuated equilibrium, you get a new 
species. My favorite example is actually the Convoluta symbiogensis examples. Convoluta 
convoluta is a little flatworm, and it eats and digests all sorts of algae on the western 
European shorelines but does not retain them. But Convoluta roscofensis is a new species 
from that non-symbiotic lineage. It is green because it took in but did not digest certain 
Platymonas algae. Every member of the population is green and has phototactic responses. 
They are all photosynthetic except the eggs, which hatch out, feed and digests other 
microbes and eventually assimilates the alga it is programmed to recognize. Convoluta par-
adoxa on the other hand is brown, solitary, grows in a different way, is found in a different 
habitat and has different symbiotic algae, diatoms. There, through these three we can see 
genome acquisition, variation and hence speciation through symbiogenesis (Fig. 5).
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Glossary

Following are selected terminology defined by the author that may be of use to 
some readers.

Arbuscular Branching tree like hyphae of mycorrhizal fungi within, but not entirely enclosed, 
plant root cells

Actinobacteria Filamentous bacteria commonly found in soils and featuring an array of antibi-
otic chemistry

Archaeans Microscopic organisms that thrive in “extreme” temperature or saline condi-
tions. They have many biochemical and genetic features that are closer to eukaryotes than 
prokaryotes

Ascomycete Small craterlike features on the surface of fungi and lichens, from which spores are 
emitted

Bacteriocytes Specialized intracellular regions of many insects that house symbiotic bacteria 
which are transmitted via the insect egg and often grouping during the life cycle to form 
functional organs known as bacteriomes

Bioaugmentation Any intervention by humans that seeks to promote the viability and fitness of 
a holobiont (organism) living in non-anthropogenic nature

Chimera In the context of a holobiont, it is a collection of different genomes interacting as one 
entity

Coccoliths The plates of calcium carbonate (limestone) surrounding holobionts known as coc-
colithophores. These algae in the group haptophta build these structures as part of their outer 
covering

Endemic A species that is characteristic of a biogeographical region over a significant period of 
geologic time

Extant In the context of biology and evolution, organisms or conditions from more ancient geo-
logical time that have persisted to the present

Fig. 5  Author of this 
chapter, Biologist Douglas 
Zook with Lynn Margulis at 
Boston University, 2009 in 
an image from previously 
unreleased video interview. 
Photograph by Michael Lee
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Endophytes Bacteria or fungi that live symbiotically in between or within plant cells

Epibiotic An organism lives on the surface of another different organism. It may or may not be 
symbiotic

Facultative An organism that functions with clear options such as being to live in either aerobic 
or anaerobic conditions

Gnotobiology The study of organisms living in an artificially created environment, namely in 
conditions where no other living organisms are present

Heamatophagous The ability of certain animals to penetrate body parts of other organisms and 
feed on blood

Hermatypic Coral–dino holobionts that build exoskeletons known commonly as reefs, as 
opposed to many corals which do not extrude limestone and thus known as a hermatypic

Holobiont Any living entity (all eukaryotes and rarely some prokaryotes) made of two or more 
different symbionts—minimally a so-called host species and different symbiont species

Horizontal transmission The passing of a symbiont to following generations through one sym-
biont acquiring the other symbiont from the environment

Karst Geological formations usually created by the dissolution of carbonate rocks such as 
limestone

Lithosphere The outermost section of the solid earth, frequently referred to as “crust” but 
encompassing as well somewhat deeper layers, such as the upper region of the mantle. Much 
of the lithosphere can be considered part of the region where life can be found, known as the 
biosphere

Metagenomic The collection of genomes from different organisms as collected directly from 
the natural environment as opposed to laboratory cultures

Microbiogenic Geological structures and features which are the result of living microbial pro-
cesses and depositions

Nucleomorph A genetic fraction or remnant of a previously complete nucleus from an alga and 
now embedded in a new alga with its own nucleus

Pedosphere The outermost layer of the solid earth composed of the soil and rock eroding 
regions

Peptidoglycan A chemical compound made up of sugars and amino acids that forms a mesh-
like cell layer known as the bacterial cell wall. It is the defining characteristic of eubacteria, 
for it is not found in the microbial domain, Archaea

Phagocytosis The process whereby a cell, usually a eukaryotic one, or an organism envelopes 
and then internalizes materials or other organisms from the surrounding environs

Rhizosphere The soil regions among the roots of plants, including the organisms and all their 
interactions

Rumen The specialized first section of the alimentary canal of many hooved animals, wherein 
fermenting, cellulose-producing microbes are housed

Stromatolites Lithified structures built by the trapping, binding, processing, and then deposition 
of sediment by cyanobacteria. They are prominent in the fossil record and serve as evidence 
that our oxygenated atmosphere was substantially the result of cyanobacterial metabolism
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Syconium The section of the Ficus (fig) tree that becomes a fruit, but initially is a completely 
enclosed structure with numerous internal flowers. Only its holobiont specific partners, cer-
tain fig wasps can gain entry and promote the necessary pollination

Symbiosome A specialized membrane usually substantially formed by the “host” member of a 
holobiont which completely encloses the entering or captured symbiont

Syntrophy One species lives off the products of another organism

Thallus The living structure built by the algal–fungal lichen symbiosis. It bears little or no 
resemblance to the morphology of either the fungus or the alga. Some lichens have a cyano-
bacterial holobiont partner which also contributes to its development

Trophosome A specialized symbiosis-created food-processing organ which houses sulfur oxi-
dizing and other bacteria, in deep sea vent tube worms

Vertical transmission The persistence from generation to generation of a symbiont(s) through 
direct transfer via the “host,” often through incorporation within or attachment to an egg

Viviparous Animals which produce live young emerging from the body as opposed to the depo-
sition externally of eggs
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1  Introduction

The idea of evolution applied to the biological world was used for the first time 
in the eighteenth century (1779) by the Swiss naturalist and philosopher Charles 
Bonnet (Bowler 1975), who developed this concept in the context of egg fertili-
zation by spermatozoon. In his work, the author considers that the egg contains 
the embryo preformed with all the parts of the future organism present, the sperm 
cell being the trigger for such development. The unfolding of the pre-existent 
embryo was called “evolution” (Rieppel 2011). However, the use of this term in 
a more modern sense began to emerge when new data were obtained from differ-
ent expeditions around the world carried out by French and English naturalists in 
the eighteenth and nineteenth centuries. These data, which included geological and 
biological information on different continents, undermined the official version of 
the Earth’s formation and its age, as well as the universal tenet of the creation of 
species, questioning the validity of the biblical version and building a new tree of 
life on a dynamic planet (Mayr 2001; Kutschera 2011).

The first modern scientific ideas on evolution were presented in 1809 by Jean 
Baptiste Pierre Antoine de Monet, Chevalier de Lamarck, in his book Philosophie 
Zoologique, ou Exposition des Considérations Relatives à l’Histoire Naturelle 
des Animaux. The latter envisioned evolution as a progression from less to more 
complex organisms, where the notion of progression was represented by a straight 
line (Lamarck 1809). The shift from the belief in a static approach to a dynamic 
understanding of the evolution of the natural world was brought about by the pub-
lication of Alfred Wallace’s works and especially, in 1859, by Charles Darwin’s 
book On the Origin of Species by means of Natural Selection or the Preservation 
of Favored Races in the Struggle for Life (Darwin 1859). Influenced by the works 
of Thomas Malthus and Charles Lyell, Darwin built a theory that contributed to 
change radically the idea of constancy of species, which allowed for the develop-
ment of the theory of common descent and the challenging of the natural theology 
principles that had ruled natural science for centuries (Kutschera 2011).

At the beginning of the twentieth century, new scientific data were published 
by several authors, among them the German biologist, Theodor Boveri, and the 
American biologists, Thomas Hunt Morgan and Hermann Joseph Muller (Reif 
et al. 2000), contributing to a new understanding of the evolution concept. Among 
these data, the discovery of the nature and role of the chromosome in hered-
ity—which lays at the core of the chromosome theory of inheritance—was of 
primordial importance. Further research, namely in mathematical and field stud-
ies population genetics, developmental biology, biogeography, and paleontology, 
contributed to a better understanding of evolution and the formation of evolu-
tionary synthesis, which constituted the core of the synthetic theory of evolution. 
This theory was based on five evolutionary factors: mutation, recombination, 
selection, isolation, and drift (Reif et al. 2000). In 1942, Julian Huxley published 
Evolution: The Modern Synthesis, opening a new chapter on the understand-
ing of evolution, merging the Darwinist ideas with new concepts in genetics and 
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evolutionary biology, developed previously by authors such as John B.S. Haldane 
and Theodosius Dobzhansky (Huxley 1942). The same year, Ernst Mayr published 
Systematics and the Origins of Species, from the Viewpoint of a Zoologist (Mayr 
1942), an important work on modern evolutionary synthesis. It was the beginning 
of the neo-Darwinist period, which is still considered the mainstream approach to 
evolution studies.

Bearing this background in mind, this work is a contribution to the literature 
and knowledge on evolution, which takes into account the biological data obtained 
in the last few years. This chapter tries to find new answers to old questions, which 
neo-Darwinism in its “ivory tower” has not been able to cope with, having driven 
evolutionary science to a dead end regarding some topics in the field, reinforcing 
the importance of symbiogenesis to understand the natural world and in the estab-
lishment of evolutive complexity of living systems.

2  Roots and Paths of Symbiogenesis

Evolution is traditionally considered as a gradual process essentially consisting of 
natural selection conducted on minimal phenotypical variations, which are the result 
of random mutations and genetic recombinations to form new species. However, 
“Mutation accumulation does not lead to new species or even to new organs or new 
tissues,” and “99.9 % of the mutations are deleterious” (Margulis and Sagan 2002).

In contrast, the biological world presents and involves symbiotic associations 
between different organisms to form consortia, a new structural life dimension 
and a symbiont-induced speciation. This reality implies a new understanding of 
the natural world, in which symbiogenesis plays an important role as an evolutive 
mechanism, with symbiosis as the key to the acquisition of new genomes and new 
metabolic capacities, which drives living forms’ evolution and the establishment of 
biodiversity on Earth (Margulis and Sagan 2002). So, we can say that “Symbiosis 
is simply the living together of organisms that are different from each other” 
(Margulis and Sagan 2002) and symbiogenesis can be seen as the “origin of evolu-
tionary novelty via symbiosis” (Margulis 1990). Even one of the well-known neo-
Darwinists of our time, Richard Dawkins, in his book The Selfish Gene (Dawkins 
1976, p. 182), introduced the idea that “Each one of our genes is a symbiotic unit” 
and “We are gigantic colonies of symbiotic genes.” Nevertheless, he refused to 
admit that symbiosis and co-operation can have a crucial role in nature and rein-
forced the importance of gene selfishness in the evolutive process.

It was only with Peter Corning’s work, The Co-operative Gene… (Corning 1996), 
that these ideas moved to a new level of understanding, highlighting co-operation 
and saying that “Synergy is a multi-leveled phenomenon that can take many differ-
ent forms,” and “has played a significant causal role in the evolution of complexity.”

In a certain way, “Co-operation represents an often advantageous survival strat-
egy” and in “a complex organism or superorganism [it] represents a collective 
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survival enterprise” (Corning 1996, p. 205). It was also this author who in his 
book Holistic Darwinism clarifies the relation between symbiosis and synergy, 
saying

That symbiosis refers to relationships of various kinds between biological entities and 
the functional processes that arise from those relationships. Synergy, on the other hand, 
refers to the interdependent functional effects (the bioeconomical pay offs) of symbiosis, 
among other cooperative phenomena. In short, all symbioses produce synergistic effects, 
but many forms of synergy are not the result of symbiosis (Corning 2005, p. 82).

As Yves Sciama states in his article “Penser coopération plutôt que competition 
(Think cooperation instead of competition),” it is important to consider as the main 
project for twenty-first century biology, “Repenser le vivant à partir de la notion de 
symbiose (Rethinking the living from within the notion of symbiosis)” (Sciama 2013).

Despite these open-minded ideas related to a more co-operative and synergistic 
approach to the evolutive process, symbiosis and symbiogenesis have been consid-
ered by the majority of the scientific community as “stepdaughters or stepsons” of 
evolutionary theory (Pereira et al. 2012), or in the case of symbioses, as biological 
jokes (Selosse 2000). This reveals a limited understanding of evolutive process and 
does not correspond to the reality of the facts nor to the structure of the web of life 
on our planet. The symbiogenic view also enables a coherent conceptual and epis-
temological rupture with some evolutionary ideas of the past, indicating and build-
ing a new approach to understanding the development and evolution of life. To 
comprehend this new approach and paradigm to the evolution process and diver-
sity of life on our planet, we must go back in time and begin our narrative when 
the first modern scientific ideas on evolution appeared, namely after The Origin of 
Species by Darwin in 1859. On the topic of origins, let us start at the beginning…

The year of 1867 is better known for the publication of the first volume of 
Das Kapital by Karl Marx, but it was also in that year that Simon Schwendener, 
a Swiss botanist, proposed at the Swiss Natural History Society annual meeting, 
held in Rheinfelden, an interesting dual hypothesis. In order to explain the nature 
of lichens, this hypothesis indicated that they are an association of two organisms, 
a fungus and an alga, behaving as “master and slave” (Honegger 2000). The idea 
that an organism could be formed by two or more genetically separate organisms 
living together and working as one unit was regarded as so unusual at the time 
that it was largely rejected by the scientific community. The dual hypothesis was 
a revolutionary concept for the biology of the nineteenth century, as well as a rup-
ture in the traditional concept of an organism. The proposal, however, was not eas-
ily accepted, as can be seen from the example of William Nylander’s book Les 
Lichens des Environs de Paris, published almost 20 years after Schwendener’s 
statement. In his book, Nylander states that “On sait bien aujourd’hui que la for-
mule ‘les lichens sont des champignons vivant en symbiose avec des algues’ est 
une assertion de pure fantaisie ou une calomnie (Today, we know very well that 
the formula ‘lichens are fungi living in symbiosis with algae’ is an assertion rest-
ing on pure fantasy, or a calumny)” (Nylander 1896).

Another example of this situation was the living experience of Beatrix Potter 
who worked with lichens at the end of the nineteenth century and who was not 
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allowed to continue her scientific work because she supported Schwendener’s ideas, 
vand also because she was a woman. The traditional English scientific community 
was not supportive of her work (Sapp 1994; Taylor et al. 1995). However, as society 
lost a scientist, it gained a children’s story writer. Peter Rabbit and his Friends prob-
ably did more for the establishment of an environmentally friendly behavior for new 
generations than many of her co-fellows who rejected her as a scientist.

The next important step was the introduction of the symbiosis concept by the 
German naturalist Heinrich Anton De Bary in 1878, which was based on studies of 
the nature of lichens and the role of algae and fungi in this association. He also used 
the example of the aquatic fern Azolla to develop this concept, referring to the per-
manent presence of the cyanobacterium Anabaena azollae in the leaf cavity and in 
the sexual structures of this plant. He further expanded on this presence by explain-
ing that at no stage of its life cycle is the fern free from cyanobacterium and that the 
latter is in no way harmful to Azolla (Carrapiço 2010a). This concept was presented 
in a communication entitled “Ueber Symbiose” (About Symbiosis), at the Congress 
of Naturalists and German Doctors in Cassel (De Bary 1878), and was defined as 
“the living together of unlike named organisms,” which is at present the best defini-
tion for this phenomenon (Carrapiço 2010a). However, it is important to note that 
this concept follows two previously introduced concepts. The first was mutualism, 
which was put forward by Pierre-Joseph Van Bénéden in 1875, and constituted an 
application of Pierre-Joseph Proudhon’s social ideas to the animal kingdom (Van 
Bénéden 1875; Boucher 1985). The second concept was symbiotismus, which was 
introduced by Albert Bernhard Frank, in 1877, in a publication on the biology of 
lichens (Frank 1877). This author, who is better known for the study and introduc-
tion of the term “mycorrhiza” in 1885, defined symbiotismus in a similar way to De 
Bary’s symbiosis in 1878. In 1879, De Bary published a new article related to this 
subject entitled “Die Erscheinung der Symbiose” (The Phenomenon of Symbiosis). 
In both works, De Bary considers the association Azolla–Anabaena to be a clas-
sic example of van Bénéden’s mutualistic cases applied to the plant kingdom. Even 
though this association was previously studied by Eduard Strasburger in 1873, De 
Bary noted, as already mentioned, that no stage of the life cycle of the fern was free 
of the cyanobacteria and that they did no harm Azolla.

In 1895, the Danish botanist Eugenius Warming published Plantesamfund 
(Ecology of Plants) and considers the Azolla–Anabaena association an example 
of mutualism and an exception to normal behavior in plant communities: “In plant 
community egoism reigns supreme” (Sapp 1994).

In 1902, Petr Kropotkin published Mutual Aid. A Factor of Evolution. This 
work was written while in exile in England, and argues that, despite the Darwinian 
concept of the survival of the fittest, co-operation rather than conflict is the main 
factor in the evolution of species. Kropotkin, better known as a leader of the anar-
chist movement, developed his ideas of the natural world based on the experience 
he lived during a five-year expedition in Siberia (1862–1867). He was also influ-
enced by the work of the Russian zoologist Karl Kessler, who in 1879 presented 
a paper entitled “On the Law of Mutual Aid” at the Society of Naturalists of St. 
Petersburg (Kropotkin 1902; Todes 1989).
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However, the main core of the symbiogenic ideas was developed by the 
Russian biologist Constantin Merezhkowsky during his stay as professor at Kazan 
University (1902–1914) where he conducted research on symbiotic associations, 
namely on lichens. His research, however, goes well beyond these organisms. 
Between his stay in Kazan and his death in Geneva in 1921, this author published 
several papers on the origin of chloroplasts and the role of symbiosis in evolu-
tion (Sapp et al. 2002). In particular, in 1905 he published the article “Uber Natur 
und Ursprung der Chromatophoren im Pflanzenreich” (On the Nature and Origin 
of Chromatophores in the Plant Kingdom) where, for the first time, coherent scien-
tific arguments showed that plastids arose from free-living cyanobacteria (Martin 
and Kowallik 1999; Merezhkowsky 1905). In 1909, he published “The Theory 
of two Plasms as Foundation of Symbiogenesis, New Doctrine on the Origin of 
Organisms” in Russian (Merezhkowsky 1909). The German version was published 
one year later. As a professor at Kazan University, Constantin Merezhkowsky 
developed this work introducing the concept of symbiogenesis as “The origin of 
organisms by the combination or by the association of two or several beings which 
enter into symbiosis.” In this paper, he introduced not only new concepts on sym-
biogenesis and evolution, but he also developed some important ideas about the 
origin of life, namely related to the role of extremophiles in that scenario. A new 
classification of the living world was proposed using associations between organ-
isms (Fig. 1; Merezhkowsky 1909).

In 1920, several months before committing suicide in Geneva, Constantin 
Merezhkowsky published the article “La Plante Considerée comme un Complexe 
Symbiotique” (The Plant Considered as a Symbiotic Complex) where the 
author developed his previous ideas on the symbiotic origin of chloroplasts and 
nucleus. In opposition to contemporary views of the time (Guilliermond 1918), 
Merezhkowsky defended that chloroplasts did not evolve from mitochondria 
or protoplasm, but from free-living cyanobacteria, as he had presented in 1905 
(Merezhkowsky 1920).

It should be mentioned that another Russian botanist, Andrey Famintsyn, con-
temporary of Merezhkowsky and also working in the symbiotic field, published in 
1907 On the Role of Symbiosis in the Evolution of Organisms, where he developed 
the idea that symbiosis has an important evolutionary, or even adaptive, meaning 
(Khakhina 1992; Sapp 1994; Sapp et al. 2002; Corning 2005). He states that the 
increasing complexity of the organization and function of organisms during the 
process of evolution may occur not only through the differentiation of simpler, 
early forms, but also on the basis of symbiotic unification of independent organ-
isms into a living unit of a higher order (Khakhina 1992). In his point of view, the 
idea that symbiosis could be involved in evolution was important to understand the 
origin of life on Earth and its development (Khakhina 1992).

The same year that Constantin Merezhkowsky published his last work, Hermann 
Reinheimer published a book entitled Symbiosis. A Socio-Physiological Study 
of Evolution (Reinheimer 1920). The author points out the importance of specific 
interrelations in the development of organisms as a whole, giving us a holistic per-
spective on organismal evolution:
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Fig. 1  The tree of life proposed by Constantin Merezhkowsky in 1909. In this, the organization 
of the living world is presented using, for the first time, associations between prokaryotic and 
eukaryotic organisms
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The main conclusion which I wish to enforce is that the normal relations between organ-
isms, more particularly those having regard to food, involve, quite indispensably, a stu-
pendous amount of systematic biological reciprocity, so that upon all organisms, be they 
high or low in the scale of life, there devolve definitive duties and obligations, on pain of 
degeneration or destruction, viz., to contribute in their several ways to the welfare of the 
organic family as a whole. (…) I regard the totality of organisms as a kind of world-soci-
ety, the various species and families of plants and animals being the individuals of which 
this worldsociety is made-up.

This author, who lived in Surbiton (London) until the 1950s, is not particu-
larly well known among biologists, which is strange given that he wrote 19 books 
during his life, several of them related to evolution and symbiogenic topics. His 
first book was published in 1909 with the title Nutrition and Evolution. A year 
later, he published Survival and Reproduction. A New Biological Outlook. It 
was in his three following books that Reinheimer developed his ideas about co-
operation in a more coherent way: symbiogenesis, symbiosis, and evolution. 
The third book, published in 1913 and titled Evolution by Co-operation. A Study 
in Bio-Economics, is a good example of these ideas. In the preface of the book 
he mentions: “To the study of the physiological and combined economic factors 
productive of ‘general stability and efficiency’—the study of biological eugen-
ics—freed from the misleading side-issues of ‘single peculiarities,’ I have devoted 
myself for some years, and in so doing, I claim to be contributing to and further-
ing Darwin’s work” (Reinheimer 1913). He was an evolutionist, but also believed 
in eugenics, which was usual in that period among many of Darwin’s supporters. 
One of the main ideas of this book is the significance of what he calls “bio-eco-
nomics” in evolution, including the importance of co-operation and mutuality in 
the evolutionary process rather than the “struggle for existence.” These ideas were 
further developed in his next book published in 1915 and entitled Symbiogenesis; 
the Universal Law of Progressive Evolution. The word symbiogenesis was used 
without any reference to Merezhkowsky’s work, which means that he either even-
tually omitted the work of the Russian biologist or that he did not have knowledge 
of his works, namely that of 1909. Although Merezhkowsky published this work 
in German in 1910 and Reinheimer knew the language, its diffusion was very lim-
ited and probably did not reach the United Kingdom. However, it is interesting and 
intriguing to notice the use of the same term.

To understand the nature of the content of Reinheimer’s book and the way he 
perceived biology, we transcribe parts of the introduction that are relevant for the 
nature of our work. On page XIII he mentions:

The first chapter is particularly devoted to the subject of symbiosis, which is generally 
defined as a physiological partnership between individuals of different species, but which 
is of far more universal meaning and occurrence than is suggested by this definition. The 
term must be particularly applied also to the wider bio-economic form of co-operation 
which underlies evolution and unites all organisms in one vast web of life.

On pages XIV and XV he defines symbiogenesis as

By symbiogenesis I mean the production and increase of values throughout organic life 
by means of a symbiotic principle of co-operation or reciprocity between different organs 
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of the individual, but evolved and complex body, as well as between different organisms 
in a species or different species, genera, orders, etc., even in the last and most fundamen-
tal way between plant and animal in the web of life. By the term symbiosis I refer to 
that obvious phenomenon of co-operation of parts and organisms as they occur, while by 
symbiogenesis I mean the principle underlying such symbiosis and indeed all instances 
of mutuality in the progressive transmutation of biological values generally. Symbiosis, 
further, may be domestic when it is between the organs of one organism and between the 
members of a family; biological when it refers to physically separate partners, even when 
widely separated and unconscious of partnership.

And on pages XVI and XVII he states:

The grand importance of symbiosis consists in the fact that it evolves and safeguards those 
very modes of reciprocal differentiation which we must recognise as the universal means 
of the creation and elaboration of physiological and psychological values, including those 
which perhaps may be more especially regarded as genetic in character and influence. In 
other words, symbiosis is more than a mere casual and isolated biological phenomenon: it 
is in reality the most fundamental and universal order or law of life. So much so is this the 
case that I claim the great principle underlying all Creative Life, all Progressive Evolution 
to be that of “Symbiogenesis”; i.e., the mutual production and symbiotic utilisation of bio-
logical values by the united and correlated efforts of organisms of all descriptions. It is a 
well-known saying of Aristotle that the City exists for the sake of its good citizens, and I 
would apply it to the biological society, which also exists for its “good” citizens—those 
organisms, namely, which by symbiotic endeavour at once earn the right of biological citi-
zenship and contribute to the welfare, permanence and progress of their “society.”

At last, a sentence that summarizes his ideas related to symbiosis: “… 
Biologically speaking, I should say: ‘La symbiose fait la force.’” This was said 
when he argues that “l’union fait la force” (Reinheimer 1915).

A final note about this author and his background. As we previously mentioned, 
Reinheimer is almost unknown among the authors working on symbiontology, 
especially taking into consideration the number of works he published related to 
this area of science. In many of these works, he used expressions that were ahead 
of his time, such as “web of life”, “bio-economics”, and “antibiotics”. To under-
stand how some of his works were not well accepted by established biologists, we 
transcribe a sentence included in a review of his 1915 book, which was authored 
by the American biologist William L. Tower, from the University of Chicago, and 
published in The American Journal of Sociology: “… in the whole book nothing 
to commend it, nor any possible escape from characterizing it as the least logi-
cal, worst constructed, most inaccurate and irrational book upon evolution that has 
appeared in a long time” (Tower 1916). Reinheimer was born in Germany (Hesse), 
but he was naturalized as a British citizen in 1901. In 1911, the England Census 
reported that he was 38 years old, single, and worked as a self-employed stock-
broker. He lived in London (Surbiton) until the 1950s and subscribed to an alter-
native view of society, with the majority of his books being published by editors 
associated with anarchism, metaphysics, theosophy, and vegetarianism. A good 
example of alternative editors is the publisher Charles William Daniel, an anar-
chist and pacifist who founded his own company in 1902 for editing books on 
such topics. Another example is John M. Watkins, a publisher involved in the sub-
jects of mysticism and metaphysics. Although Reinheimer refers to his occupation 
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as stockbroker, his knowledge of natural sciences and namely of evolution suggest 
that he had a biological background, despite there being no indication that he had 
any affiliation with academia in England.

Several other authors were related to the development of symbiogenic ideas in 
biology during the first decades of the twentieth century. Among them, we must 
refer to the French biologist Paul Portier who published Les Symbiotes in 1918. In 
this work, Portier developed the idea that all organisms are constituted of an asso-
ciation of different beings. In the particular case of mitochondria, he argues that 
those cell organelles were symbiotic bacteria, which the author calls “symbiotes” 
(Portier 1918; Sapp 1994). He also refers to the positive role of these prokaryotic 
organisms in the human body at a time when germ theory was the mandatory rule 
in biology and medicine. These ideas shocked the French scientific community 
that reacted negatively. The following year, Auguste Lumière published a critical 
response in the book Le Mythe des Symbiotes (Lumière 1919).

In the United States, Ivan Wallin, working at the University of Colorado, 
developed similar ideas to Portier’s concepts, and in 1923 and 1927 published 
two important works on the subject. The first, titled The Mitochondria Problem, 
emphasized the symbiotic origin of these organelles against the cytoplasmic point 
of view. In the second work, titled Symbionticism and the Origin of Species, the 
author defends the importance of symbiotic mechanisms in evolution, with empha-
sis on the symbiotic origin of mitochondria. Wallin also underlines the importance 
of microsymbiosis in this process, pointing out the idea “That bacteria, which are 
popularly associated with disease, may represent the fundamental causative factor 
in the origin of species” (Wallin 1923, 1927; Sapp 1994). He considers symbioti-
cism as a mechanism of speciation, suggesting that the primary source of genetic 
novelty for speciation was the periodic repeated fusion of bacterial endosymbionts 
with host cells (Taylor 1979). Although he claims that it was possible to cultivate 
mitochondria outside of the cell, like Portier did in 1918, these data were incorrect 
as they resulted from culture contamination. It was only after his death, in 1969, 
that evidence began accumulating that his theory was partially correct concern-
ing the bacterial origin of mitochondria, and the prokaryotes’ role in evolution. 
Symbionticism and the Origin of Species was published in 1927, the year in which 
Hermann J. Muller published the paper “Artificial Transmutation of the Gene” 
in Science. This article opened the way to the explanation for species formation 
under the neo-Darwinian theory, showing that X-rays could dramatically increase 
the frequency of gene mutations in Drosophyla, and overshadowed Wallin’s expla-
nation of bacteria as a factor of speciation (Muller 1927; Wallin 1927; Sapp 1994; 
Brucker and Bordenstein 2012).

Another author, who must be referred to, is the Russian biologist Boris Kozo-
Polyansky, who published an important book in 1924 entitled A New Principle 
of Biology: An Essay on the Theory of Symbiogenesis. This book gave symbio-
sis a determinant role in evolution, building the bridge between symbiogenesis 
and the Darwinian theory, and introducing the idea of the organism as a consor-
tium (Kozo-Polyansky 2010). This concept was initially presented in 1873 by 
the German botanist Johannes Reinke, to refer to the relationship between the 
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fungi and algae in lichens (Reinke 1873; Sapp et al. 2002). According to Kozo-
Polyansky, the theory of symbiogenesis was a theory of selection relying on the 
phenomenon of symbiosis (Khakhina 1992).

All these ideas had criss-crossed in an elegant and outstanding way in the 1967 
work of Lynn Margulis published in the Journal of Theoretical Biology under the 
title “On the Origin of Mitosing Cells” (Sagan 1967). In this paper, a theory of the 
origin of eukaryotic cells was presented, explaining the transition bridge between 
the prokaryotic and the eukaryotic levels of biological organization. Mitochondria, 
basal bodies of the flagella and chloroplasts, are considered to have derived from 
free-living prokaryotes, and eukaryotic cells are seen as the result of the evolution 
of ancient symbioses. All this pioneering work formed the basis of serial endo-
symbiotic theory, and it constituted the beginning of both remarkable work and 
contributions to the rehabilitation and development of symbiogenic ideas applied 
not only to the cellular world, but also to the construction of a new biology for the 
twenty-first century. Furthermore, it represented a clear and sustained rupture with 
the traditional neo-Darwinian understanding of biological evolution. Beginning 
with eukaryotic cell formation, symbiogenesis appears to be the main evolutionary 
mechanism in the establishment and maintenance of different ecosystems, as well 
as the foundation for biodiversity on Earth, based on rather sudden evolutionary 
novelties, and not in conventional gradualism or mutagenic processes (Carrapiço 
2010b).

Among the numerous works published by Lynn Margulis, we would like to 
refer to two important works that changed the way biology is seen and understood 
nowadays. The first, published in 1970, is Origin of Eukaryotic Cells, considered 
a landmark in the understanding of the origins of eukaryotic cells. In the well-
expressed words of John M. Archibald in a recent commemorative review pub-
lished on the 40th anniversary of its publication, “This influential book brought the 
exciting and weighty problems of cellular evolution to the scientific mainstream, 
simultaneously breaking new ground and ‘re-discovering’ the decadesold ideas of 
German and Russian biologists” (Archibald 2011). The other book is Acquiring 
Genomes. A Theory of the Origin of Species, in which Margulis and her co-author 
Dorion Sagan provide a solid critique of neo-Darwinism and identify the acquisi-
tion of new genomes involving symbiogenic processes as the main driving force 
in evolution, not random mutations (Margulis and Sagan 2002) (Fig. 2). These 
ideas include new research themes in order to develop the understanding of the 
evolutionary process and the complexification of life, namely the existence of hor-
izontal DNA transfer between organisms and the mechanisms to explain it. These 
new paradigms in biology and in the evolution of biodiversity include bacteria and 
virus–host symbiosis and their composite dynamics in the establishment of the 
symbiogenic web of life (Sapp 2003; Carrapiço 2010b; Villarreal and Ryan 2011).

At the same time that the 1967 Margulis’ article was published, an oft-forgot-
ten short paper by the Norwegian microbiologist Jostein Goksoyr appeared in 
Nature, providing a similar endosymbiotic theory for the origin of eukaryotic cells 
(Goksoyr 1967). In this paper, the author suggested that the evolutionary devel-
opment of the eukaryotic photosynthetic cell was based in prokaryotic forms. He 
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also suggested that this evolution could have been of a polyphyletic nature, as 
stated in the conclusion of his work:

A further logical conclusion is that the eucaryotic cell which developed would take its 
genetic material mainly from the procaryotic forms making up the coenocytic system. 
Such coenocytic systems may develop a number of times, from different procaryotic 
forms. Present-day eucaryotic organisms do not necessarily, therefore, have to be devel-
oped from one original species. This might even explain some of the rather puzzling par-
allels that exist between groups of procaryotic and eucaryotic organisms.

Before concluding this part of the text, we would like to refer to the work of 
the Canadian biologist F.J.R. (Max) Taylor, a renowned expert on dinoflagellates, 
who has published several papers on cell evolution and endosymbiosis theory 
(Taylor 1974, 1976, 1979). He was also one of the first researchers to understand 
the significance and importance of symbiotic bacteria in the origin of chloro-
plasts and mitochondria in eukaryotic cells and independently to develop similar 
ideas to Margulis’ serial endosymbiosis theory, as well as the role of symbiosis 
in evolution. His ideas were ahead of his time as we can see in the 1979 work 
Symbioticism Revisited: A Discussion of the Evolutionary Impact of Intracellular 
Symbioses:

From the evolutionary standpoint, a symbiotic event represents the union of two or more 
previously divergent genomes into a new coevolutionary unit. The subsequent fate of 
this unit will depend on both the survival effectiveness of the new unit interacting with 
external selective forces, and also the continued integrative and competitive interactions 
between the two symbionts.

In terms of genetic novelty symbiosis represents a quantum leap of a magnitude far 
greater than that arising from intrinsic sources such as mutation, hybridization or ploidy 
changes. The component species can exist independently, but the structure formed by the 
union of the two may be equal or more successful than the individual species. Integrative 
factors are therefore crucial in intracellular symbioses (Taylor 1979).

Although we have referred mainly to the symbiogenic studies applied to the 
biological field, symbiogenesis can be related to other scientific fields beyond 

Fig. 2  The author of this 
chapter with Lynn Margulis 
at the Gulbenkian Foundation 
in Lisbon in 2009
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biology and evolution, such as in social studies. One pertinent example is the work 
of Nathalie Gontier from 2007, which states that “Besides the obvious application 
of the universal scheme in micro-evolutionary symbiosis studies and the origin of 
eukaryotic beings, it will be argued that universal symbiogenesis can also include 
the study of viruses and their hosts, hybridization, and even extra-biological phe-
nomena such as culture and language” (Gontier 2007). We believe that econom-
ics, medical sciences, and education may also potentially benefit from this theory’s 
application.

3  The “Big One” and the Concept of the Symbiogenic 
Superorganism

The concept of superorganic evolution was first introduced into the scientific lit-
erature by Herbert Spencer in 1876, in the first volume of The Principles of 
Sociology (Spencer 1876). Although the term “superorganism” was not used 
explicitly, the work implied the existence of a new approach to the classical con-
cept of organism, with consequences at both the biological and social levels. In 
1911, the American entomologist William Morton Wheeler, in his paper, “The 
Ant-Colony as an Organism,” compared ant society to an organism when observ-
ing the biology and social behavior of these insects in colonies. However, it was 
only in 1928 that he concluded in his book The Social Insects, Their Origin and 
Evolution that the “insect colony or society may be regarded as a super-organ-
ism and hence as a living whole bent on preserving its moving equilibrium and 
integrity.” In this case, the entire colony acts in unison as an independent “crea-
ture,” feeding itself, expelling its wastes, defending itself, and looking out for its 
future (Wheeler 1911, 1928). The idea of the superorganism was applied to dif-
ferent levels of biological organization and was subsequently developed by other 
authors, such as Wilson (1975), Wilson and Sober (1989), Sapp (2003), Corning 
(2005), Carrapiço (2006a, 2010a, b), and Holldobler and Wilson (2009). Based 
on these ideas, we have introduced the concept of the symbiogenic superorganism 
(Carrapiço 2012b), applied to new entities or consortia formed by the integration 
of individual organisms, that possess characteristics that go beyond the sum of the 
individual properties of each element of the association, resulting in the develop-
ment of new attributes and capacities as an integrated whole. In this process, these 
new entities also agglutinate and dynamize synergies not present in the individual 
organisms. This symbiogenic process also involves genetic sharing at the level of 
the organisms constituting the consortium, forcing the genomes to be incurred by 
synchronization and harmonization processes. These processes are aimed at estab-
lishing a proper functioning for the new organism as a whole. It indicates that the 
association depends not only on the intrinsic symbiont–host’s properties, but also 
on the internal and external system environmental conditions. By way of example, 
a single organism formed by the association of two composite organisms could be 
demonstrated by way of mathematical formula. The result, however, would not be 
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1 + 1 = 2, but 1 + 1 = a larger 1, characterized by the following principles: (a) 
the new organism is formed by different species of organisms that work towards 
a common goal; (b) this new entity is a polygenomic one, in which the different 
genomes operate together in a complementary and synergistic way for the whole; 
(c) the parts and units of this entity modify themselves qualitatively, compared to 
the same units when isolated; and (d) the final outcome is not the mere qualitative 
and/or quantitative sum of the units that constitute the consortium, but acquire new 
collective synergies and characteristics. In reality, this phenomenon is widespread 
in nature and allows a coherent reconceptualization of the traditional epistemolog-
ical concepts of the past, helping to form a new evolutionary approach to the web 
of life as well as a contribution to a new idea for the organism concept.

These ideas can be included in the concepts of holobiont (the host with its 
symbionts as a whole) and hologenome (the sum of the genetic information of 
the host and its microbiota), developed by several authors (Zilber-Rosenberg and 
Rosenberg 2008; Guerrero et al. 2013). These principles are similar to the sym-
biome concept introduced in 2003 by Jan Sapp (Sapp 2003; Carrapiço 2006b). 
The symbiome concept reinforces the principle that eukaryotic organisms are not 
genetically unique entities, and the concept of individual must be seen as a com-
plex biological ecosystem, composed of multiple interdependent parts living sym-
biotically. It is at the symbiome level, composed of an integrated multigenomic 
genetic pool, that natural selection acts (Carrapiço 2006b). In a recent book, 
John Archibald explores and elaborates these related topics in an elegant way 
(Archibald 2014).

Some examples of these kinds of consortia are lichens, termites, and their sym-
bionts, the symbiotic system Azolla–Anabaena–bacteria (Carrapiço 2006a, 2010a, 
b), and in many animal bodies, including humans, with their microbiota commu-
nity (Sapp 2003). All of these relationships can be considered as constituting sym-
biogenic superorganisms.

In the case of Azolla (Fig. 3), the superorganism is constituted of the associa-
tion of two types of prokaryote organisms (cyanobacterium and bacteria) living 
symbiotically inside the leaf cavity of the fern (host). This implies and involves the 

Fig. 3  Sporophyte of 
Azolla filiculoides showing 
overlapping scale-like 
bilobed leaves and numerous 
microsporocarps (yellow 
small spheres)
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development and acquisition of new metabolic and organic capabilities and also 
genome sharing by the partners in syntony with the host, to establish a new level 
of organization, extending beyond the capability of each individual forming the 
association. One good example of this can be found at the pathway of the biologi-
cal nitrogen fixation present in this symbiotic system and shared by the different 
elements of the consortium. Another is at the level of sexual reproduction of the 
fern, involving cooperative and synchronous efforts, taking into consideration that 
the cyanobacterium and the bacteria are also involved and incorporated in this pro-
cess (Carrapiço 2010a). Due to these latter characteristics, this association can be 
considered both as an example of a hereditary symbiosis and a synergistic complex 
biological system, with the symbionts always present in the fern’s life cycle, sug-
gesting a phylogenetic parallel co-evolution of the associated partners with the fern.

4  The Symbiogenic Theory of Evolution

The biological world presents and involves symbiotic associations between dif-
ferent organisms to form consortia, a new structural life dimension and a symbi-
ont-induced speciation. This implies a new understanding of the natural world, 
in which symbiogenesis plays an important role as an evolutive mechanism, with 
symbiosis being the key for the acquisition of new genomes and new metabolic 
capacities, which drives living forms’ evolution and the establishment of biodiver-
sity on Earth. One good example of the importance of symbiosis in evolution can 
be found in plant transition from aquatic to terrestrial environments. In a recent 
work, Lipnicki (2015) states that symbiosis played a very important role in the 
crucial stages of the transition of life onto land, namely through lichenization and 
mycorrhization. In this sense, explanations of evolutionary changes must include 
an integrated synergistic co-operation between organisms, in which symbiosis 
acts, not as an exception, but as the main rule in nature, based on rather sudden 
evolutionary novelty and the increased complexity of living systems (Carrapiço 
2010b; Corning 2005, 2014; Corning and Szathmáry 2015; Reid 2007). These 
ideas constitute the development of novel concepts for a better understanding of 
life on our planet and beyond, including the foundation of a new biological theo-
retical framework that can integrate and explain the dynamical organismal inter-
actions and synergistic relationships present on Earth and in other planets. In 
this sense, we would like to share in this work a set of principles that could be 
integrated into a new approach to the evolutive process, helping to build a sym-
biogenic theory of evolution (Carrapiço 2006a, 2010b, 2012a, b). This theory 
includes Darwinian principles, but does not limit itself to the latter in its attempt 
to promote and explain the development, organization, and evolution of the bio-
logical world in a symbiogenic and synergistic sense. To integrate these ideas 
in the scientific literature, we need to develop a new approach to the analysis of 
evolution based on six themes: (1) Darwinian principles, (2) symbiosis concept, 
(3) symbiogenesis as an evolutive mechanism, (4) serial endosymbiotic theory, 
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(5) horizontal gene transfer and other genetic recombinations, and (6) epigenetic 
changes. These tenets should be considered as a contribution to a new epistemo-
logical perception of the natural world and also to the understanding of the true 
complexity, organismal interactions, and relationships present in the different eco-
systems on Earth.

5  Conclusion

Life is evolution, a dynamic continuum existing unbroken since its emergence. 
Nevertheless, we must go beyond the traditional approaches to the understand-
ing of evolution based on competition and gradualism, and integrate symbiogenic, 
synergistic, and co-operative principles as potential sources of evolutive novelty 
and quick transition. In symbiotic relationships, the central aspect is the creation 
of evolutive novelty (metabolic, anatomical, and organismal), which also involves 
the sharing of genomes among the organisms constituting the consortium, forcing 
these genomes to be incurred by synchronization and harmonization aimed at the 
proper functioning of the new organism as a whole. All these data should be incor-
porated into a new field of biological science, symbiogenic developmental biology, 
or informally, symbio-devo, merging symbiogenic evolution with developmental 
biology. These ideas imply the development of novel concepts for a better under-
standing of life and the emergence of complexity in nature, including the founda-
tion of a new biological theoretical framework that can integrate and explain the 
dynamical organismal interactions and synergistic relationships present on Earth. 
This reality can be embodied and built in a symbiogenic theory of evolution. The 
development of such a theory could contribute towards a new epistemological 
approach to symbiotic phenomena in evolution specifically, and indeed biology in 
general, presenting new perspectives that allow for a better understanding of the 
web of life on our planet and beyond.

6  Main Milestones in Symbiogenic Studies Until 2003

1840  Pierre-Joseph Proudhon (1809–1865) develops the idea of mutualism 
applied to the social and political arena in the book Qu’est-ce que la pro-
priété (What is Property?).

1867  Simon Schwendener (1829–1919) proposes in the Swiss Natural History 
Society annual meeting held in Rheinfelden (Switzerland) the dual 
hypothesis to explain the nature of lichens, indicating that they are an 
association of two organisms, a fungus and an alga, behaving as “master 
and slave.”
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1873  Johannes Reinke (1849–1931) refers to the relationship between the 
fungi and the algae in lichens as a consortium.

1875  Pierre-Joseph van Bénéden (1809–1894) introduces the mutualism 
concept for the animal kingdom in the work Les Commensaux et les 
Parasites dans le Règne Animal (The Commensals and the Parasites in 
the Animal Kingdom).

1877  Albert Bernhard Frank (1839–1900) introduces the term symbiotismus 
in a publication on the biology of lichens. This concept is similar to the 
symbiosis one introduced one year later by Anton De Bary.

1878  Heinrich Anton De Bary (1831–1888) introduces the concept of symbi-
osis (from Greek, meaning “living together”) as “the living together of 
unlike named organisms” in a communication entitled “Ueber Symbiose” 
(On Symbiosis) during a meeting at Cassel (Germany) of the Congress 
of German Naturalists and Physicians. De Bary used this term when dis-
cussing the presence of the cyanobacteria in the leaf cavity of Azolla and 
also about the nature of lichens and the role of the alga and fungus in this 
association.

1883  Andreas Schimper (1856–1901) reports on the nature and growth of 
starch grains showing that they arise in specific organelles, which he 
named chloroplasts. He also noted the proliferation of these organelles 
through division, suggesting their symbiotic origin.

1885  Albert Bernhard Frank introduces the term “micorrhizen” mycor-
rhiza (fungus root) in a paper entitled “Ueber die auf Wurzelsymbiose 
beruhende Ernährung gewisser Bäume durch unterirdische Pilze” (On 
the Nourishment of Trees Through a Root Symbiosis with Underground 
Fungi) in the Berichte der Deutschen Botanischen Gesellschaft, to 
describe the mutualistic associations between soil fungi and plant roots.

1893  Roscoe Pound (1870–1964) publishes in the journal, The American 
Naturalist. “Symbiosis and Mutualism.” based on the communication 
with the same title read at the Botanical Seminar of the University of 
Nebraska on December 17, 1892.

1893  Shosaburo Watasé (1862–1929) gives the lecture “On the Nature of Cell-
Organization” before the Biological Club of the University of Chicago, 
on February 7 of this year, where he defends the idea of the eukaryotic 
cell as a symbiotic community, and published the following year in the 
Biological Lectures of Marine Biological Laboratory of Woods Hall.

1897  Albert Schneider publishes in the Minnesota Botanical Studies, “The 
Phenomena of Symbiosis,” and redefines symbiosis as “a contigu-
ous association of two or more morphologically distinct organisms, 
not of the same kind, resulting in a loss or acquisition of assimilated 
food-substances.”

1899  Herbert Spencer introduces in his revised and enlarged second volume of 
The Principles of Biology the idea of symbiosis as a division of labor, 
a synthesis of a complementary physiological functions, resulting from 
early divergence in the history of life.
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1902  Petr Kropotkin (1842–1921) publishes Mutual Aid. A Factor of 
Evolution. In this work, Kropotkin argues that despite the Darwinian con-
cept of the survival of the fittest, co-operation rather than conflict is the 
main factor in the evolution of species. The book was written while he 
was in exile in England.

1904  Theodor Heinrich Boveri (1862–1915) suggests that the nucleated cells 
arose from a symbiosis of two kinds of single plasma-structures, Monera, 
in a fashion that a number of smaller forms, the chromosomes, estab-
lished themselves within a larger one which is called the cytosome. In 
conclusion, the chromosomes would be independent elementary organ-
isms that live symbiotically in the cytoplasm. This idea was further 
deeply developed by Constantin Merezhkowsky.

1905  Constantin Sergeevich Merezhkowsky (1855–1921) publishes the article 
“Uber Natur und Ursprung der Chromatophoren im Pflanzenreich” (On 
the Nature and Origin of Chromatophores in the Plant Kingdom) where, 
for the first time, coherent scientific arguments show that plastids arose 
from free-living cyanobacteria.

1907  Andrey Sergeevich Famintsyn (1835–1918), a Russian botanist contem-
porary of Merezhkowsky, publishes “On the Role of Symbiosis in the 
Evolution of Organisms,” where the author developed the idea that sym-
biosis has an important evolutionary, or even adaptative, meaning.

1909  Publication of “The Theory of Two Plasms as Foundation of 
Symbiogenesis, New Doctrine on the Origin of Organisms” in 
Russian. The German version is published one year later. Constantin 
Merezhkowsky writes the work during his stay at Kazan University, 
introducing the concept of symbiogenesis as “The origin of organisms 
by the combination or by the association of two or several beings which 
enter into symbiosis.” In this paper, he introduces not only the new con-
cepts in the symbiogenesis field, but he also develops some important 
ideas about the origin of life, namely related to the role of extremophiles 
in that scenario. A new classification of the living world is proposed 
using symbiotic criteria.

1910  Frederick Keeble (1870–1952) publishes Plant-Animals. A Study in 
Symbiosis, a study of the biology of two marine worms, Convoluta 
roscoffensis and Convoluta paradoxa, and their algae symbionts.

1913  Hermann Reinheimer publishes Evolution by Co-operation. A Study in 
Bio-economics.

1915  Hermann Reinheimer publishes Symbiogenesis: The Universal Law of 
Progressive Evolution, reinforcing the idea that natural co-operation was 
as strong a force in evolution as Darwinian natural selection.

1918  Paul Portier (1866–1962) publishes Les Symbiotes. In this work, Portier 
develops the idea that all organisms are constituted of an association of 
different beings. In the case of mitochondria, he argues that those orga-
nelles are symbiotic bacteria that the author calls “symbiotes.”
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1920  Constantin Merezhkowsky publishes in the Bulletin de la Société 
des Sciences Naturelles de l’Ouest de la France (Nantes), “La Plante 
Considerée comme un Complexe Symbiotique” (The Plant Considered as 
a Symbiotic Complex) where the author develops his previous ideas on the 
symbiotic origin of chloroplasts and nucleus. In opposition to all the current 
views at the time, Merezhkowsky defends that chloroplasts have not evolved 
from mitochondria or protoplasm, but from free-living cyanobacteria.

1920  Symbiosis: A Socio-physiological Study of Evolution is published by 
Hermann Reinheimer. In the book, the author points out the importance 
of the specific interrelations in the development of organisms as a whole, 
giving us a holistic perspective of organismal evolution.

1921  Constantin Merezhkowsky commits suicide in a room of the Hotel des 
Familles in Geneva, Switzerland, after several years of exile (January 9).

1921  Paul Buchner (1886–1978) publishes his first book entitled Tier und Pflanze 
in Intracellular Symbiose (Animals and Plants in Intracellular Symbiosis).

1922  Maurice Caullery (1868–1958) publishes Le Parasitisme et la Symbiose, 
translated into English in 1952 with the title Parasitism and Symbiosis.

1923  George H.F. Nuttall (1862–1937) publishes in the journal, The American 
Naturalist, the article, “Symbiosis in Animals and Plants.”

1923  Lemuel Roscoe Cleveland (1892–1969) publishes in the Proceedings 
of the National Academy of Sciences the article “Symbiosis between 
Termites and their Intestinal Protozoa” referring for the first time to the 
symbiotic nature of the intestinal flagellates of termites.

1923  Ivan Emmanuel Wallin (1883–1969) publishes in The American 
Naturalist, “The Mitochondria Problem,” emphasizing the symbiotic ori-
gin of these organelles against the cytoplasmic point of view. He joined 
the University of Colorado in 1918 and the next year became professor of 
anatomy, a position he held for 32 years.

1924  Boris Kozo-Polyansky (1890–1957) publishes in Russian the mono-
graph “A New Principle of Biology: An Essay on the Theory of 
Symbiogenesis.” In this work, Kozo-Polyansky tries to integrate the sym-
biogenesis theory with the Darwinian one.

1927  Ivan Wallin publishes Symbionticism and the Origin of Species, where 
the author defends the importance of symbiotic mechanisms in evolu-
tion, with emphasis on the symbiotic origin of mitochondria. Wallin also 
emphasizes the importance of microsymbiosis in this process, pointing 
out the idea that “Bacteria, which are popularly associated with disease, 
may represent the fundamental causative factor in the origin of species.”

1952  Joshua Lederberg (1925–2008) publishes an article in the jour-
nal Physiological Reviews entitled “Cell Genetics and Hereditary 
Symbiosis,” where he introduces the term plasmid to describe extranu-
clear genetic structures that can reproduce independently. In the same 
article, he defends a symbiogenic approach to the origin of mitochondria 
and chloroplasts, pointing out the similarities between known bacterial 
symbionts and those organelles.
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1962  The definitive proof of DNA in chloroplasts is made by Hans Ris (1914–
2004) and Walter Plaut (1931–) suggesting that chloroplasts originate 
from endosymbiotic cyanobacteria as was postulated by Constantin 
Merezhkowsky. The work titled “Ultrastructrure of DNA-Containing 
Areas in the Chloroplast of Chlamydomonas” is published in The Journal 
of Cell Biology.

1963  The First International Conference on Symbiosis titled “Symbiotic 
Associations” takes place in London (April), held by the Society for 
General Microbiology in its Thirteenth Symposium.

1963  René Dubos (1901–1982) and Alex Kessler publish in the Proceedings of 
the 1st International Conference on Symbiosis the article “Integrative and 
Disintegrative Factors in Symbiotic Associations.”

1963  Margit Nass and Sylvan Nass found DNA fibers in mitochondria, rein-
forcing the symbiotic origin of these organelles. These results are pub-
lished in two papers of The Journal of Cell Biology.

1967  Lynn Margulis (1938–2011) publishes in the Journal of Theoretical 
Biology the article “On the Origin of Mitosing Cells.” In this paper, a the-
ory of the origin of the discontinuity between eukaryotic and prokaryotic 
cells is presented. Mitochondria, basal bodies of the flagella and chlo-
roplasts, are considered to have derived from free-living cells, and the 
eukaryotic cell is seen as the result of the evolution of ancient symbioses.

1967  At the same time that Margulis’ 1967 article was published, an oft-forgot-
ten short paper by the Norwegian microbiologist Jostein Goksoyr (1922–
2000) appeared in Nature, providing a similar endosymbiotic theory for 
the origin of eukaryotic cells.

1969  Ivan Wallin submitted a short paper titled “Symbioticism in the Light of 
Recent Cytological Investigations” to Science magazine. This paper was 
rejected without any comments.

1970  Lynn Margulis publishes the book, Origin of Eukaryotic Cells: Evidence 
and Research Implications for a Theory of the Origin and Evolution 
of Microbial, Plant and Animal Cells on the Precambrian Earth, in 
sequence with her previous article. Using information from cellular and 
molecular biology, she promotes the serial endosymbiotic theory for the 
origin of the eukaryotic cells.

1972  Kwang W. Jeon publishes in the journal, Science, a short article enti-
tled “Development of Cellular Dependence on Infective Organisms: 
Micrurgical Studies in Amoebas” about the role of intracellular symbi-
onts on cellular divergence and variation.

1975  James Lovelock (1919–) and Lynn Margulis propose the Gaia hypothesis, 
supporting the idea that Earth is a complex self-regulatory, flexible living 
system.

1976  Richard Dawkins (1941–) writes The Selfish Gene, redefining the concept 
of symbiosis to include relations between individuals of the same species. 
He also introduces says that there is no selection for “the good of spe-
cies” and “we are gigantic colonies of symbiotic genes.”
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1979  Liya N. Khakhina publishes in Russian the book, Problema 
Simbiogeneza: Istoriko-Kritichesky Ocherk Issledovany Otechestvennykh 
Botanikov, translated into English in 1992 as Concepts of Symbiogenesis. 
A Historical and Critical Study of the Research of Russian Botanists, and 
edited by Lynn Margulis and Mark McMenamin, an important contribu-
tion to the knowledge of the history of symbiosis research in Russia.

1981  Lynn Margulis publishes Symbiosis in Cell Evolution: Life and its 
Environment on the Early Earth. In this book, the author presents a mod-
ern synthesis of the mechanisms and processes of cell evolution, offer-
ing a coherent explanation of how eukaryotic cells evolved from bacterial 
ancestors by a series of symbioses. In this sense, the origin of the eukary-
otic cell is perceived as a special case of a general phenomenon, the evo-
lution of microbial associations.

1982  Christian de Duve (1917–2013) suggests that peroxisomes arose 
from aerobic bacteria that were adopted as endosymbionts before 
mitochondria.

1985  Douglas H. Boucher (1950–) edits The Biology of Mutualism. Ecology 
and Evolution. This book develops the point of view that the mutually 
beneficial interactions between species are just as important as competi-
tion and predation, and how mutualisms affect population dynamics and 
community structure.

1987  David C. Smith and Angela E. Douglas publish The Biology of Symbiosis. 
This important textbook was primarily aimed at filling a gap in the sym-
biosis literature to base a course in the field for the biology curricula at 
the university level.

1988  The Microcosmos Project begins. This project co-ordinated by Douglas 
Zook and Lynn Margulis at the University of Boston aims at the use of 
the microorganism world for a more earth-conscious approach to educa-
tion, with particular interest in co-operative biological systems and the 
maintenance of species diversity.

1991  The book Symbiosis as a Source of Evolutionary Innovation: Speciation 
and Morphogenesis is published. It is edited by Lynn Margulis and René 
Fester.

1991  Francisco Carrapiço (1951–) publishes in the journal Plant and Soil 
the article “Are Bacteria the Third Partner of the Azolla-Anabaena 
Symbiosis?” presenting data showing that bacteria existing in the Azolla 
leaf cavities and megasporocarps follow a developmental pattern identical 
to the cyanobacteria Anabaena azollae and can be considered the third 
partner of the symbiotic association.

1994  Jan Sapp (1954–) writes Evolution by Association. A History of 
Symbiosis, an important scientific landmark in the history of symbiosis 
theory.

1994  Angela Douglas publishes Symbiotic Interactions, considering that “The 
common denominator of symbiosis is not mutual benefit but a novel met-
abolic capability, acquired by one organism from its partners.”
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1996  Peter Corning (1935–) publishes in the Journal of Evolutionary 
Theory the article “The Co-operative Gene: On the Role of Synergy in 
Evolution,” an important contribution to understanding evolution in a 
more synergistic and cooperative way.

1997  The International Symbiosis Society (ISS) is founded on April 15 at the 
Second International Symbiosis Congress in Woods Hole, United States.

1998  Lynn Margulis publishes Symbiotic Planet. A New View of Evolution, 
a personal and autobiographical journey to the science and symbiosis 
world.

1998  Douglas Zook in the article, “A New Symbiosis Language,” published 
in the ISS Symbiosis News, proposes a new definition for symbiosis: 
“Symbiosis is the acquisition and maintenance of one or more organisms 
by another that results in novel structures and metabolism. Some symbi-
otic evolution may involve partner genetic exchanges.”

1999  William Martin and Klaus V. Kowallik publish in the European Journal 
of Phycology the annotated English translation of Merezhkowsky’s (1905) 
paper “Uber Natur und Ursprung der Chromatophen im Pflanzenreich” 
(On the Nature and Origin of Chromatophores in the Plant Kingdom).

2000  Surinder Paracer and Vernon Ahmadjian write Symbiosis. An Introduction 
to Biological Associations.

2000  Rosmarie Honegger publishes in the journal, The Bryologist, the article, 
“Simon Schwendener (1829–1919) and the Dual Hypothesis of Lichens.”

2000  Marc-André Selosse writes La Symbiose: Structures et Fonctions, Rôle 
Ecologique et Évolutif.

2002  The book Cyanobacteria in Symbiosis is edited by Amar N. Ray, Birgitta 
Bergman, and Ulla Rasmussen. It is a reference work in the field of 
plant–cyanobacteria interactions and nitrogen biological fixation.

2002  Joseph Seckbach (1934–) edits Symbiosis: Mechanisms and Model 
Systems, providing in a clear and broad way the inter- and multidiscipli-
nary dimension of the interspecific relationships, and their mechanisms of 
work and evolution.

2002  Lynn Margulis and Dorion Sagan (1959–) publish Acquiring Genomes. 
A Theory of the Origins of Species. In this work, the authors point out 
that the acquisition of new genomes involving symbiogenic processes is 
the main driving force in evolution, not random mutations, and include a 
solid criticism of neo-Darwinism.

2002  Jan Sapp, Francisco Carrapiço, and Mikhail Zolotonosov (1954–) publish 
in the journal of History and Philosophy of the Life Sciences the article, 
“Symbiogenesis: The Hidden Face of Constantin Merezhkowsky,” reveal-
ing the controversial dimension of his life and work.

2003  Jan Sapp introduces the terms symbiomics and symbiome in his new 
book Genesis. The Evolution of Biology, revealing a new approach to the 
understanding of this science in an evolutive perspective, reinforcing its 
symbiogenic component. In this work, the author points out an important 
and innovative idea that
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Every eukaryote is a superorganism, a symbiome composed of chromosomal genes, orga-
nellar genes, and often other bacterial symbionts as well as viruses. The symbiome, the 
limit of the multicellular organism, extends beyond the activities of its own cells. All 
plants and animals involve complex ecological communities of microbes, some of which 
function as commensals, some as mutualists, and others as parasites, depending on their 
nature and context.
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Abstract Many symbiotic bacteria complete their life cycle inside eukaryotic 
cells. In arthropods, facultative endobacteria such as Wolbachia and Spiroplasma 
influence enormously the ecology and evolution of their hosts. In the last dec-
ades, the idea that endosymbiotic co-evolution can lead to host speciation has been 
 proposed and, in some instances, verified. However, although usually transmitted 
vertically, these bacteria can also change host through horizontal transmission. 
After this transfer and in a virtually instantaneous fashion, endobacteria can alter 
the fitness of their new host by modifying its response to the environment and/
or manipulating its reproduction. In this light, horizontally transmitted endosym-
bionts could strongly influence the evolutionary path taken by their new hosts. 
Here, we argue that from this evidence emerges a testable five-step scenario for 
the  appearance of novel host lineages.

Keywords Endosymbiosis · Speciation · Arthropod evolution · Wolbachia ·  
Vertical transmission · Horizontal transmission

1  Endosymbiosis in a Symbiotic World

Symbiosis is the generic terminology to classify close and in general long-term 
biological interactions between organisms of different species, conferring a 
benefit or disadvantage to at least one of them (de Bary 1879). Many symbiotic 
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relationships have been reported, revealing dynamic interactions pivotal to the 
evolution of species and their ecology (Douglas 1994; Nieberding and Olivieri 
2007). Both within and between kingdoms, permanent or sporadic associations 
can be found linking organisms of different species in a range of habitats and 
environments (Moran 2006; Tarkka et al. 2009). Unlike ectosymbionts, which 
establish themselves in the host’s body surface, endosymbionts are lodged in the 
host’s tissues or organs, intra- or extracellularly (Douglas 1994). These associa-
tions persist across generations by vertical transmission (maternal and/or pater-
nal) which is directly inherited [like endobacteria in fungi (Bianciotto et al. 
2004) and a number of endosymbionts in invertebrates (Moran et al. 2008)] or 
by horizontal indirect transmission, where associations are formed de novo [as 
 mycorrhization and root nodulation (Lima et al. 2009)]. Yet, endosymbiosis can 
be obligate or facultative (for one or both partners), according to the necessity 
for the presence of the symbiotic partner to the completion of the host’s life cycle   
(Moran 2006).

Here, we will focus on intracellular symbiotic relationships between different 
multicellular hosts and facultative endobacteria, which can be horizontally trans-
mitted to individuals of other populations or species. We will look in detail, mostly 
in insects, at the potential of endosymbiosis of facultative intracellular bacteria 
to enable sudden phenotypic change in novel multicellular hosts (White 2011) as 
well as to potentially facilitate rapid speciation processes through reproductive 
manipulations of the host (Hurst and Schilthuizen 1998).

Below, we will systematize a large yet disperse body of evidence, which in 
principle supports a five-step scenario where the establishment of new endosymbi-
oses can lead to the emergence of new host (incipient) species. We will review the 
literature and show that (i) endosymbiosis is a common phenomenon; (ii) the pres-
ence of the endosymbiont in the host frequently affects its fitness; (iii) horizontal 
transmission of endosymbionts is likely; (iv) vertical transmission may ensue and 
thus lead to a stable phenotype; and (v) the presence of endobacteria in the new 
host induces significant phenotypic change with fitness consequences that may 
promote directional or disruptive selection. We will organize and link evidence, 
which support this five-step scenario and argue that the establishment of endosym-
bioses may culminate in fast speciation events.

2  Widespread Co-evolution Between Endosymbionts  
and Multicellular Hosts

When looking at the three most well-defined kingdoms of the Eukarya domain, 
we can relate them directly to the establishment of bacterial endosymbioses  
(de Duve 2007; Sapp 1994). Organelles that have co-evolved intracellularly until 
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becoming mutually obligate from free-living prokaryotes ensure the main oxida-
tive metabolism of fungi, plants and animals (Dyall et al. 2004; Osteryoung and 
Nunnari 2003).

In addition to the bacterial endosymbionts which gave rise to organelles of 
eukaryotic cells, endosymbiotic relationships can be found in all kingdoms of 
the Eukarya domain (in higher or lower frequency) and it is likely that many 
are yet to be discovered, together with the full range of phenotypic changes 
they may cause (Moran and Wernegreen 2000; Moran 2006; Faria and Sucena 
2013). In fungi, we can find many symbiotic relationships with intracellular bac-
teria (Tarkka et al. 2009). The majority of them include species of the Phylum 
Glomeromycota, which is composed of arbuscular mycorrhizal fungi (Parniske 
2008) and Geosiphon (Gehrig et al. 1996). In other phyla, there are at least two 
other associations described: the basidiomycete Laccaria bicolor (Bertaux et al. 
2003) and Rhizopus microsporus of the Phylum Zygomycota (Partida-Martinez 
and Hertweck 2005). In plants, most relationships established with bacteria 
occur via nodulation. The bacteria Frankia and Rhizobia are the most recur-
rent ones, establishing themselves in the root and forming nodules, mutualisti-
cally exchanging nutrients with plants (Oldroyd and Downie 2008). Moreover, 
several bacteria species are responsible for follicular nodulation in plants of the 
Myrsinaceae and Rubiaceae families, a type of association less frequent and less 
studied than those of the root (Lersten and Horner 1976). In animals, many of the 
endosymbiotic relationships involve bacteria as illustrated by the enormous abun-
dance of reported associations between endobacteria and invertebrates (Ruby 
2008). Within this group, the most studied are the endosymbionts of arthropods, 
mainly insects.

Some endobacteria are presented as obligate for the host, resulting from 
close co-evolution with the host species and, thereafter, a corresponding diver-
sification (Baumann 2005). Usually, these endosymbionts, also called primary 
endosymbionts, lodge in a bacteriome and produce essential nutrients for the 
host (Werren and O’Neill 1997). On the other hand, facultative (or second-
ary) endobacteria are found in several cells of various host tissues, being able 
to infect organisms that already have obligate endobacteria (Moran et al. 2008) 
In addition to being transmitted vertically, and unlike obligate endosymbionts 
that are entirely dependent on the host for perpetuation, facultative bacteria are 
also occasionally transmitted horizontally within and between host species and 
typically show a short evolutionary history with the current host (for review see 
Moran et al. 2008). We argue that this horizontal transmission phenomenon can 
bring new hosts into a process of rapid speciation with high impact in the evolu-
tion of host species (Fig. 1).
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3  Fitness Consequences of the Presence  
of Facultative Endosymbionts

Many bacteria that complete their life cycle within eukaryotic cells constitute a 
fully polyphyletic group that exerts a wide range of effects on their hosts (Moran 
and Wernegreen 2000). One of the most extreme consequences of this symbiotic 
interaction is the manipulation of the host’s reproduction, an important factor in 
several evolutionary processes, namely in ecologic specialization and speciation 
(Engelstadter and Hurst 2009; Tsuchida et al. 2004).

Fig. 1  Symbiotic relationships and the potential emergence of a novel host lineage. When two 
organisms of different species are stably related in nature, we are in the presence of a symbi-
otic relationship. These can exist in several combinatorial outputs between the interacting agents, 
with or without permanent physical interactions. Both ectosymbiosis and extracellular endosym-
biosis are indirectly maintained by intraspecific horizontal transmission, where symbiosis occurs 
de novo in future generations through intimate environmental contacts. In intracellular endosym-
biosis, we have maternal and/or paternal vertical transmission of obligate endosymbionts, which 
are necessary partners for the host’s development and reproduction. Here, the partners have 
strong co-evolution and the endosymbionts’ diversification is consistent with the diversification 
of host populations. Facultative endosymbionts, despite being transmitted by vertical transmis-
sion, present occasional horizontal transmission within and between host species. This horizontal 
transmission of intracellular endosymbionts to a new host may create an organism bearing an 
immediate novelty, which is now subjected to new environmental selective pressures and may 
strive in a new lineage
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The intracellular bacterium Wolbachia is the most pandemic symbiont in 
arthropods and is predominantly transmitted through the female germ line. 
Wolbachia exhibits an extraordinary ability to alter the host’s reproduction to 
selectively favour infected females, thus facilitating its maternal transmission. 
Wolbachia causes four distinct reproductive phenotypes in a range of arthropod 
orders: feminization, where genetic males develop as females through Wolbachia’s 
interference with the sex-determination pathway; parthenogenesis, where males 
are no longer required for reproduction through disruption the host’s cell cycle 
by the bacterium; male killing, where infected males are eliminated to the advan-
tage of surviving Wolbachia-infected female siblings; and cytoplasmic incompat-
ibility (CI) that reduces or prevents infected males from producing viable zygotes 
with females with the same infection status (for review see Werren et al. 2008). 
CI manipulation, the most frequently found Wolbachia-induced phenotype, cre-
ates an incompatibility between sperm and egg by the alteration of the pronuclear 
envelope breakdown speed, resulting in the loss of sperm chromosomes following 
fertilization (Tram and Sullivan 2002). In Aedes albopictus mosquitos, Wolbachia-
infected females are at a reproductive advantage relative to uninfected females due 
to both CI and a fitness increase (longevity, fecundity and egg hatch)  associated 
with Wolbachia infection (Dobson et al. 2004). In D. mauritiana, infection with 
Wolbachia increases fecundity substantially through a boost of cell division and 
decrease of apoptosis of germ line stem cells (Fast et al. 2011). In other bacte-
rial groups, the helical gram-positive bacterium Spiroplasma or the bacterium 
Cardinium can also confer a variety of fitness effects and induce host pheno-
typic alterations by reproductive manipulation (Engelstadter and Hurst 2009; 
 Zchori-Fein et al. 2001).

Facultative endosymbionts can also influence their hosts’ defences against natu-
ral enemies (Gil-Turnes et al. 1989; Hurst and Hutchence 2010) and specializa-
tion to different plant species (for review see Oliver et al. 2010). In the pea aphid, 
Acyrthosiphon pisum, the endosymbiotic association with facultative bacteria con-
fers resistance to attack by the parasitoid wasp, Aphidius ervi, causing high mor-
tality of developing parasitoid larvae (Oliver et al. 2003). Subsequently, it was 
shown that one of the common facultative symbionts of A. pisum, the bacterium 
Regiella insecticola, has a major effect on the resistance of the host to a fungal 
pathogen and lowers its rate of transmission (Scarborough et al. 2005). Recently, 
some studies have demonstrated that the presence of Wolbachia can also increase 
the fitness of the host. In Drosophila melanogaster, infection with Wolbachia 
increases resistance to RNA viruses such as Drosophila C virus, a natural patho-
gen of Drosophila (Teixeira et al. 2008; Hedges et al. 2008). Furthermore, it was 
shown that Spiroplasma protects Drosophila neotestacea against the sterilizing 
effects of a parasitic nematode, underscoring the potential impact of facultative 
endosymbioses in the ecological distribution and population dynamics of the host 
species (Jaenike et al. 2010; Jaenike and Brekke 2011). These data support the 
notion that the response of a host to environmental conditions also depends on its 
resident endobacteria.
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4  Secondary Endobacteria are Horizontally  
Transmitted Between Hosts

As stated above, facultative endobacteria are mostly vertically transmitted to the 
progeny. However, since in many cases, there is no concordance between the phy-
logeny of bacteria and their hosts, and there is indication of horizontal transmission 
(Vavre et al. 1999; Thao et al. 2000; Russell et al. 2003; Ahmed et al. 2013). It is 
conceivable that in an environment inhabited by organisms infected and non-infected 
with bacteria, given enough time, high densities and reiterated contacts, the probabil-
ity of horizontal transmission of symbionts is not negligible (Gehrer and Vorburger 
2012; Le Clec’h et al. 2013). Moreover, several studies have demonstrated that some 
microbial symbionts retain a generalized ability to infect multiple hosts (Schilthuizen 
and Stouthamer 1997; Heath et al. 1999; Huigens et al. 2004; Duron et al. 2010).

In Drosophila, the only heritable endosymbionts described thus far are 
Wolbachia and Spiroplasma (Mateos et al. 2006). Recently, a phylogenetic anal-
ysis of Spiroplasma from several Drosophila species revealed at least five inde-
pendent introductions of four phylogenetically distinct Spiroplasma haplotypes, 
indicating imperfect vertical transmission in host populations and likely horizontal 
transmission (Haselkorn et al. 2009). Likewise, Wolbachia molecular phylogenies 
are not concordant with those of their hosts, supporting occasional events of hor-
izontal transmission (Werren and O’Neill 1997; Jiggins et al. 2002; Baldo et al. 
2008). Additionally, it has been demonstrated that Wolbachia is able to establish 
itself as a stable and vertically transmitted infection upon transfer into the hemo-
lymph of uninfected D. melanogaster females (Frydman et al. 2006).

Parasitoid insects constitute a prime candidate for acting as vectors of 
Wolbachia horizontal transmission. Some studies revealed extensive similari-
ties between the Wolbachia strains found in parasitoids and their hosts (Vavre 
et al. 1999), strongly supporting the hypothesis of natural Wolbachia transfer into 
other species. Another putative vector for horizontal transmission of endosym-
bionts is parasitic mites. Indeed, ectoparasitic mites have been shown to transfer 
Spiroplasma poulsonni from infected D. nebulosa to D. willistoni whose females 
will, subsequently, transmit the infection to their offspring (Jaenike et al. 2007). 
Thus, endosymbiotic facultative bacteria show a clear propensity to establish pro-
miscuous relationships with various intra- and interspecific hosts.

5  Endosymbiont-Associated Traits are Transferred  
to the New Host and Maintained by Bacterial  
Vertical Transmission

As we have seen, even though we currently do not fully understand the ecologi-
cal mechanisms for horizontal transmission of facultative endosymbionts, there is 
ample evidence that it occurs. In this section, we will provide evidence that these 
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endosymbionts may bring instant metabolic or internal morphological  novelty 
to their novel host, usually the same phenotypic alteration that was induced 
in the previous host (Huigens et al. 2004; Veneti et al. 2004; Braig et al. 1994). 
Additionally, the endobacteria which change host species, undergoing strong 
selection for their permanence in the new host (Vallet-Gely et al. 2008), can ensure 
the evolutionary sustainability by maintenance or acquisition of stable vertical 
transmission (Mira and Moran 2002; McGraw et al. 2002). Multiple independent 
lines of evidence support this scenario.

Three species of vertically transmitted Gammaproteobacteria from different 
aphid host species can infect, spread and induce variation in fitness of the host, 
when microinjected into a new aphid host (the pea aphid Acyrthosiphon pisum), 
as well as sustain stable vertical transmission to its offspring (Russell and Moran 
2005). Recent data reinforce the potential of facultative endosymbioses in modi-
fying the aphid phenotype. Leonardo and Mondor have shown that the endosym-
biont Regiella insecticola can manipulate polyphenic development by changing 
the number of winged versus non-winged individuals under crowding, as well as 
the time of sexual maturation (Leonardo and Mondor 2006). More recently, an 
interspecific transfection of this endosymbiont from the pea aphid to the vetch 
aphid Megoura crassicauda has proven sufficient to confer the ability to utilize 
clover as a host plant (Tsuchida et al. 2011). In yet another example with the 
pea aphid, it has been shown that the presence of an endosymbiont of the genus 
Rickettsiella is sufficient to change body colour and may affect host fitness by 
influencing interactions with both predators and other endosymbionts (Tsuchida 
et al. 2010).

Further, when male-killing Spiroplasma from coccinellid beetles was artifi-
cially injected into a series of naive arthropod species, this bacterium colonized 
host tissues and was vertically transmitted in all cases tested. Moreover, both the 
bacteria’s efficiency of transmission and its ability to distort offspring sex ratios 
in novel hosts were unaffected in the case of transfers to the native genus and 
reduced or incomplete in more distantly related species (Tinsley and Majerus 
2007).

In Wolbachia, in yet another case of putative reiterated horizontal transmis-
sion, it was shown that a male-killing Wolbachia strain has consistent pheno-
typic effects in Drosophila borealis and its closely related species (Sheeley and 
McAllister 2009). In other examples, as in the butterfly Hypolimnas bolina, the 
male-killing effect of Wolbachia presence is suppressed without significant reduc-
tion in bacterial load. In this case, Wolbachia induces CI in the surviving males 
(Hornett et al. 2008). Similarly, the wCauA strain of Wolbachia, which induces CI 
in the lepidopteran Cadra cautella, causes male killing upon transfer to Ephestia 
kuehniella (Sasaki et al. 2002, 2005). Another example comes from the interac-
tion between Wolbachia and Trichogramma where uninfected immature wasps that 
acquired Wolbachia while inside the host egg displayed a parthenogenetic pheno-
type (Huigens et al. 2004). These examples suggest plasticity in the deployment of 
Wolbachia’s large arsenal of host reproduction manipulation strategies upon hori-
zontal transfer and consequently in its adaptation to novel hosts.
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In summary, evidence is abundant for the stabilization of de novo endosym-
bionts through vertical transmission upon seemingly rare episodes of horizontal 
transfer. Furthermore, in many of these instances, such newly established relation-
ships will have instantaneous phenotypic effects with impact in the fitness of the 
host, thus having the potential to drive evolutionary change.

6  Host Speciation and Endosymbiont-Induced Novelties

As seen above, when the genetic system of a bacterial species is combined with 
that of another (arthropod) species through horizontal transmission, the new sym-
biotic partnership may create novel forms of coping with selective pressures in 
the environment. In particular, when a mechanism of reproductive manipulation is 
brought by endobacteria from a former host, the endosymbiont may trigger a rapid 
speciation in the new host (Bordenstein 2003; Coyne and Orr 2004).

The presence of Wolbachia in two closely related species of parasitic wasps 
severely reduces the frequency of hybrid offspring through bidirectional CI in 
interspecific crosses and precedes the evolution of other postmating reproductive 
barriers (Bordenstein et al. 2001). In addition, bidirectional CI in host popula-
tions may: (i) substantially reduce gene flow (Telschow et al. 2002); (ii) reinforce 
genetic divergence by association between nuclear alleles and respective microbe 
infection state (Telschow et al. 2005); (iii) increase behavioural isolation from 
the Wolbachia-infected species; and/or (iv) lead to behavioural isolation between 
populations of the uninfected species (Jaenike et al. 2006). Yet, other mechanisms 
may contribute to gene flow reduction between infected and uninfected individu-
als such as assortative mating and oviposition site preference (Vala et al. 2004). 
Also, incipient isolation is observed between the sister species Drosophila recens 
and Drosophila subquinaria, via the combined action of CI, prezygotic isolation 
and hybrid sterility (Shoemaker et al. 1999; Jaenike 2007). Taken together, these 
results support the view that facultative endosymbionts may, directly and indi-
rectly, contribute to reproductive isolation and promote speciation of their hosts 
(for review, see Thompson 1987; Coyne and Orr 2004; Engelstadter and Hurst 
2009; Brucker and Bordenstein 2012).

7  Closing the Circle: From a Different Organism  
to a New Lineage

In intracellular bacteria, the mechanism of vertical transmission is essential to 
the unity of the symbiotic complex and for the co-evolution of increased bene-
fits for both species (which ultimately may transform the bacterium into an orga-
nelle). Prior to this, ecological interactions may foster the transfer of these bacteria 
between hosts, within or across species. This horizontal transmission creates 



115Novel Endosymbioses as a Catalyst of Fast Speciation

points of contact between evolutionary paths and produces new synergistic com-
binations of phenotypic variation between organisms (morphological and/or meta-
bolic) with direct fitness impacts and adaptive potential. Indeed, it is reasonable 
to assume that, as in many of the examples presented above, in some cases, the 
mere presence of the endosymbiont will contribute to reproductive isolation and 
promote speciation of its host. In these circumstances, this cyclic chain of bacterial 
transmission would contribute to catalyse evolution by creating organisms with 
new phenotypes, which would be founders of new lineages (Fig. 2).

A recent report has confirmed that endosymbionts can combine  developmental 
modifications and reproductive manipulations, which translate into high fitness 
gains. In a six-year period in nature and in few generations in the laboratory, 
Rickettsia bacteria were able to increase their prevalence from a small percent-
age of individuals to a rampant infection in B. tabaci populations (sweet potato 
whiteflies) (Himler et al. 2011). Although the selective pressure that causes this 
difference in fitness is unknown, this report illustrates that an endosymbiotic 

Fig. 2  Five-step scenario for the fast emergence of new lineages. (1) A population of species X 
contains infected and uninfected individuals that inherit bacterial endosymbionts (BE) of the Y 
 species by vertical transmission (sexual—maternal and/or paternal—or asexual). (2) The  presence 
of BE can bring reproductive modifications and/or metabolic advantages to the host. (3) Ecological 
interactions (e.g. predation, cannibalism or parasitic vectors, such as wasps and mites) may facili-
tate the horizontal transmission of the BE to a new species. (4) The endosymbiont will impact the 
phenotype and fitness of its new host, and if this transmission takes place during the reproductive 
age of the host, there may be stable vertical transmission to the next generation. (5) Through a 
mechanism of sexual manipulation (or others), which may have co-evolved with the previous host, 
BE may induce reproductive modifications on its new host, leading to rapid speciation
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partner (and its associated benefits) present in low frequencies can sweep through 
the population and, in some cases, potentially create reproductive isolation within 
or between species. This recent data reinforce the possibility of trying to recreate 
rapid selection followed by isolation in the laboratory, putting our five-step sce-
nario into a direct test.

Moreover, much can be learned on the ecological consequences of the rapid 
emergence of novel lineages: for example, on the evolution of plant lineages with 
the appearance of new pollinator species; on rapid changes in the food chain in 
a particular habitat; or on the dissemination of new strategies such as evolution-
ary induction of parthenogenesis in new species. Nonetheless, and despite the 
fact that each of the steps necessary for the formation of new lineages can hap-
pen quickly, the minimum time required to complete this sequential scenario is not 
known. Thus, the real impact this mechanism has in driving evolutionary change 
and speciation in nature remains to be determined. An unexplored way to approach 
this question is looking at a vast range of endosymbionts that have no phyloge-
netic concordance with their hosts and map onto the phylogenies the events of 
horizontal transmission. Thus, it could be possible to compare the speciation rates 
throughout the evolution of the hosts’ lineages before and after the transmission of 
endosymbionts.

Our current state of knowledge on some of the underlying mechanisms of 
reproductive manipulation, developmental change and behavioural modulation 
by facultative endosymbionts is paving the way to approach putative processes 
of rapid speciation in the laboratory upon endosymbiont horizontal transmission. 
We argue that the time is right to test experimentally the real potential of the role 
of facultative endosymbionts in speciation through the controlled manipulation of 
partners and their relationships in customized novel endosymbioses.
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Glossary

Arthropods Arthropods belong to the phylum of Arthropoda and include insects and other ani-
mal that are characterized by an exoskeleton, a segmented body part and jointed appendages.

Aphids Aphids are small sap-sucking insects belonging to the Aphidoidea, and include plant lice 
as well as green-, black- and whiteflies.

Endosymbionts versus ectosymbionts Endosymbionts are all organisms that live on the surface 
of their host, while ectosymbionts are all organisms that live inside their host (in the gastroin-
testinal tract, airways, lymphatic systems).

Obligate symbionts versus facultative symbionts Obligate symbionts entertain a symbiotic 
association with their host that is either necessary for the symbiont or the host or both, while 
facultative symbionts are not necessary for either the symbiont or the host’s survival.
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Abstract Since the 1990s, results coming in from molecular phylogenetics necessitate 
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domains of life. Nonetheless, many of the mechanisms whereby genes can become 
transferred laterally have been known from the early twentieth century onward. The 
temporal discrepancy between the first historical observations of the processes, and 
the rather recent general acceptance of the documented data, poses an interesting epis-
temological conundrum: Why have incoming results on HGT been widely neglected 
by the general evolutionary community and what causes for a more favorable recep-
tion today? Five reasons are given: (1) HGT was first observed in the biomedical sci-
ences and these sciences did not endorse an evolutionary epistemic stance because of 
the ontogeny/phylogeny divide adhered to by the founders of the Modern Synthesis. 
(2) Those who did entertain an evolutionary outlook associated research on HGT with 
a symbiotic epistemic framework. (3) That HGT occurs across all three domains of 
life was demonstrated by modern techniques developed in molecular biology, a field 
that itself awaits full integration into the general evolutionary synthesis. (4) Molecular 
phylogenetic studies of prokaryote evolution were originally associated with exobiol-
ogy and abiogenesis, and both fields developed outside the framework provided by the 
Modern Synthesis. (5) Because HGT brings forth a pattern of reticulation, it contrasts 
the standard idea that evolution occurs solely by natural selection that brings forth 
a vertical, bifurcating pattern in the “tree” of life. Divided into two parts, this chap-
ter first reviews current neo-Darwinian “tree of life” versus reticulate “web of life” 
polemics as they have been debated in high-profile academic journals, and secondly, 
the historical context of discovery of the various means whereby genes are transferred 
laterally is sketched. Along the way, the reader is introduced to how HGT contradicts 
some of the basic tenets of the neo-Darwinian paradigm.
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Imagine that in a coffee house you brush up against a guy with green hair. In so doing, 
you acquire that part of his genetic endowment, along with perhaps a few more novel 
items. Not only can you now transmit the gene for green hair to your children, but you 
yourself leave the coffee shop with green hair. Bacteria indulge in this sort of casual, 
quick gene acquisition all the time. (Margulis and Sagan 2000: 93)

1  Introduction

The concept of “horizontal gene transfer” (HGT) and also the recognition that 
HGT occurs abundantly across all three domains of life have only been brought to 
the attention of the wider evolutionary community from the early 1990s onward 
(Gogarten et al. 1989; Hilario and Gogarten 1993; Doolittle 1999; Rivera and Lake 
2004; Syvanen and Kado 1998). This wider recognition correlates with advances 
made in molecular phylogenetics (Woese et al. 1990), in particular with prokaryotic 
systematics, but the results also extend to eukaryotic life forms. Molecular phyloge-
netic reconstructions have brought forth numerous inconsistencies, incongruences, 
and anomalies in the traditional “tree of life.” Whole-genome sequencing tech-
niques of various species belonging to all three domains of life evidence that species 
genomes contain significant amounts of “foreign DNA,” i.e. genes that are neither 
shared with their ancestral lineages, nor the result of random mutations of existing 
genes. In short, they are not acquired from parental species and thus not the result of 
genealogical or reproductive descent with modification. Rather, these foreign genes 
are acquired outside the genealogical descent line, by means of HGT (Goldenfeld 
and Woese 2007; Zhaxybayeva and Doolittle 2011: R243–4).

HGT refers to various processes by which biological individuals can acquire 
genes coming from outside the germ line and the means by which genes are 
exchanged either between distinct organisms with different genealogical histories, 
or between distinct genomes present in the same organism. Genes can be trans-
ferred between prokaryotes, between prokaryotes and eukaryotes (in both direc-
tions), between eukaryotes, and between viruses and pro- and eukaryotes.

 In prokaryotes, HGT occurs via bacterial transformation, phage-mediated trans-
duction, plasmid transfer via bacterial conjugation, via Gene Transfer Agents (GTAs), 
or via the movement of transposable elements such as insertion sequences. The genes 
that underlie significant prokaryotic metabolic pathways such as energy metabolism, 
cofactor/vitamin metabolism, and antibiotic resistance were mostly acquired by HGT 
(Iwasaki and Takagi 2009). Because these genes play such a crucial role in prokar-
yotic evolution, several authors claim that it is the main way in which evolutionary 
novelty arises in these microorganisms (Lopez and Bapteste 2009; Doolittle 2005; 
Fournier et al. 2011; Ragan et al. 2009; Zhaxybayeva and Doolittle 2011).
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In eukaryotes, HGT is mediated by processes such as endosymbiosis, phago-
cytosis and eating, infectious disease, and hybridization or divergence with gene 
flow, which facilitates the movement of mobile genetic elements such as transpo-
sons and retrotransposons between different organisms (Keeling and Palmer 2008; 
Arnold 2008; Ryan 2004, 2009).

Although HGT has been dubbed “biology’s next revolution” (Goldenfield and 
Woese 1997), most of the processes by which HGT takes place were already discov-
ered in the early twentieth century. There are merely fine lines to be drawn between 
HGT and endosymbiosis or processes of infectious heredity, and data on HGT were 
originally interpreted from within a general symbiosis theory. Bacterial conjugation 
and phage-induced transduction of bacterial DNA were dubbed instances of “heredi-
tary symbiosis” and “infective heredity” by their discoverer Lederberg (1952). Also 
today, a significant amount of scholars continue to consider HGT, endosymbiosis, 
and infectious heredity as aspects of a larger, symbiogenetic (Gontier 2006, 2007; 
Margulis 1970; Moran and Jarvik 2010; Ryan 2006, 2009; Sapp 1994, 2003, 2004), 
or a more general reticulate evolutionary theory (Andam et al. 2010; Doolittle and 
Bapteste 2007; Zhaxybayeva and Doolittle 2011; Keeling and Palmer 2008).

Many of the observations made on HGT furthermore track back to, and asso-
ciate with major milestones and advances made within standard evolutionary 
theory. Research on bacterial transformation tracks back to the identification of 
genes as the bearers of genetic material. The study of bacterial conjugation and 
transduction is associated with increasing insight into cell cytology, cytoplasmic 
inheritance, and evo-devo which are milestones in evolutionary thinking that first 
developed during the “eclipse of Darwin.” Research on mobile genetic elements 
associates with epigenetics.

The discrepancy in time between the first observations of HGT in the early 
twentieth century and the wider acceptance and recognition of its abundant occur-
rence in the 1990s, as well as the remarkable associations of advances in knowl-
edge on reticulate evolution with the standard milestones of evolutionary thought, 
raise a series of interesting anthropological and epistemic problems. Why have 
these data been ignored for so long by mainstream evolutionary scholars? Why 
have they not been incorporated into the Modern Synthesis? And why are these 
data argued to contradict the Modern Synthesis?

Divided into two parts, this chapter first investigates the historical factors that 
contributed to the wider recognition of HGT, and secondly, the various mechanisms 
by which HGT occurs are sketched against their general context of discovery.

2  Reticulate Evolution and Webs of Life

Tree diagrams are nowadays the most common means by which the evolutionary 
descent of species is illustrated. The concept of evolution is currently so intertwined 
with these tree diagrams that both laypeople and scientists alike often find it difficult 
to think about evolution without envisioning phylogenetic tree images. Tree of life 
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imagery serves as an educational aid where, by analogy with natural trees, evolution-
ary tree diagrams depict life as having originated from one single trunk that bifurcates 
into branches that in turn split into twigs whereupon the leaves grow. The leaves rep-
resent the species, the twigs are analogous to the genera, the branches to the phyla, 
and the trunk symbolizes the last and single universal common ancestor of life.

Tree metaphors and treelike structures were first drawn in pre-evolutionary 
times to depict the genealogical descent of natural phenomena. These non-evolu-
tionary genealogical tree diagrams were later adopted by Charles Darwin and Ernst 
Haeckel to understand and depict evolutionary descent relationships of biological spe-
cies. If evolution is a fact of life, then how does one depict the “evolutionary descent 
with modification” of the various species that ever existed? How do we illustrate life’s 
early origins and extinctions? Do speciations from unicellular organisms to multicel-
lular life forms entail some kind of “progress,” and “linear arrangement,” or do “the 
bottom of branches … appear like circles” (Darwin 1837/1838: 1–27)? Darwin pon-
dered about these questions in his Notebook B that he filled in 1837–38. Inspired 
by familial pedigree thinking and genealogical tree models that illustrate the natural 
history of languages (Gontier 2011), on the one hand, Darwin favored a “tree of life 
metaphor” because species do not “really pass into each other.” On the other hand, he 
wondered whether “The tree of life should perhaps be called the coral of life, base of 
branches dead; so that passages cannot be seen,” but he added that such an imagery 
“offers contradiction to constant succession of germs in progress” and “makes it 
excessively complicated” (Darwin 1837/1838: 25–6).

Eventually, both in his notebook and also in the Origin, the tree diagram made 
it. The famous “I think” diagram depicts a first hypothetical branching diagram 
that Darwin used to hypothesize about species relatedness and speciation, and in 
his Origin of Species, Darwin (1859) made ample use of the “tree of life” meta-
phor in his Chap. 4, the chapter wherein he advanced his views on natural selec-
tion. The Origin also contains a famous diagram on how species hypothetically 
speciate over time by means of natural selection. Nonetheless, the first evolution-
ary “tree of life” that depicts actual, chronological evolutionary-descent relation-
ships between species was first drawn by Haeckel (1866).

Darwin thought of other ways to depict evolutionary descent relations, and it 
is no coincidence that the tree metaphor and branching diagrams were favored. 
Evolution by means of natural selection is conjectured to occur either when 
diverging species gradually split off from existing branches (cladogenesis), or 
when existing species gradually and linearly evolve into new species (anagenesis). 
Cladogenesis naturally brings forth a bifurcating and ramificating pattern (Doolitte 
and Bapteste 2007), while anagenesis, though conceived to be gradual, nonethe-
less entails a break between the parental and the newly evolved species.

Scholars coming from different evolutionary research fields have increasingly 
come to question the utility and accuracy of tree diagrams in depicting the evolu-
tion of various strands of life. Advocates of punctuated equilibria theory (Eldredge 
and Gould 1972) have long reported that tree diagrams do not adequately portray 
the often rapid speciation events of eukaryotes. Because the tree of life tends to 
have a maximum species diversity at the end of the tree (Gould 1986), it does not 

http://dx.doi.org/10.1007/978-3-319-16345-1_4
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adequately depict the many (mass-)extinction events that have occurred through-
out life’s evolution (for discussions, see the fourth issue of the 2010 edition of 
Evolution, Education and Outreach, and Serrelli and Gontier 2015).

Critique has also come from symbiologists and microbiologists. As early as 1905, 
Constantin Mehrezkowsky provided a prolegomena for a symbiogenetic double-origin 
theory of life, a view he fully developed and illustrated with a phylogenetic recon-
struction in the 1910 translation of his 1909 work (depicted in Carrapiço’s chapter, this 
volume). He assumed that life evolved from two separate “Plasmaarten” (life forms), 
Mycoides Plasma  (Mykoplasma) and Amöboides Plasma  (Amoeboplasma). Both 
life forms were conjectured to have evolved separately, and afterwards, they engaged 
in a “primary symbiosis.” Mereschkowsky (1910: 280, my translation):

Until now, there was the general conviction, that the tree of life was a single one. The task 
set forth in this work, is to demonstrate that there are two trees of life, and that each tree 
originated on its own and independently from the other one, and this probably happened 
in different periods of earth’s history. These trees partly developed on their own and inde-
pendently from one another and partly stringed together and closely grew and developed 
together. Both trees are responsible for the diversity of the organic beings. The idea of a 
unity of organic nature has to be abandoned in favor of the idea of nature’s duality.

A couple of years later, in 1915, Hermann Reinheimer was the first to introduce 
the concept of a “web of life” (Carrapiço, this volume), to describe the multiple 
cases of symbiosis and symbiogenesis that occur in the animal and plant king-
doms. And also Margulis has pioneered in developing “tree of life” and 5-kingdom 
iconographies that include the symbiogenetic mergings that underlie the evolution 
of the eukaryotic kingdoms (Whittaker and Margulis 1978; Margulis 1998, 1991; 
Margulis and Schwart 1997).

Both Lederberg (1952: 425) and Sapp (1994, 2009) have argued that most tree 
diagrams and evolutionary theories in general present a “sterile” view of evolution. 
And today, critique on the tree of life is based on incoming data on massive HGT 
in prokaryotes as evidenced by molecular phylogenetic reconstruction techniques. 
Current phylogenetic depictions of the evolution of life increasingly attempt to 
include the many reticulate means by which the micro-organismal world evolves. 
Such phylogenetic reconstructions look more like a “web” (Doolittle 1999), “net-
work” (Gogarten 2000; Kunin et al. 2005), “net” (Williams et al. 2011), “ring” 
(Rivera and Lake 2004), or “cobweb” of life (Ge et al. 2005), which connects 
the splitting branches of the tree at the level of the roots, the trunk, the numerous 
branches, twigs, and nods. The emerging network-like diagrams draw intercon-
necting evolutionary lines within and across life’s three domains, i.e., the Archaea, 
Bacteria, and Eukarya (Woese et al. 1990), and the connecting lines also crisscross 
with viruses, i.e., genetic agents traditionally conceived as non-living structures.

In this part, we first sketch the historical context wherein biochemical, molecu-
lar elements became used as markers to infer genealogical descent. Secondly, we 
investigate when the concepts of “reticulate evolution” in general and “HGT” in 
particular became associated with molecular phylogenetic reconstructions of the 
“tree” and “web” of life, and we end with briefly sketching the polemics that 
underlie tree versus web of life iconographies.
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2.1  Molecular Phylogenetics and the Origin of Life

In the early 1960s, Pauling and Zuckerkandl proposed that “chemical paleogenet-
ics” could aid paleontology and systematics in reconstructing the natural genealogies 
of species by comparing the uniform, constant rate of “semantide changes” (“DNA, 
RNA, and polypeptides”) in related species (Zuckerkandl and Pauling 1962). In 
1965, they wrote their seminal papers “Evolutionary divergence and convergence 
in proteins” and “Molecules as Documents of Evolutionary History” (Zuckerkandl 
and Pauling 1965a, b), wherein they called this uniform, constant rate of semantide 
change “the molecular evolutionary clock.” Their work was foundational for neu-
tral evolution theory (genetic drift), as it was developed by Motoo Kimura, and it 
launched the field of molecular systematics where the rate of molecular change in 
protein and gene sequences is used to deduce genealogical relationships and specia-
tion events, an approach they characterize as “…the most rational, universal, and 
informative molecular phylogeny” because “… in macromolecules of these types 
there is more history in the making and more history preserved than at any other sin-
gle level of biological organization” (Zuckerkandl and Pauling 1965b: 360).

Molecular phylogenies lend insight into evolutionary history in the follow-
ing three ways, they give: “(1) the approximate time of existence of a molecular 
ancestor common to the chains that are being compared; (2) the probable amino-
acid sequence of this ancestral chain; and (3) the lines of descent along which 
given changes in amino-acid sequence occurred” (Zuckerkandl and Pauling 
1965b: 360). The method itself, however, cannot provide exact dates in time. To 
give an exact estimate of divergence in geological time, scholars need to calibrate 
and compare their results with the fossil record (for a history and discussion, see 
Morgan 1998; Morange 2000; San Mauro and Agorreta 2010).

Ever since, scholars have reconstructed ancestral-descent relationships by com-
paring the sequences of proteins (Fitch and Margoliash 1967) and DNA and RNA 
sequences (Sanger and Coulson 1975). Technological advances in molecular genet-
ics, such as the polymerase chain reaction or PCR technique (Mullis 1983), and more 
recent shotgun sequencing (Messing et al. 1981; Staden 1979), high-throughput 
sequencing, and barcoding (Hebert et al. 2003), enable comparisons ranging from 
single-nucleotide sequences to whole genomes. Comparative studies allow the various 
species to become “rooted” into common ancestors that trace back to the very origins 
of life on earth (de Magalhães et al. 2010; Pettersson et al. 2009; Schuster 2008).

Molecular phylogenies are currently providing the primary tools to classify 
prokaryotic life. Prokaryotic organisms rarely fossilize, and before the advent of 
molecular genetics, scholars were limited to reconstructing morphological phy-
logenies. Due to increasing possibilities to sequence large data sets, including 
whole genomes and “metagenomes,” molecular phylogenetics has from the 1970s 
onward provided bacteriologists with a means to identify the genetic diversity and 
relatedness of living prokaryotic beings, as well as to infer, from these compari-
sons, their evolutionary emergence in time. At present, these techniques even ena-
ble microbiologists to identify and distinguish bacterial species currently known 
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only by their genetic sequence because scholars have so far been unable to iso-
late them for morphological, electron microscopic study (Eisen 2007; Chen and 
Pachter 2005; Handelsman et al. 1998; Hugenholz et al. 1998).

In recent years, worldwide, large-scale projects have been set up such as ToLweb—
the Tree of Life Web Project (http://tolweb.org); the NSF-funded AToL—Assembling 
the Tree of Life (http://www.phylo.org/atol) and GoLife—Genealogy of Life 
(http://www.nsf.gov/funding/pgm_summ.jsp?pims_id=5129&org=DEB) projects; 
iTOL—the Interactive Tree of Life Project (http://itol.embl.de); and the Tree Thinking 
Group (http://www.tree-thinking.org). These all share the ambitious goal to once and 
for all determine every species’ evolutionary ancestry and place on the tree of life.

One of these projects already originated in the late 1970s. With the goal to 
build the universal tree of life, Woese and Fox (1977; Fox et al. 1980) began 
comparing specific sections of genetic material that is present in both unicel-
lular and multicellular life. They selected subunits of ribosomal RNA (rRNA) as 
biochemical markers and focused on 16S rRNA for prokaryotes and 18S rRNA 
for eukaryotes. Ribosomal RNA is a type of RNA that enables protein synthesis. 
Incoming results led Fox and Woese to undo the classic distinction of life into 
pro- and eukaryotes, and instead, they proposed that prokaryotes (or Monera) 
should be divided into two separate kingdoms: Archaebacteria and Eubacteria. 
Eukaryotes represented a third “urkingdom” that has a “chimeric nature,” 
because it contains genes coming from both lines. The consequence was that 
there exist three “urkingdoms” or monophyletic lines of descent instead of two: 
the Archaebacteria, Eubacteria, and Eukaryota.

This tripartite division of extant life is incompatible with the conventionally accepted 
view in which living systems are divided into two basic phylogenetic categories, prokary-
otes and eukaryotes. However, the eukaryotic cell is now recognized to be a genetic chi-
mera, whose evolutionary origins we do not yet understand. (Fox et al. 1980, 458)

In 1990, Woese and colleagues would take things one step further and dem-
onstrate that there is sufficient reason to completely separate “Eubacteria” from 
“Archaebacteria” and to classify them as distinct domains of life (Bacteria and 
Archaea) that, together with the eukaryotes (Eukaryota), delineate the “three-
domain hypothesis” or three-domain classification of life (Woese et al. 1990). 
The new comparisons also evidenced that Bacteria stand quite on their own and 
that Archaea are more closely related to eukaryotes, the third domain. The three-
domain classification also came with an rRNA-based tree of life (Woese et al. 
1990: 4578) where LUCA, the last universal common ancestor wherefrom these 
domains evolved, i.e., the “universal” and single root of the tree, still remained to 
be identified (Lawton 2009).

In later publications, Woese (1998) and other scholars (Doolittle 1999, 2005; 
Martin 1999; Villarreal 2006) increasingly came to question whether one such uni-
versal common ancestor will ever be found, and instead, Woese raised the possibil-
ity that the roots of the tree are multiple. Also, Margulis (1991) has conjectured 
that although all eukaryotes probably share a last eukaryotic common ancestor 
(LECA), a single origin for prokaryotic life forms is less likely.

http://tolweb.org
http://www.phylo.org/atol
http://www.nsf.gov/funding/pgm_summ.jsp?pims_id=5129&org=DEB
http://itol.embl.de
http://www.tree-thinking.org
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The original rRNA trees did not take HGT into account. In fact, to enable 
Woese to draw his early trees, he had to ignore any such events. However, later 
work (Woese 1998) made it clear that HGT is quite common in prokaryotes which 
made him join the previous claims made by scholars such as Gogarten et al. (1989, 
Hilario and Gogarten 1993) that HGT occurs abundantly (Goldenfeld and Woese 
2007). Ever since, scholars have been developing means to identify the numerous 
instances of HGT by applying molecular phylogenetic reconstruction techniques.

Nonetheless, mainstream phylogenetic reconstructions continue to ignore 
HGT events. In 2006, in association with the iTOL project, a team lead by Bork 
(Ciccarelli et al. 2006) introduced a new “tree.” To fit all life forms, they had to 
turn the tree into a circle, which was quite innovative, but the scholars also con-
sciously ignored HGT data. HGT has long been considered a seldom event in evo-
lutionary history. In this view, it does not threaten the common tree iconography of 
evolution because one can look for “core genes” shared by all major taxa. Bork’s 
iconography, for example, was based upon 31 orthologous “core genes” present in 
all 191 examined lineages coming from both pro- and eukaryotic species.

HGT scholars criticized Bork’s tree for representing a “tree of one percent” 
(Dagan and Martin 2006). Doolittle (2009: 221) contended that

Enthusiastic TOLers see this TOC, no matter how little of the actual phenotype- 
determining information or history the organisms they wish to classify it encom-
passes, or how extreme the algorithm used to derive it, as a triumph of the Darwinian 
method and a vindication of their belief in the TOL. It is, in their view, the  genealogy 
upon which Darwin thought classification could safely, and ultimately must, rest.  
This is I think a misreading of history and a non-trivial re-formulation of the goals of 
phylogenetic practice.

Because these phylogenetic reconstructions attempt to find the universal 
“roots” of the tree of life, this research also extends toward fields such as exo-
biology and astrobiology, i.e., fields that study the origin of life on this and pos-
sible other planets. Researching the origin of life does not form a basic tenet of 
the Modern Synthesis. The standard neo-Darwinian paradigm provides a theory 
of biogenesis: It explains how existing life brings forth new life forms by means 
of natural selection. Thomas Henry Huxley, for example, called research on 
abiogenesis, which in his epoch associated with theories on spontaneous gen-
eration and epigenetics, to a halt. Research on abiogenesis, or how life evolves 
out of inorganic physical, and biochemical particles, developed mostly after 
the foundation of the Modern Synthesis. Theories on the RNA world, “spon-
taneously generated” or self-organizing autocatalytic biomolecular networks, 
proteinoid microspheres, etc., evolved in association with increasing knowl-
edge of the biochemical elements that build the living cell, and in association 
with molecular phylogenetic reconstructions. An RNA world, for example, was 
already envisioned by Woese (1967); the article by Fox et al. (1980) demon-
strated that the first life forms were chemoautotrophs instead of heterotrophs, 
and it were molecular sequences of RNA and DNA viruses that demonstrated 
that these genetic agents most likely evolved before life (Villareal and Defilipps 
2000; Villarreal and Witzany 2010).
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2.2  First Usage of the Terms HGT and Reticulate Evolution

Evidence for HGT dates back to discoveries of bacterial transformation, conjuga-
tion, and transduction, but concepts such as “HGT” and “reticulate evolution” date 
to later periods in time. HGT between the eukaryotic nuclear genome and cellular 
organelles such as mitochondria and chloroplasts was first hypothesized to occur by 
early symbiologists including Margulis (1970), and genetic exchange was later con-
firmed by Wolf and Delguidice (1987) and Gray et al. (1989). More evidence for 
naturally occurring gene transfer between organisms was reported by Trevors et al. 
(1987), Coughter and Stewart (1989), Daniels et al. (1990), Doolittle et al. (1990), 
and Gupta and colleagues (Gupta and Signh 1994; Golding and Guptha 1995).

One of the first usages of the concepts “HGT” and “reticulate evolution” comes 
from Ambler et al. (1979), Hartley (1980), Busslinger et al. (1982), and Champion 
et al. (1980). Champion, in a review paper on the evolution of gram-negative 
Pseudomonas fluorescens bacteria, wrote that:

Bacteria can acquire new phenotypic characters either from other bacteria by Horizontal 
gene transfer or through manipulation of their own genetic material (vertical evolution). 
… In addition, it has long been recognized that a group of bacterial strains are usually 
delineated from other groups, not by the exclusive possession of a single or several traits, 
but by possessing a particular set of traits. These facts have been taken to indicate a reticu-
late mode of evolution in which the potential uniqueness of any group of strains has been 
undermined from extensive horizontal exchange of genetic material from closely to dis-
tantly related groups. The pseudomonads may be a good example of this phenomenon. 
(Champion et al. 1980: 506, my italics)

In 1984, Syvänen (1984a and also see Syvänen 1984b, 1986 and 1987) speculated 
that conserved regions in mammalian beta-globin possibly resulted from “cross-
species gene exchange,” and a year later, he wrote a seminal and very interesting 
article on “Cross-species gene transfer; implications for a new theory of evolu-
tion,” wherein he hypothesized that:

… genes are transferred and expressed among all species, and that such exchange 
is facilitated by, and can help account for, the existence of the biological unities, from 
the uniform genetic code to the cross-species similarity of the stages of embryological 
development. If this idea is correct, the uniformity of the genetic code would allow organ-
isms to decipher and use genes transposed from chromosomes of foreign species, and 
the shared sequence of embryological development within each phylum would allow the 
organism to integrate these genes, particularly when the genes affect complex morpho-
logical traits. The cross-species gene transfer model could help explain many observations 
which have puzzled evolutionists, such as rapid bursts in evolution and the widespread 
occurrence of parallelism in the fossil record. (Syvänen 1985: 333)

Peter Gogarten and colleagues (Gogarten et al. 1989; Hilario and Gogarten 1993) 
focused on ATPase genes as genetic markers for molecular phylogenetic reconstruc-
tions and suggested that these genes were acquired by “Horizontal Gene Transfer,” 
which made the authors start to debunk the single tree of life before Woese did. 
ATPase genes encode for proteins and enzymes that play a crucial role in cell mem-
branes by enabling the uptake of foreign material (Gogarten et al. 1989; Hilario and 
Gogarten 1993). The ATPase genes differ between all three “urkingdoms of life” (Fox 
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et al. 1980), and are therefore a good genetic marker to root the tree. The comparison 
of ATPase genes also groups Archaea closer to Eukaryota and both are more distant 
from Bacteria, which converges with, and also confirms, Woese’s et al. (1990) clas-
sification of life into three separate domains based upon comparisons of rRNA subu-
nits. ATPase genes also give discrepancies in what regards gene versus species trees 
and Hilario and Gogarten (1993: 118) therefore concluded that:

The finding that genes were exchanged between distantly related species implies that a 
single gene phylogeny can no longer be readily interpreted as a species tree. To deter-
mine the evolution of species more than one gene tree should be considered. (Hilario and 
Gogarten 1993: 118)

Ever since, scholars who study HGT have been introducing new metaphors 
and visualizations that capture the reticulate evolutionary pattern brought forth 
by HGT. Already in 1999, Ford W. Doolittle provided a now classic reticulate 
image of the “web” that sought ways to visualize the massive HGT, and later, in 
2005, he expanded his image in order to include the symbiogenetic acquisition 
of chloroplasts and mitochondria in eukaryotic life forms (Doolittle 1999, 2005; 
Doolittle and Bapteste 2007; Bapteste et al. 2005, 2009). Rivera and Lake (2004) 
have introduced a “ring of life” that depicts the chimeric origin of the eukaryotic 
genome; Dagan and Martin (2009) have provided networks that depict both the 
horizontal and vertical exchanges between distinct microbial lineages; in 2010, 
Luis Villarreal (Villarreal and Witzany 2010) provided a first attempt to root the 
tree of life with viruses, and he tried to illustrate  the susceptibility of all three 
domains of life to “viral colonization” (and also see Mindell and Villarreal 2003).

2.3  Was Darwin Wrong?

The new reticulate icons of evolution are often treated with gigantic suspicion. 
In 2009, the January 21st issue of the New Scientist magazine featured a cover 
titled “Darwin was wrong: Cutting down the tree of life.” The front page of the 
magazine featured a tree of life drawn by the Russian artist Yulia Brodskaya. In 
that tree, some branches crossed and the trunk was divided into several different 
lineages. In the journal, Lawton (2009) wrote an article on HGT titled “Axing 
Darwin’s tree; The tree of life is an iconic image, but it could be time to fell it” 
and the editorial was titled “Uprooting Darwin’s tree.” The tree, the editorial, 
and the article received enormous media and scholarly attention, and most of the 
reactions were negative. Dennett et al. (2009: 25) wrote a very angry letter which 
opened as follows:

What on earth were you thinking when you produced a garish cover proclaiming that 
‘Darwin was wrong’ …? First, it's false, and second, it’s inflammatory. And, as you surely 
know, many readers will interpret the cover not as being about Darwin, the historical fig-
ure, but about evolution. … You have made a lot of extra, unpleasant work for the scien-
tists whose work you should be explaining to the general public. We all now have to try to 
correct all the misapprehensions your cover has engendered.
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Indeed, emotions ran high. Dennett and his cowriters pointed the finger in dis-
praise, arguing that the cover, the editorial, and the article gave green light to crea-
tionists and that it undermined scientific evolutionary thought.

These criticisms were out of proportion. For one, trees are the number one icon 
for many world religions, and they were also used in pre-evolutionary societies to 
depict non-evolutionary, abstract and logical, or genealogical descent relations of 
divine and earthly phenomena. Debunking tree images therefore hardly feeds into 
creationist thought (Gontier 2011). Secondly, reticulate evolution can be proven 
by an enormous amount of data, and these theories in no way lend credibility to 
the ideas of creationism. Not trying to incorporate these findings into educational 
imagery, now that would be against science. Moreover, the tree that featured on 
the cover of New Scientist is still quite conventionally looking. There are many 
more extravagant “tree of life” images circulating around in science these days 
that do not even slightly resemble an actual, natural tree. It is therefore highly 
interesting to see such emotional responses made “ex auctoritate” when a pub-
lic image such as the tree of life is being criticized. Nonetheless, evolution is no 
longer synonymous with natural selection, and the reticulate evolutionary mecha-
nisms deserve their educational tools.

As early as 2004, the American Journal of Botany dedicated a special issue 
to the tree of life of plants (see especially the paper by Palmer et al. 2004). The 
overall message conveyed by the issue was that the early symbiogenetic origin of 
plants, as well as their numerous hybridization events, disable one to straightfor-
wardly draw the tree of plants as a branching pattern wherein lineages solely split 
into new ones.

In response to the outbursts of some of the “hardcore” neo-Darwinians, schol-
ars working on HGT and symbiogenesis have been stirring up debate in the August 
2009 issue of the Philosophical Transactions of the Royal Society, B: Biological 
Sciences, which featured a theme issue titled “The network of life: genome begin-
nings and evolution” (Ragan et al. 2009). Epistemological aspects of the tree of 
life debate were discussed in the September 2010 issue of Biology and Philosophy 
(O’Malley et al. 2010). In 2011, Gribaldo et al. edited a special issue for the jour-
nal Research in Microbiology on “Archaea and the tree of life,” and O’Malley and 
Koonin (2011) edited an issue titled “Beyond the Tree of Life” for Biology Direct.

As can be deduced from the issue’s titles, the authors pled for a replacement 
of the tree of life image by a “network” or “web” of life. During horizontal evolu-
tion, evolutionary lineages can cross, melt, and dissolve into one another. By anal-
ogy, the roots of the tree, and even its distinct branches, can cross or melt together, 
and an increasing amount of scholars acknowledge that life probably evolved from 
multiple roots that evolved into various trunks.

Critique also came from virology. Trees of life include extant and extinct bio-
logical species, but should it end there? Virologists are increasingly suggesting that 
viruses should be included in phylogenetic reconstructions as circling around the 
tree of life, where the existing roots, trunks, branches, and twigs are constantly “col-
onized” by viral agents. The code words by which viruses can enter the tree of life 
iconography are again lateral gene transfer, symbiogenesis, and infective heredity.
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… The ‘Tree of Life’ concept has been severely undermined and cannot apply to … large 
scale HGT processes … or explain the role of viruses … . Yet a tree-like structure of 
genetic evolution is observed in all domains of life, including most viruses. Thus HGT is 
colonizing an existing tree from non-ancestral (viral) sources. However, ‘Tree-thinking’ 
which explains tree growth by ancestral variation and natural selection continues to be 
vigorously defended leading many to dismiss the prokaryotes as ‘odd-balls’ that evolve 
differently from other life. Evidence now compels us to revise our definition and vision of 
the Tree of Life to include viruses. … Reticulate evolution and symbiosis apply to all life 
and must now be incorporated into our conceptual framework … . (Villarreal and Witzany 
2010: 699)

If we include viruses, should we also include the overall abiotic environment? 
Darwin (1837/38: 23–24), for example, already wondered how the environment, 
divided into air, land, and water, could be brought into tree of life imagery, and how 
a similar environment would cause for affinity in the major branches of life’s tree.

Would there not be a triple branching in the tree of life owing to three elements air, land 
and water, and the endeavour of each one typical class to extend his domain into the other 
domains, and subdivision three more, double arrangement. — if each main stem of the 
tree is adapted for these three elements, there will be certainly points of affinity in each 
branch.

In 2014, in a special issue on “The tree of life in ecosystems: evolution of plant 
effects on carbon and nutrient cycling” published in the Journal of Ecology, an 
additional requirement was added to the tree of life; namely, such an iconography 
should be able to feature the various biochemical cycles as well as the hierarchical 
relations life endorses with the biotic and abiotic environment (Cornelissen and 
Cornwell 2014). Also in 2014, Kathleen Scott called out for contributions to a spe-
cial issue for the journal Life, titled “Modern Phylogeny: The Three Domains of 
Life” wherein she was aiming for chapters that include metabolic cycles and phys-
iological capabilities such as photosynthesis and mutagenesis, which also need 
phylogenetic reconstructions and overall integration into our evolutionary descent 
imagery (the call can be read at http://www.mdpi.com/journal/life/special_issues/
phylogeny, and the issue is currently forthcoming).

The incoming data can no longer be banned from evolutionary iconogra-
phies. Nonetheless, one can wonder whether patterns of evolution can or cannot 
be inferred from the tree of life imagery (for a discussion, see the 2008 special 
issue for the Journal of Systematics and Evolution edited by Hong et al. 2008). It 
seems a logical and scientific necessity to demand that a universal “tree of life,” or 
more general educational aids that visualize the evolution of life, should be able 
to at minimum fit in all forms of life, all time periods, and it should adequately 
depict all types or modes of descent. This in turn raises interesting questions on 
whether evolutionary descent iconographies should be able to provide insight into 
the major mechanisms by which life evolves, the hierarchies of life and its major 
transitions, as well as what shapes such depictions should take on.

Debating such questions merges fluently with the ongoing debates on the ade-
quacy of the Modern Synthesis and the necessity to extend its scope. Including data 
acquired from molecular phylogenies, exobiology, virology, and ecology implies an 
inclusion of fields that were marginalized during the formation of the Synthesis.

http://www.mdpi.com/journal/life/special_issues/phylogeny
http://www.mdpi.com/journal/life/special_issues/phylogeny
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2.4  Conclusion to Part 1

Because there are so many special issues and numerous papers that debate these 
epistemic questions, I have chosen to guide the reader to the literature rather than 
to give an in-depth analysis myself. Over the past years, scholars have been trying 
to put more and more ranks on the tree of life, and they have been trying to visual-
ize and incorporate the numerous evolutionary mechanisms whereby life evolves 
in order to make evolutionary iconographies truly universal. On the other hand, 
scholars have questioned the possible to draw one universal tree of life that is able 
to illustrate all of life’s complexity, thereby arguing that each rank should have its 
own tree or network of life.

At present, it is unclear whether all of life’s complexity can indeed be depicted 
into one tree, web, or one iconic image. Illustrating the common, and not so com-
mon, descent of life can only be done right if we take into account the different evo-
lutionary theories and mechanisms that explain life’s descent. Moreover, the drawing 
of the tree highly depends on the conceptual classification framework one uses: 
Different species concepts, different definitions of life, different evolutionary theo-
ries, and different evolutionary mechanisms provide different evolutionary diagrams.

Throughout history, the tree has strongly contributed to our understanding of 
the evolutionary process. Science is associated with images, and these images 
therefore help in the dissemination and acceptance of ideas. It therefore becomes 
all the more important that our scientific illustrations convey the right messages, 
and the origin of life out of non-life, dissipative structures, autocatalytic adaptive 
systems, RNA worlds, symbiogenesis, HGT, viral colonization, and hybridization 
are most certainly among those messages.

3  Mechanisms of HGT

Medical microbiology had a life of its own, but it was almost totally divorced from gen-
eral biological studies. Pasteur and Koch were scarcely mentioned by the founders of cell 
biology and genetics. Instead, bacteriology was taught as a specialty in medicine, outside 
the schools of basic zoology and botany. Conversely, bacteriologists scarcely heard of the 
conceptual revolutions in genetic and evolutionary theory. (Lederberg 2003: 287)

While concepts such as “Horizontal Gene Transfer” and “reticulate evolution” date 
back to the 1980s and 1990s, bacterial transformation, conjugation, and  transduction 
were already observed in the early decades of the twentieth century. Many of these 
observations track back to, and associate with major milestones and advances 
made within standard neo-Darwinian evolutionary theory. However, these discov-
eries are rarely featured in historical reviews on the onset of evolutionary thought. 
Instead, such reviews will guide their reader through a set of historical milestones 
that include the following: the introduction of cell theory by Mathias Schleiden 
and Theodor Schwann in the late 1830s; the introduction of natural selection the-
ory by Charles Darwin in 1859; the temporary “eclipse of Darwinism” in the late 
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nineteenth century due to advances made in ecology, symbiology, and epigenetics 
(that includes what we today call “evolutionary developmental biology”); the redis-
covery and synthesis of Mendelian hereditary laws with Theodor Boveri and Walter 
Sutton’s chromosome theory of inheritance, Darwin’s natural selection theory, and 
various aspects of mutation theory; the rise of theoretical population genetics; the 
foundation of the Modern Synthesis in the 1940s; the discovery of the structure of 
hereditary material in the early 1950s; the subsequent development of molecular 
genetics; and the current plea to extend the Modern Synthesis in order to integrate 
both presynthetically (but marginalized) and postsynthetically evolved theories.

In this part, we detail how insights into the mechanisms that underlie HGT cor-
relate with these major advances in evolutionary thought. The discovery of bac-
terial transformation correlates with the discovery of DNA as the bearer of 
hereditary material. Insights into bacterial conjugation and phage-induced trans-
duction of bacterial DNA associate with increasing knowledge into cell cytol-
ogy, cytoplasmic inheritance, and evo-devo. And transduction and knowledge on 
mobile genetic elements bring us to the epigenetic era. Though ignored by the 
standard evolutionary framework, even more puzzling is that discoveries that cur-
rently enable us to understand HGT have from the very onset been recognized as 
major breakthroughs in the biomedical sciences. In fact, one way by which one 
can detail the history of HGT is by guiding the reader through the various Nobel 
Prizes that have been awarded in the category of Physiology or Medicine from the 
early twentieth century onward. Why was there this discrepancy between the bio-
medical and evolutionary sciences?

For one, evolutionary biology is a diachronically oriented research field: It 
studies the natural history of species, and therefore, it is directed toward the past. 
In contrast, the biomedical sciences’ epistemic stance is futuristic: By trying to 
understand the current causes of disease, they try to find cures that will remedy 
disease in the future. That is why they do not form part of the evolutionary sci-
ences, neither academically speaking in what regards the division of the sciences, 
nor epistemologically speaking in what regards their theoretical outlook. It is only 
recently, partly due to the wider recognition of HGT, that the biomedical and evo-
lutionary sciences are becoming synthesized.

Secondly, the Weismann (1885) barrier put an end to neo-Lamarckian evolu-
tionary theories that developed during the “eclipse of Darwin.” Ontogenetically 
acquired traits were no longer contended to feed back into the germ line. The found-
ers of the Modern Synthesis therefore drew clear barriers between ontogeny and 
phylogeny. HGT, on the contrary, associates with “infective heredity,” i.e., the study 
of diseases and foreign DNA that are acquired during the individual’s life span.

Thirdly, because the phylogenetically oriented neo-Darwinian field was out of 
epistemic reach for biomedical scholars, instead, they associated their discover-
ies with more ontogenetically oriented disciplines, namely symbiology, ecology, 
developmental biology, and epigenetics (what we today designate as “evolution-
ary developmental biology”). These research schools all developed in the late 
nineteenth century, and they did so in close association with one another, because 
these fields study the various lifetime-interactions species engage in, either with 
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one another or with the abiotic environment. For that very same reason, these lat-
ter disciplines have evolved outside or in the margins of the standard evolutionary 
framework.

As a philosopher of science, my aim here is not to review insights on the bio-
chemical, molecular structures that underlie HGT processes, but to explain the 
basics in simple terms, as well as to briefly situate the discoveries in time, thereby 
highlighting the major implications they have for general evolutionary theory.

3.1  History of Infectious Disease: The Origin of HGT 
Research in Symbiology, Ecology, Developmental 
Biology, and the Biomedical Sciences

Genetics, symbiotology, and virology have a common meeting place within the cell. There 
is much to be gained by any communication between them which leads to the diffusion of 
their methodologies and the obliteration of semantic barriers. (Lederberg 1952: 32)

As already mentioned in the introduction to this volume, there is only a fine line 
to be drawn between studies on symbiosis, infectious heredity, and HGT. This 
becomes especially striking when one reconstructs the historical origins of lateral 
transfer studies.

Symbiology, medicine, bacteriology, virology, and overall microbiology are 
fields that developed their frameworks in the late nineteenth-century period that 
has been designated by Huxley (1942) as the “eclipse of Darwinism.” The eclipse 
of Darwinism is a period in history that demarcates a demise in the adherence to 
natural selection theory in favor of more ecological, symbiotic, and ontogenetic 
(including cell cytological) frameworks. Symbiotic research paralleled ecological 
research and both developed outside Darwinian and neo-Darwinian theory (Sapp 
1994). Ecology, for example, only became integrated in the 1960s, and even today, 
symbiology remains unintegrated.

From the mid-nineteenth century onward, symbiologists such as de Bary (1861) 
and Van Beneden (1873, 1875) had pointed toward parasitic symbiotic microorgan-
isms as the cause of plant and animal diseases. The “golden age” of bacteriological 
and microbiological fields as well as the advent of the biomedical sciences with the 
“germ theory of disease” are thus ultimately driven by insights into symbiosis.

The biomedical sciences are an outgrowth of (1) increased knowledge of bacte-
ria, protozoan microorganisms, and eventually also viruses as causal agents of dis-
ease (Beijerinck 1898; Cohn 1875; d’Herelle 1917; Iwanowski 1892; Koch 1876, 
1882; Pasteur 1880; Laveran 1880; Lewis 1879; Mayer 1886; Twort 1915) and 
(2) knowledge on immunology and its associated researches on vaccination thera-
pies, serology, and chemotherapies (Ehrlich 1877, 1879a, b; Jenner 1798). From 
its onset, the biomedical sciences have emphasized the possibility of horizontal 
exchange of biochemical substances between various organisms and horizontal 
transmission of these substances outside of the germ line, during various stages of 
organismal development.
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As early as 1717, Mary Wortley Montagu introduced an immunization tech-
nique against smallpox (Variola) in England. During extensive stays in Turkey, 
she learned that rubbing the scabs from individuals infected with smallpox against 
carved skin of healthy individuals leads to the development of only a mild form of 
smallpox. Somehow, there must therefore have been a form of horizontal transmis-
sion from the infected pustules to the healthy individuals, which rendered the latter 
less vulnerable to the disease. Her work led to the introduction of inoculation and 
injection techniques to develop immunity against various diseases and these tech-
niques eventually found all research on vaccinations. Soon after, scholars would 
conduct similar experiments with less virulent cowpox which proved to also cause 
immunity against Variola (Case and Chung 1997), and eventually, Jenner (1798) 
would introduce a first cowpox-based “vaccine” against smallpox.

Such inoculation and vaccination experiments, which, in hindsight, are per 
definition based upon the artificially induced horizontal transfer of biochemical 
substances, or the artificially induced endosymbiosis of foreign cells into a host, 
became the primary means by which scholars identify and study disease.

In 1884, Robert Koch, one of the founders of the germ theory of disease, pub-
lished his etiology of tuberculosis that proves that the Tubercle bacillus is the dis-
ease-causing agent of tuberculosis. Koch (1884) was able to cultivate pure strains 
on blood serum and he proved that inoculation in guinea pigs caused disease. 
From this work, he derived 4 postulates that serve as testing devices to identify 
microorganisms as disease-causing agents: (1) The microorganism must be present 
in sick organisms and absent in healthy ones; (2) doctors have to be able to isolate 
the disease-causing organisms from infected organisms and grow pure strains of 
them; (3) inoculation of isolated cultures must cause disease in healthy organisms; 
and (4) after inoculation, the microorganisms must be found in the infected host, 
and they must be identical to the originally identified pathogens.

In 1886, D.E. Salmon and Theobald Smith, the first Americans to study bacteria 
as disease-causing agents, developed a new means to induce immunity against con-
tagious diseases by injecting whole, heat-killed cells of virulent strains in healthy 
individuals. And four years later, two students of Koch, Behring and Kitasato (1890), 
developed immunizing techniques against Diphtheria and Tetanus.

Immunology became a subfield of the medical sciences due to advanced knowl-
edge on human blood and the plasma it contains. Immunology encompasses the 
field that studies the reactions of the body against infectious agents and unwanted 
substances. The injection of foreign agents such as bacteria or viruses into the 
skin or the veins of organisms causes the body to react with an immune response. 
This immune response involves the production of antibodies (mostly consisting of 
white blood cells) that attack the antigens of the pathogen. Antigens are chemical 
substances found on the surface of infectious agents. When the pathogens are ren-
dered harmless, the body has created a “memory” of the infectious agent: It main-
tains the specifically generated antibodies which ensure protection against future 
encounters with the pathogen.

Scholars first learned about such complex interactions between antibod-
ies and antigens through the works of Paul Ehrlich and Ilya Ilyich Mechnikov 
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(Élie Metchnikoff). Ehrlich (1877, 1879a, b) first identified the various types of 
human blood cells that exist, thereby founding the field of serology. In 1891, he 
discovered antibodies that cause immunity against plant toxins, work that led 
him to develop one of the first theoretical frameworks to understand immunol-
ogy (Ehrlich 1898, 1900; Ehrlich and Morgenroth 1902). His “side-chain theory” 
understands the workings of serum on toxins (antibodies on antigens) as a chemi-
cal reaction whereby the molecules of the serum and the toxin bind to one another. 
Most importantly, he thought that immunology was inheritable and horizontally 
transmittable, in mammals especially via lactation from mother to offspring 
(Ehrlich 1892a, b).

In 1882, Mechnikov experimentally introduced thorns from a tangerine tree into 
the larvae of starfish and observed that specific cell types surrounded the thorns, 
which made him assume they protect the larvae by eating the foreign material. In 
1884, he was able to confirm his idea, by observing that “eating cells” destroyed 
fungal spores that he introduced in Daphnia (a freshwater flea). Later in his career, 
he discovered that mammalian white blood cells engulf and kill the Anthrax bac-
terium. Carl Friedrich Claus proposed Mechnikoff to call the cells phagocytes 
(eating cells), and Mechnikov introduced the term “phagocytosis” to describe the 
process of elimination by eating and conjectured that it lies at the basis of cellular 
immunity (see Karnovsky 1981; Tauber 2003; Tan and Dee 2009 for a discussion). 
Today, we know that phagocytes are a group of motile white blood cells, and mast 
and dendritic cells that play crucial roles as primary defenders of immunity. They 
eat harmful pathogens and eliminate debris. Phagocytosis is furthermore the mech-
anism suggested today to underlie primary, secondary, and tertiary endosymbiosis, 
whereby the acquisition of the symbionts is understood as a failed digestion of the 
independently evolved cells (for a discussion, see Zook, this volume).

New microscopes enabled a better visualization of the microorganisms, and 
symbiology theory (especially parasitism), more so than natural selection theory, 
facilitated a better theoretical conceptualization of the acquisition and develop-
ment of infectious diseases, while immunizing techniques such as inoculation 
experiments and vaccination therapies enabled protection against disease. Similar 
inoculation experiments underlie the discovery of bacterial transformation by 
Frederick Griffith in 1928.

Investigating immunological processes entails a recognition that symbiotic and 
coevolutionary relations have evolved between hosts and pathogens, their antibod-
ies, and antigens. And this recognition necessitates research in ontogeny because 
such interactions take place during the life span of the individual.

At the turn of the twentieth century, von Faber (1912) took the issue one step 
further by theorizing that ontogenetically acquired, parasitic, and beneficial 
symbiotic relationships can become hereditary. Von Faber’s notion of “erbliche 
Zusammen leben” became translated by Cowles (1915) as “hereditary symbiosis” 
which became understood as a major driving force of symbiogenesis by scholars 
such as Buchner (1921), Wallin (1927), and Lederberg (1952). In fact, Lederberg, 
who discovered bacterial conjugation and phage-mediated transduction, under-
stood both as instances of “hereditary symbiosis” and “infective heredity.”
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3.2  Bacterial Transformation

Transformation was first observed by Griffith (1928) in the context of medical 
research on the nature and cause of pneumonia. Griffith conducted various experi-
ments whereby he inoculated healthy organisms with virulent strains of the bac-
teria that cause pneumonia and in the process, he discovered that some bacteria 
transformed. The study of the underlying patterns and mechanisms whereby bac-
teria transform also played a crucial role in the discovery of genes as carriers of 
hereditary information (Avery et al. 1944). Before we turn to history, we first out-
line the basics of bacterial transformation.

Bacterial transformation is a type of HGT whereby living bacteria take up naked 
genes from their surroundings, including genes coming from decomposing bacteria 
(Chen and Dubnau 2004; Dubnau 1999; Downie 1972; Redfield et al. 1997; Sisco and 
Smith 1979). The acquired genes can range from small DNA fragments such as trans-
posons to plasmids, and even the donor’s entire bacterial chromosome can become 
absorbed by the recipient (Akamatsu and Taguchi 2001). Uptake of plasmids or an 
entire chromosome occurs mostly under artificial laboratory conditions, during genetic 
engineering experiments, while the lateral acquisition of small DNA fragments occurs 
abundantly in natural settings (Mandel and Higa 1970; Johnsborg et al. 2007).

The acquired DNA fragments can be used for DNA repair (Hoelzer and 
Michod 1991); it can function as a nutritional source (Finkel and Kolter 2001); the 
acquired genes can become part of the bacterial genome, or it can integrate into 
possible plasmids already residing inside the bacterium (Fig. 1). The acquisition 
and insertion of DNA fragments into the bacterial genome enable genome growth, 
and the integrated DNA often not merely changes the bacterium’s genetic makeup, 
it also changes functional metabolism.

How and why bacteria take up foreign DNA particles is still not completely 
understood (Chen and Dubnau 2004; Dubnau 1999). Bacterial types such as 
Streptococcus pneumonia appear to have a natural competence to take up foreign 
DNA, an ability that is biochemically “programmed” in their genes. This compe-
tence relates to the morphology of their bacterial envelope and membrane, as well 
as their pili (filaments attached to the cell’s surface) (Sisco and Smith 1979; Redfield 
et al. 1997). Pili are also involved in bacterial conjugation, discussed in the next part.

Transformation is a costly biochemical process, and bacteria mostly engage in 
DNA uptake when they find themselves in a state of starvation, under harsh envi-
ronmental conditions, or when they contain damaged DNA (Engelmoer and Rozen 
2011). In addition, transformation is one of the means by which bacteria such as E. 
coli naturally acquire resistance genes to antibiotics (Anderson 1968; Cohen and 
Miller 1969, 1970; Cohen et al 1972). Stanley Cohen, Annie Chang, and Leslie Hsu 
demonstrated that “the introduced R-factor DNA can persist in such cells as an inde-
pendently replicating plasmid, and can express both the fertility and antibiotic resist-
ance functions of the parent R factor” (Cohen and Miller 1970: 2110). “R factors” 
stand for “resistance transfer factor” or “antibiotic resistance factors.”

Bacteria can also integrate DNA from bacterial viruses. Mandel and Higa 
(1970), for example, demonstrated that in the laboratory, E. coli bacteria can take 
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up genes coming from the lambda bacteriophage. And already in 1951, Victor 
Freeman reported on HGT from a bacteriophage to an avirulent Corynebacterium 
diphtheria and indicated that such transfer renders the bacteria virulent:

Regardless of the fact that the underlying mechanism is not understood, the knowledge 
that avirulent cultures of C. diphtheriae can become virulent in the presence of specific 
bacteriophage is of importance to any consideration of the many perplexing problems that 
have confronted bacteriologists and epidemiologists interested in the study of diphtheria. 
If the virulence of the diphtheria bacillus should prove dependent not only on its toxi-
genic ability and its invasive power but also on the degree of its association with a specific 
bacteriophage, then some of the difficulties involved in understanding the complex prob-
lems of bacterial metabolism and immunity as they occur in the diphtheria case or carrier 
might be partially solved. (Freeman 1951: 686)

Bacterial transformation raises interesting questions on adaptive environmen-
tal responses as well as biochemical “communication.” Experiments demonstrate an 
increase in competence to transform when the bacteria are somehow threatened, and the 
mere possibility to take up foreign genes depends upon the biochemical recognition of 
exogenous DNA in its surroundings and biochemical capacities to transport and insert 

Fig. 1  Examples of bacterial transformation. 1 A bacterium with its bacterial genome and a plas-
mid. 2 The bacterium dies, the cell membrane and the bacterial chromosome disintegrate, and some 
fragments and the plasmid are released from the dead bacterium. 3 A DNA fragment is absorbed 
by a recipient cell and becomes integrated into the bacterial chromosome. 4 A transposon carrying 
antibiotic resistance gene(s) is absorbed by a recipient cell, and the transposon becomes integrated 
into the bacterial plasmid. 5 A DNA fragment is incorporated into a recipient bacterial cell, but the 
DNA is not integrated into the bacterial genome; instead, either the DNA fragment is broken down 
and used as a nutritional source or the DNA fragment remains in the cell as extrachromosomal 
DNA. 6 The plasmid from the donor cell becomes integrated into the recipient bacterium
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the foreign DNA particles. Insofar as bacteria seem to prefer to take up naked DNA 
similar to their own genetic makeup, it must involve some kind of biochemical recogni-
tion of this similarity. Furthermore, upon death, many bacteria release their genes to the 
surroundings, and one can wonder whether such an act requires a higher-order, group 
explanation: Does such release resemble some kind of “altruistic group behavior”?

3.2.1  Griffith’s Inoculation Experiments

Around the turn of the twentieth century, Pneumococci (Streptococcus pneu-
moniae) became indicated in causing lobar pneumonia in humans. Neufeld 
(1902) and Neufeld and Händel (1910), working at the Koch Institute, had clas-
sified various strains into 3 different types. In 1917, Avery and colleagues added a 
fourth type (Downie 1972: 2).

With the goal to abstract immune sera (antibodies) against pneumococci, the 
British microbiologist and physician Frederick Griffith (1877–1941) abstracted the 
various bacterial types from the mucus coming from the lower airways (sputum) 
of infected humans that had developed lobar pneumonia. He subsequently “grew” 
these bacterial strains in the belly of mice to then abstract them again after which 
he tested whether these bacteria correspond to the types he found in the human spu-
tum. Afterward, he combined the sputum with the type serum and injected them 
into healthy mice to see how they react to various strains of the bacterial types.

What was striking was that the mice that developed inflammation would often 
die from a bacterial strain different from the one it was injected with. Contrary to 
his contemporaries, who assumed the fixity of bacterial types, Griffith’s research led 
him to conclude that the bacterial types underwent modification: They were able to 
“transform” and acquire new virulent functions. Such transformation, Griffith (1928: 
139) furthermore noticed, was “the property of the whole strain in each case.”

But what exactly happened? Several explanations were possible: Either the vari-
ous bacterial types and strains merely represent several stages of the same individ-
ual, much like a caterpillar is a stage in the life cycle of a butterfly; or the cultures 
were not pure; or infection with one type might make infection with another type 
more likely; or perhaps during reproduction one type would randomly mutate to 
another type; or perhaps environmental conditions played a role because transforma-
tion of type was more likely to occur under the skin than in the bloodstream.

To find answers, Griffith (1928: 133–6) conducted further experiments and 
observed that when avirulent pneumococci were grown on a blood agar plate for 
24 hours, they would develop colonies that appear morphologically “Rough” to 
the observer. Instead, virulent colonies would have a “Smooth” glistering appear-
ance. Nonetheless, there were circumstances in which he inoculated mice with 
an attenuated Rough strain (R strain), and yet, they would die from sepsis. When 
these individual’s blood was inspected, they would contain Smooth strains (S strain) 
with “well-marked capsules” (a substance that surrounds the bacterial envelope). 
The well-marked capsules, we now know, are coats made up of sugar and proteins 
that protect the virulent strains against recognition by the host’s antibodies. Rough 
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strains are rough because they do not have this protective shield, and the infected 
body therefore recognizes the intruder and renders it harmless.

So at some point, a conversion occurred and Griffith (1928: 141–158) subse-
quently investigated “whether an avirulent R pneumococcus can be transformed 
into the virulent S form by growth in the body of mice.” Several of these experi-
ments went as follows (Fig. 2). First, he cultured pure R and pure S strains. When 
he inoculated healthy mice with living attenuated non-encapsulated R strains, 
the mouse stayed healthy, thereby confirming that the R strain is avirulent. 
When he inoculated mice with the living encapsulated and virulent S strains, the 
mice would die, thereby confirming that the S strain is virulent. When he inoc-
ulated mice with dead S strains that he killed through heating, the mice would 
also remain healthy. But, when he combined living R strains with the heat-killed 
S strain and injected them into mice, the mice would die. Inspection of the blood 
of these dead mice would evidence the presence of living S strains. 

He therefore concluded that transfer of substances from the dead S strain to 
the living R strain happened, enabling the R strain to transform into the virulent 
S strain. Griffith (1928: 166): “… the attenuated organisms actually make use of 

Fig. 2   Schematic of Griffith’s transformation experiments. Living Rough pneumococcal strains 
and heat-killed Smooth strains are harmless for the mice, which proves that strains with this mor-
phology are non-virulent. Living Smooth pneumococcal strains are virulent and cause death. A 
combination of living Rough avirulent strains with heat-killed Smooth strains made the mice die. 
When he examined the blood of the dead mice, he found living Smooth and thus virulent strains. 
The Rough strains had transformed from being avirulent to being virulent, and Griffith specu-
lated that the Rough strains had acquired a “transforming factor” from the dead virulent strain
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the products of the dead culture for the synthesis of their S antigen. An R strain is 
most readily transformed into the S variety when the killed culture used is of the 
same serological type as that from which the R strain was derived.”

He also noted that such transformation occurred when inoculation happened in 
the skin or the belly. In the bloodstream, the R strains are immediately rendered 
harmless by immune responses of the body, thereby disabling any transformation 
to a virulent S strain. But, Griffith noted that such rough morphology is adaptive 
for the bacteria, because they can lie latent in the body and switch to a virulent 
stage when the body is infected with new, virulent strains (Griffith 1928: 172).

This is the principle of lateral transfer by transformation. Living bacteria can 
snatch compounds of dead bacteria. Griffith, however, did not know what the 
nature was of the transforming factor and thought that the capsule, which is made 
up of proteins, had something to do with the transformation from R to S strains.

3.2.2  The Avery–MacLeod–McCarty Experiments

Griffith’s experiments were confirmed by several scholars including Neufeld, 
Levinthal, and Bauerhenn, as well as by scholars from the Rockefeller Institute 
for Medical Research (Avery et al. 1944: 137). Oswald Avery was a medical doc-
tor who had been studying the capsules that surround the virulent strains, because 
he thought that these capsules were responsible for disease. From 1928 to 1931, 
work done by Martin H. Dawson and Richard Sia, members of Avery’s laboratory, 
enabled the “conversion” of R into S forms in a test tube, in vitro. More specifi-
cally, they accomplished the growth of “R cells in a fluid medium containing anti-
R serum and heat-killed encapsulated S cells” (Avery et al. 1944: 137).

While Griffith had induced transformation in various types and strains of pneu-
mococci, in all of Avery, MacLeod, and McCarthy experiments, they focused on 
the transformation of an attenuated R type II strain (itself derived from a virulent 
S culture of pneumococcus type II) to virulent type III S strains (Avery et al. 1944: 
139). Their experiments were successful.

The reproduction of the experiments subsequently enabled the Rockefeller 
scholars to begin isolation studies on the “transforming factor” in 1935, work 
that was first performed by James Lionel Alloway and later by M. MacLeod, 
McCarthy, and Avery himself. In a series of experiments, the scholars used various 
techniques that specifically and selectively break down DNA, RNA, proteins, and 
lipids, and in 1944, in a now famous article, they revealed that the transforming 
factor that enables non-capsular, avirulent R strains to transform into capsular S 
forms, must be made up of DNA. They concluded as follows:

Equally striking is the fact that the substance evoking the reaction and the capsular substance 
produced in response to it are chemically distinct, each belonging to a wholly different class 
of chemical compounds. The inducing substance … appears to be a highly polymerized and 
vicious form of sodium desoxyribonucleate [deoxyribonucleate]. On the other hand, the Type 
II capsular substance, the synthesis of which is evoked by this transforming agent, consists 
chiefly of a non-nitrogenous polysaccharide constituted of glucose-glucuronic acid units 
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linked in glycosidic union. The presence of the newly formed capsule … confers in the trans-
formed cells all the distinguishing characteristics of Pneumococcus Type III. Thus, it is evi-
dent that the inducing substance and the substance produced in turn are chemically distinct 
and biologically specific in their action and that both are requisite in determining the type 
specificity of the cell of which they form part. (Avery et al. 1944: 152)

Particularly, the last point is important. The scholars underlined that DNA is the 
enabler of capsule formation (made up of proteins), but DNA itself is made up of a 
substance different from the substance that makes up the capsule. For the authors, 
this suggested that DNA carries hereditary information, information that is specific 
and differential. It does not provide the material to make the capsule; rather, it car-
ries the information on how to make it. Their work countered the then prevailing 
notion, brought forth by scholars such as Phoebus Levene, that DNA was a simple 
and repetitive structure made up of the same elements. They further noted how 
odd they found it to reach these conclusions based upon the study of “immuno-
logical techniques.”

Their work, and also Griffith’s, presents a prototypical example of how empiri-
cal evidence often precedes theory. As Downie (1972: 2) notes, one of the rea-
sons Griffith conducted so many experiments to confirm his results was probably 
because he was “conditioned to believe that bacteria existed in immutable types.” 
And also Avery was at first reluctant to accept the incoming results from his col-
laborators, who continued their research during a leave of absence due to thyroid 
intoxication by their senior.

Avery, MacLeod, and McCarthy’s work was nonetheless well received and 
even popularized by Scientific American (Morange 2000: 33). But although the 
work and the results were recognized, it remained difficult for scholars to think 
through the consequences. Because both Griffith and Avery’s team artificially 
induced transformation under laboratory settings, it was assumed that such trans-
formation did not occur in natural settings. The authors themselves noticed that: 
“Transformation of types has never been observed to occur spontaneously and has 
been induced experimentally only by the special techniques outlined earlier in this 
paper” (Avery et al. 1944: 140). The idea that hereditary information can be trans-
mitted horizontally under natural conditions during ontogeny (terms they never 
used to describe these phenomena) was too far away from the idea that hereditary 
information is transmitted vertically during sexual reproduction.

That it is indeed DNA that carries hereditary information was later confirmed by 
Hershey and Chase (1952) at the Cold Spring Harbor Laboratory, in their famous 
experiments with T2 bacteriophages and E. coli bacteria. They used different radio-
active isotopes to color the proteins that make up the bacteriophage’s capsid and 
the DNA that makes up the core of the phage’s head, in order to track which parts 
enter the bacterial cell upon infection and which parts enable the production of new 
phages. They concluded that it is the phage’s DNA that becomes injected upon 
infection, while the protein coat remains attached to the surface of the bacterium. 
And the phage’s progeny mainly inherits genetic material rather than proteins.

We have shown that when a particle of bacteriophage T2 attaches to a bacterial cell, most 
of the phage DNA enters the cell, and a residue containing at least 80 per cent of the 
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sulfur-containing protein of the phage remains at the cell surface. This residue consists of 
the material forming the protective membrane of the resting phage particle, and it plays no 
further role in infection after the attachment of phage to bacterium. These facts leave in 
question the possible function of the 20 per cent of sulfur-containing protein that may or 
may not enter the cell. We find that little or none of it is incorporated into the progeny of the 
infecting particle, and that at least part of it consists of additional material resembling the 
residue that can be shown to remain extracellular. Phosphorus and adenine … derived from 
the DNA of the infecting particle, on the other hand, are transferred to the phage progeny to 
a considerable and equal extent. We infer that sulfur-containing protein has no function in 
phage multiplication, and that DNA has some function. (Hershey and Chase 1952: 54)

3.3  Bacterial Conjugation

A plasmid is an extrachromosomal, circular-shaped, double-stranded DNA mol-
ecule. In other words, plasmids do not form part of the bacterial chromosome, but 
reside in the cytoplasm of the bacterial cell. Here, they can replicate autonomously 
from the latter. Plasmids are central agents for HGT by means of bacterial con-
jugation (Thomas 2000; Griffith et al. 2000), whereby one copy of the double-
stranded DNA molecule that makes up the plasmid is laterally transferred from a 
donor bacterium to a recipient. Bacterial conjugation requires cell-to-cell contact 
between two bacterial organisms, and these organisms have a different morphol-
ogy: One has a plasmid and a sex pilus (a sexual appendage), and the other has 
not. Pili are hairlike filaments made up of pilin proteins that extend from the bac-
terial cell surface (Proft and Baker 2009). There exist different types of pili: Some 
enable motility in which case they are called common pili or fimbriae (Mattick 
2002), while others enable conjugation. When the pili enable bacterial conjuga-
tion, they are called conjugative pili or sex pili. The genes required to produce pili 
are encoded in the conjugative plasmid.

During bacterial conjugation in E. coli, one such sex pilus of the donor bacte-
rium attaches itself to the recipient bacterium and pulls the latter cell closer (Fig. 3). 
The membranes join, and the lateral exchange occurs. During the exchange, one 
strand of the double-stranded DNA molecule that forms the plasmid of the donor 
cell is passed on to the recipient. Thus, the plasmid itself does not, in its entirety, 
move from the donor to the recipient cell. What happens is that the double-stranded 
DNA of the plasmid is cleaved, and a single-stranded plasmid is transferred to the 
recipient. After the transfer, both the donor and the recipient synthesize the com-
plementary strand of the plasmid DNA, thereby rebuilding the plasmid into a dou-
ble-stranded DNA molecule. After conjugation, and thus after acquisition of the 
plasmid, the recipient cell is also able to engage in bacterial conjugation.

Bacterial conjugation was first discovered in the E. coli K-12 strain by 
Lederberg and Tatum (1946). The E. coli K-12 strain is a laboratory strain that 
was abstracted from a human patient’s stool (Bachmann 1972), and ever since, it 
has been cultivated in various laboratories around the world. When Lederberg and 
Tatum first reported on bacterial conjugation, they did not know how the mecha-
nism of transfer worked. Their experiments on “direct hereditary interaction of one 
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bacterial type with another” involved mixing two mutated strains of E. coli K-12, 
each deficient in the synthesis of certain proteins and enzymes disabling them to 
grow. One strain could produce what the other lacked, so the strains were com-
plementarily insufficient for their lack of synthesis of these elements. However, 
when the two strains were mixed together, new colonies emerged. So the bacteria 
appeared to have exchanged what the other lacks to reestablish growth, and the 
authors presumed that this occurred via bacterial “recombination” (bacterial mat-
ing) or “hybridization,” though a “complete analogy cannot be drawn at present 
between the inheritance of bacterial characters and the Mendelian processes of 
higher forms” (Lederberg and Tatum 1946: 681).

But what had been exchanged and how? Did one or both strains engage in a 
form of “nutritional symbiosis” (Lederberg and Tatum 1946: 766), or did they 
exchange genes in order to repair their DNA (Griffiths 2000)?

Major insights into the mechanisms were brought forth by the Lederberg cou-
ple as well as by Luigi-Luca Cavalli Sforza, William Hayes, François Jacob, and 

Fig. 3  Steps in bacterial conjugation of E. coli. 1 On the left, a donor bacterium (F + cell) carry-
ing an F plasmid. Right, a recipient cell (F−) that does not have an F plasmid. 2 The conjugative 
pilus of the donor bacterium attaches to the recipient bacterium and pulls the latter closer. 3 The 
cells become connected. 4 A single DNA strand of the plasmid is transferred. 5 Both the donor 
and the recipient synthesize the complementary DNA strand which enables the restoration of the 
double-stranded plasmid molecule. 6 Because of the transfer, the recipient cell now also becomes 
an F + cell that can donate plasmids to other F− cells
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Ellie Wollman, first independently and later in close collaboration (Holloway 
and Broda 1996). Seven years later, in a letter to Nature, Hayes (1952) reported 
that bacterial conjugation was unidirectional, going from a donor to a recipient. 
Lederberg et al. (1952) and, a year later, Hayes (1953) discovered the “F Fertility 
factor” that enables the initiation of bacterial conjugation in E. coli. It was Esther 
Lederberg who first coined the term “Fertility Factor.”

In E. coli, the F factor can also integrate into the bacterial chromosome through 
homologous recombination, a process first described by Cavalli Sforza (1950). As a 
factor that can both exist independently in the cytoplasm and integrate into the bacte-
rial chromosome, the F plasmid was considered an example of an “episome,” a term 
first coined by Jacob and Wollman (1958; Wollman and Jacob 1955). Integration of 
the F factor into the bacterial chromosome results in a “High-frequency recombina-
tion cell” or Hfr cell (Williams, this volume).

Plasmids were considered by Lederberg (1952: 403) to “comprise part of the genetic 
determination of the organic whole,” and he understood such elements to evolve in a 
non-Mendelian fashion, by “infective heredity” (Lederberg 1952: 413) which made 
them examples of “hereditary symbiosis” (Lederberg 1952: 415  1955).

Finally, bacterial conjugation has mostly been studied in gram-negative bac-
teria such as the E. coli, but it also occurs in gram-positive bacteria (Grohmann 
et al. 2003). Gram-positive bacteria are furthermore able to transfer the entire 
double-stranded plasmid DNA (Grohmann et al. 2003; Scott and Zähner 2006). 
Heinemann and Sprague (1989) have additionally demonstrated that genetic trans-
fer from conjugative E. coli to eukaryotic yeast organisms (Saccharomyces cerevi-
siae) can happen which proves that transfer can occur from pro- to eukaryotes.

3.3.1  Bacterial Conjugation and the Acquisition of Antibiotic 
Resistance

Bacterial conjugation was the first suggested mechanism by which bacteria 
acquire resistance to antibiotics. Antibiotics are substances produced by certain 
bacteria that have detrimental effects on other bacteria. When antibiotic substances 
penetrate the bacterial cell, it can target cellular components such as ribosomes, 
proteins, or the bacterial cell wall and induce decomposition leading to bacterial 
cell death. Antibiotic resistance occurs when bacteria evolve genes that disrupt 
the function of antibiotic substances, by disabling penetration of the bacterial cell 
wall, or by altering its target. Bacteria have also evolved means to simply push the 
antibiotic substances out of the cell, and they have evolved enzymes that decom-
pose the antibiotic substances (Andersson and Hughes 2010; Allen et al. 2010).

By the 1950s, several antibiotics, including Chloramphenicol, Tetracycline, 
Streptomycin, and Sulfonamide, had become widely fabricated and administered 
to sick patients (Lederberg 2003: 288). And in a little less than 10 years, the first 
reports came in that bacteria had acquired resistance to these antibiotics.

These reports came from Japan where Ochiai et al. (1959), Akiba et al. 
(1960), and Mitsuhashi et al. (1961) had discovered naturally occurring antibiotic 
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resistance in Shigella bacteria. These are gram-negative bacteria that include S. 
dysenteriae bacteria responsible for dysentery and they are also closely related 
to Salmonella and E. coli. The scholars observed that several dysentery patients 
became non-responsive to the four different types of antibiotics.

In the feces of the dysentery patients, they also found E. coli bacteria that 
were equally resistant to these antibiotics. The case studies brought to light that 
the acquired drug resistance of Shigella often occurred against all four types of 
antibiotics, even when patients were only administered one type of antibiotics. 
Neither the antibiotics themselves nor the interaction between the antibiotics and 
the Shigella bacteria could therefore underlie the acquired resistance. Instead, it 
was suggested that Shigella bacteria acquired antibiotic resistance from resistant 
E. coli strains that exist together in the intestinal canal of dysentery patients. The 
scholars tested the hypothesis and were able to artificially induce (in vitro): “(1) 
multiple-resistant clones of Shigella by mixing the cultures of the drug-sensitive 
Shigella and the multiple-resistant E. coli, and (2) mutual transfer of resistance 
between Shigella and Escherichia” (Akiba et al. 1960: 225).

At the time, all three canonical forms of HGT among bacteria had been 
reported, and based upon the principle of exclusion, the Japanese scholars theo-
rized that the means by which antibiotic resistance was acquired was by bacterial 
conjugation.

From the results obtained […] transformation is not believed to be responsible for this 
phenomenon. The authors have not succeeded in the isolation of phage from resistant 
strains which is infective to give resistance to sensitive recipients. From this result, trans-
duction is hardly considered as an essential mechanism. Therefore, recombination or con-
jugation may be the most probable mechanism involved. (Akiba et al. 1960: 226)

The Japanese scholars’ knowledge on antibiotic resistance was transferred to 
a general Western audience by Watanabe (1971), who furthermore associated the 
acquisition of antibiotic resistance genes with Lederberg’s notion of “infectious 
heredity” which in turn was inspired by symbiology jargon. The drug resistance 
genes, dubbed “Resistance factors” or “R factors,” were thought of as “episomes”: 
elements that can either replicate autonomously or integrate into the bacterial 
chromosome:

We have found … that the multiple drug resistance factors are carried and transferred by 
an episome … . Multiple drug resistance is, therefore, an example of “infective heredity 
…” (Watanabe 1971: 87)

As such, they provided another example for the very existence of episomes. 
Other early reports on transferrable antibiotic drug resistance include the works by 
Andersön (1968) and Jones and Sneath (1970).

The transmission of antibiotic resistance genes via bacterial conjugation dem-
onstrates how rapid evolution by means of HGT can be. In less than 10 years after 
the first worldwide administrations of antibiotics, Shigella bacteria were able to 
acquire and spread this resistance. Some of these resistance genes already existed 
within the bacteria involved, and other resistance genes have evolved since the 
massive introduction of antibiotics. The current standard paradigm assumes that 
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genetic mutations are “random,” and it considers such random mutations to result 
from “copying errors.” Whether or not the evolution of resistance genes is “ran-
dom” or “directed” remains a topic of considerable research, but the rapidness by 
which transfer occurs across species outnumbers any suspicion of randomness.

Today, all canonical forms of HGT have been indicated in the acquisition of 
bacterial resistance. In the case of transduction, this also implies that resistance 
can be passed on from bacteriophages to bacteria or vice versa, and besides 
viruses, also fungi and other microorganismal pathogens have acquired resistance 
for the antibiotics administrated against them.

This again demonstrates intra- and interspecific exchange which in turn indi-
cates an intricate coevolutionary and symbiotic way of living.

3.4  Phage-Mediated Transduction

When Salmonella typhimurium is grown in the presence of a variety of mildly deleteri-
ous agents, especially weakly lytic phages, it produces a filterable agent (FA) capable of 
transferring hereditary traits from one strain to another. Individual filtrates may transduce 
many different traits, but no more than one in a single bacterium. The activities of a fil-
trate parallel the characteristics of the donor cells. Nutritional, fermentative, drug resist-
ance, and antigenic characters have been transduced. The new characters are stable after 
many generations of subcultures. … (Zinder and Lederberg 1952: 697)

Bacteria can become infected by specific viruses called bacteriophages, a word 
that is often abbreviated as phages. When a bacteriophage attaches to the surface 
of bacteria, it is able to penetrate the membrane and inject its phage DNA (Fig. 4).

Fig. 4  Morphological structure of a bacteriophage. The phage’s DNA is located inside the head 
of the virus. When the phage infects a bacterium, only the DNA becomes injected into the bacte-
rium. The DNA travels through the helical protein sheath and passes through the bacterial mem-
brane, while the remaining protein-based structure of the phage remains outside the bacterial cell
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When the bacteriophage’s genes enter a bacterial cell, either they can take on 
a dormant, non-virulent “prophage” phase (a phase called the lysogenic cycle), or 
they can make use of the bacterial metabolism to synthesize new phage particles (a 
phase called the lytic cycle) (Lwoff 1953).

As avirulent, latent prophages, either they integrate into the bacterial genome, 
or they can reside inside the cell’s cytoplasm as integrons or as circular DNA that 
resembles plasmids. When bacteria carry prophages, they are called lysogenic 
bacteria. When the phage remains virulent, or during the transition from a latent 
and lysogenic to a virulent and lytic phase, new virus particles are produced and 
the bacterial cell undergoes lysis: The cell bursts, and the new viral particles are 
released into the environment where they can infect surrounding bacterial cells.

Bacterial transduction (Fig. 5) is a form of HGT of bacterial genes that is medi-
ated by bacteriophages (Zinder and Lederberg 1952; Zinder 1992). During the 
production of new bacteriophages, a bacteriophage accidentally packages bacterial 
genes instead of bacteriophage genes. When these transducing phages (the with 
bacterial genes infected phages) are released, they can infect other bacteria, and 
transfer the aquired bacterial genes. Upon infection with a transducing phage, the 
bacterial DNA from the donor is incorporated into the bacterial DNA of the recipi-
ent via homologous recombination.

In short, during general transduction, bacteriophages accidentally serve as vec-
tors for the transportation and transmission of bacterial DNA. In genetic engineer-
ing, phages are one of the preferred means to introduce foreign DNA elements 
into cells.

Scholars distinguish “generalized transduction,” where any gene can become 
transferred between bacteria via phages, from “specialized transduction” (Griffiths 
et al. 2000). During specialized transduction, the bacterial genes that are pack-
aged and transferred are specific, and also the location where the transducing 
genes insert inside the recipient bacterial genome is highly site-specific. An exam-
ple of specialized transduction involves the transduction of galactose-fermenting 
genes by the lambda phage in E. coli bacteria (Morse et al. 1956). Lambda phages 
always insert themselves on a specific site of the bacterial chromosome of E. coli, 

Fig. 5  General transduction or lateral transfer of bacterial genes via bacteriophages. 1 A bacterio-
phage injects its genes into a bacterium; 2 the bacterial chromosome; 3 phage reproduction causes 
the bacterial chromosome to disintegrate (lytic phase); 4 the bacterial cell dies, and new virulent 
phages are released; 5 one phage accidentally packaged bacterial genes instead of phage genes; 6–7 
this defective phage (the transducing phage) travels to another bacterium and injects the acquired 
bacterial genes; 8 the bacterial genes become integrated into the genome of the recipient bacterium
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a site that lies right next to the bacterium’s galactose-fermenting genes. When the 
phage transitions to the lytic phase, it packages these specific bacterial genes, 
which subsequently become the subject of transduction toward other E. coli genes.

3.4.1  Bacteriophages and Prophages: Parasites or Symbionts?

Understanding the mechanism of phage-mediated transfer of bacterial genes 
was greatly facilitated by increased knowledge on bacteriophages (Twort 1915; 
d’Herelle 1917–1922) as well as the lysogenic and lytic cycles of bacteriophages 
which first became described by Lwoff and Gutmann in 1950. In this section, we 
briefly review these advances.

By the end of the nineteenth century, microscopic studies enabled the visualiza-
tion of bacteria. Bacteria became recognized as agents of disease, and experimental 
studies enabled their isolation which in turn facilitated their examination. But schol-
ars such as Iwanowski (1891) and Beijerinck (1898) became convinced that besides 
bacteria, there must exist other pathogenic agents, at the time invisible to the observ-
ers. Both scholars came to this knowledge by studying the tobacco mosaic disease, a 
disease in tobacco plants that, we now know, is caused by the tobacco mosaic virus. 
Techniques that usually enabled the isolation of bacteria were ineffective in isolat-
ing the pathogen that causes the tobacco mosaic disease, and both Iwanowski and 
Beijerinck therefore speculated about the existence of another contagious substance. 
Beijerinck called this “contagium vivum fluid” or “living contagious liquid” a virus.

By 1915, Twort discovered that bacteria can be killed or “lysed,” and he was 
able to filter the agents responsible and to experiment with them. In 1917, Felix 
d’Herelle called the “bacterial parasites” bacteriophages and held them responsi-
ble for bacterial cell death.

The existence of bacteriophages in turn induced polemic debates between 
various scholars about where bacteriophages stem from: Are they naturally part 
of bacteria? That is, are they part of the genetic endowment of bacteria and are 
they passed on to future generations? Do bacteria spontaneously “grow” bacte-
riophages? Or are bacteriophages exogenous structures that infect their bacterial 
hosts? Another intensely debated subject was whether or not bacteriophages are 
always “parasitic” and “pathogenic” (d’Herelle 1917), leading to bacterial cell 
death, or whether bacteriophages could entertain a more mutualistic and commen-
sal “symbiotic” relationship with their host (Burnet 1934), where they switch to a 
non-virulent form that enables them to entertain a more harmonious relationship.

The debates were settled by Lwoff and Gutmann in 1950, who showed that bac-
teriophages are the result of an initial infection, but the infectious agents can enter-
tain both virulent and thus parasitic and non-virulent, symbiotic relations with their 
host. Lwoff and Gutmann (1950) cultured 19 generations of with phage-infected 
Bacillus megaterium bacteria, and not once were they able to isolate free bacterio-
phages from their cultures which proved the existence of “vegetative” phages.

These non-active and non-virulent phages were called “prophages,” and the 
scholars also distinguished between the lysogenic and lytic, virulent phase. The 
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lytic phase always leads to the death of the bacterial host, while lysogenic bacteria 
(bacteria that harbor a prophage) transmit the prophage during division. In other 
words, “Lysogeny is the hereditary power to produce bacteriophage. A lysogenic 
bacterium is a bacterium possessing and transmitting the power to produce bacte-
riophage” (Lwoff 1953: 271, my italics, original italic deleted) and a “Prophage is 
the form in which lysogenic bacteria perpetuate the power to produce phage. Its 
multiplication is correlated with bacterial reproduction. It seems to be located at 
a specific site of a bacterial chromosome and to behave in crosses as a bacterial 
gene” (Lwoff 1953: 272, original italic deleted).

Lwoff and Gutmann came to their discoveries at the Pasteur Institute in France, 
and at this institute, two of their colleagues, Jacques Monod and François Jacob, 
were discovering the gene regulatory network that underlies galactose fermenta-
tion in E. coli, the first ever to become described.

Phage-mediated transduction was first observed in Salmonella bacteria by Zinder 
and Lederberg (1952). This is two years after Lwoff and Gutmann (1950) described 
the lysogenic and lytic phases of bacteriophages, and the same year wherein 
Hershey and Chase (1952) conducted their experiments. They demonstrated that 
bacteriophages carry their hereditary material, DNA, inside their head, and that this 
substance is injected upon infection, while the protein capsid is left behind at the 
surface. The DNA helix would be described a year later, and genetic material was 
still assumed to reside both inside and outside the chromosomes of organisms.

Zinder and Lederberg had turned to Salmonella typhimurium bacteria that are 
closely related to E. coli, with the purpose to investigate whether also Salmonella 
bacteria engage in bacterial conjugation. They did not find evidence for such con-
jugation, where multiple traits are transferred at once, but found that single traits 
can become transferred via a bacteriophage known by the name P22 (Lederberg 
1956: 271). Around 30 different traits could be transferred via phages between 
Salmonella bacteria. These traits included resistance to antibiotics (Zinder 1955), 
flagellar antigens (Sakai and Iseki 1954), and genes involved in fermentation and 
sugar metabolism (Jacob 1955).

Lederberg and coworkers knew that bacteriophages were involved in the trans-
mission of bacterial genes, as “passive” “vehicles” (Lederberg 1952: 37), but the 
exact chemical nature of bacteriophages remained obscure. Filtration and sedi-
mentation experiments demonstrated that the substance was below 0.1 micron and 
it was therefore still beneath microscopic visibility of their time.

Lwoff’s distinction between the lysogenic and lytic phases made Lederberg 
understand the division as being one between “lysogenic symbiosis” and “lethal 
parasites” (Lederberg 1956: 272). Lysogenic bacteria entertain “stable symbiotic 
associations” with their prophages (Lederberg 1952: 419), and because prophages 
can become transmitted to progeny during cell division, he understood it as an 
example of “hereditary symbiosis” or “infectious heredity.”

Lwoff, on the other hand, preferred a more parasitic jargon. In 1965, he shared 
the Nobel Prize in Physiology or Medicine with François Jacob and Jacques Monod, 
and in his Nobel lecture, Lwoff used “master/slave” conceptualizations to character-
ize viruses as “intracellular parasites” that favor “war” over “peaceful coexistence”:
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The virus is necessarily an intracellular parasite. The genetic material of a virus has thus 
entered the cell. The cellular and viral molecules will confront each other, and the fate 
of the two partners will be decided. Two extreme cases may present themselves. Either 
the virus will multiply in the cell or else the cell will enslave the virus. Quite naturally, 
investigation was first directed toward the total war, which offers greater attraction for the 
combative intellect than peaceful coexistence. (Lwoff 1965, my italics)

Lwoff furthermore noted that “the development of the prophage into bacterio-
phage is a “mortal disease” because the “prophage is a potentially lethal factor.” 
As already noted in the introduction to this volume, parasitic jargon is nonetheless 
symbiotic jargon.

It should also be noted that not all bacteriophages can take on a dormant form 
(Guttman et al. 2002, Chap. 10). Phages such as T2 and T4 are always virulent, and 
infection always leads to the death of the infected bacteria. Not all phages integrate 
into the bacterial genome either. Some, such as the P1 phage (Lennox 1955), remain 
part of the cell cytoplasm, where they take on a circular morphological form that 
resembles a plasmid or an integron. Alternatively, they integrate into the bacterial chro-
mosome. In both cases (as plasmid or integron, or as an integrated part in the bacterial 
genome), the prophage can become transmitted vertically over future generations.

Transitions from lysogenic to lytic phases are a relatively rare process: Release 
of bacteriophages happens in round and about one cell per million in a normal cul-
ture (Lederberg 1956: 274) and appears to increase under stress conditions, such 
as the exposure to ultraviolet light (Jacob 1955). The integration of one prophage 
also protects the bacterium from becoming infected with other bacteriophages.

3.4.2  Transduction and Evo-Devo

Studies on transduction also contributed to the operon concept and the recognition 
of the existence of gene regulatory networks. The first gene regulatory network 
was described by François Jacob and Jacques Monod in what regards the geno-
type-to-phenotype mappings of lactose breakdown or “galactose fermentation” in 
E. coli (Summers 2006). Today, we know that a distinction can be made between 
“structural” and “regulatory” genes (Jacob et al. 1960: 30, 31). Structural genes 
are genes that encode for specific traits, while regulatory genes are genes that can 
orchestrate the activation and deactivation of structural genes. Regulatory genes 
encode for proteins that return to the helix where they turn other genes on or off, 
thereby underlying overall ontogenetic development of bodily form and function.

That a difference exists between regulatory and structural genes was first sug-
gested by Barbara McClintock, in the context of discoveries of transposable or 
“jumping” genes. And these assumptions were confirmed by Jacques Monod and 
François Jacob in the 1950s–1960s whom were the first to track how genes encode 
for metabolism. This first “genotype-to-phenotype” map explains how E. coli 
metabolizes lactose (milk sugar).

E. coli is a bacterium that naturally occupies the gut of mammals, and all new-
born mammals in turn depend upon milk for successful survival. E. coli have 
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evolved intricate coevolutionary relations with the mammals they inhabit. E. coli 
possesses enzymes that enable them to digest and metabolize lactose (the beta-
galactosidase enzyme), and use of their genetically programmed lactose-metab-
olizing apparatus, i.e., galactose fermentation, is regulated. Research has shown 
that in an artificially induced, lactose-low environment, E. coli do not produce the 
beta-galactosidase enzyme, while exposure to lactose induces a rapid production 
of this enzyme. Within 3–5 min, the enzyme is produced about a thousand times 
faster. When the lactose is removed, the production comes to a halt (Guttman et al. 
2002; Lodish et al.2000; Weickert and Adhya 1993).

In 1951, Esther Lederberg discovered that E. coli can become infected with 
a bacteriophage that she called lambda. Research on lambda provided the defi-
nite proof that viral DNA can become integrated into the bacterial genome as a 
prophage and the first proof that the prophage is transmitted together with the bac-
terial genome to offspring (Lederberg et al. 1951; Lederberg and Lederberg 1953). 
A couple of years later, Morse et al. (1956) demonstrated that transduction in E. 
coli occurs via the lambda phage. This type of transduction is called specialized 
transduction because the lambda phage transduces the specific cluster of bacte-
rial genes involved in galactose fermentation, and it does so only among specific 
members of the E coli K-12 strain.

When F+ E. coli (E. coli bacteria that carry the F factor that enables bacte-
rial conjugation) are crossed with F− E. coli that carry the lambda prophage, the 
cross always leads to lysogenic recipients, but transduction and recombination of 
the lambda phage are hardly ever induced when F+ (lambda) are crossed with  
F− E. coli strains (Griffiths et al. 2000). Furthermore, the integration of lambda 
as a prophage into the bacterial chromosome of E. coli always occurs at a specific 
region, in between E. coli’s gal genes involved in the galactose fermentation pro-
cess and the bio genes responsible for the synthesis of biotin vitamin. Integration 
of lambda into E. coli therefore became a medium by which Jacob and Monod 
could study the expression and regulation of gal genes.

3.5  Mobile Genetic Elements: Gene Transfer Agents, 
Transposons, Retrotransposons, and (Endogenous) 
Retroviruses

Eukaryotic genomes contain noncoding DNA sequences (genes that do not encode 
for functional proteins) that include repetitive elements such as terminal repeats (that 
include satellite DNA), tandem repeats, and interspersed repeats. Around 98 % of 
the human genome, for example, exists out of noncoding DNA, and about 2/3 of 
our genome consists of repetitive elements (de Koning et al. 2011). Especially the 
interspersed repeats contain (remnants of) mobile genetic elements, such as trans-
posons and retrotransposons. Lateral exchange of mobile DNA might be the reason 
why there is so much repetition in organismal genomes. Bacteria also contain repeti-
tive DNA (in the form of Insertion Sequences, Gene Transfer Agents and prophages) 
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but relatively little non-coding DNA in comparison to the amounts found in eukary-
otic genomes (Gil and Amparo 2012). Prophages, bacterial Insertion Sequences, and 
Gene Transfer Agents are also classified as mobile genetic elements.

 Transposons were originally named “jumping genes” by McClintock (1950, 
1953), and these “transposable elements” were first classified by Campbell et al. 
(1977). The concept of “mobile genetic elements” was first introduced in a book 
edited by Shapiro (1983) that reviewed the various means whereby genetic mate-
rial can become “transposed” or relocated within and between genomes. Two 
other seminal review works were edited by Berg and Howe (1989) and Craig et al. 
(2002), and today, academic journals exist that exclusively dedicate themselves 
to the study of mobile genetic elements such as Mobile DNA and the Journal of 
Mobile Genetic Elements.

Plasmids, Gene Transfer Agents (GTAs), ribozymes (group I and II introns), 
and (bacterial) viruses are all examples of mobile genetic elements, and besides 
the latter, scholars distinguish between transposons, retrotransposons, and (endog-
enous) retroviruses. These are distinctive classes of genetic elements that can 
become the subject of “transposition” or relocation and lateral exchange within 
and between genomes. Scientists are currently mapping these various mobile 
genetic elements in order to find recurring structures, elements, patterns, and 
mechanisms whereby these elements are transmitted. These efforts are designated 
as the mobilome projects (Frost et al. 2005; Siefert 2009).

3.5.1  Gene Transfer Agents

Several bacteria contain Gene Transfer Agents (GTAs) in their genome. GTAs are 
bacteriophage-like elements that can become horizontally exchanged (Lang and 
Beatty 2000; Lang et al. 2012; Stanto 2007; Yen et al. 1979). GTAs present a fourth 
form of HGT among bacteria that works similar to transduction. The main differ-
ence with bacteriophage-induced transduction is that the GTAs appear to be defec-
tive prophages that are part of the bacterial genome. Nonetheless, upon lysis they 
can move location and become inserted into the genomes of recipient bacteria.

3.5.2  Transposable Elements

Transposons can move to another location within that same genome, or in prokar-
yotes, they can travel horizontally from the bacterial genome to a bacterial plasmid 
or vice versa, and in eukaryotes, they can travel from organellar DNA to nuclear 
DNA and vice versa. When transposable elements move location, it implies a form 
of HGT because transposition does not require division of the cell or replication 
of the entire genome. Jumping genes were first identified by Barbara McClintock 
(1942, 1950: 344–5) in chromosome 9 of maize. She called them “mutable” 
and “instable” genes that underlie “variegation” and “mosaicism.” The position 
switches of jumping genes on the chromosome alter functionality of the genome 



155Historical and Epistemological Perspectives …

by providing a loss or introduction of new traits. More specifically, “spontaneous 
translocations” can lead to deletion, duplication, loss, or introduction of functions.

There exist two main classes of transposable elements: DNA transposons and 
retrotransposons or retroelements. DNA transposons are found in both pro- and 
eukaryotes, while retrotransposons are mostly found in eukaryotes (but for some 
exceptions see Boeke 2003). As the name implies, DNA transposons (class II) are 
always made up of DNA and they cut and paste themselves into genetic sequences 
(Finnegan 1989). Transposition thus involves a complete removal of the transpo-
son at the original site, followed by insertion at a new site (Fig. 6(2)). When the 
transposition occurs within the same genome, it can lead to a loss of function at 
the original site as well as a loss of function at the new site, especially when inser-
tion interrupts an existing gene sequence. When transposition occurs from the 
genome to a bacterial plasmid or an organellar genome, the original genome is 
reduced in size. Transposable elements therefore have the potential to affect func-
tional metabolism, and they can also interfere with successful survival, reproduc-
tion, and evolution. When P elements, for example, which are transposons found 
in Drosophila, are transmitted from male fruit flies to females that lack them, 

Fig. 6  1 Schematic of simple and composite insertion sequences. 2 Schematic of the two main 
modes of transposition by which DNA transposons and retrotransposons can switch position 
inside or between genomes
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their offspring becomes sterile due to the large number of mutations such a cross 
induces (Kidwell and Novy 1979; Spradling and Rubin 1982).

Structurally, transposons can exist as insertion elements, first identified by 
Bukhari et al. (1977), and Insertion Sequences (IS) can be non-composite or com-
posite (Berg and Howe 1989). IS contain a transposase-encoding region (i.e., the 
genes that encode for the transposase enzyme that enables the cutting), a region that 
is flanked by inverted repeats that enable insertion. Besides transposase genes, com-
positional IS additionally carry structural genes that enable functions such as antibi-
otic resistance (Mahillon and Chandler 1998). Composite IS that transfer structural 
genes are always flanked by two non-composite IS (Fig. 6(1)). Insertion sequences 
were first classified by Esther Lederberg (1981), and since the 1980s, numerous dif-
ferent IS have been found in pro- and eukaryotic genomes (Mahillon and Chandler 
1998). However, transposons make up less than 2 % of the human genome.

Transposons, and also other mobile genetic elements such as plasmids, often 
contain integrons. Bacterial integrons were first described by Martinez and de la 
Cruz (1988) who reported on a “site-specific integration system” in transposon 
Tn21, and a year later, Stokes and Hall (1989) defined these systems as integrons. 
Bacterial integrons are “assembly platforms” (Mazel 2006) because they can 
incorporate or excise bacterial gene cassettes that encode for antibiotic resistance 
genes (Kovalevskaia 2002). Today, they are considered the major means whereby 
gram-negative bacteria acquire drug resistance (Barker et al. 1994). Sedentary bac-
terial integrons can also be found inside the bacterial chromosome in which case 
they are called chromosomal integrons (Mazel et al. 1998). These were first found 
in the gram-negative Vibrio cholerae, the bacterium that causes cholera, and their 
integron was called a “superintegron” because of its large size (Hall and Stokes 
2004). There are over 50 known gene cassettes in gram-negative bacteria and five 
distinct classes of integrons (Barker et al. 1994; Kovalevskaia 2002; Hall 1997).

Retrotransposons (class I) are alternatively known as transposons via RNA 
intermediates, because they move about by copying and inserting themselves 
via RNA intermediates (Fig. 6(2)). The retrotransposon is not removed from the 
original site. Instead, it is transcribed into an RNA intermediate that subsequently 
moves to the new location where the RNA strand is reverse-transcribed into com-
plementary DNA and inserted into the new site. Thus, after retrotransposition, the 
retrotransposable element is present in both the original site and the new site.

While DNA transposons leave gaps at the places where they cut themselves, lead-
ing to reduction in genome size and interruption of gene sequences at the insertion 
sites, retrotransposons enable genome growth by duplication of gene sequences.

Eukaryotic organisms contain many such gene duplications, and especially 
plants have huge genomes because of gene duplications. Maize genomes, for 
example, contain 50–70 % of retrotransposons, and the human genome is made up 
of 42 % of retrotransposons.

Both DNA transposons and transposons via RNA intermediates enable “genetic 
transformation” (Spradling and Rubin 1982) of the organismal genome they 
belong to. In other words, they change the genetic makeup of organisms and are 
therefore key players in evolution.
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Retrotransposons can be further divided into LTRs, LINEs, and SINEs, a divi-
sion that has to do with the length and position of the repetitive sequence. LTRs 
are longer than SINEs and LINEs. LTRs are Retrotransposons with Long Terminal 
Repeats, and they were first defined by Shine et al. (1977) in the avian sarcoma 
virus. LINEs are Long Interspersed Nuclear Elements first identified by Adams 
et al. (1980) in humans, and SINEs are Short Interspersed Nuclear Elements. 
The distinction between LINEs and SINEs was first made by Singer (1982). Both 
LTRs and LINEs use reverse transcriptase, while SINEs use RNA polymerase III 
for transcription and the latter make use of the more autonomous LINEs (Weiner 
2002). Especially mammalian genomes, including human genomes, contain many 
retrotransposable LINE and SINE elements (Deininger and Batzer 2002). Some 
SINEs today are also classified as miniature inverted-repeat transposable elements 
(MITEs) (Bardaji et al. 2011; Zhang et al. 2000), which are especially numerous 
in flowering plants, but they are also found in insects and animals.

Especially retrotransposons violate the standard idea that information flows 
from DNA to RNA to proteins but not the other way round. This is because they 
are able to use RNA to assemble DNA. “Replicative transposition” was first 
described by Shapiro (1979), and the intermediate RNA is therefore sometimes 
called the “Shapiro intermediate.”

3.5.3  Retroviruses

Several scholars (Wicker et al. 2007; Flavell 1981; Nelson and Hooley 2004; Ryan 
2009; Temin 1980) classify retroviruses as a type of retrotransposons, namely 
LTRs, because retroviruses can be transformed into an LTR retrotransposon.

Retroviruses can integrate into the host’s genome and become permanently 
transmitted to offspring. Human endogenous retroviruses are thought to make up 
8 % of the human genome (Cotton 2001; Nelson and Hooley 2004; Khodosevich 
et al. 2002; Belshaw et al. 2004).

3.5.4  Mobile Genetic Elements and the Extended Synthesis

It is important to note that GTAs, DNA transposons, integrons, retrotransposons, and 
retroviruses are container terms for numerous families. At present, scholars are in 
the process of identifying (the members of) these families, and they are studying the 
biomolecular similarities, the various taxa they belong to, and the various taxa they 
can transfer to in order to gain insight into the underlying mechanisms and patterns. 
Besides these large classes of mobile genetic elements, there are still other kinds of 
mobile DNA and means by which genes can become exchanged between biological 
individuals, including exchange via intracellular nanotubes (Dubey and Ben-Yehuda 
2011) and via release of DNA-containing membrane vesicles (Mashburn-Warren 
and Whiteley 2006; Chiura et al. 2011). At the same time, the scholars are involved 
in finding similarities and differences between the various identified transposable 
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elements, in order to develop new classification systems (Wicker et al. 2007). These 
endeavors form part of the “mobilome projects” (Frost et al. 2005). Similarities in 
gene frequencies and genetic organization, enzymes that mediate transposition, 
similar terminal repeats, functional differences of the inserted transposable elements 
(whether they result in genome growth, mutation, or new features), and the particu-
lar taxa wherein they are found can all function to group the various mobile genetic 
elements into several classes (Mahillon and Chandler 1998).

These various mobile DNA families and their members are currently listed in 
DNA databases and DNA banks such as ENCODE (the ENCyclopedia Of DNA 
Elements, The ENCODE Project Consortium 2012, and for the official Web site, 
see http://www.genome.gov/encode/), but to my knowledge, no scholar has so 
far tried to visualize these elements into taxonomies or all-encompassing mobile 
DNA networks or trees that map onto the current networks and trees of life.

Transposable and retrotransposable elements contradict the standard neo-Dar-
winian view in many ways. For one, as McClintock (1941, 1950) already noted, 
during mitotic cell regeneration (development), genes can move position, leading 
to chromosomal breakage or deviant but stable chromosomal rearrangements in 
future somatic cells. She realized that the process is not unique to maize, rather:

The same types of genetic instability appearing in the maize cultures have been described 
in many other organisms. The behavior of these new mutable loci in maize cannot be con-
sidered peculiar to this organism. The author believes that the mechanism underlying the 
phenomenon of variegation is basically the same in all organisms. (McClintock 1950: 345)

Chromosomal rearrangements can also affect the gametic cells, and when this 
happens, the chromosomal rearrangements can become permanently part of the 
progeny’s genetic makeup and affect their successful survival, reproduction, and evo-
lution. Chromosomal rearrangements were recognized by the founders of the Modern 
Synthesis to be one way by which genetic variation could be brought about, but for 
McClintock, it also implied that the location of genes on chromosomes is not fixed. 
Rather, genes can translocate at any moment in time, thereby significantly and rapidly 
impacting both ontogeny and phylogeny. McClintock also associated her research 
with macroevolutionary biology. In the early 1930s, she visited Goldschmidt (1940) 
in Germany who introduced the concepts of “macromutations” and “hopeful mon-
sters,” and jumping genes can be understood as responsible for both.

Secondly, for McClintock, translocation required an “activation” of the genes 
involved. That genes need to become activated implies they can be silent, and both 
imply differential gene expression and functionality in different periods in time. 
As such, she envisioned the existence of gene regulatory networks, where trans-
posable elements function as “novel biological switches” (Cohen 1976), processes 
that today are studied from within evo-devo schools. McClintock (1950: 354):

changes in quantity, quality or structural organization of heterochromatic elements may 
well alter the kind and/or degree of particular exchanges that occur, and in this way con-
trol the chromosome organization and the kind and the relative effectiveness of genic 
action. There can be little question that transpositions … occur and that the time of their 
occurrence in the development of a tissue is under precise control. This control is deter-
mined by the number of AC [activator] loci present and their organization and possibly 
their position in the chromosome complement.

http://www.genome.gov/encode/
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Thirdly, besides to evo-devo, transposition links to epigenetics. Mobile genetic 
elements form part of “non-encoding” gene regions. In other words, they do not 
encode or translate into proteins that underlie functional anatomy and metabo-
lism of the organism. Nonetheless, mobile DNA elements impact overall genome 
size and genome organization, and they are known to transcribe into RNA. As 
such, mobile DNA can rearrange and reshape existing genomes by enhancing, 
silencing, or promoting gene regulatory networks, and they have been impli-
cated in various diseases. Reverse transcription, typical of retrotransposons, is 
a prototypical example of “epigenetic change” defined as post-translational or 
non-translational changes induced in the genetic code. Of course, many (retro-)
transposable elements carry the genes required for their own copy/cut and pasting, 
but such genetic information is autonomous of the functional parts of the genome 
that underlies bodily form and functional metabolism. More specifically, mobile 
genetic elements underlie post-transcriptional RNA silencing/RNA interference/
quelling (Fire et al. 1998), as well as chromatin remodeling and DNA methyla-
tion. These are ways by which the genetic code can become permanently modi-
fied during ontogeny. Such ontogenetic modifications can become stable, and 
as such, they can become transmitted to future generations. The fact that many 
mobile genetic elements induce such changes implies that these epigenetic traits 
themselves are interchangeable and thus mobile between organisms (for a discus-
sion, see Galun 2003). Transposons can be linked to pathogenicity and genome 
reduction, while retrotransposons potentially introduce genetic variation and inno-
vation. Because transposons play an important part in genome size, they can caus-
ally influence evolution, by interferring with chromosomal compatibility.

Fourthly, because (retro-) transposable elements can have developmental and 
evolutionary functionality, it makes scholars question the existence of “Junk DNA” 
(Ohno 1972). Mobile genetic elements form part of the noncoding regions of DNA, 
and these noncoding regions were first designated as “Junk DNA” by Ohno (1972). 
Ohno is one of the molecular geneticists that theorized that gene duplications can 
be understood as “mutations” that contribute creatively to the evolutionary process 
(Ohno 1970). The idea that there exists “Junk DNA” in turn made scholars like 
Dawkins (1976) introduce the notion of “selfish replicators,” themes that became 
repeated in exo- and astrobiological research schools as well as in research on 
transposable elements. In an April 1980 issue of the journal Nature, for example, 
Doolittle and Sapienza (1980) characterized transposable elements in particular and 
Junk DNA in general as “selfish genes,” and in that same issue, Orgel and Crick 
characterized selfish DNA as the “ultimate parasite.” Since then, many potential 
functions have been attributed to these “Junk” regions. According to Gregory (2007):

Those who complain about a supposed unilateral neglect of potential functions for non-
coding DNA simply have been reading the wrong literature. In fact, quite a lengthy list of 
proposed functions for non-coding DNA could be compiled …. Examples include buffer-
ing against mutations … or retroviruses … or fluctuations in intracellular solute concentra-
tions …, serving as binding sites for regulatory molecules …, facilitating recombination …, 
inhibiting recombination …, influencing gene expression …, increasing evolutionary flex-
ibility …, maintaining chromosome structure and behavior …, coordinating genome func-
tion …, and providing multiple copies of genes to be recruited when needed… .
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According to the scholars involved in the ENCODE project, over 70 % of the 
noncoding DNA regions found in the human genome are transcribed and targeted 
by transcription factors of regulatory genes. In other words, according to these 
scholars, though they are not involved in the formation of anatomical form, there 
exists biochemical functionality (for a discussion, see Kellis et al. 2014).

Fifthly, because organisms can do without many of the inserted elements, 
because they are exchanged between various organisms, and because the acquisi-
tion of transposable elements has the potential to cause evolutionary innovation, 
several scholars understand especially LINEs and SINEs (Oshima and Okada 
(2005), as well as retroviruses and endogenous retroviruses (or LTRs) as symbi-
onts (Ryan 2009; Villarreal 2008).

4  Conclusion

While HGT has only been recognized from the 1990s onward, the historical origin 
of lateral gene transfer mechanisms tracks back to the early twentieth century and 
converges with ongoing research on intracellular and hereditary symbiosis as well 
as the advent of the biomedical sciences and research on abiogenesis. For years 
now, vaccination therapies have relied on artificially induced symbiosis whereby 
foreign cells are brought together to create immunity. Any and all therapeutic cures 
proposed by medicinal doctors to treat disease, be they the abstraction and admin-
istration of antibiotics, or the introduction of chemotherapeutic agents, is always 
based upon horizontal exchange of substances during ontogeny. These therapies 
provide hope to eradicate disease, at minimum during the individual’s life time, 
and preferably during all future generations to come (which, for example, was suc-
cessfully induced with the worldwide eradication of the smallpox virus).

The discoveries of bacterial transformation, phage-mediated transduction, bac-
terial conjugation, and mobile genetic elements furthermore converge with the 
major milestones of neo-Darwinian theory. Artificially induced HGT of phages 
into bacterial cells, for example, has been the major tool whereby scholars have 
performed genetic linkage studies whereby they have come to learn how genes 
underlie metabolism and how metabolism underlies anatomical form. Yet, sym-
biogenesis and HGT, though known for so long and foundational for some of the 
major neo-Darwinian and biomedical claims, have hardly made it into the standard 
textbooks, which brings to light an almost schizophrenic ambivalence.

Why have these data served to proof neo-Darwinian claims, but why have the 
incoming data and applications of transformation, transduction, and conjugation not 
themselves been considered as instances of evolution? One of the major stumbling 
blocks has been the neo-Darwinian divide between ontogeny and phylogeny. Another 
is the neo-Darwinian demand to understand evolution as a familial pedigree, where 
parental species give evolutionary existence to daughter species. In hindsight, this might 
have been too anthropo- or animal centric. In recent years, scholars have been trying to 
map non-genealogical evolutionary relations between various organisms and between 



161Historical and Epistemological Perspectives …

various species. The acquisition of foreign DNA through lateral gene transfer undoes 
the rigid demand to think about evolution in terms of common descent with modifica-
tion. Instead, modification of species, and exchange of foreign DNA, can occur between 
distantly and non-related species. Exchange can even occur between living organisms 
and viral genetic agents which have traditionally been conceived as non-living beings.

Evolutionary theory no longer exclusively encompasses the study of biogene-
sis, or how existing life brings forth new life. The recent pleas to include the abi-
otic environment into evolutionary iconography, and to cartography the various 
metabolic pathways that have evolved, equally open up new and inspiring ways to 
think about how evolution brings forth patterns that extend the “germ line.”

The biggest “take home” message of HGT research, however, is that genetic mate-
rial is anything but a “frozen accident.” After the double-helix was discovered, Crick 
(1968), and following physicists such as Erwin Schrödinger, wrote a very famous 
paper wherein he characterized DNA as such. DNA was “frozen” because it was 
assumed to be a very rigid structure that only occasionally underwent genetic modi-
fication by mutations which were merely understood as random copying errors. The 
specific structures of the DNA base pairs and the rigid translation machinery whereby 
codons are translated into amino acids made scholars assume that the genetic code 
was a “frozen” structure. The idea that the specific structure of DNA was an “acci-
dent” resulted from theories as they were introduced by Manfred Eigen, who char-
acterized the formation of the double helix as the result of hypercyclic organization 
which he characterized as a “once forever” event (for a discussion, see Gontier 2005).

Besides genes, the genome was furthermore argued to consist of round and 
about 75 % of “Junk DNA” that served no purpose. Rather it was just the “fallout,” 
as it were, the remains of the formation of the “frozen accident” that, because of the 
presumed rigid DNA-structure, could not become eradicated. At best, they served 
“selfish DNA” theory, where the Junk DNA was argued to have no other purpose 
than to selfishly replicate itself inside the vehicles it rides. When Dawkins (1976) 
introduced his selfish gene theory, he was battling Ernst Mayr’s idea of the “unity 
of the genotype.” He was a true visionary when he, as one of the first, started to 
defragment the genome into multiple replicators that each can be studied in and of 
itself. However, such defragmentation has brought to light that even the smallest 
DNA fragments are anything but passive elements waiting to become replicated.

Instead, our genome consists of numerous genetic elements that portray an 
enormous flexibility and mobility. Today, we know that these regions, formerly 
designated as Junk, contain these fascinating mobile genetic elements that include 
the viral particles, transposons and retrotransposons, integrons, etc. The means by 
which genes can be moved and the means whereby they cut and copy themselves 
within the genome and across genomes demonstrate a remarkable form of flexibil-
ity. How much of this flexibility is non-accidental remains an open question. But 
it is becoming more and more evident that DNA not merely “moves” out of selfish 
“needs” for propagation. Many mutualistic benefits can be identified to result from 
HGT, including DNA repair, genome growth, and acquisition of novel functions.

This in turn raises interesting questions on biochemical communication. The 
mobile elements possess the locks and keys to the cells and genomes they exit or 
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enter, and our bodies equally possess our immunizing recognition systems that 
demonstrate an intricate coevolutionary and symbiotically evolved biochemical 
communication system.

HGT also demonstrates that such genetic flexibility comes at an incredibly fast pace. 
When antibiotics became administered, in less then 10 years did the first instances of 
resistance and horizontal spread of resistance become reported. Chromosomal break-
ages, epigenetic changes, and gene loss or acquisition due to transposition can at once, 
and even within an individual’s life span, alter their genetic endowment.

Many of these ontogenetically acquired changes can furthermore be passed on 
to future generations, and besides natural selection, we need to bring in symbiogen-
esis theory, evolutionary developmental theory, and punctuated equilibria theory to 
try and make sense of it all. Gould has long critiqued the Modern Synthesis for its 
adherence to only one evolutionary mechanism. Darwin was a pluralist, and punctu-
ated equilibria, for example, already demonstrated that abiotic factors can have a 
causal influence on the further evolution of life, as does development. Gould there-
fore pleaded for process pluralism, and in recent years, Bapteste and Doolittle have 
added the requirement of pattern pluralism. The study of reticulate evolution brings 
to light a new evolutionary pattern whereby life evolves, a pattern that takes on the 
shape of a web or net of life. To make sense of both this pattern and process plural-
ism, however, we also need epistemic pluralism. We need to find a way to extend 
the evolutionary synthesis into an evolutionary framework that enables us to con-
ceptualize the numerous evolutionary mechanisms whereby life evolves.
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Timeline

1717  Mary Wortley Montagu introduces “variolation,” an immunizing 
technique against smallpox (Variola)

1798  Edward Jenner injects cowpox as an immunizing technique against 
smallpox (Variola). His work avalanches a series of inoculation 
experiments that underlie vaccination therapy

1809  Jean Baptiste Chevalier de Lamarck publishes his Philosophie 
Zoologique

1817–1828  The fields of embryology, epigenetics, and evo-devo take off with 
the works of Heinz Christian Pander, Karl Ernst Ritter von Baer, and 
Edler von Huthorn

1837/1838  Darwin draws the “I think” diagram in his Notebook B
1838  Matthias Schleiden contends that all plants are made up of cells
1839  Theodor Schwan declares that all animals are made up of cells
1848  Wilhelm Hofmeister describes mitosis
1855  Rudolf Virchow declares that all cells come from pre-existing cells
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1859  Darwin publishes his Origin of Species and uses the “tree of life” 
metaphor in Chap. 4. The book contains a hypothetical branching 
diagram that illustrates how species gradually diverge through time 
by means of natural selection

1861  Heinrich Anton de Bary identifies microorganisms as the cause of 
plant diseases, and he later introduces the concept of symbiosis

1866  Gregor Mendel introduces his laws of inheritance
1866  Ernst Haeckel introduces the first non-hypothetical “Tree of Life”
1868  Johannes Friedrich Miesher names a substance inside the nucleus of 

cells “nuclein” (DNA)
1870  Thomas Henry Huxley distinguishes biogenesis from abiogenesis and 

denies abiogenesis (alternatively known as spontaneous generation)
1873/1875  Pierre Joseph van Beneden identifies parasitic microorganisms as the 

cause of animal diseases and distinguishes between commensalism, 
parasitism, and mutualism

1875  Ferdinand Cohn introduces a first classification of bacteria
1876  Robert Koch identifies the Anthrax bacillus responsible for 

“Milzbrand-Krankheit” (anthrax disease) and proves earlier theoreti-
cal versions of the germ theory of disease to be true

1877  Paul Ehrlich starts his career by developing new techniques to color 
bacteria. These techniques will enable him to specify the various 
types of blood cells there exist, research that will found the study of 
both serology and immunology

1878  Louis Pasteur’s work on the germ theory of disease is read before the 
French Academy of Sciences

1879  Timothy Lewis identifies microorganisms inside the bloodstream of 
humans and links them to disease

1880  Charles Louis Alphonse Laveran identifies flagella-like motile unicel-
lular organisms that he identifies as causal agents of malaria

1882  Ilya Ilyich Mechnikov observes what he later calls phagocytosis: cell 
eating. Phagocytosis is crucial to understand immunity as well as pri-
mary, secondary, and tertiary symbiosis

1884  Robert Koch publishes his etiology of tuberculosis that proves that 
the tubercle bacillus is the disease-causing agent of tuberculosis

1884  Hans Christian Joachim Gram develops the Gram stain technique that 
enables to differentiate between “gram-negative” and “gram-positive” 
bacteria

1885  Auguste Weismann develops his “transmutation hypothesis.” The 
work is foundational for the “Weismann barrier” that puts a halt to 
(neo-)Lamarckian theories

1886  Theodor Escherich identifies a “bacterium coli commune” that 
resides in the human gut (E. coli)

1886  D.E. Salmon and Theobald Smith improve vaccination therapies by 
injecting whole heat-killed cells of virulent strains

1886  Adolf Mayer describes the tobacco mosaic disease
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1888  The Pasteur Institute is founded in France
1890  The Cold Spring Harbor Laboratory is founded in Brooklyn, New 

York
1891  The Robert Koch Institute is founded in Germany
1891  Paul Ehrlich discovers antibodies
1892  Dmitri Iwanowski demonstrates that the tobacco mosaic disease is 

caused by a non-bacterial infectious agent
1898  Martinus Beijerinck defines the agent responsible for the tobacco 

mosaic disease as a virus which he characterizes as a “living and fluid 
infectious agent”

1900  Mendel’s hereditary laws are (re)discovered by Hugo de Vries, Carl 
Correns, and Erich von Tschermak

1902/1910  Fred Neufeld classifies Pneumococci into three different types
1905  Constantin Mehrezkowsky introduces a double-origin theory of life, a 

view he illustrates with a reticulate “tree of life” in 1910
1909  Theodor Boveri and Walter Sutton introduce the chromosome theory
1909  Wilhelm Johannsen distinguishes between the genotype and 

phenotype
1912  Friedrich Karl von Faber introduces the notion of “erbliche 

Zusammenleben” (hereditary symbiosis)
1915  Hermann Reinheimer introduces the metaphor of the “web of life”
1915  Frederick Twort discovers bacterial lysis and assumes it is induced by 

viral agents that infect bacteria
1917  Félix d’Herelle cultures viruses that infect bacteria and calls them 

“bacteriophages”
1928  Frederick Griffith reports on bacterial transformation
1929  Alexander Fleming reports that the mold Penicillium notatum under-

takes “antibacterial action” against gram-positive microorganisms
1931  Ernst Ruska and Max Knoll build the first electron microscopes
1932  Julius Petrie introduces serological typing
1938  Warren Weaver coins the term “molecular biology”
1941  George Beadle and Edward Tatum demonstrate that protein synthe-

sis as well as the function of enzymes is controlled by genes and 
they introduce the “one gene–one enzyme theory” (a term coined by 
Norman Horowitz)

1942  Conrad Waddington coins the term “epigenetics”
1942  Julian Huxley characterizes the late nineteenth century as the “eclipse 

of Darwinism”
1943  Salvador Luria and Max Delbrück demonstrate that bacteria evolve 

according to Darwinian principles (they “mutate” randomly)
1944  Oswald Avery, Colin MacLeod, and Maclyn McCarthy confirm that 

bacteria can transform and they identify DNA as the transforming 
principle

1944  Barbra McClintock discovers “jumping genes,” what we now call 
“transposons” or “mobile genetic elements” in maize
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1944  Albert Schatz isolates the antibiotic streptomycin from Streptomyces 
griseus at Selman Waksman’s laboratory which becomes adminis-
tered against tuberculosis

1946  Joshua Lederberg and Edward Tatum report on bacterial conjugation 
in the E. coli K-12 strain

1950/1953  André Lwoff and Antoinette Gutmann distinguish between the lyso-
genic and lytic phases of bacteriophages and introduce the concept of 
“prophage”

1950  Antibiotics such as streptomycin, penicillin, and chloramphenicol are 
massively produced and administered

1951  Victor Freeman reports on HGT from a bacteriophage to  
C. diphtheria

1951  Esther Lederberg discovers that E. coli can become infected with a 
bacteriophage that she calls lambda

1952  Joshua Lederberg, Luigi-Luca Cavalli Sforza, and Esther Lederberg, 
and independently William Hayes, report on the Fertility factor in 
E. coli that enables bacterial conjugation

1952  Norton Zinder and Joshua Lederberg report on phage-mediated  
bacterial transduction

1952  Joshua Lederberg introduces the plasmid concept to designate 
all extrachromosomal DNA by which he intends to include mito-
chondrial and chloroplast DNA (still a theoretical notion) and 
viral prophages, and he applies the notion of “hereditary symbi-
osis” as well as “infective heredity” to the phenomena of bacte-
rial transformation, phage-mediated transduction, and bacterial 
conjugation

1952  Alfred Hershey and Martha Chase perform the Hershey–Chase exper-
iments with bacteriophage T2 and the E. coli bacterium and confirm 
that DNA, and not proteins, carries hereditary information

1953  X-ray crystallography of DNA performed by Rosalind Franklin leads 
Francis Crick, Maurice Wilkins, and James Watson to describe the 
double-helical structure of DNA

1955  Norton Zinder demonstrates transduction of antibiotic resistance 
genes

1959–1963  Japanese scholars Kunitaro Ochia, Tomoichiro Akiba, and Tsutomu 
Watanabe report on bacteria that have acquired resistance genes 
against antibiotics in natural settings and identify bacterial conjuga-
tion as the likely mode of transfer

1959  Arthur Pardee, François Jacob, and Jacques Monod (1959) publish 
the “PaJaMo” paper that demonstrates protein regulation of gene 
expression, or gene regulatory networks. They base their work on 
their studies of galactosidase fermentation in E. coli

1963  Linus Pauling and Émile Zuckerkandl map the changes in hemo-
globin polypeptide chains of different mammalian species and find 
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that “semantides”: “DNA, RNA, and polypeptides” lend themselves 
for comparative bimolecular analysis

1969/1970  Stanley Cohen, Annie Chang, and Leslie Hsu demonstrate that E. coli 
can take up plasmids carrying antibiotic resistance genes (R factors)

1970  Howard Temin and S. Mizutani, and independently David Baltimore, 
discover reverse transcriptase

1972  Susumo Ohno introduces the concept of “Junk DNA”
1976  Richard Dawkins introduces the “selfish gene” theory
1977  Frederic Sanger sequences the first entire genome of a bacteriophage
1977  Carl Woese and George Fox divide prokaryotes into Archaebacteria 

and Eubacteria which they define as “urkingdoms” or “primary 
kingdoms”

1977  Bukharo, Shapiro, and Adhya identify insertion sequences
1977  Shine and colleagues identify long terminal repeats (LTRs) in the 

genome of the avian sarcoma virus
1977  Allan Campbell and colleagues provide a first nomenclature of trans-

posable elements in prokaryotes
1978  Whittaker and Margulis introduce a 5-kingdom classification of life 

that understands symbiogenesis as the defining mechanism that sepa-
rates prokaryotes (Monera) from all 4 eukaryotic kingdoms, and in 
subsequent years, Margulis introduces new, reticulate evolutionary 
iconography

1979  Variola is declared eradicated
1979  James Shapiro describes the RNA intermediate stage of 

retrotransposons
1979  Yen, Hu, and Marrs (1979, Marrs 1974) report on “nucleoprotein  particles 

that act as vectors of genetic exchange,” i.e., GTAs in Rhodopseudomonas 
capsulata (today called Rhodobacter capsulatus)

1980  Alex Champion uses the concepts of “HGT” and “reticulate evolu-
tion” to understand the evolution of Pseudomonas fluorescens

1981  Joachim Messing develops the shotgun DNA sequencing technique 
which enables the sequencing of longer stretches of DNA up to 
whole genomes

1981  Esther Lederberg provides a classification system for insertion 
sequences

1982  Maxine Singer distinguishes between Short Interspersed Nuclear 
Elements (SINEs) and Long Interspersed Nuclear Elements (LINEs)

1983  Kary Mullis introduces the polymerase chain reaction (PCR) 
technique

1983  James Shapiro edits a first anthology on “mobile genetic elements”
1984  Michael Syvänen introduces the notion of “cross-species gene 

exchange”
1989  Peter Gogarten and colleagues introduce ATPase-based phylogenetic 

reconstructions of the roots of the tree of life and suggest that these 
genes were acquired by “HGT”
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1989  Jack Heinemann and George Sprague demonstrate that “Bacterial 
conjugative plasmids mobilize DNA transfer between bacteria and 
yeast (Saccharomyces cerevisiae)”

1989  The American Society for Microbiology publishes their first anthol-
ogy on mobile DNA, the work is edited by Douglas Berg and Martha 
Howe

1989  Douglas Berg and Martha Howe differentiate between compositional 
and non-compositional insertion sequences

1989  Stokes and Hall differentiate integrons as “a novel family of poten-
tially mobile DNA elements encoding site-specific gene integration 
functions”

1990  Hacker and coworkers introduce the concept of pathogenicity islands 
to designate specific regions in the genome of bacterial pathogens 
that are absent in non-pathogenic bacteria

1990  Woese, Kandler, and Wheelis introduce the three-domain classifica-
tion of life (Archaea, Bacteria, and Eukaryota)

1994  The Tree of Life Web Project (ToL) commences and goes online in 
1996

1995  The complete genome of Haemophilus influenza is sequenced by 
Craig Venter, Hamilton O. Smith, and Claire Fraser at the Institute for 
Genomic Research

1998  Didier Mazel and colleagues discover superintegrons in Vibrio chol-
erae bacteria

1998  Jo Handelsman and colleagues introduce the term “metagenomics” to 
designate biochemical techniques used to identify the genetic consti-
tution of unidentified soil bacteria

1999  Ford W. Doolittle introduces a hypothetical reticulate image and the 
metaphor of a “web of life” to visualize and conceptualize the mas-
sive HGT that occurs across all three domains of life

1999  Eisterling and colleagues report on a “bacteriophage-like parti-
cle,” the “voltae transfer agent,” of Methanococcus voltae PS. This 
GTA enables transductions between members of the bacterial strain

2000  Andrew S. Lang and J.T. Beatty report on a GTA in the purple non-
sulfur bacterium Rhodobacter capsulatus

2000  Peter Gogarten introduces the metaphor of a “net” and “network” of 
life

2001/2002  The American National Science Foundation launches the AToL—
Assembling the Tree of Life Project

2002  The American Society for Microbiology publishes their second 
anthology on mobile DNA, which is edited by Nancy L. Craig, 
Robert Craigie, Martin Gellert, and Alan M. Lambowitz

2003  The barcoding technique is introduced by Paul Hebert and colleagues
2004  Maria Rivera and James Lake introduce the “ring of life”
2004  The American Journal of Botany dedicated a special issue to the tree 

of life of plants
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2005  In an article for Scientific American, Ford Doolittle expands his retic-
ulate evolutionary image in order to include the symbiogenetic acqui-
sition of chloroplasts and mitochondria

2005  Fan Ge, Li-San Wang, and Junhyong Kim introduce the metaphor of 
a “cobweb” of life

2005  The Tree Thinking Group goes online
2006  Bork’s team publishes their circular tree of life (Ciccarelli et al. 2006) 

in Science and launches the online iTOL project
2009  The New Scientist features a reticulate tree of life image on their 

January 21st cover and titles it “Darwin was wrong: Cutting down the 
tree of life.” Daniel Dennett, Jerry Coyne, Richard Dawkins, and Paul 
Meyers argue that the cover feeds into creationism

2009  Tal Dagan and William Martin introduce networks that depict 
actual horizontal as well as vertical exchange between distinct 
microbial lineages

2009  The Philosophical Transactions of the Royal Society, B: Biological 
Sciences features a theme issue on “The network of life: genome 
beginnings and evolution”

2010  Luis Villarreal and Günter Witzany introduce a hypothetical diagram 
that illustrates the viral origin of life as well as the colonization of all 
three domains of life by viral agents

2010  The journal Biology and Philosophy features a special issue on the 
tree of life

2011  The journal Research in Microbiology dedicates a special issue to 
“Archaea and the tree of life”

2011  Biology Direct publishes an issue titled “Beyond the Tree of Life”
2014  The American National Science Foundation launches the GoLife 

(Genealogy of Life) project
2014  The Journal of Ecology features a special issue on “The tree of life in 

ecosystems: evolution of plant effects on carbon and nutrient cycling”

Note: This timeline is based upon the timeline provided by the American Society 
for Microbiology (ASM) available at http://www.asm.org/index.php/choma3/71-
membership/archives/7852-significant-events-in-microbiology-since-1861; 
the Genome News Network site at http://www.genomenewsnetwork.org/resources/
timeline; as well as own work.
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Abstract The plasmid concept is rooted in the notion of particulate determinants 
of inheritance and the chromosome theory of heredity, but some biologists saw 
genes as determinants of the way an organism developed from a fertilized ovum 
into a mature adult; some of these determinants seem to be passed on through 
cytoplasmic transfer. In a 1952 review, J. Lederberg proposed that all “extrachro-
mosomal hereditary determinants” be designated “plasmids.” In 1958, Jacob and 
Wollman suggested that genetic elements which were optionally associated with 
the chromosomes, such as the F-factor, the colicinogenic factor, and bacteriophage 
lambda, be termed “episomes.” Allan Campbell (Adv Genetics 11:101–145, 1962) 
proposed a beautifully simple solution to the problem of how episomes could  
be associated with the chromosome when he suggested the recombinational inter-
action of one circular molecule with another. The key to the modern concept of 
the plasmid was the confirmation that DNA molecules can, and often do, exist 
as circular structures. Many observations (mainly on yeast and protozoans) sug-
gested that nonchromosomal heredity exists in eucaryotes as well, and  eventually, 
cytochemical, electron microscopic, and biochemical evidence established the 
existence of cytoplasmic genes in eucaryotes. By the end of the 1960s, both the 
genetic and physical understanding of plasmids and cytoplasmic heredity had 
reached a level of detail to allow exploitation of these genetic elements as tools to 
 manipulate and study cell genetics by various techniques of lateral gene transfer.
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1  Particulate Heredity

The early history of the plasmid concept is rooted in the notion of particulate 
determinants of inheritance. In the first decade of the twentieth century, the 
chromosome theory was developed and two key papers are usually cited: Sutton 
(1903) and Boveri (1904). These workers argued from diverse observations 
that the cytologically observable structures in the cell nucleus are the physical 
units that determine the Mendelian characters. Of course, it was very unclear 
just what a “Mendelian character” was, but in the second decade of the twenti-
eth century, Thomas Hunt Morgan and his group, in experiments with fruit flies 
(Drosophila melanogaster), presented evidence for the formal agreement of the 
behavior of several “Mendelian factors” and the behavior of the physical struc-
tures known as chromosomes. Morgan and his school generalized these results 
into a broad “Theory of the Gene” which held that the Mendelian factors (genes) 
were arranged linearly on the visible structures (chromosomes) that resided in 
the nucleus of every cell and which were duplicated and partitioned equally to 
the daughter cells during cell division (Morgan 1926). Thus was solved (at one 
level, at least) the age-old problem of “how like begets like.” Many biologists 
took up this approach and gathered much evidence to supports its validity and 
universality.

2  Cytoplasmic Contributions

At the same time, other biologists, working on problems of embryology and mor-
phology, saw genes as determinants of the way an organism developed from a  
fertilized ovum into a mature adult. For them, genetics was not about transmission 
of characters across the generations, but about how gene action worked to make 
the organism a nearly exact copy of its parents, that is, a different version of the 
age-old problem of “how like begets like.” For many of these biologists, the deter-
minants of the characters involved in development and differentiation seemed to 
be neither obviously nuclear, nor chromosomal. Some of these genes seem to be 
passed on through cytoplasmic transfer. For example, the eminent biologist Ross 
Harrison wrote:

The prestige of success enjoyed by the gene theory might easily become a hindrance 
to the understanding of development by directing our attention solely to the genome, 
whereas cell movements, differentiation and in fact all developmental processes are 
actually effected by the cytoplasm. Already we have theories that refer the process of 
development to genic action and regard the whole performance as no more that the 
realization of the potencies of the genes. Such theories are altogether too one-sided. 
(Harrison 1937, p 372)
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By the mid-1930s, these cytoplasmic determinants came to be known as 
“plasmagenes.” Plasmagenes, however, were often invoked to explain the pos-
sible mechanisms of “inheritance of acquired traits” and played directly into 
the schemes of the Michurinist/Lysenkoist genetics in the Soviet Union. At 
the time, then, plasmagenes acquired the extra baggage of Cold War ideology  
(Sapp 1987).

3  Genes in Bacteria

The existence of genes in bacteria was much debated in the first half of the twen-
tieth century. Without a visible nucleus, without visible chromosomes, without a 
known dimorphic sexual phase, and without many distinguishing characteristics, 
it was easy to believe that bacteria were altogether different from organisms which 
reproduced sexually. In 1942, the famous British biologist Julian Huxley wrote:

Bacteria (and a fortiori viruses, if they can be considered to be true organisms), in spite of 
occasional reports of a sexual cycle, appear to be not only wholly asexual but pre-mitotic. 
Their hereditary constitution is not differentiated into special parts with different functions. 
They have no genes in the sense of accurately quantized portions of hereditary substance; 
and therefore they have no need for the accurate division of the genetic system which is 
accomplished by mitosis…. We must, in fact, expect that the process of variation, hered-
ity, and evolution in bacteria are quite different from the corresponding processes in multi-
cellular organisms. But their secret has not yet been unraveled. (Huxley 1942, pp 131–132)

By 1946, however, the experiments of Lederberg and Tatum (1946) chal-
lenged and clarified the understanding of genes in bacteria. Without dealing with 
the physical nature of the genetic structures in bacteria (there was considerable 
debate about the existence of a bacterial nucleus), they obtained clear support 
for a mating system in a bacterium (Escherichia coli, strain K-12) and subse-
quently, Lederberg (1947) employed Sturtevant’s paradigm of genetic linkage 
(Sturtevant 1913), to establish a genetic map in E. coli based on the frequency 
of recombination of genetic determinants observed in standardized “matings.” At 
this time, the dominant model was based on the sexual processes in higher cells: 
cell fusion with zygote formation, recombination, and marker segregation and 
cell division.

In 1949, Cavalli and Heslot (1949) and, in 1951, Lederberg (1951) surveyed 
other strains of E. coli for their ability to mate with Lederberg’s strain K-12 and 
found that only 9 of 140 isolates could mate with K-12. Thus, there seemed to be 
something peculiar about mating in E. coli. In London, William Hayes started to 
study the kinetics of the mating process in 1950 and at the suggestion of Denis 
Mitchison, conceived of bacterial mating as an asymmetric process involving a 
gene donor and a gene acceptor. This model for bacterial mating fitted the data 
Hayes was obtaining in various bacterial matings much better than a classical cell 
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fusion model, and in 1952, he published this work (Hayes 1952) and presented it 
at meetings in the summer of 1952. As James D. Watson described the event:

Bill’s appearance was the sleeper of the three day gathering; before his talk no one except 
Cavalli-Sforza knew he existed. As soon as he had finished his unassuming report, how-
ever, everyone in the audience knew that a bombshell had exploded in the world of Joshua 
Lederberg! (Watson 1968, pp 141–142)

4  The F-Factor

The directionality and polarity of the bacterial mating process, first suggested 
by Hayes, greatly clarified the understanding of bacterial genetics as studied by 
mating experiments. The problem of sexual compatibility, however, remained. 
The rather rare property of a given E. coli strain to mate was a puzzle. In 1952, 
Lederberg et al. (1952) and, a year later, Hayes (1953) independently reported that 
the ability to act as a donor in a bacterial mating was a property controlled by a 
“factor” designated “F” (fertility) that seemed to behave as “an infectious particle.”

5  Lambda Bacteriophage and Colicines

In the mid-1950s, two other anomalous hereditary “factors” were discovered to 
behave as “infectious particles” as well. One was the bacteriophage lambda, a 
lysogenic phage found in E. coli K-12 by Lederberg (1950), and the other was 
the factor determining the production of colicine, a killer substance, produced by 
some strains of E. coli, originally discovered by Gratia (1925), and studied exten-
sively by Fredericq (1963).

6  Plasmids and Episomes

In a broad review, Lederberg (1952) proposed that all “extrachromosomal heredi-
tary determinants” be subsumed under the designation “plasmid.” He did not dis-
tinguish nuclear or cytoplasmic location, nor the possibility of association of such 
determinants with the chromosome on some occasions. In a more limited review 
of bacterial genetic systems, Jacob and Wollman (1958) suggested that genetic 
elements which were optionally associated with the chromosomes of the cell be 
termed “episomes.” They used the F-factor, the colicinogenic factor, and bacterio-
phage lambda as prototypic episomes. By this time, it was known that the F-factor 
could become associated with the bacterial chromosome and result in the transfer 
of chromosomal genes with high frequency in mating experiments (Hfr strains).
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By the end of the 1950s, the recognition of genetic determinants which were 
not able to be located on the genetic map in standard crosses established the con-
cept of “plasmid” (episome was used rather interchangeably with plasmid by 
some, but William Hayes, for one, calling the F-factor “a small, supernumerary 
chromosome,” stated:

We think the word “episome,” although an excellent substitute for “plasmid,” has become 
a source of confusion because the existence of alternative chromosomal and cytoplasmic 
states was central to its original usage. … It now seems to us that the most meaningful 
biological distinction is between plasmids which promote conjugation, which we will 
classify as sex factors, and those which do not. (Hayes 1968, pp 747–748)

7  Chromosomal Associations

The understanding of the possibility of the attachment (by some unknown mecha-
nism, often diagramed as a “bump” on a linear diagram of a chromosome) of the 
F-factor to the chromosome in Hfr strains probably helped the understanding of 
the linage of the fertility property and the genetic determinant for lactose fermen-
tation (lac) in the work of Jacob and Adelberg (1959). They concluded that the 
F-factor could become associated with cell genes which then became part of the 
“infectious hereditary particle” that was the F-factor. Soon, these “augmented” 
F-factors became known as “F-prime” factors. Soon, many variant F-primes were 
found and it was realized that F-prime plasmids carrying any desired part of the 
bacterial chromosome could be constructed. Elie Wollman recalled the history of 
F-prime factors:

Adelberg had brought back to Berkeley some of our Hfr strains. I spent the year  
1958–59 in Berkeley – finishing the writing of our book [Wollman and Jacob 1959]. Once 
Ed Adelberg came to me telling me that one of the Hfr strains had changed: the frequency 
of recombinants was less than the expected, but all were donors of intermediate frequency. 
I suggested that, by comparison with HFT phage the sex factor had left its site accom-
panied by neighboring genetic fragments. This was verified experimentally. Lwoff, who 
had come to visit, brought the news back to Francois Jacob who immediately used it for 
making partial Lac diploids. This is the history of F-prime factors. (quoted in Brock 1990, 
p 104)

8  The Physical Nature of Plasmids and Episomes: DNA

By 1960, it was clear, of course, that “the genetic material is DNA,” but the iden-
tification of cytoplasmic DNA was still questionable. Likewise, the structure of 
DNA in genes and in chromosomes was debated. The sizes of DNA “molecules” 
seemed to increase each year as the methods of preparation improved and as the 
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techniques for study of large, linear polymers got better. The recognition that shear 
forces could easily break large DNA molecules was especially important. Since 
bacteriophage was believed to be simple models for the genetic material of the 
cell, the nature of the DNA in phage was thought to be relevant. The sizes of the 
DNA in phages were rather ingeniously and indirectly determined by a technique 
known as “stargazing” (Levinthal 1956). This method compared the amount of 
DNA radioactivity (32P) in a single phage particle, with the amount of radioac-
tivity in the isolated DNA molecules released from the same phages under very 
gentle conditions. The radioactivity was detected by counting (under a micro-
scope) the tracks in photographic emulsion in which the phages and the DNA were 
embedded. Each phage particle and each DNA molecule formed a “star” of such 
tracks. Since the number of tracks was the same for the intact phage particle and 
released DNA molecule, it was concluded that the DNA was present in the phage 
particle as one (possibly two) long piece (perhaps held together by some non-
DNA linkages). From the chemical composition of the phage and the bulk specific 
activity of the DNA, it was possible to calculate the molecular weight of the phage 
chromosome.

That plasmids are DNA was rather conclusively demonstrated in physical 
experiments, first reported by Marmur et al. (1961) who used the CsCl buoyant 
density separation of DNA based on nucleotide base composition to show that 
“light density E. coli-like DNA” appeared in Serratia marcescens (which has a 
somewhat denser DNA) after transfer of the F-factor to Serratia. Silver and Ozeki 
(1962) provided evidence for the same conclusion based on labeled DNA transfer 
of the colicine factor. By the late 1960s, detailed studies of such transfer allowed 
Rupp and Ihler (1968) to demonstrate that episome transfer is driven by a strand-
specific DNA replication of the plasmid and thus explained the unidirectional 
transfer of the genetic markers observed much earlier.

9  The “Campbell Model”

Most experiments on the chemistry of DNA confirmed that DNA molecules were 
very long, linear, non-branched structures. How, then, to envision the attachment 
of episomes to the chromosome? In a 1962 review on episomes, Campbell (1962) 
proposed a beautifully simple solution to this problem: the recombinational 
 interaction of one circular molecule with another. “The Campbell Model,” as it 
came to be known, explained the reversible association of some episomes with 
the chromosome, the inversion of the genetic map of lambda bacteriophage upon 
lysogeny as recently reported by Calef and Licciardello (1960), and the formation 
of double lysogens and defective heterogenotes in lambda phage (Whitfield and 
Appleyard 1958). Campbell’s crucial insight was that the episome must exist as 
a physically circular DNA structure. Interestingly, he reasoned from the circular 
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genetic map of phage T4 (there were, of course, no physical structures established 
for genomes).

Detailed linkage studies lead to the conclusion that the genome of one phage (T4) is 
indeed circular (Streisinger, Edgar and Harrar, quoted by Stahl 1961). If circularity is a 
property of phages in general, the equivalent of the insertion hypothesis is to the one cir-
cle out of two.[…] If the phage genome [now referring to lambda] is circular rather than 
linear, the lambda chromosome need not be split into parts [to account for map inversion 
in lysogens] but rather could be cut at a specific point on the circle when it lysogenizes. It 
is actually very simple (on paper) to insert a circular phage chromosome into a linear bac-
terial chromosome by reciprocal crossing over (Fig. 2). (Campbell 1962, p 112)

It is, of course, interesting to note that while Campbell based his argument on 
the T4 genome, which turns out to be linear although it has a circular map, he 
applied it to lambda which turns out to have a linear map, but a circular intracel-
lular form.

10  Circular DNA

While the genetics of plasmids pointed the way to circular forms, the chemistry 
of DNA was just becoming clearer. The key step in the modern concept of the 
plasmid was the confirmation that DNA molecules can and, often do, exist as cir-
cular structures. The first confirmation of this fact came again, from the study of 
phage biology. In an attempt to study the smallest life-form, biologists had been 
studying bacteriophages, and the smallest known phages were two related phages 
ϕX174 and S13. Sinsheimer (1959) had shown that ϕX174 was unusual in that it 
contained the single-stranded form of DNA rather than the double-helical DNA of 
the Watson–Crick model. Using the recently characterized nucleases with speci-
ficity for exonucleolytic attack coupled with hydrodynamic studies, Fiers and 
Sinsheimer (1962) asserted that ϕX174 DNA was in the form of a small circular, 
single-stranded DNA molecule.

This precedent for circular DNA molecules was soon followed by the discovery 
in 1963 of:

1. the cohesive ends of the DNA of bacteriophage lambda and its ability to form 
circles (called “folded molecules” at the time) (Hershey et al. 1963);

2. the circular structure of the E. coli genome by autoradiography (Cairns 1963); 
and

3. the evidence that the DNA from polyomavirus is circular (Dulbecco and Vogt 
1963; Weil and Vinograd 1963).

Even though these studies with phage and viral DNAs provided the methods and 
concepts to characterize circular DNAs, the study of the physical nature of most 
plasmids was complicated by the difficulty in separation of the plasmid DNA 
from the mass of chromosomal DNA. This problem was solved in 1967 by the 
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introduction of the dye-buoyant density method (Radloff et al. 1967). This method 
depended on the restriction on binding of a DNA-intercalating dye such as eth-
idium bromide by covalently closed circular DNA molecules in comparison with 
the linear and nicked circular molecules. These dye-DNA complexes could be sep-
arated in density gradients of the dense salt CsCl formed in the ultracentrifuge. 
Plasmid DNAs were easily isolated by this method for detailed characterization, 
and Bazaral and Helinski (1968) applied this method to colicine factors E1, E2, 
and E3 and showed that these factors were circular DNA molecules of homoge-
neous molecular weights. Beginning in 1959, electron microscopic visualization 
began to be applied to DNA molecules spread in protein films (Kleinschmidt and 
Zahn 1959), and this technique soon allowed “direct” visualization of both phage 
and plasmid DNAs and provided dramatic confirmation of the circular nature of 
plasmid DNAs.

11  R-Factors

Another important class of plasmids which were discovered in relation to their patho-
genesis is the R-factor. In the early 1950s, it was observed in Japan that multiple anti-
biotic resistance was developing in a single step in patients with enteric infections. 
Akiba et al. (1960) described this phenomenon, and in 1961, Watanabe and Fukasawa 
(1961) reported that this multiple drug resistance was being transferred by a plasmid 
(? an episome) which they called a resistance transfer factor (RTF or R-factor).

12  Organelle Genetics

As difficult as it was to elaborate an understanding of the genetic and physical 
basis for nonchromosomal heredity in bacteria, the parallel history of eucaryotic 
cells is even more tortuous. While many observations in eucaryotes (mainly yeast 
and protozoans, single-cell organisms more amenable to genetic analysis than 
many multi-cellular organisms) suggested that nonchromosomal, especially cyto-
plasmic, heredity exists, the acceptance of this conclusion and evidence for its 
physical basis was long in coming.

Mitochondrial genetics, pioneered in the 1950s by Ephrussi and Słonimski 
(1955) in their studies of the respiratory-deficient petite mutants of yeast (such 
mutants grow slowly, depending as they do on glycolysis, and give small colo-
nies, hence the designation, petite), became well established only in the late 1960s 
when many additional mutants were identified that were associated with the mito-
chondria. Also, as early as 1954, some mutations in Chlamydomonas were found 
by Sager (1954) to behave in non-Mendelian fashion and were attributed to muta-
tions in the chloroplasts. Finding the physical basis of organelle heredity (that 
is, the DNA in these structures) proved difficult as well. Cytochemical, electron 
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microscopic, and biochemical evidence were offered (Rhoades 1955; Ris and 
Plaut 1962), but until the techniques for study of DNA based on sequence compar-
isons (first nucleic acid hybridization and more recently direct nucleotide sequence 
analysis), the existence of cytoplasmic genes in eucaryotes was controversial. As 
Ruth Sager noted in 1972:

The pendulum of opinion had swung from one extreme – cytoplasmic genes do not exist 
because we do not see cytoplasmic chromosomes to the other extreme – cytoplasmic 
DNA’s exist, and therefore there must be cytoplasmic genes. (Sager 1972, p 2)

13  The “Modern Period” of Plasmid Research

By the end of the 1960s, then, both the genetic and physical understanding of  
plasmids and cytoplasmic heredity had reached a level of detail which allowed the 
subsequent massive exploitation of these genetic elements as tools to study key 
cellular processes such as DNA replication as well as to manipulate and engineer 
the genetic contents of cells at will by means of the newly devised methods of in 
vitro recombinant DNA chemistry (see Clowes 1972).

14  Plasmid Early History Timeline

1903  Walter S. Sutton and Theodor Boveri independently developed the 
hypothesis that the units of heredity are physically located on chro-
mosomes, thus giving a physical location for heredity

1910  Thomas Hunt Morgan described the association of heritable proper-
ties in Drosophila with a specific chromosome and began the analy-
sis of genes in the nucleus

1920s–1940  Embryological observations suggested that there are hereditary 
determinants in the cytoplasm

1946  Joshua Lederberg and Edward Tatum reported strong evidence for a 
sexual phase in E. coli K-12

1949–1951  J. Lederberg and L Luca Cavalli and Henri Heslot found that most 
strains of E. coli will not mate with K-12

1950  André Lwoff and Antoinette Gutmann clarified the nature of phage 
lysogeny

1951  Esther Lederberg discovered the lysogenic bacteriophage lambda in 
E. coli K-12

1950s  Respiratory deficient mutants in yeast (petites) are studied by Piotr 
Słonimski and Boris Ephrussi and are attributed to cytoplasmic 
hereditary units in the mitochondria. Mutations in Chlamydomonas 
are attributed to hereditary units in the chloroplasts by Ruth Sager
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1950–1952  William Hayes suggested that mating in E. coli is an asymmetric 
(unidirectional) process rather than one analogous to cell fusion and 
zygote formation in higher organisms

1952  J. Lederberg reviewed the literature on cell heredity and suggested 
the term “plasmid” for all extrachromosomal hereditary determinants

1952–1953  Hayes, and J. Lederberg, Cavalli, and E. Lederberg reported that the 
ability to mate is controlled by a factor (F) that seems to be an infec-
tious particle not associated with the chromosome

1954  Pierre Fredericq and colleagues showed that colicines behave as 
genetic factors independent of the chromosome

1958  François Jacob and Elie Wollman proposed the term “Episome” to 
describe genetic elements such as F, colicine, and phage lambda which 
can exist both in association with the chromosome and independent of it

1959  Jacob and Edward Adelberg found that the F-factor can associate 
with cell genes and identify F-prime factors

1959  Albrecht Kleinschmidt and Rudolf Zahn showed that DNA mol-
ecules can be studied in the EM by spreading the DNA in protein 
films on the surface of water

1960–1961  Tomoichiro Akiba, Kotaro Koyama, Yoshito Isshiki, Sadao Kimura, 
and Toshio Fukushima, and Tsutomu Watanabe and Toshio 
Fukusawa described multiple drug resistance transferred by an epi-
some designated the R-factor

1961  Physical experiments involving DNA labeling (either by density 
[Julius Marmur et al.] or radioactivity [Simon Silver and Haruo 
Ozeki]) show that mating in bacteria is accompanied by transfer of 
DNA from the donor to the recipient

1962  In a review on episomes, Allan Campbell proposed the recipro-
cal recombination of circular episome DNA molecules with the 
chromosomal DNA as a way to physically insert the episome DNA 
 linearly into the chromosome

1962  Circular DNA is found to actually exist by Walter Fiers and Robert 
Sinsheimer in the genome of the small phage ϕX174

1963  Alfred Hershey showed that bacteriophage lambda can form circles 
in vitro by virtue of its “cohesive ends.” Other circular DNAs are 
also reported: the E. coli genome by John Cairns; and polyomavirus 
DNA by Renato Dulbecco and Marguerite Vogt, and by Roger Weil 
and Jerome Vinograd

1967  Roger Radloff, William Bauer, and Jerome Vinograd described the dye-
buoyant density method to separate closed circular DNA from open cir-
cles and linear DNA, thus facilitating the physical study of plasmids

1968  W. Dean Rupp and Garret Ihler showed that episome transfer 
involves only one of the two strands being transferred by a explica-
tive mechanism

1969  Michael Bazaral and Donald R. Helinski showed that several coli-
cine factors are homogeneous circular DNA molecules
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Abstract Plasmids are common in the prokaryotic world, both in bacteria and 
archaea. Most of these extrachromosomal DNA molecules do not code for essen-
tial genes. One may expect that the replication of plasmids and the expression of 
plasmidic genes impose a fitness cost to their host. Given this cost, and given that 
plasmid-free cells often arise, it is striking that so many non-transferable plasmids 
are able to maintain themselves inside prokaryotic cells without being counter-
selected in favor of plasmid-free cells. A solution to this paradox would be the 
evolution of controlling mechanisms to regulate rivalry between plasmids for the 
stability of these symbiotic relationships. In this chapter, we discuss the evolution-
ary selective conditions for such mechanisms to evolve.
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1  Plasmids

Plasmids are double-stranded DNA molecules that have the ability of self-repli-
cation inside prokaryotic cells. Plasmids are generally able to cope with cell divi-
sion and ensure that at least one plasmid copy stays in each daughter cell. Like 
viruses, plasmids lack a proper metabolism, but, unlike them, plasmids cannot per-
sist freely outside the host because they lack a protective structure (such as viral 
capsides) against environmental stresses.

Some plasmids are able to transfer horizontally to other cells, and there are two 
major groups. Conjugative plasmids are those harboring all the necessary genes 
for horizontal transfer, including (i) the mobility genes and (ii) a membrane-asso-
ciated mating pair formation complex. Mobilizable plasmids lack the genes for the 
mating pair formation complex; hence, they are unable to transfer horizontally to 
another cell. This inability can be circumvented if the cell also harbors a conju-
gative plasmid encoding these genes. However, there is a third major group of 
plasmids henceforth named non-transferable plasmids, that cannot transfer hori-
zontally to other cells, even if they coexist with plasmids encoding the transfer 
apparatus. A recent study has shown that 48 % of proteobacterial plasmids are of 
this latter kind: neither conjugative nor mobilizable (Smillie et al. 2010).

2  Evolution of Virulence of Non-Transferable Plasmids

One may expect that the replication of plasmids and the expression of plasmidic 
genes implicate a fitness cost to their host, specially when the cell population just 
received a plasmid. This fact has been observed very often with several types of 
plasmids. Figure 1 shows the fitness of Escherichia coli cells shortly after receiv-
ing a plasmid relative to the fitness before receiving the plasmid.

At first glance, and according to the trade-off hypothesis for the evolution of 
virulence, dyads of prokaryotic cells and non-transferable plasmids should evolve 
toward commensalism or mutualism (Bull 1994; Levin 1996; Messenger et al. 
1999). The trade-off hypothesis proposes that there is a compromise between the 
fitness cost (virulence) imposed by the parasite and the rate of horizontal trans-
mission of the parasite. Therefore, to maximize the spread of the parasite, evolu-
tion leads to a balance between virulence and transmission mutualism (Bull 1994; 
Levin 1996). This hypothesis has been corroborated by several authors (see, e.g., 
Messenger et al. 1999; Turner et al. 1998). The inability to transfer horizontally 
would lead non-transferable plasmids evolve towards commensalism or even 
mutualism because plasmids’ success is tightly associated with the host’s suc-
cess. However, non-transferable plasmids are an interesting case where the null 
rate of horizontal transmission does not necessarily maximize genetic relatedness 
(Frank 1996; Chao et al. 2000). The reason for this is very simple: despite their 
inability to transfer to other cells, their host may sometimes have to compete with 
incoming transferable plasmids. This possibility eventually forces the resident 
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(non-transferable) plasmid to have mechanisms to compete with other plasmids, 
hence imposing a cost on the host. To ensure vertical transmission, a conceiva-
ble mechanism available to the non-transmissible resident plasmid is to increase 
copy-number in the cell. The drawback of such strategy is that it increases the cost 
imposed to the host.

Unsurprisingly, plasmids encode mechanisms for copy-number control, typi-
cally by repressing plasmid replication when copy-number achieves a certain 
value (for a review, see Paulsson and Ehrenberg 2001). For example, the well-
studied conjugative plasmid R1 controls its copy-number in two steps. Firstly, R1 
plasmids encode a replication inhibitor with an ingenious mechanism to “count” 
the number of plasmid copies—the inhibitor molecule is unstable which implies 
that the concentration of plasmid copies is proportional to the replication inhibitor 
molecules. Secondly, the inhibitor is the antisense RNA of the mRNA responsible 
for initiation of plasmid replication—hence blocking translation of the mRNA and 
the replication of the plasmid. In this way, the number of inhibitors increases with 
the number of plasmid copies (for a review, Nordstrom 2006).

Something remarkable happens when two plasmids use very similar regulation 
mechanisms, that is, when they react to similar replication repressors: In a grow-
ing population of host cells, the two plasmids cannot stably coexist in the same 
cells. Having similar replication control systems, they tend to respond to each 
other’s replication activators and repressors. In other words, the two plasmids are 
incompatible (for a review, see Novick 1987). As an example, suppose that, when 
isolated in their own host cell, plasmid A and plasmid B have similar copy-num-
bers cA = cB = 2 a few moments before cell division. Now, further suppose that, 
for some reason, they find themselves in the same cell. Given that they count the 
other plasmid as one of itself, neither plasmid replicates. Each plasmid acts as if 
the other plasmid is already a copy of itself. Thus, after cell division, the two plas-
mids A and B go to different daughter cells (Fig. 2).
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Fig. 1  Fitness of plasmid-bearing E. coli cells relative to the fitness of plamid-free cells. Plas-
mids R16, RP4, R16a, R831, R124, R702, and R1 are conjugative. Plasmids pBR322Δ5 and 
pACYC184 are non-transferable. The plasmid pBR322Δ5 is artificial and commonly used in 
molecular biology
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Precisely because of this phenomenon of incompatibility, a good strategy for 
one of the plasmids to compete with the other plasmid would be to evolve toward 
a higher copy-number—hence ensuring vertical transmission to both daughter 
cells. Such a process would be advantageous to the winning plasmid, but this vic-
tory implies the production of extra copies, which, most likely, increased the cost 
imposed on the host. Competition between hosts imposes a drawback to the cells 
with higher copy-numbers. This is a clear example of multilevel selection: the lev-
els of selection are not aligned, implying that an advantage at a given level (e.g., 
at the level of the plasmids, increasing copy-number) may imply a disadvantage at 
another level (cell level, suffering a burden from the presence of the high plasmid 
copy-number) (Paulsson 2002).

The emergence of plasmid incompatibility poses a remarkable paradox. 
Apparently, regulation mechanisms evolved to control for copy-number. Yet, such 
mechanisms often lead to incompatibility between similar plasmids. However, 
when there is incompatibility, increasing copy-number is a winning strategy.

The copy-number control mechanism of most plasmids (e.g., the R1 plasmid 
mentioned above) has an interesting characteristic. While the molecules responsi-
ble for the initiation of plasmid replication replicates only the plasmid where they 
are encoded, the inhibitor always constrains the replication of all plasmid mol-
ecules, not only the plasmid molecule where it is encoded. Would it be a good 
strategy for the “other” plasmids to mutate the receptor of the inhibitor in order to 
become deaf to it? Kentzoglanakis et al. (2013) analyzed the conflict between obe-
dience and deafness to the control mechanism with computer simulations to show 
that the evolution of plasmid copy-number control mechanisms improves plasmid 
stability (Kentzoglanakis et al. 2013).

Fig. 2  Incompatibility between similar plasmids. Plasmids are represented as small circles 
inside bacterial cells—represented with an ovoid shape. Chromosomes are not represented. Two 
plasmids with similar replication control systems (here represented by black and gray circles) 
tend to respond to each other’s replication activators and repressors. When this happens, the two 
different plasmids cannot stably maintain in bacterial cells. In other words, these plasmids are 
said to be incompatible. Being similar, each plasmid counts the other plasmid as one of itself, 
i.e., each plasmid acts as if the other plasmid is already a copy of itself. Ultimately, two plasmids 
find themselves in different daughter cells
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Before focusing on non-transferable plasmids, it is instructive to start by dis-
cussing the conditions for the maintenance of transmissible plasmids. Such condi-
tions are very stringent, mainly because the transfer rate of many plasmids seems 
to be too low to explain their maintenance (for a review, see Dionisio et al. 2012).

3  What Do We Know About Maintenance  
Conditions of Conjugative Plasmids?

Stewart and Levin (1977) designed a theoretical model of a chemostat with plas-
mid-free cells and plasmid-bearing cells to analyze the conditions for plasmid 
maintenance. A chemostat is a bioreactor with continuous influx of fresh culture 
medium and efflux of culture, at a constant rate. By changing the rate with which 
fresh medium is added to the bioreactor, the growth rate of the microorganism can 
be controlled (Novick and Szilard 1950). Stewart and Levin (1977) found that the 
transfer rate of conjugative plasmids has to be high enough to compensate for the 
following: (i) plasmid fitness cost, (ii) turnover of the chemostat, and (iii) segre-
gation rate (i.e., rate at which plasmid-bearing cells loose the plasmid upon cell 
division) (Stewart and Levin 1977). However, not all conjugative plasmids seem 
to transfer to other cells with enough speed (Dionisio et al. 2002; Gordon 1992). 
This creates a difficulty to explain the existence of transferable plasmids (let alone 
non-transferable plasmids): If conjugative and mobilizable plasmids impose a cost 
to their hosts and their transfer rate is low, why do so many prokaryotic cells con-
tain these plasmids? Recently, it has been observed that, under specific conditions, 
cells may take up plasmids from the surrounding environment, but this phenom-
enon seems to be too rare to explain the maintenance of plasmids in nature (Maeda 
et al. 2006; Kurono et al. 2012; Matsuda et al. 2012; Perez-Mendoza and de la 
Cruz 2009). Of course, one can hypothesize that plasmids encode some genes that 
are advantageous in other conditions—other than laboratory conditions of a chem-
ostat at stable temperature, aeration, and nutrition (Stewart and Levin 1977). This 
solves the puzzle, but generates a paradox.

One may assume that, to maintain plasmids, cells have to spend resources to at 
least express plasmidic genes and replicate plasmidic DNA (Bentley et al. 1990; 
Diaz Ricci and Hernandez 2000; Harrison et al. 2012; Lenski 1997). From the 
point of view of the chromosome, the best solution would be recruiting the advan-
tageous genes and discard the rest of the plasmid (Levin and Bergstrom 2000). 
Therefore, plasmids should not exist even if they encode certain genes useful for 
the host—these genes should be present in the chromosome.

Smith (2001) proposed an interesting hypothesis to explain the maintenance of 
certain genes on mobile genetic elements rather than on the chromosome (Smith 
2001). This hypothesis focuses on secreted factors that play their role outside cells, 
that is, metabolites that constitute public goods—the term used in micro-economy 
to name goods (here, the secreted metabolites) that are accessible to all individu-
als (non-excludability as defined in micro-economy), and such that, the use of the 
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good by one individual does not reduce availability of the good to other individuals 
(non-rivalry as defined in micro-economy). For an account on the relation between 
public goods, the tragedy of the commons and the prisoner’s dilemma in economi-
cal sciences and in evolutionary biology, see (Dionisio and Gordo 2006).

As a public good, the metabolite is accessible, not only to producer cells, but 
also to non-producer cells. In principle, one may assume that the production of 
these metabolites impose a fitness cost to producers. Given this cost, non-produc-
ers will increase in frequency. If the genes encoding for the production of secreted 
metabolites are on transferable plasmids, plasmid-bearing cells may force non-
producers to produce the metabolite (Smith 2001). With this process, producers 
avoid the cost of competition with cheaters and, at the same time, gain a few more 
collaborators to produce the metabolite (Smith 2001).

Mc Ginty et al. (2011) pinpoint a flaw in this reasoning. It involves surface and 
entry exclusion, very often encoded by plasmids. With any of these mechanisms, the 
resident plasmid strongly decreases the probability that similar plasmids enter into its 
host (for a review, see Garcillan-Barcia and de la Cruz 2008). For example, the trans-
fer rate of the F plasmid is about 100-fold higher if the recipient cell has no F plas-
mid than if the recipient cell already harbors the F plasmid (Achtman et al. 1977).

Mc Ginty et al. (2011) posed the following question: What happens if some of 
these plasmids loose the gene(s) coding for the public good? Cells containing these 
defective plasmids do not pay the cost for metabolite production, although they have 
the cost of bearing the plasmid. However, because these cells carry the (mutated) 
plasmid, both surface and entry exclusion prevent the entry of plasmids that code for 
the public good. In homogenous populations, this effect will be responsible for the 
displacement of cells with cooperating plasmids in favor of cells carrying cheater 
plasmids (Mc Ginty et al. 2011). That is, without plasmids, competition between 
chromosomes favors non-producers of the public good. When plasmids rather than 
chromosomes code for the public good, competition occurs at the level of cells: 
between cells that code and those that do not code for the public good (Mc Ginty 
et al. 2011). However, in structured populations, one rescues Smith’s hypothesis. In 
a non-homogeneous population, horizontal gene transfer benefits plasmid-carried 
public goods through the twofold effect of increasing local relatedness and through 
the effects of transmission (Mc Ginty et al. 2013). This is an important point to 
stress because actual prokaryote populations are not homogeneous.

Bioinformatic analysis of plasmidic and chromosomal sequences gave strong 
support to Smith’s hypothesis. Indeed, many of the genes carried by mobile ele-
ments code for metabolites that constitute public goods. These metabolites are 
either released into the extracellular environment or exhibited at the cell surface 
(Mc Ginty et al. 2011; Nogueira et al. 2009). These proteins may have diverse 
functions, from foraging, to shelter, or even for microbial virulence. Moreover, 
these proteins use amino acids with low biosynthetic cost [i.e., cheaper than the 
other proteins, even highly expressed proteins (Nogueira et al. 2009)].

Smith’s hypothesis explains the presence of certain genes in plasmids, rather 
than in chromosomes, with the fact that bacterial cells often have to interact 
with competitor bacterial cells. In this sense, one may classify this hypothesis as 
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social. As such, competition, cooperation, altruism, or spite are social behaviors. 
Consider, for example, a (new) gene (or a new gene version—mutation) that ena-
bles a bacterium to replicate faster by consuming a certain sugar though in an inef-
ficient way; as such, less sugar is left to other cells, which means that this is a 
social interaction. In contrast, if a certain bacterium has a mutation that turns it 
more resistant to, say, detergents, then its expected reproductive success increases 
by its own—without directly influencing the fate of other cells.

Other explanations for plasmid maintenance based on social interactions have 
been proposed and are reviewed elsewhere (Dionisio et al. 2012).

In conclusion, the point we want to stress is that, to assure maintenance among 
prokaryote populations, either plasmid-borne genes are involved in host social 
behavior (Mc Ginty et al. 2013; Nogueira et al. 2009; Smith 2001), or plasmids 
have a very high transfer rate to compensate for plasmid segregation and fitness 
cost imposed on the host (Stewart and Levin 1977).

Both possibilities involve the transfer ability of plasmids. So, how should one 
explain the maintenance of non-transmissible plasmids among prokaryote cells?

4  What Do We Know About Maintenance  
Conditions of Non-Transferable Plasmids?

Consider a population of bacterial cells that just received a plasmid. Usually, the 
growth rate of this population declines a few percentages, typically not more than 
10 % (Dionisio et al. 2012). Now, if one selects for the plasmid (hence imposing plas-
mid maintenance) for a few hundred generations, the cost often disappears. That is, 
populations of evolved plasmid-bearing cells now grow as fast or almost as fast as 
populations of plasmid-free cells. Several authors have seen this outcome with differ-
ent plasmid-bacterium dyads and in different conditions. Details on where mutations 
occur (plasmid or chromosome) differ from dyad to dyad and from experiment to 
experiment, but they all have in common the fact that a population of the evolved dyad 
regains the growth rate of a population of plasmid-free cells (Bouma and Lenski 1988; 
Dahlberg and Chao 2003; Dionisio et al. 2005; Modi and Adams 1991). Why is that 
so? Moreover, why is this observed both in transferable and non-transferable plasmids?

When a transferable plasmid “moves” to another cell, it leaves a copy in the 
original cell. This is rather uncommon among other types of prokaryote parasites. 
For example, viruses typically kill their host to transfer to another host. Most bac-
terial viruses are either lysogenic or lytic viruses. Lytic viruses invade the host 
cell, takeover cell metabolism to replicate themselves several times, and, more 
often than not, kill the host, releasing tens, hundreds, or more viruses (Campbell 
1996). Lysogenic viruses, however, have two possibilities: (1) either they follow 
the lytic cycle as just described for lytic viruses or, instead, (2) they integrate into 
the bacterial chromosome. In the latter case, the virus genome becomes part of 
the bacterial chromosome over several cell generations. Some conditions (e.g., UV 
radiation) trigger the viral lytic cycle, producing and releasing viral progeny and 
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thus killing the host. The newly released lysogenic viruses are now ready to infect 
new cells, again with the two options described above. Other bacterial viruses 
are neither lytic nor lysogenic. Consider, for example, the M13 “chronic” virus 
that, after infecting an E. coli cell, the cell does not replicate anymore because it 
is too busy replicating the virus and releasing around 200 new M13 viruses per 
hour. These hundreds of viruses are now ready to infect hundreds of E. coli cells. 
The point here is that, in contrast to what happens with plasmids, newly produced 
viruses ultimately leave the host. Therefore, the fitness of any plasmid (conjuga-
tive, mobilizable, or non-transferable) has a direct relationship with the reproduc-
tive success of the host, which is not the case for bacterial viruses.

5  Problems that Plasmids Have to Solve to Avoid  
Heavy Costs

Despite using the replication machinery of the cell, plasmid replication is autono-
mous—in the sense that it occurs independently of chromosomal or cell duplica-
tion. In the process of cell division, plasmid loss may occur if, by chance, one of 
the two daughter cells receives all the plasmid copies. Generally, this will not hap-
pen with the chromosome because the cell uses a partition system to assure that 
each daughter cell inherits a chromosomal copy.

In the case of plasmids without a partition system, one expects binomial par-
titioning (Novick 1987; Paulsson 2002). Assuming that the probability of ending 
up in one or the other daughter cell is ½, the probability that all of the n copies go 

into the same cell is 2
(

1

2

)

n

. The factor 2 comes from the fact that the  inheritance 

of all the copies may occur in any of the two cells: the other becomes plasmid-
free. If, for a given plasmid type, there are two plasmid copies at the moment 
of cell replication (n = 2), the probability that the two plasmid copies end up in 
the same daughter cell is 50 % if there is no partition system. This probability of 
plasmid-free cells to arise is too high because bacterial populations are often com-
posed of million or billion of cells and such a value would allow the emergence of 
fast-growing plasmid-free cells.

Suppose that, in the moment of cell division, the plasmid assures a plasmid 
copy-number of n = 20; now, the probability that one daughter cell is  plasmid-free 

is 
2

(

1

2

)20

≈ 2× 10
−6. Is this probability low enough? Perhaps not and the  reason 

is the following. Consider a plasmid-bearing bacterial cell (e.g., E. coli) that 
divides every 20 min. In the laboratory environment, at 37 °C and with good aera-
tion, the population grows from one cell to 1010 cells in 11 h only. To reach this 
cell number, they divided almost 1010 times and, every time a cell divides, there 
is a probability of 2 × 10−6 that a plasmid-free cell arises. Therefore, it is almost 
certain that at least one plasmid-free cell arises in this process, probably hundreds 
of them. Having no cost of bearing a plasmid, plasmid-free cells may outcompete 
plasmid-bearing cells.
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Sometimes plasmids recombine on each other. For example, two plasmids join 
to form a single plasmid with all genetic information duplicated. These recombi-
nation events may involve more than two plasmids. The formation of these circular 
molecules composed of tandem repeats of the plasmid—called multimers—may 
strongly increase plasmid loss upon cell divisions. If, among the n plasmids, k 
plasmids form a multimer, the probability for the creation of a plasmid-free cell 
rises 2k−1-fold. For example, if two plasmids recombine on each other to form a 
multimer, the probability of plasmid-free cells to arise is doubled in comparison 
with before the recombination event.

Plasmids contain different types of genes to solve these problems, such as 
those encoding mechanisms for partition (Austin and Abeles 1983a, b; Nordstrom 
and Austin 1989), for multimer resolution (Summers 1994; Summers et al. 1993; 
Summers and Sherratt 1984), as well as for the tight control of plasmid copy-num-
ber (Lestas et al. 2010; Paulsson and Ehrenberg 2001). We are not going to review 
these mechanisms here. We rather discuss the following: how should one explain 
that most or all plasmids, transferable or not, evolve toward very low or null cost 
for its host?

6  Selective Conditions for the Evolution of Control 
Mechanisms of Rivalry in Non-Transmissible Plasmids

Consider a non-transmissible plasmid without partition systems, that is, without 
mechanisms to ensure transmission to both cells upon cell division. Assuming that 
this plasmid (and its copies) is the only one inside a prokaryotic cell, an efficient 
method to assure plasmid vertical transmission is by achieving a high copy-num-
ber inside cells. Indeed, and as we saw above, with very high numbers of plasmid 
copies, the probability that plasmid-free cells arise at cell division becomes very 
low. In other words, the individual reproductive success of a plasmid is higher for 
higher values of copy-number. However, a cell containing “greedy” plasmids (rep-
licating themselves too many times) would decline in frequency when growing in 
competition with other cells with low copy-number plasmids.

As mentioned above, plasmids encode for mechanisms to regulate copy-num-
ber, which may lead to incompatibility when two similar plasmids find themselves 
in the same cell. We also mentioned that a good strategy for a given focal plasmid 
to compete with other plasmids would be to evolve toward higher copy-number—
higher than the other plasmids. In other words, relative copy-number may be a 
crucial factor, not only the absolute copy-number (Dionisio, in preparation).

For different plasmids, the relevance of absolute copy-number or relative copy-
number inside host cells may change. Suppose that only relative copy-number is 
important for the individual component of plasmid fitness. For this case (though in 
a different context), Frank (1995) has shown that a policing mechanism to control 
rivalry would be selected for low values of relatedness and/or low values of costs 
of the policing mechanism. The term policing or policing mechanism is used here 
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as a mechanism that regulates a certain behavior to prevent individual deviations 
or selfish behavior. For high values of relatedness, self-restraint yields superior 
success than policing. If relatedness is high, there is no point in competing too 
much; hence, there is no reason to spend resources (which have a cost) to control 
for plasmid rivalry.

Should non-transferable plasmids invest in such a mechanism to control rivalry 
among plasmids? Given that they do not transfer to other cells, one might expect 
that the genetic similarity between plasmids within each cell is very high (high 
relatedness). However, cells containing non-transferable plasmids may receive 
transferable plasmids from other cells and both may have to compete with each 
other particulary if they belong to the same incompatibility group. For non-trans-
ferable plasmids that do not rely on partition systems, the absolute copy-number 
seems to be more important for fitness than the relative copy-number (Dionisio, in 
preparation).

According to (Dionisio, in preparation), the selective conditions for the evo-
lution of a control mechanism to regulate rivalry among plasmids are wider for 
low values of relatedness between plasmids and for low-cost mechanisms (as 
seen above, Frank 1995). Moreover, such mechanisms are also more prone to 
be selected if the importance of relative copy-number for plasmid fitness is low. 
Indeed, if the rivalry term is of low importance for plasmid fitness, it always pays 
to control for rivalry.

Non-transferable plasmids have to deal with rivalry only if one of the plas-
mid copies mutates or if another plasmid comes in; in other words, when plas-
mid diversity within the bacterial cell increases. This is in contrast to the case of 
conjugative plasmids: By transferring to several cells, the probability of having to 
deal with rivalry is much higher than if it was non-transferable. Therefore, non-
transferable plasmids are more prone to evolve a policing mechanism to control 
for rivalry than mobilizable or conjugative plasmids. At first, may be surprising 
that plasmids less involved in rivalry are the ones more disposed to control for it. 
The explanation for this is that plasmids for which the rivalry term is less impor-
tant are also those plasmids with less to lose if the rivalry term decreases by the 
action of the policing mechanism.

7  Epistatic Interactions Between Plasmids

Consider a given pair of plasmid types, say A and B. When each plasmid type is 
alone in their host cell, they are all equal to each other within each cell and no 
rivalry is expected (Frank 1995). Therefore, there is no need for a policing mecha-
nism to diminish rivalry. When the two plasmid types are together in the same cell, 
relatedness decreases (r < 1), and policing mechanisms encoded by both plasmids 
A and B may control for rivalry between them. Therefore, the fitness cost of the 
two plasmids together is expected to be lower than the sum of the fitness cost of 
each plasmid isolated—the case of positive epistasis.
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However, if two plasmids spend resources to control for rivalry between them 
but without success, one expects negative epistasis because the cost of both 
 plasmids together is higher than the sum of the fitness costs when plasmids infect 
distinct cells.

This could explain the results obtained by Silva et al. (2011) where four out 
of nine pairs of conjugative plasmids showed positive epistasis and three out of 
nine showed positive epistasis (i.e., 7/9 = 78 % cases of non-zero epistasis). In 
contrast, the authors show in the same study (with the same plasmids) that the 
proportion of non-zero epistasis between single plasmids and chromosomal muta-
tions is 20/50 = 40 % (Silva et al. 2011). Of course, these results involving epista-
sis between plasmids and the above prediction require further testing and do not 
explain why most natural plasmids evolved toward commensalism—they just sug-
gest an explanation for a low cost.

8  Conclusion

Understanding the existence of transferable plasmids is not easy (reviewed 
by Dionisio et al. (2012). The transfer rate of many conjugative plasmids is not 
high enough to explain their existence as parasites only, and it is insufficient to 
explain plasmid existence on the grounds of their “beneficial” genes because it 
does not explain why they are carried in plasmids. Under what conditions should 
cells maintain certain genes in mobile elements instead of recruiting them into 
the chromosome? These questions gave rise to the hypothesis that these specific 
genes placed in plasmids have social functions, that is, functions that influence the 
fitness of other cells: By being transferable to other cells, plasmid donors avoid 
exploitation by cheater cells and force others to cooperate to produce public 
goods.

The work by Nogueira et al. (2009) discussed above corroborates this hypoth-
esis. Interestingly, however, Nogueira et al. (2009) does not distinguish between 
fully transferable plasmids and non-transferable plasmids. Indeed, the authors 
placed all types of plasmids and other mobile elements on one side and the core 
genome of the chromosome on the other and showed that the genes coding for 
secreted molecules predominate in the first set (Nogueira et al. 2009). Given that 
non-transferable plasmids have genes coding for secreted molecules, they are 
probably transient states between a conjugative plasmid and plasmid extinction 
(Mc Ginty et al. 2011; Smith 2001; Nogueira et al. 2009; Mc Ginty et al. 2013).

According to Smith (2001) and Mc Ginty et al. (2013), if a given gene has its 
product secreted, it makes sense to place it in a conjugative plasmid (Mc Ginty 
et al. 2013; Smith 2001). However, if the plasmid became non-transferable, it 
should be advantageous for the cell to recruit the gene into the chromosome 
(and discard the rest of the non-transferable plasmid), or, even better, place that 
gene in a transferable plasmid (and discard the non-transferable plasmid). If this 
hypothesis were true, it would imply that there is a continuous appearance of 
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non-transferable plasmids by mutation of transferable plasmids and of plasmid-
free cells from cells plasmid-bearing cells, and, somehow, continuous formation of 
new conjugative and/or mobilizable plasmids in nature.

Interestingly (Dionisio, in preparation), theoretical models suggest a more com-
plex solution to this problem. As argued above, non-transferable plasmids with-
out partition systems (hence strongly investing on high copy-numbers) are more 
prone to be involved in policing for rivalry than conjugative plasmids. With very 
low values of rivalry, stable coexistence with conjugative and mobilizable plas-
mids is more likely. This creates good conditions for the non-transferable plasmid 
to become, again, a transferable plasmid: non-transferable plasmids just have to 
regain the missing genes (mobility genes or genes involved in mating pair forma-
tion complex) from coexisting transferable plasmids. According to this prediction, 
plasmids may lose and regain these genes several times and, each time, from dif-
ferent transferable plasmids.

The main objective of this chapter is to answer the question: How should one 
explain that most or all plasmids, transferable or not, evolve toward very low or 
null cost for its host? If plasmids code for useful genes, i.e., useful to the bacterial 
cell, it appears that the chromosome should recruit the useful genes and discard 
the backbone of the plasmid—e.g., genes for plasmid replication and other genes 
apparently useful only to plasmids themselves. Probably this is indeed occurring 
in nature all the time, but one still finds plasmids inside most of natural bacte-
rial strains and one has to be able to explain this. Here, we present some explana-
tory hypothesis: plasmids as carriers of genes that code for public goods; plasmids 
avoid entrance of other plasmids; plasmids repress rivalry. What these hypothe-
ses have in common is that they all have a social dimension. That is, plasmids are 
important to cope with other, less domesticated, incoming plasmids. As argued, 
none of these hypotheses alone seems to be sufficient to explain plasmid exist-
ence and their low or null cost among most of natural bacterial cells. Future work, 
mainly experiments and computer simulations, should address this hypothesis.

Glossary

Antisense RNA Regulatory RNA molecule complementary to the target RNA (Nordström et al. 
1996)

Chemostat Bioreactor with continuous influx of fresh culture medium and efflux of culture, at a 
constant rate

Symbiosis (commensalism and mutualism) A prolonged relationship between organisms 
(mutualism if both parts have a benefit or commensalism if the benefit is unilateral)

Conjugation (bacterial conjugation) Transfer mechanism of plasmids (and conjugative trans-
posons) requiring contact between donor and recipient cells (Pinto et al. 2012)

Copy-number See Plasmid copy-number

Epistasis Interaction between genes (Phillips 2008)
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Excludability A good is excludable if it is possible to prevent non-contributing individuals from 
having access to it. Cable TV is excludable, but public TV broadcasts is non-excludable.  
A metabolite used only by the producer cell (probably inside the cell) is excludable; a metab-
olite that has its function outside cells are non-excludable (Dionisio and Gordo 2006)

Partition system System regulating the distribution of plasmids between two daughter cells 
(Pinto et al. 2012)

Plasmid copy-number Average number of copies of a plasmid per cell (Pinto et al. 2012)

Policing mechanism A mechanism that regulates a certain behavior to prevent individual 
 deviations or selfish behavior (Frank 1995)

Prokaryote Organism without a defined cellular nucleus. Both bacteria and archaea are 
prokaryotes

Proteobacteria A group (phylum) of gram-negative bacteria

Public good A resource available to all interacting individuals (Dionisio and Gordo 2006)

Rivalry Competition for an exhaustible resource: consumption or use by one individual does not 
reduce the amount available for others (Dionisio and Gordo 2006)
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to evade infection, to multiple external and internal environments, and to trans-
mission between hosts. Given the pressure to evolve on both sides, coevolution is 
expected. Evolution is indeed observed when looking at either host, pathogen, or 
at other microorganisms directly or indirectly involved and is dependent to some 
degree on all species interacting. Vector-transmitted diseases with high burden 
to humans such as malaria and dengue fever are some of many examples where 
parasites evade the immune system of both mosquito and human hosts, thereby 
maximizing the vector’s transmission and persistence. Arthropod hosts such as 
mosquitos may also be carriers of vertically transmitted endosymbionts, such as 
the Wolbachia bacterium, that also induce a complex modification of the arthro-
pod’s life history traits. This sort of scenario illustrates the need to consider eco-
logical, multipartite, and evolutionary models—the relevance to human health, 
together with extensive data collection from epidemiological surveillance, pro-
vides an opportunity to expand and improve evolutionary theory.
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1  Host–Pathogen, Host–Symbiont, and Symbiont–Pathogen  
Interactions: The Underlying Concepts

Strict definitions apart, the relationship between hosts and parasites is prob-
ably almost as old as life itself. The relevance of disease for human health made 
it of interest already in ancient societies, much earlier than any scientific meth-
ods could be applied or were available to investigate their properties or etiology, 
which was attributed to spirits or other ethereal entities such as “bad air” (“mal 
aire,” Italian words that originated the name “malaria”). With becoming sick 
being such a widespread and easily recognizable phenomenon, finding out why 
and how it happened quickly became an obvious research program, which really 
gained traction with the postulation of the germ theory of infectious diseases by 
Pasteur (1878, revisited by Absolon et al. 1970) and Koch’s postulates (Koch 
1880). These and other observations that disease could be transmitted from person 
to person, from animals, or from foul stuff such as rotting things essentially estab-
lished that all microorganisms causing disease are horizontally acquired from 
pathogens’ reservoirs—a view which may be valid to a large extent, but is by no 
means complete.

Horizontal transmission implies the pathogen or microorganism can be trans-
mitted from any host carrying it to any non-carrier, while vertical transmission is 
more restrictive, with transmission from parent to offspring establishing a closely 
related tracing of host and microorganism lineages. Notwithstanding the fact that 
many microorganisms were known to be transmitted by different routes and could 
potentially compete for hosts, the modern population biology study of host–micro-
organism interactions, especially of infectious disease in humans, has neverthe-
less been generally formulated as that of the horizontal transmission of pathogens 
to their hosts (Keeling and Rohani 2008). The paradigm is embraced by epide-
miology (Anderson and May 1979; May and Anderson 1979), as well as by the 
research areas concerned with quantitative mechanistic formulations of the biolog-
ical process of disease transmission in populations—the theory underlying disease 
ecology also dubbed theoretical epidemiology—and has been an active field of 
research since the first work in the early twentieth century, today almost a hundred 
years old (Ross 1916; Smith et al. 2012).

Vertical transmission of microorganisms, on the other hand, has been less stud-
ied and formalized under adequate ecological models although symbiosis has been 
a research topic of interest due to its ubiquitousness (Moran 2006). Theory on ver-
tical transmission was not greatly furthered once some early work suggested only 
mutualistic associations could be stably maintained (Fine 1978), while parasitic 
relationships required some degree of horizontal transmission for persistence of 
the parasite (Lipsitch et al. 1995)—a kind of relationship that could be as easily 
explained was probably not as interesting. More importantly, the population biol-
ogy of host–symbiont interactions was considered separate and independent from 
that of the same host and its pathogens, that is, host–pathogen and host–symbiont 
ecology and evolution were treated as distinct pairs.
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Symbiont–pathogen interactions, the third possible pairwise combination of 
three-way interaction, however, are plausible enough if one thinks about them 
under an ecological perspective, as two species occupying the same niche: the 
host. In that case, the population biology of host, symbiont, and pathogen would 
all be inextricably linked. A host carrying a microorganism, say a bacterium, may 
be more affected if infected by a virus—e.g., it has a greater total burden of para-
sites—or it may be more protected—the bacterium is able to occupy the place and 
exclude the virus or make infection more difficult. Lively et al. (2005) suggested 
and formalized mathematically the possibility of a vertically transmitted parasite 
(VTP) to become an indirect mutualist in the presence of a more virulent horizon-
tally transmitted parasite (HTP); simulations showed that, contrary to what previ-
ous work suggested (Fine 1978; Lipsitch et al. 1995), persistence of an otherwise 
parasitic symbiont that could not be transmitted horizontally was indeed possible. 
The result blurred even further the already blurry definition of parasite/pathogen 
and mutualistic symbiont.

Most of these developments do not factor in variation and natural selection, 
although J.B.S. Haldane has proposed, as early as in the 1940s, that disease was 
an important evolutionary force (Haldane 1949), and important developments have 
been made over the last decades, such as the modeling of reciprocal interactions 
between evolution and ecology (Reznick 2013; Luo and Koelle 2013), the appli-
cation of models to fast-mutating viruses such as HIV (Perelson 2002), and inte-
gration of population genetic frameworks into the study of transmission dynamics 
(Grenfell et al. 2004; Wakeley 2005; Wakeley and Sargsyan 2009).

2  Wolbachia: Manipulation, Invasion, and Evolution

2.1  Reproductive Manipulation and Invasion

Wolbachia is obligatory intracellular, maternally transmitted symbionts of the 
α-proteobacteria class that are present in a large number of arthropod and nem-
atode species (insects and worms) (Hilgenboecker et al. 2008). In arthropods, 
Wolbachia is a facultative symbiont which can have either a parasitic or mutual-
istic effect on its host (Weeks et al. 2007), although examples can be found that 
point to a more intimate relationships (Hosokawa et al. 2010); in filarial nema-
todes (round worms), for example, association is not facultative but obligatory, 
which happens to make antibiotic treatment effective for filarial worm infections 
by killing the bacteria (Beeching and Gill 2014). Wolbachia is considered a strik-
ing example of manipulation of the host by the symbiont (For a review see Werren 
et al. 2008); because the symbiont is transmitted maternally, any phenotype 
manipulation that distorts the male to female ratio such as feminization, male kill-
ing, and parthenogenesis favors persistence of Wolbachia.

Most notably, in some species of arthropods, Wolbachia can induce cytoplas-
mic incompatibility (CI), a phenotype by which crosses of Wolbachia-carrying 
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males with non-carrying females result in little or no offspring, while that of 
female carriers with male non-carriers have normal viability. Because the former 
are crosses with non-carrying mothers (which do not result in symbiont-carrying 
progeny) and the latter results in carriers, CI gives Wolbachia carriers a selective 
advantage, increasing the frequency of the symbiont in the population (Fig. 1).

Cytoplasmic incompatibility is often conceptualized as a modification–res-
cue, or lock-and-key mechanism (Merçot and Poinsot 2009): Individuals car-
rying Wolbachia are able to induce incompatibility by modifying the sperm’s 
cytoplasm, and, in order to produce viable progeny, the egg’s cytoplasm must be 
able to be rescued—a compatible Wolbachia in the mother can come to the res-
cue. Modification and rescue can in principle be uncoupled, giving rise to differ-
ent phenotypes, e.g., suicide symbionts, which are able to induce incompatibility 
when in the male but not resist it when in a female body. These types and their 
importance for persistence and evolution of the symbiont are discussed in the fol-
lowing section; for clarity, unless stated otherwise, when CI-inducing Wolbachia is 
mentioned here, it refers to microbes that both induce incompatibility to hosts that 
are not carriers and that give rise to viable offspring in an otherwise incompatible 
cross with a carrier.

Evolution of arthropod carriage of Wolbachia (at this point ignoring host, sym-
biont or any other coevolutionary responses to the presence of the symbiont) is 
conceptually equivalent to that of a mitochondrial gene—i.e., exclusively trans-
mitted by mothers to their offspring. Using basic selection theory, Caspari and 
Watson (1959) described the dynamics of the frequency of (what was postulated 
to be) a maternally transmitted unidirectional cytoplasmic sterility factor between 
the Oggelshausen (Og) and Hamburg (Ha) strains of Culex pipiens mosquitoes: 
Female Ha X male Og crosses were viable, but male Ha X female Og crosses 
would give no progeny, all offspring dying as embryos. Still under the popula-
tion genetics framework of basic selection theory, Turelli and Hoffman (1991) 
described the dynamics of Wolbachia based on the observation that in Drosophila 
simulans it induced both unidirectional incompatibility in crosses and a fecundity 
cost to carriers (Turelli and Hoffman 1995; Carrington et al. 2011).

A large body of theoretical work was developed around the main result that 
establishment or elimination of Wolbachia is depended on the initial frequency of 

Fig. 1  Cytoplasmic incompatibility. Four crosses are possible between male and female carriers 
or non-carriers of Wolbachia. When the symbiont induces cytoplasmic incompatibility, the cross 
between a male carrier and a female non-carrier is sterile, or significantly reduced; therefore, car-
riers of Wolbachia have the advantage of having two out of four viable crosses against only one 
out of four of non-carriers
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the symbiont in the population: If the initial frequency was above a given thresh-
old, Wolbachia would get fixed; otherwise, it would be eliminated (Hoffman 
et al. 1986; Jansen et al. 2008; Turelli 2010; Barton and Turelli 2011). Under this 
model, the invasion threshold was found to be determined by the ratio of fecun-
dity costs to intensity of cytoplasmic incompatibility. Additionally, other costs 
or Wolbachia-associated effects could be present and it does not follow trivially 
that a simple cost/advantage ratio describes the invasion threshold in those cases. 
In fact, taking into consideration the specific ecological processes such as birth 
and death rates, for instance, the threshold can be shown to be dependent on these 
rates (Souto-Maior et al. 2015) and that the reason they do not appear as such in 
some of the previous formulations is because the processes are either absent from 
the model or fall into a special case where they are aggregated and equivalent to 
fecundity (Hoffmann et al. 1990; Hancock et al. 2011).

One example of a somewhat unexpected effect associated with Wolbachia is 
antiviral protection conferred by naturally occurring strains of Drosophila mela-
nogaster, described first in fruit flies challenged with Drosophila C virus and 
Flockhouse virus (Teixeira et al. 2008; Hedges et al. 2008). The D. melanogaster-
derived strain wMelPop was adapted through passage in mosquito cell lines and 
transferred to Aedes aegypti mosquitoes; it was found to confer protection against 
RNA viruses causing human disease such as dengue virus (DENV) and chikungu-
nya, as well as against Plasmodium galinaceum, a malaria parasite that does not 
infect humans (Moreira et al. 2009). Wolbachia of the wMelPop strain transin-
fected to mosquitoes imposed both fecundity and longevity costs, while on the 
other hand, protecting mosquitoes against mosquito pathogens, the dynamics of 
symbiont carriage is more complicated in that case, and population genetic models 
fall short of describing it.

Picking up on the tripartite interaction framework (Lively et al. 2005; Jones 
et al. 2007), ecological models were used to describe the effect of protection in 
Wolbachia invasion (Fenton et al. 2011), showing that protection against a viru-
lent pathogen combined to CI facilitated invasion of Wolbachia imposing a fecun-
dity cost and having imperfect transmission from mother to offspring. Simulations 
that factored in age structure showed that timing of introductions affected the 
probability of invasion, so planned releases should consider timing (single ver-
sus multiple releases), because the threshold alone no longer predicted success 
of the invasion (Hancock et al. 2011). Further theoretical work also demonstrated 
that the threshold of invasion could be analytically calculated in the presence of 
fecundity, longevity costs, and protection against pathogens, that each Wolbachia-
associated effect had a weight in the threshold proportional to importance of the 
ecological process affected, and that heterogeneity in these effects could impact 
invasion (Souto-Maior et al. 2015). The usual culprits of dismantling predictions 
of simple, deterministic models, spatial structure and stochasticity can also affect 
the probability of invasion (Hancock and Godfray 2012; Barton and Turelli 2011; 
Jansen et al. 2008). Therefore, unlike some early results suggested, not all costs 
affect invasion in the same way; ecology and age structure affect establishment of 
Wolbachia; and spatial spread does not follow trivially from local invasion.
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Despite the vast theoretical work developed around a single symbiont, and 
most notably one particular reproduction manipulation phenotype out of the many 
observed, obtaining estimates for all known relevant parameters is not trivial, and 
more elaborate frameworks may be necessary to estimate some of them (Pessoa 
et al. 2014), or quantify environmental effects such as pathogen burden, which 
is likely to depend on a multitude of microbial species (Calzolari et al. 2012). 
Furthermore, the models discussed so far concern only evolution of the host inso-
far as there is selection to carry or not carry the symbiont—i.e., the symbiont is a 
fixed set of genes inherited separately from host nuclear genes, and it may be or 
not be advantageous to have those genes. Host and symbiont genes are of course 
not fixed, but exhibit heritable variation among individuals. Although not formal-
ized into a quantitative framework, there are arguments that there should be host 
responses to manipulation by the symbionts (Merçot and Poinsot 2009; Vavre and 
Charlat 2012; Tortosa et al. 2010). However, the closest to any kind of formali-
zation of the a real-world situation came from the need to assess the impact of 
Wolbachia on DENV transmission—since releases already took place in differ-
ent parts of the world and more were scheduled to happen in 2014 in more coun-
tries—and is in the form of an “evolutionary forecast” (Bull and Turelli 2013). 
Likely scenarios were forwarded with preliminary predictions that need to be 
further studied to better understand the consequences of such a provoked human 
intervention in a complex environment.

2.2  Symbiont Evolution

Besides carrying or not carrying Wolbachia, evolution of host nuclear genes and of 
Wolbachia itself is expected and, as mentioned above, the host may respond to the 
effects of the symbiont, which in turn may tweak its effects to persist, all that con-
ditional on variants being present are selected for the advantageous traits.

Turelli (1994) formalized the evolution of incompatibility inducing microbes 
into a mathematical model and concluded that after being driven in by cytoplasmic 
incompatibility, there would no longer be any selection for the trait (as long as 
any microbe variants present were mutually compatible) and that rather, selection 
would tend to attenuate any costly effects of these symbionts. Merçot and Poinsot 
(2009) reasoned that, in that case, and considering cytoplasmic incompatibility as 
a modification–rescue phenotype and with no pressure to maintain CI, selection or 
random genetic drift could cause variants not inducing the phenotype to be fixed 
in the population instead. As soon as there were no CI-inducing individuals, a res-
cue-only variant would not have any pressure to maintain that trait either, and the 
result could be a symbiont carrier neither inducing nor resisting CI. Although this 
is conceptual and not quantitative reasoning, the expected intermediate variants of 
Wolbachia have been observed in nature (Merçot and Poinsot 1998; Bourtzis et al. 
1998; Charlat et al. 2003; Zabalou et al. 2004).
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Additional population structure could favor some selection for CI persistence, 
although it is thought not to be as strong as selection for increased fecundity (i.e., 
decreased fecundity cost), so persistence of the CI phenotype in many species is 
not entirely accounted for (Haygood and Turelli 2009). Wolbachia in those cases 
would be “passengers” that were able to squeeze in through manipulation, dif-
ferently from mutualists, which always have selection favor their persistence, or 
their status in nematodes, where the association is obligatory for host survival; in 
the latter cases, the symbiont would actually be a “resident” (Merçot and Poinsot, 
2009), propagating and persisting together with its host as one unit.

Uni- and bidirectional cytoplasmic incompatibility are striking, conspicu-
ous manipulative phenotypes; explaining its emergence and persistence is of 
interest from the point of view of the evolution of complex traits, of manipula-
tion in symbioses, and their possible role in speciation (Faria and Sucena 2014). 
In a much more straightforward prediction, if fecundity is heritable and variants 
with high fecundity are present, the trait is always expected to evolve, because 
by definition, they have increased fitness: They leave more offspring and increase 
in frequency—as discussed above, they may even offset stronger or more strik-
ing phenotypes such as CI in the long run (Haygood and Turelli 2009). In D. 
melanogaster, the intensity of CI (percentage of offspring killed in incompatible 
crosses) is quite weak (Hoffmann et al. 1990); in the sister species D. simulans, CI 
is stronger, and still the effect of Wolbachia on fecundity was observed to evolve 
from costly to beneficial: The association of Wolbachia and Drosophila evolved 
from a parasitic to a mutualistic one (Weeks et al. 2007).

Less obvious is the impact of other traits induced by symbionts, such as reduc-
tion in life span (or longevity cost) or protection against pathogens; even though 
both are supposed to have a positive effect, these depend on exactly how they 
increase fitness (i.e., how they translate into a selection coefficient), e.g., a longev-
ity cost may have no impact if it causes individuals to die only after laying all eggs 
it could. Protection against pathogens depends on a burden of pathogens actually 
being present. Also, trade-offs between traits may cause selection of one but not 
other trait, i.e., individuals with higher resistance against pathogens may have 
lower fecundity. There is evidence, for instance, of a global replacement of more 
protecting strains by others that would protect less, but have increased longevity 
(Riegler et al. 2005; Chrostek et al. 2013).

Extending what earlier population genetics purported to do into the evolution 
of a symbiont inducing multiple changes in the host life history is a challenge, 
especially when the host is likely to coevolve in response to the new association: 
an arthropod host with a specific genetic background will evolve either while 
carrying Wolbachia or without it. The genes can arrive at a host through various 
combinations of crosses: A mother carrying Wolbachia may give rise to some off-
spring without Wolbachia (due to imperfect transmission), and a father without 
Wolbachia in a cross with a female carrier will see its offspring emerge as carriers. 
Evolution of Wolbachia will only happen inside its host, but will also be condi-
tioned on host genetic background and host–symbiont feedbacks. Disentangling 
this sort of confusion is necessary to minimally describe coevolution.
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Fuzzy as it may seem, though, this still only describes host–symbiont coevo-
lution, ignoring other microorganisms and longer term genome interactions that 
may occur over greater evolutionary timescales. Despite not being entirely within 
the scope of theoretical population genetics, some observations of natural popu-
lations can hint at the evolution of host and symbionts in the presence of other 
microorganisms.

3  Host–Microorganism Genome Interactions  
and Long-Term Relationships

The origin of organelles such as mitochondria is generally accepted to be of endo-
symbiotic nature. Many variations of the same organelle theme suggest that the 
host nuclear genome incorporated many of the genes originally in these free-living 
organisms turned resident machinery. Although it is different, transfer of genetic 
material is postulated to have happened from Wolbachia to its hosts (Nikoh et al. 
2008).

In D. melanogaster, the association with wMel was estimated to have the 
symbiont’s most recent common ancestor at around 8000 years ago, with strong 
association between the phylogenetic relationship of the symbiont and mitochon-
dria, therefore forwarding the idea that the currently observed patterns are best 
explained by a single acquisition and subsequent loss of Wolbachia in some line-
ages afterward (Richardson et al. 2012). Indeed, large chunks of Wolbachia genes 
have been found to be incorporated into the nuclear genome of some insect and 
nematode species and are found to be transcribed (Hotopp et al. 2007; Nikoh et al. 
2008); as with mitochondria, it is unclear to which extent nuclear genes are func-
tional and could take over the functions performed by the symbiont—thereby ren-
dering it useless—but any such events could greatly affect coevolution of host and 
symbiont, possibly shifting the balance in any existing marriage conflicts. Lateral 
gene transfers and host jumps (symbiont horizontal transmission) are believed to 
be rare and are therefore not expected to be observed in shorter timescales; nev-
ertheless, artificially introducing a D. melanogaster-derived strain of Wolbachia 
wMel into a new species, such as A. aegypti, may see many features of a novel 
association, which may be compared to what is observed in older couples.

Some statements about old and new associations need to be reconciled, but it is 
not always easy to do so; one of the most difficult to make sense of is “Wolbachia 
confers antiviral protection to its host.” Once more strict assertions are made, 
what can really be said is something less general: wMel, the D. melanogaster-
derived Wolbachia strain, confers antiviral protection to its Drosophila species 
(Teixeira et al. 2008; Martinez et al. 2014), and indeed, the same strain (and the 
related wMelPop) confers protection against DENV in mosquitoes A. aegypti and 
Aedes albopictus (Moreira et al. 2009; Walker et al. 2011; Blagrove et al. 2012). 
However, A. albopictus is naturally a carrier of not only one, but two different 
strains of Wolbachia (wAlbA and wAlbB), and is a competent vector of DENV: 
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Although usually considered an inferior vector than A. aegypti, in the absence of 
the sister species, it can efficiently transmit disease (Lambrechts et al. 2010). So 
the endogenous strain in one old host, D. melanogaster, confers protection, but 
in another, A. albopictus, it does not; while it can be argued that these are strain-
specific properties or that the density of symbiont can explain those properties (Lu 
et al. 2012), the possibility of these observations being the result of a coevolu-
tionary process involving both host and Wolbachia cannot be discarded. This is 
a concern particular for Wolbachia-based interventions aimed at human health, 
like that of provoked invasions of Wolbachia-carrying A. aegypti to block DENV 
transmission.

For a disease control intervention based on Wolbachia, the ideal scenario is that 
of a successful introduction of a reproductively costly, life-shortening, DENV-
blocking strain that could overall reduce transmission to levels below the epidemic 
threshold, i.e., no sustained transmission could be maintained. This could also be 
achieved with a DENV-blocking strain with high protection (measuring absolute 
protection is tricky, but see Gomes et al. 2014; Pessoa et al. 2014). If no evolution 
was expected, continuous DENV transmission could be eliminated in areas where 
A. aegypti is the only or main vector, which is the case in urban areas; because the 
wMel–Aedes association is not a natural, and therefore unlikely to be an evolution-
ary stable one, there is a reason to expect immediate response of the host, if it is 
evolutionarily perceived as an aggression and if there is variation in the population 
that can be selected to counter these effects. Some speculation could be done on 
how the mosquitoes could be unhappy at their new guests, but actually identify-
ing the tools to respond is more complicated, and experiments rely on artificially 
selecting insects for many generations (Martins et al. 2013).

Additional insight can be gained by looking at different species with differ-
ent kinds and times of associations; wMel in A. aegypti, for instance, is seen to 
increase expression of immune genes (Bian et al. 2010). Even though this is not 
observed in its original Drosophila host even with foreign symbionts (Chrostek 
et al. 2014), it raises the question of whether the antiviral protection in mosquitoes 
is a result of priming the immune system (Ye et al. 2013) with a new, strange thing 
and that the immune upregulation could go away once the host got adapted to its 
new passenger—having over-activated immunity could also explain some fitness 
costs in terms of collateral damage inflicted by immune cells that normally would 
not be active, but are out to kill something (Schneider 2011).

That would also be consistent with A. albopictus not having noticeable protec-
tion despite naturally carrying two Wolbachia strains, but being more protected 
when carrying the newly transinfected wMel. Punctual observations such as these 
comparative analyses, however, can suggest some hypothesis and rule out a few 
predictions, but cannot explain or predict a quantitative outcome such as elimina-
tion of endemic transmission, and stability of the strategy in the long run.

Existing long-term relationships of arthropods and Wolbachia can suggest pos-
sible outcomes of new introductions of the symbiont into a new host; however, 
because host jumps occur, naturally occurring associations are not guaranteed 
to be old, and estimates of the time since the symbiosis exists are necessary to 
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assess whether enough time has elapsed for any kind of equilibrium to be attained 
(and even so there is still no guarantee that it has). Ancient symbioses may have a 
more complicated interpretation if the partners exchanged genes. Many of those 
aspects are either beyond the scope of population genetics or cannot be analyzed 
under classic population genetics, or are too hard to formalize at this point, and 
even if it was done, measuring and characterizing the existing variation requires a 
heroic effort to measure a single (albeit possibly one that could be very important) 
parameter. Like the more general retrospective phylogenetic analyses, prediction 
in this situation is more akin to some sort of weather forecast than the rigorous 
hypothesis population genetics usually forwards.

4  Dengue Virus: The Case for Evolutionary Medicine  
and Evolving Vaccines

DENV belongs to the flaviviruses, a single-stranded RNA virus family; it can alter-
natively be more loosely classified as an arbovirus, or viruses that are borne by 
arthropods. It comprises four related serotypes that are moderately close (uncrea-
tively named DENV-1 through 4), sharing a little over 65 % of genetic sequence 
similarity (Guzman et al. 2010). The viral structural and non-structural genes, gen-
eral characteristics, as well as the clinical disease caused by any of the serotypes 
are similar, which includes undifferentiated fever, joint pain, strong headaches, rash, 
as well as usually mild bleeding manifestations; unique characteristics of any one 
serotype are unknown or unresolved (Halstead 2007a). The disease is transmitted 
to humans by female mosquitoes of the genus Aedes, the transmission cycle being 
maintained by continual transmission from a human to an arthropod host, but a syl-
vatic transmission cycle can be maintained between monkey and other mosquito 
species normally not interacting with humans (Vasilakis et al. 2011).

Almost 3 billion people live in areas with the risk of DENV transmission, and 
it is estimated that there are some 300 million cases every year (Bhatt et al. 2013); 
there is no specific treatment for the disease, and management consists of support-
ive treatment of the symptoms. Uncomplicated cases resolve themselves, but more 
severe manifestations of dengue hemorrhagic fever or dengue shock syndrome 
(DHF/DSS) can have a case fatality rate of 50 % if untreated due to hemorrhagic 
manifestations. DHF/DSS cases are associated with secondary DENV infections, 
but have been observed in primary infections, particularly in children (Halstead 
2007a, b), and where factors affecting coagulation are involved—which is why the 
use of salicylic acid or other drugs affecting blood clotting is not recommended 
to relieve symptoms. It has been argued that because of the increased risk associ-
ated with secondary infections, an effective vaccine should confer high protection 
against all four serotypes; clinical trials of a vaccine have recently been conducted, 
with mixed results (Costa et al. 2014). Given the difficulties, most control meas-
ures focus on the management of the vector population.
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After an infectious mosquito bite, there is an incubation period which, although 
normally not possible to measure directly or with high precision, is generally 
accepted to be somewhere between the 3–14 days interval (WHO); if infection 
is successful, disease follows and is normally self-limiting—at least in uncom-
plicated cases—after about 7 days, period during which the human host is most 
likely to transmit to any uninfected mosquitoes that feed on his or her blood 
(Nguyet et al. 2013). After an infectious blood meal, the female mosquito may 
develop disease and become infectious after about 10–14 days (Halstead 2007b); 
infected mosquitoes are believed not to recover from DENV, and the disease 
halves the life span of the mosquito (Maciel-de-Freitas 2011).

The DENV serotypes are antigenically distinct—infection with one serotype 
confers lifelong protection against a second infection with the same serotype, but 
infection by any of the other three serotypes is still possible—it is still a matter of 
discussion whether secondary infection is less, equally, or more likely that primary 
infection, or if instead a temporary cross-immunity, plays any role in DENV epi-
demiology (Johansson et al. 2011). The chain of transmission is shown in Fig. 2.

The processes just described can be formalized into a mathematical model (or 
alternative models) of DENV transmission (Nishiura 2006), with the observed 
waiting times of each process being converted into rates or probabilities that 
each event happens (Johansson et al. 2011), i.e., the model parameters. Although 
some of these parameters can only be measured imprecisely, indirectly, or not at 

Fig. 2  Dengue virus transmission cycle. Infected mosquitoes bite and infect susceptible humans 
with probability β, which later recover at rate γ. Infected humans bitten by a susceptible mos-
quito transmit disease with probability Ω. The continual cycle maintains endemic transmission if 
the transmission rates are high enough
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all, building such a model allows for simulating disease transmission within what 
is thought to be a reasonable range of parameters; the patterns can then be ana-
lyzed and compared to the observed disease incidence (Keeling and Rohani 2008). 
Despite the series of assumptions and simplifications that are needed to come up 
with what is already a quite complex model (Gunawardena 2014), some general 
features of interest arise, like the sustained multiannual oscillations in the number 
of cases that are a result of the interaction of two or more serotypes (Esteva and 
Vargas 1999; Luz et al. 2003; Wearing and Rohani 2006; Nagao and Koelle 2008; 
WHO-VMI Dengue Vaccine Modeling Group 2012).

Multiannual cycles are observed in epidemics of DENV in places where more 
than one serotype was known to have circulated; nevertheless, whether the cycles 
are a result of heterologous serotype temporary cross-immunity, permanent cross-
protection or cross-enhancement cannot be straightforwardly resolved by simula-
tion alone (Adams et al. 2006; Cummings et al. 2005), since the model outputs 
are similar for either mechanism. Simulation can therefore only find whether the 
proposed mechanism can broadly generate the observed behavior. Despite all the 
complexity involved, it is worth reminding that these models assume all popula-
tion traits are fixed, i.e., there is no heritable phenotypic variation in any of the 
populations and therefore no evolution.

On the evolution side, Aedes mosquitoes have been studied using the modern 
synthesis–era theory of population genetics, with measures of expected genetic 
differentiation of species such as FIS and FST, (e.g., Lourenço-de-Oliveira et al. 
2004, Bracco et al. 2007), which do not consider any specific models of mosquito 
population dynamics and do not explicitly account for any selective pressures 
arising from pathogens or symbionts. The question answered by this approach is 
mainly “is the genetic structure of two (or more) populations different from one 
another?” but not “how much does having (or not having) the presence of path-
ogens or symbionts (possibly at varying levels) affect genetic structure?” These 
measures are also not easily connected to the selection of any specific traits or 
population processes and only indirectly answer questions about the processes that 
generated the current diversity.

Evolution of DENV, in turn, is studied mostly via phylogenetics (Miagostovich 
et al. 2006; de Castro et al. 2013; Faria et al. 2013; de Araújo et al. 2012), trying to 
make sense of clade replacements in terms of selection in favor of a specific geno-
type; increased incidence of an outbreak is associated with a genotype being used 
as a proxy for greater fitness. Despite having a mutation model implicit in the phy-
logenetic clustering algorithms, results are essentially decoupled from any mecha-
nistic model of disease transmission, and in most cases, results cannot be used to 
interpret the patterns of disease transmission quantitatively (but see Mondini et al. 
2009; Rasmussen et al. 2014 for work that begins pushing in that direction in the 
context of neutral evolution).

Observations such as the low in vitro replication rate (which could be a com-
ponent of virus fitness) of the American DENV-2 are nevertheless inconsistent 



219Host–Symbiont–Pathogen–Host Interactions …

with the large outbreaks observed for the strain, for which newly arisen virulence 
mutation markers could not be identified (Halstead 2007a). Some research has also 
attempted to make sense of increased fitness of a clade in the context of immunity 
conferred by other serotypes, where a reasonably large amount of serological a 
genetic data was available from patients (OhAinle et al. 2011); however, the num-
ber of hypotheses, correlations, and comparisons is quite large—interpretation of 
the results can be cumbersome, and statistical power to identify large significant 
effects is probably low.

Describing phenotypic evolution of DENV in terms of mechanistic processes 
in disease transmission requires the heritable genetic variation in the population 
of viruses (and, if coevolution is to be modeled, also in mosquitoes and humans) 
to be quantified; it is not trivial to find whether variation is present for, for 
instance, insect resistance against pathogens (Martins et al. 2013) and much less 
for all relevant parameters in the transmission model, so a mechanistic descrip-
tion of phenotypic evolution that is realistic would require a large amount of 
prior information. Furthermore, selective pressures acting on the virus are likely 
to be very different whether inside the human rather than the mosquito host, and 
evolution then depends on a balance of what is selected in each case, as well as 
on the rate of transmission between hosts, which is also closely related to viral 
fitness.

Neutral molecular evolution, on the other hand, has recently had reasona-
ble success in being incorporated into parametric models (Volz 2012; Volz et al. 
2013); as usual, several assumptions go into making that possible, such as assum-
ing infection consists of a single viral sequence, and not a dynamic, mutating 
population of viruses—so even the observation that infection consists of a poly-
morphic viral population has yet to be developed (but see Gordo and Campos 
2007; Gordo et al. 2009).

Whether evolution of the human population feeds back (interacts reciprocally) 
into evolution of DENV is not clear, since the disease does not seem to impose 
a high mortality burden; for mosquitoes, despite the high virulence (Maciel-
de-Freitas et al. 2011), it is believed that less than 1 % of mosquitoes would be 
infected with DENV at any one time, so that the virus could not affect much evo-
lution of the vector—quantification of these predictions is not straightforward.

Models were built to predict the evolution of the virus under interventions 
aimed at controlling the disease (Medlock et al. 2009); the use of Wolbachia to 
introduce resistance into and manipulate the life history of the mosquito popula-
tion has to be analyzed under a similar light, although the interactions are much 
more complex in the latter case. As mentioned above, the tripartite interac-
tion could induce feedback in the evolution of host, symbiont, and pathogen and 
affect the immunity profile of the human population if transmission was halted or 
reduced to low levels. While difficult to formalize the multiple interactions, math-
ematical models can help analyze possible outcomes, when intuition alone is at 
loss given the number of subpopulations and parameters.
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5  Using Human Disease as a Model to Study Evolution: 
Difficulties in the Description and Prediction  
of Host–Microorganism Associations  
and “Evolutionary Forecasts”

Evolutionary theory has come a long way from the Darwinian proposal of natu-
ral selection; theoretical population genetics was in the forefront of formalizing 
its concepts, thus consolidating the modern synthesis, proposing new ones such 
as neutral evolution, and providing testable quantitative hypotheses. Mathematical 
modeling of ecological and epidemiological dynamics, as first introduced by Ross 
(1916), has also come a long way, and computer simulation of huge, complex sys-
tems that are mathematically intractable has more or less recently become pos-
sible. Statistical inference is still a somewhat limiting factor, although Bayesian 
methods started to be more widely applied and have recently used the power of 
computers to push likelihood-based methods beyond what the more traditional 
least-squares fitting methods can achieve (Myung 2003; Lavine 1999).

More limiting is our ability to develop models that, at the same time, capture 
enough detail of the processes of interest and are tractable enough to be analyzed 
and explored and amenable to statistical inference. Currently, a great challenge is 
to use the mathematical and statistical tools to expand the description of biological 
systems and obtain high-resolution information about evolutionary processes; in 
the processes, some classic results may be improved, while others will be refuted, 
which will help overturn current consensus and dogmas that may be in the way of 
scientific progress.

Given the relevance of human pathogens, exploring and trying to predict the 
consequences of medical interventions is indeed a matter of life and death. Some 
of the theory has been put in place to develop and further the field of evolutionary 
medicine and epidemiology (Price 1970; Gandon and Day 2007), and there have 
been calls to make good use of the models (Vavre and Charlat 2012), but a full-
fledged framework is still lacking that is applicable to real epidemics and interven-
tions such as vaccination programs and more experimental strategies such as the 
use of Wolbachia (which conceptually is equivalent to vaccinating mosquitoes).

Vavre and Charlat (2012) argue for extending the study of the dynamics of 
the host–Wolbachia–pathogen “menage a trois,” and the coevolution of pathogen 
virulence and prevalence together with symbiont-mediated protection—they also 
note that the presence of CI may release selective pressure for high protection—
an important, unexplored question. Not mentioned is that selection for CI can be 
relaxed in the absence of non-carriers, as discussed above.

Bull and Turelli (2013) propose and discuss plausible scenarios for the post-
intervention of at least three strategies involving the release of Wolbachia-carrying 
mosquitoes: life-shortening Wolbachia, CI-based population suppression, and 
DENV-blocking Wolbachia. They argue that in the case of life-shortening, there 
would be intense selection for decreasing the effect in both host and symbiont, 
since life-shortening decreases fitness of both, while the virus would see more 
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(but may be not a lot more, since there it should already be strong) selection for a 
reduced incubation period that allowed it to be transmitted sooner. For suppression, 
there would be strong selection to escape CI or avoid mating with carriers; in D. 
simulans, there seems to be little or no genetic variation for these traits, and if it is 
also true for A. aegypti, short-term success is likely, and over the long run, selec-
tion should overturn the results. In the case of blocking, the situation is the most 
complicated; there is a conflict among the partners, with the host enjoying antiviral 
protection, no direct selection on Wolbachia, and the virus being selected to escape. 
Information on standing genetic variation for those traits is essentially unknown. 
The authors also acknowledge that extending the reasoning to a model-based infer-
ence is unreliable due to the multitude of parameters and potential trade-offs.

The difficulties that arise in trying to predict evolution stem from the fact that it 
requires formalizing a model and its parameters, specifying the heritable variation 
for each of them (or at least the important ones or those expected to evolve), as 
well as characterizing trade-offs between any two or more of them—not a straight-
forward task at all. More worrying, a model-based framework to estimate pre- and 
post-intervention parameters is essentially absent; evaluation of interventions is 
done through randomized trials, and general conclusions cannot be extracted from 
them beyond whether the intervention has any success in that particular place and 
time (but see Gomes et al. 2014). Research on this interface could go many ways, 
with each specific research area informing the others: evolution, ecology, medi-
cine, epidemiology, and modeling of complex systems. A summary of the interac-
tions and illustrative evolutionary outcomes of host, a pathogen, and a symbiont is 
shown in Fig. 3.

5.1  Multipartite Interactions

Tripartite and multipartite interactions are, however, not an exclusivity of host–
microorganism interactions; one can picture that a carnivorous animal, an herbivo-
rous one, and one (or more) species of plant are coevolving in response to forces 
exerted directly or indirectly by each of the players that may decrease the fitness 
(most easily depicted by the carnivore killing and eating the herbivore, thereby 
reducing the fitness of the latter to zero after the event).

Nevertheless, Wright–Fisher population models and simple extensions thereof 
(models with constant population size or constant intervals) have been used for 
a long time to obtain estimates of population parameters of animal species 
(Rosenberg and Nordborg 2002; Quéméré et al. 2012; Heller et al. 2013); there 
is no a priori reason why host–microorganism interactions should be any differ-
ent, and yet epidemiologists are usually not satisfied with the direct application 
of theoretical population genetics to disease transmission and host–microorganism 
interactions in general (Volz et al. 2013). There are a few reasons why that is so, 
and these probably offer new opportunities to population genetics and possibly to 
evolutionary theory alike.
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Fig. 3  In more traditional population genetics models, a trait may be thought to be under 
a selective pressure, broadly speaking, that would, for instance, select for higher values of the 
trait. The distribution of the trait after a time Δt is the function of the phenotypic variation, V(x), 
and the selective pressures, s (A). In models of interactions of host, pathogen, and symbiont, the 
selective pressures arise from the interaction of the different species on each other, and therefore, 
all of the trait distributions after a time Δt are functions of all original distributions (V(xe), V(xv), 
V(xp)) as well as of the different selective pressures (virulence, protection, etc.), which may all 
vary nonlinearly over time (as opposed to being a constant “s” coefficient)
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First, the theoretical framework to describe the population dynamics of patho-
gen infections represents an entire new field of research, and theoretical epidemi-
ologists are probably not ready to abandon it entirely in favor of simpler and even 
naïve models, even if consolidated as useful tools in population genetics. Second, 
the timescale and resolution investigated for animal systems are much larger, and 
the fine-grained population dynamics are secondary, with major features being more 
important because they are able to give insight into unobservable processes removed 
so far back in the past that any information is very valuable nonetheless. Third, 
and putting the second and first together, disease ecology and epidemiology aim to 
answer specific questions concerning the distribution and risk of disease, which are 
not necessarily the same questions of interest from animals or plants, e.g., for con-
servation purposes, it is of interest to know whether an animal population had its 
diversity affected by a bottleneck or fragmentation of its habitat (Heller et al. 2013), 
while for disease bottlenecks are part of everyday life, and their high mutation rates 
help them make up for the diversity lost after a population crash (also known as 
elimination or disease control). Additionally, important classic metrics of population 
genetics often do not have an obvious meaning for epidemiologists; effective num-
ber of infections (Frost and Volz 2010), the epidemiological equivalent to the effec-
tive population size, is not immediately interpretable or useful for medical purposes.

On the flip side, disease ecology allows observation of some (in animal ecol-
ogy) unobservables. While the number of animals is generally unavailable, 
or requiring extensive efforts to obtain a vague idea of its census population, a 
reasonable-though-imperfect count of the number of infections—the size of the 
pathogen population—is not breaking news. The number of disease cases is often 
public and obtained through health surveillance systems designed specifically to 
record not only incidence/prevalence of disease, but increasingly also patient sero-
logical information and pathogen strain/genotype (SINAN). Therefore, inference 
from sequence data can in principle be directly compared to the observed popula-
tion dynamics, i.e., estimates such as effective population size can be compared 
to actual population size to see whether the quantity actually gives information 
about the real population. Because of the short timescale and high mutation rates, 
this kind of inference can be made for many “replicates” of the natural experi-
ment. Also, because of the simplicity of viral pathogens, arguably with little or no 
recombination and strictly asexual reproduction, they best approximate the com-
mon assumptions of population genetics and their genomes are closest to genetic 
recording machines (although for many reasons not nearly as much as researchers 
think or would like them to).

6  Concluding Remarks

While it requires working on the interface between ecology; theoretical popula-
tion genetics; medicine and epidemiology; and biomathematics and statistics, stud-
ying disease as an evolving system can help answer interesting questions to the 
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different research areas. The difficulties in mathematical and statistical modeling 
apply throughout; however, the ecological framework is in place, researchers start 
to pick up where classical population genetics left off, and furthermore, epidemio-
logical data are available, but yet to be fully incorporated to the analyses. A new 
movement to synthesize these parallel efforts, as well as hard work on the meth-
ods, can help extend evolutionary theory further.
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Glossary

Artificial selection Consists of creating conditions (usually in a laboratory setting) that favor 
certain variants provided they exist in the previous populations—to be more represented in 
the following generations, e.g., infecting flies with a virulent pathogen will cause resistant 
flies to increase in frequency. Artificial selection is useful for detecting and quantifying varia-
tion for certain traits

Bayesian statistics One of the two main statistical philosophies, as opposed to frequentist sta-
tistics, based on the original work of Bayes, requires using (or assuming to the best of knowl-
edge lack of) prior knowledge as input and dealing with uncertainty in the parameter estimates

Cross-protection or cross-enhancement Phenomenon by which infection with a pathogen (or 
serotype) either makes a secondary infection less (protection) or more (enhancement) likely

Deterministic models Models that do not take chance events into account and approximate the 
occurrence of events by the average or expected rate

Disease ecology The study of disease as species that colonize niches (usually hosts, but also 
intermediate environmental stages or secondary hosts)

Endemic transmission Continual transmission of disease, which may still vary for reasons such 
as seasons or immunization, but does not depend on external introduction of the pathogen

Evolutionary stable (strategy) An ESS is a trait value or a combination of values that cannot 
be beaten by any other, and therefore, once achieved, it stays the same in the population (pro-
vided the environment does not change). If more than one organism is evolving in response to 
the others, a coevolutionary stable strategy, CSS, can be achieved, so that individuals of any 
species with different trait values cannot succeed in the population better than the ones that 
have achieved it

FIS, FST Measures of genetic differentiation. FIS is the inbreeding coefficient, which is a meas-
ure of consanguinity, or relationship. FST is a measure of variation within a subpopulation 
compared to the variation in the total population

Fitness The capacity of an individual or population to propagate and persist in the population 
fitness has many components such as fecundity (the more offspring a variant has, the more 
successful it will be), survival (the better it survives, the more it will be present), and many 
others

Genetic background The genetic sequence of an individual. Clones of a laboratory animal 
share a same genetic background
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Heritable genetic variation The distribution in a population of variants of any genes, i.e., vari-
ants that can be transmitted genetically from parent to offspring

Incidence (of disease) The number of new infections in a given time period, e.g., the weekly 
incidence of dengue fever is the number of new cases of the disease in a particular week (also 
usually defined for a geographic region, like a city)

Least-squares fitting Frequentist estimation method that minimizes the square of the distance 
between the data points and a curve (straight line, function, or model) and should explain the 
trends observed

Neutral evolution Evolution that does not depend on natural selection, most readily exempli-
fied by sequence variation that has no function and therefore does not affect survival, i.e., is 
neutral

Phenotypic evolution Evolution of observable traits, usually equated to evolution of traits under 
selection

Phenotypic variation Distribution of trait values, e.g., height in a human population

Polymorphism Variation. A polymorphic gene is a gene that differs in individuals (or the pair of 
chromosomes of a single individual)

Prevalence (of disease) The number of disease cases in a certain point in time

Priming (Immune system) Upregulating immune responses that would then respond more 
readily to an aggression, e.g., exposing the immune system to a bacterium may activate 
responses that would then help kill viruses introduced afterwards

Random genetic drift Process by which, due to chance in reproduction, some individuals pass 
on offspring (and therefore genes) to the next generation, while others do not. As a conse-
quence, over some time, there is a finite probability that some genes get lost and others get 
fixed without there being any selection for them. In Motoo Kimura’s words, it is the “survival 
of the luckiest”

Reciprocal interactions, Feedback Any mechanism that allows a process to self-regulate or 
self-enhance is termed feedback; ecology affects evolution, and in the case where evolution 
of traits affects ecology in the short term, it is said that the relationship between ecology and 
evolution is reciprocal

Selection coefficient The mathematical representation of selection, usually as a single parameter (s)

Selection, selective pressure Any process that favors specific variants in the population, 
e.g., pesticides favor the survival of resistant pests, and therefore selects them for future 
generations

Serotype Pathogen type that elicits a specific immune response and therefore is distinguished 
from similar pathogens based on its antigens and matching antibodies produced against them

Statistical inference, fitting Any method that adjusts free parameters of a curve (function or 
model) to find the values that best explain the observed data, i.e., that best “fits” the data

Sylvatic transmission cycle Disease transmission that happens among wild animals, indepen-
dently from humans

Temporary cross-immunity Temporary cross-protection that wanes after some time

Theoretical epidemiology Broadly similar to disease ecology, but associated more with the 
theoretical aspects of the practice of epidemiology, as opposed to the study of diversity of 
pathogens
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Abstract Because the diverse microbial communities on and in the body  
(microbiome) are tightly coevolved with human cells, it is vital to explore the 
evolutionary history of the human microbiome. With the advent of new meth-
odologies and sequencing technologies, researchers can now explore different  
factors that influence the bacterial community structure and colonization of spe-
cific species in the human microbiome. Using distant out-groups, such as chim-
panzees, and human populations with unique lifestyles, such as Amerindians, the 
history and formation of the modern human microbiome in Westernized societies 
can be elucidated, providing vital information into how to these microbial com-
munities were impacted by past events. Large cultural and dietary revolutions, 
such as the Neolithic Revolution (~7500 years ago) and the Industrial Revolution 
(~200 years ago), largely impacted these microbial communities. Ancient events, 
such as interbreeding and admixture with our closest ancient relatives, such 
as Neanderthals or Denisovans, could also have impacted the microbiome that 
 modern humans carry today. Reconstructing the evolutionary history of the human 
microbiome has proven to be an intricate tale, with impacts on modern health and 
disease, as well as the evolutionary fate of modern humans.
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The human microbiome is tightly linked with many basic physiological func-
tions, including digestion, immune system development, and hormone produc-
tion (Consortium 2012). This relationship between a host and its commensal 
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microorganisms, including bacteria, fungi, and viruses, is certainly a symbiotic 
one. For example, microorganisms assist the human body in food digestion by 
breaking down difficult molecules, such as cellulose, allowing the body to obtain 
nutrients from otherwise nutrient inaccessible foods (Chassard et al. 2010). In 
return, bacterial organisms living in the digestive track produce essential vitamins 
that are absorbed through the colon, such as vitamin K (K2MK7) that cannot oth-
erwise be easily obtained (Ramotar et al. 1984).

These simple observations imply that the human body and the microbiome have 
coevolved over millions of years, creating a mutualistic relationship where both 
the microorganisms and the host are dependent upon one another in the follow-
ing ways. First, the diverse microbial community in the body is dependent on the 
host for an ecological environment in which to live and is therefore also suscepti-
ble to the environments and factors exposed to the host. Second, the microorgan-
isms within the human body can also adapt to change much more quickly than the 
human genome, potentially providing quick adaptive advantages to its host. This 
means that each player in this symbiotic relationship can be under different selec-
tion regimes. For example, bacterial communities are susceptible to modification 
when the human diet is altered, when environments are rapidly changed, or when 
chemical treatments are applied, such as antibiotics (Cho et al. 2012; David et al. 
2013; Lax et al. 2014), whereas the human genome can only adapt through genetic 
mutations or epigenetic modifications from one generation to the next. It may be 
easier to think about the body as a national park and the microbes as the plants and 
animals that inhabit that space. As the park is altered over geological time scales, 
the species present in the park are susceptible to disease, weather, or invasions of 
new species, which are all factors that can impact the inhabitants and alter that 
ecological structure at a comparatively fast rate. Nevertheless, this unique dynamic 
between a single host and the diverse communities that inhabit it provides a 
remarkable system to investigate the impacts of coevolution under different sce-
narios. Because microbes are under different selection pressures than their host, 
the tightly linked evolutionary relationship between humans and their microbes 
can be disrupted. The exact ramifications and impacts of this disruption are a hotly 
debated and researched topic that rapidly changes based upon new findings.

It is critical to understand how the modern human microbiome was estab-
lished, as understanding the pressures and events that moulded the human 
microbiome may provide vital information in modern medicine, providing 
insight into how to shape or change the microbiome during disease or infection. 
Furthermore, investigating the evolution of the human microbiome may provide 
insight into our human history, and how microorganisms could have contributed 
to what makes us human.

This chapter will focus on current knowledge surrounding the evolution of 
the human microbiome, analysing studies that have investigated the evolution-
ary history of the human microbiome and how these long-term changes in the 
microbiome have impacted human health, the evolution of infectious disease, 
and hominid evolution.
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1  Comparison Between Ape and Human Microbiomes 
to Establish the Evolutionary History of Commensal 
Microorganisms

Because the human microbiome plays an essential role in human physiology, 
one could assume that the body and the microbiome had evolved together and 
that the metagenome (the bacterial genomes of organisms inhabiting the body) 
and the human genome would have responded similarly over evolutionary time. 
However, bacteria divide and regenerate at incredible speeds compared to humans. 
Escherichia coli, for example, can divide in 20 min compared to the genera-
tional time of humans, which is usually estimated on average at 28 years. We also 
know that bacteria are capable of transferring genetic information horizontally, 
or between species, allowing access to millions of other genes and the ability to 
change rapidly when necessary. These observations suggest that the microbiome 
and metagenome may not have evolved at the same rate or been susceptible to the 
same evolutionary pressures as the human genome.

A simple way to examine the evolutionary history of the human microbiome is 
to examine the microorganisms present in related host species. Identifying differ-
ences between the chimpanzee microbiome and the human microbiome can provide 
insight into how the two bacterial communities have changed for the past 5 million 
years, or the estimated time of evolutionary host speciation (Soares et al. 2009).

Initial studies examining the gut microbiomes of wild, non-human primates 
were able to detect species-specific differences between the mantled colobus 
(Colobus guereza), red colobus (Piliocolobus tephrosceles), and red-tailed guenon 
(Cercopithecus) (Yildirim et al. 2010). Next, several groups utilized the closest liv-
ing human relative, the chimpanzee, comparing the chimpanzee gut microbiome to 
human microbiomes from similar locations and Western, industrialized countries. 
A research group at Yale analysed gut microbiomes from 32 chimpanzees (Pan 
troglodytes) in the Gombe Stream National Park, Tanzania (Moeller et al. 2012). 
These researchers observed similar gut ‘enterotypes’ in chimpanzees and humans 
(enterotypes are simply a way of classifying microbiomes based on the largest 
proportions of dominant bacterial phyla). Earlier, human gut microbiomes were 
revealed to be classified into one of three enterotypes, dominated each by a unique 
bacterial taxa: Bacteriodetes, Prevotella, and Ruminococcus (Arumugam et al. 
2011). When analysing the chimpanzee microbiome, these Yale researchers found 
that microbiomes from chimpanzees fell into the same three gut enterotypes that 
were previously identified in humans. For example, one enterotype was dominated 
by Bacteriodetes, Faecalibacterium, and Parabacteroides taxa, whereas another 
type is only dominated by Lachnospiraceae. The variation in the last enterotype 
contained overrepresented numbers of Dialister, Ruminococcus, Subdoligranulum, 
and Collinsella taxa. These groups simply allow researchers to categorize each 
type, as they try to make sense out of the patterns they see of hundreds of bacterial 
species from one individual sample. Similar species identified in the gut and the 
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presence of the same three enterotype groupings highly suggest that the hominid 
microbiome is evolutionarily conserved, or is in concordance with the differences 
that have occurred since humans and chimpanzees split from an ancient progeni-
tor primate species. However, when these chimpanzees were followed over long 
time spans, each chimpanzee gut microbiome surveyed over time was capable of 
switching between different gut enterotypes, demonstrating that factors outside of 
host designation were capable of altering these bacterial communities.

We must therefore also consider the environmental selection pressures that 
drive diversity in the hominid gut. Although ancestral factors corresponding to the 
hominid gut environment, i.e. pH, light availability, and an anaerobic environment, 
may limit which bacterial species can be successful, other factors, such as diet 
or environmental exposures, must be able to alter the proportions and subset of 
microorganisms inhabiting chimpanzees and humans alike. These additional fac-
tors are also likely to drive variation present in the microbiome, capable of blur-
ring the lines between these three distinct enterotypes (Yong 2012). After this 
initial study, the Yale research group and others compared chimpanzee, bonobo 
(Pan paniscus), gorilla (Gorilla gorilla) and human microbiomes from the same 
(sympatric) and different geographical locations (allopatric) to understand how 
much environmental exposure may contribute to alterations in the hominid micro-
biome (Moeller et al. 2013). It is plausible that although gut microbiomes may 
be evolutionarily distinct in concordance with their hosts, cross contact or expo-
sure to certain diets and environments may play a role in the microbial species 
that colonize the gut. Although each host species could still be distinguished by 
their microbiomes, this study found that gorillas and chimpanzees living in sym-
patry did share more bacterial taxa than species living separately, suggesting that 
environmental exposure contributes to which microbial species are successful in 
hominids. This was subsequently confirmed to be true in the oral cavity as well. 
The oral microbial communities in bonobos and chimpanzees were compared to 
humans from the same location. Humans and apes could still be distinguished, 
but humans and chimpanzees living in the same location had more similar micro-
biomes than their allopatric counterparts (Li et al. 2013). Together, these studies 
demonstrate that environmental and dietary factors can contribute to alterations 
of the human microbiome, even if humans and chimpanzees once shared a more 
similar microbiome.

2  Comparison of Microbiomes of Western, Urbanized  
and Indigenous Populations

Because it was apparent that the human microbiome could adapt to diet and envi-
ronment, differences between microbiomes from unique human cultural groups 
were also investigated. In a landmark study, American researchers identified dif-
ferences in the microbiomes from Amerindians from the Amazon basin, rural resi-
dents from Malawi, and metropolitan American children and adults (Yatsunenko 
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et al. 2012). These differences included not only differences in bacterial species, 
but also in functional repertoires, indicating that the bacterial communities were 
acting in different ways inside the host. This finding was corroborated when 
researchers examined the gut microbiomes of children from Europe and Burkina 
Faso in West Africa, primarily to investigate the impacts of diet on the human 
microbiome (Filippo et al. 2010). Children from Burkina Faso had increased bac-
terial diversity, including unique species not obtained from European children. 
The diet in these African children is quite distinct from that observed in Western, 
industrialized countries in the European Union and included unique Prevotella and 
Xylanibacter taxa. Further studies identified similar findings in other body sites 
as well, including the oral cavity (Contreras et al. 2010). Recently, microbial dif-
ferences were also observed between males and females within a single rural cul-
ture that play different roles in their communities and eat different daily diets, i.e. 
women that gather fibrous tubers had increased levels of Treponema taxa in com-
parison to the male hunters in Hadza African tribes (Schnorr et al. 2014). Although 
these studies suggest that diet, environment, and even culture can alter the human 
microbiome, they do not disentangle the different evolutionary histories of these 
different microbiomes and their functions. These studies also do not examine the 
role that these microbial differences play in health and disease in these different 
modern human populations.

3  Utilizing Ancient Samples to Understand Changes  
in the Microbiome Over Vast Time Scales

Two major sample types, faeces and calcified dental plaque (Fig. 1), can be utilized 
to examine extinct microbiomes. Both sample types therefore help determine how 
the human microbiome may have evolved and adapted through time. Researchers 
initially started looking at microorganisms that were preserved in ancient faeces 
(coprolite) as a source of ancient gut microorganisms. Faeces from living individu-
als are generally a representative sample of the microorganisms living within the 
human gut (Consortium 2012). However, there are only a few instances where 
coprolites are exquisitely preserved (Tito et al. 2012). There is an example of copr-
olites from La Cueva de los Chiquitos Muertos that resemble human gut micro-
biomes. However, most coprolites can contain large amounts of environmental 
contamination or post-depositional bias. For example, coprolites obtained from 
inside mummies match bacterial ‘fingerprints’ from compost piles, while coprolites 
from wet caves contain microorganisms more commonly found in the soil, rather 
than the human gut. This can be explained by taphonomy, or the degradation of 
a biological sample after death of the organism has occurred, which likely occurs 
much more rapidly in exposed coprolites than bone or teeth (Allentoft et al. 2012). 
Obviously, fresh faeces contains a high proportion of organic matter, which can be 
decomposed and infiltrated by environmental microorganisms, therefore swamping 
and killing the original gut microorganisms that were present when the sample was 
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deposited. These examples highlight a few of the technical issues that researchers 
must overcome when obtaining material to analyse the evolution of past microbi-
omes and microorganisms (Cooper and Poinar 2000).

In 2012, a team of Chilean researchers were the first to use DNA techniques 
and identify human-associated microorganisms trapped within calcified dental 
plaque (calculus) (De La Fuente et al. 2013). Dental calculus is an oral bacterial 
biofilm that is calcified in place by calcium phosphate, trapping and preserving 
microorganisms associated with the oral cavity (Ennever et al. 1973). Because the 
organisms are preserved in place during the life of the individual, they provide a 
fossil record of human-associated microorganisms, allowing researchers to under-
stand how the human microbiome has changed through time. This finding sup-
ported scanning electron microscopy evidence that identified small bacterial cocci 
and rod shapes within calculus (Dobney and Brothwell 1988). This also supported 
years of archaeological research on plant fragments and environmental debris (i.e. 
cotton fibres) identified in calculus (Henry and Piperno 2008; Blatt et al. 2011), 
demonstrating that this calcified bacterial matrix may also provide information on 
past environments.

Although Chilean researchers were able to identify several microorganisms that 
are known to primarily exist in the mouth, such as Streptococcus, Porphyromonas, 
Actinomyces, and Fusobacterium species (De La Fuente et al. 2013), this initial 
study on the bacterial DNA preserved in dental calculus was limited to looking 
at individual species utilizing Sanger DNA sequencing techniques. Shortly after 
this initial discovery, researchers at the Australian Centre for Ancient DNA used 
a different technique to sequence and identify all of the bacterial species present 
in ancient dental calculus specimens over the past 8000 years of human history 
(Adler et al. 2013). Using next-generation DNA sequencing techniques, such as 
454 or Illumina, these researchers used a technique called metabarcoding, where 
they can sequence a gene (16S ribosomal RNA) that provides a bacterial finger-
printing for each of the thousands of species in one single sample (Caporaso et al. 
2012). This new technique provided insight into how the microorganisms within 

Fig. 1  a A preserved bacterial biofilm (dental calculus) on the tooth present in the mandible of 
a medieval individual. b A coprolite identified from a New Zealand cave. These samples con-
tain preserved human-associated microorganisms and can therefore provide information on how 
ancient human microbiomes have evolved through time
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the human body have changed, and identified two major events in human his-
tory that significantly impacted these communities: the Neolithic Revolution (the 
onset of farming) and the Industrial Revolution (the invention of machine) (Adler 
et al. 2013). During these time periods, the overall bacterial community structure 
shifted, and several oral pathogens increased in prevalence through time, with the 
largest level of oral pathogens occurring in modern populations. So, why would 
two very large cultural revolutions impact the human microbiome?

4  How Did the Neolithic Revolution Impact the Human 
Microbiome?

The Neolithic Revolution was not only a change in lifestyle practices, but brought 
on an onslaught of dietary, environmental, and cultural change. Hunting and gath-
ering populations that once ate large amounts of protein (dietary isotope analy-
sis demonstrated that hunting and gathering Neanderthals were as carnivorous as 
some bears! (Bocherens et al. 2001)) were either converted or replaced by cul-
tures such as the Linear Pottery culture (LBK) (Brandt et al. 2013), which sub-
sisted largely on carbohydrates obtained from planting grains. This occurred about 
7500 years before present (yBP) in Europe, even though the transition to agri-
culture happened at different time points and in different ways around the globe. 
Maize domestication in the New World, for example, likely occurred about 3000 
yBP (Scarre 2013). The Neolithic Revolution was a very dynamic process, taking 
years and generations to take hold. Although today many researchers view farming 
and the invention of agriculture as an adaptive advantage, hunter-gatherer groups 
likely disagreed with this new living strategy, remarkably delaying the adaptation 
to agricultural techniques in different locations.

Nevertheless, the transition to agriculture was quite successful, and as a 
result, had widespread consequences around the globe, including changes in diet 
staples, increases in population size, adaptation to sedentary lifestyles, the devel-
opment of class and social structures, and exposure to domesticated animals 
(Scarre 2013). For example, Turnbaugh et al. demonstrated last year that a die-
tary switch from a protein-based diet to one focused on carbohydrates can alter 
the microbial communities in the body in as little as 1 week (David et al. 2013). 
Furthermore, modern hunter-gatherer groups in Burkina Fasso and the Amazon 
basin also have altered gut microbiomes compared to adults from industrialized 
nations, which is believed to be primarily due to dietary differences (Filippo 
et al. 2010; Blaser et al. 2012). As ancient humans switched from hunting and 
gathering to farming, archaeological evidence suggests a radical dietary change 
involving decrease in protein intake. Interestingly, an increased incidence of 
pathologies related to iron-deficiency anaemia, likely due to changes in diet, has 
also been reported (Haviland et al. 2010). Collectively, this suggests that mas-
sive changes in health occurred when humans switched to agricultural-based 
lifestyles.
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Even though carbohydrates dominated the diet, increased volumes and reli-
ability of food led to great population booms, and with increased population 
sizes, infectious diseases also likely concurrently evolved. Larger population 
sizes allowed pathogens access to increased numbers of susceptible individuals. 
Recent evidence has suggested that several common modern pathogens, such as 
Streptococcus mutans (oral caries or cavities) (Cornejo et al. 2013; Adler et al. 
2013) or Mycobacterium tuberculosis (tuberculosis) (Comas et al. 2013), origi-
nated during the early years of this transition. Interestingly, modern research has 
demonstrated that the presence of several pathogens in the human microbiome can 
result in remarkable shifts in the overall bacterial community structure in the body. 
For example, colonization of the respiratory pathogen Bordetella bronchiseptica 
(kennel cough) (Weyrich et al. 2013) or the gut pathogen Salmonella enterica 
(food poisoning) (Stecher et al. 2007) can displace common host microorgan-
isms, significantly altering the microbial communities in the body after infection. 
In addition, colonization by an oral pathogen Porphyromonas gingivalis (peri-
odontal disease) can alter communities in the gastrointestinal tract (Arimatsu et al. 
2014) when the pathogen is introduced through the bloodstream during oral dis-
ease. These pathogens, and likely many that arose during the Neolithic Revolution, 
likely influenced the microbial communities in the body during this period by 
in particular manipulating the immune response directed at commensal or host 
microorganisms. Therefore, it is likely that the introduction of specific pathogens 
during the Neolithic period into the human population had impacts on which bac-
terial species were successful in a post-Neolithic microbiome.

This dietary transition during the Neolithic Revolution also meant that people 
could be settled in one location, without following herds or foraging for food in 
different locations during different seasons. Villages, cities, and entire civilizations 
were now able to form with a temporally and geographically stable food supply, 
which almost meant increased exposure to waste. In human waste, many of the 
infectious microorganisms transmitted through the faecal–oral route persist, which 
plays a significant role later in history. Without the agricultural revolution, civi-
lizations would arguably not have been formed, and pathogens, such as Yersinia 
pestis (Black Plague or Black Death), could not have been successful. The Plague 
or Black Death wrecked several large European cities during the medieval period 
(1200 to ~500 yBP), eliminating up to 70 % of London during a 1356 epidemic 
(Bos et al. 2011). Today, modern plumbing and water purification standards pro-
tect most individuals in industrialized countries, although waterborne diseases are 
still the second biggest killer worldwide (WHO 2004). Living in these close com-
munities with increased exposure to human waste also likely resulted in alterations 
to the microbiome, as species from one human were more easily transferred to 
another through water contamination, as well as the increased exposure to patho-
gens and the ability of these gastrointestinal pathogens to rapidly infect large pro-
portions of the human population.

During the Neolithic Revolution, several significant instances of animal 
domestication also occurred, as animals such as cattle were needed to pull 
ploughs required to sow seeds (Scarre 2013). It is thought that humans intimately 
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interacted with domesticated animals, sharing houses and sometimes beds with the 
animals. It is easy then to imagine how the transfer of microorganisms or patho-
gens present in the bovine microbiome could have been transferred into humans 
during this period. It was once hypothesized that the establishment of M. tuber-
culosis must have occurred from exposure to cattle, as a closely related organism 
Mycobacterium bovis caused a similar disease in bovids (Behr 2013). However, 
genome analysis identified that these two microorganisms were the result of con-
vergent evolution, evolving a similar disease in different hosts separately but under 
the same selective pressures (Comas et al. 2013). We can also blame our exposure 
to several other gastrointestinal pathogens due to the development of our close 
relationships with animals during this time. For example, non-pathogenic bacteria 
in mammals may cause disease in humans, such as food poisoning caused by E. 
coli, which was likely first introduced into populations around this time, although 
arguably, ancient humans probably had a microbiome more resistant to these gas-
trointestinal diseases (Willing et al. 2011), unlike modern humans today.

In comparison, evolutionary changes also occurred in the human genome dur-
ing this time period, albeit at a much slower rate. This exemplifies that the same 
selective pressures act on the human genome and microbiome similarly, although 
the outcome can be different and adaptive solutions happen uniquely at an indi-
vidual and ecological scale. For example, the genetic information encoding lactose 
tolerance likely arose in early agricultural and cattle domestication centres (Burger 
et al. 2007). As humans began domesticating bovids and drinking milk, this 
would have provided increased exposure to vitamins and sugars, such as lactose. 
Interestingly, several microorganisms that inhabit the mammalian oral cavity, gut, 
and breast milk, such as Lactobacillus, are capable of digesting lactose (Hokama 
et al. 1996; Cabrera-Rubio et al. 2012). The coevolution that occurred of the host 
and its microbes is quite interesting, although not yet fully investigated. Another 
example became apparent when full genomes of archaic and ancient humans were 
sequenced and compared to modern individuals, revealing several alterations in 
immunoregulatory genes (Abi-Rached et al. 2011). This suggests that the human 
genome adapted to various infectious diseases, i.e. mutations in immune genes, 
likely presented an adaptive advantage to survive certain infectious epidemics 
that wiped out populations. However, we also know that the immune system is 
tightly linked to the microbial communities in the body through the intestinal wall 
(Hooper and Gordon 2001), even though it also remains unclear how these kinds 
of genomic adaptations and alterations would impact the microbiome, although 
evidence from modern studies suggests it most certainly should.

Even though the Neolithic Revolution resulted in cultural, environmental, and 
dietary changes, this event had large impacts on the human microbiome. Cultural 
and social changes can have large impacts on the human microbiome, simply 
because human behaviour is changed. Our daily routines, including personal 
hygiene, interpersonal interactions, and your lunch, can impact the organisms 
in our body and ultimately our health. Researchers are still trying to figure out 
how these changes that occurred during the Neolithic Revolution influence mod-
ern health, as our diets continue to change, we are exposed to new chemicals, and 



240 L.S. Weyrich

the climate continues to change. Further in-depth studies of ancient civilizations 
through time will reveal how specific social and cultural changes impacted our 
microorganisms.

5  How Did Dietary and Environmental Alterations  
During the Industrial Revolution Impact  
the Human Microbiome?

Just as the Neolithic Revolution irreversibly altering mankind, the Industrial 
Revolution marked additional changes in human behaviour, health, and our 
microbiomes. The Industrial Revolution was demarcated by the development of 
mechanical manufacturing, following the invention of the machine tools (Berg and 
Hudson 1992). Although some of the changes were similar to those identified dur-
ing the Neolithic Revolution, such as increased population growth and alterations 
to daily behaviours, it also brought new changes, such as pollution and manufac-
tured food (Berg and Hudson 1992; Hermanussen 2006). For the first time, coal 
was being burned in large quantities to fuel machinery, and food was being canned 
for long-term survival.

The invention of the engine was arguably one of the biggest achievements 
in human history over the past 1000 years. This one invention led to a flood of 
downstream applications, including locomotion, textile and chemical manufactur-
ing, iron production, and a laundry list of others (Berg and Hudson 1992; Scarre 
2013). However, each of these needed a source of energy, which could be achieved 
through steam power or by burning of coal. Specifically, iron production largely 
benefited from coal burning, because high temperatures required to make iron, 
could be achieved without producing sulphur and ash, which was produced dur-
ing the burning of wood and contaminated the iron (Jones 2009). Large quanti-
ties of coal were burned for iron production during the Industrial Revolution, and 
first-hand descriptions of several British cities during that time period spoke of 
the black skies and named the area ‘Black Country’ for the pollution in the air 
(Jones 2009). Consequential to this, coal burning also releases heavy metals into 
the atmosphere, including lead, mercury, and nickel. In environmental settings, we 
know that heavy metal contamination can severely affect microbial communities 
(Breton et al. 2013), as bacterial microorganisms are similarly sensitive to heavy 
metals. Several unique biochemical pathways exist in environmental microbes that 
increase their tolerance to heavy metals (Hu et al. 2005); microorganisms within 
the human microbiome would have a significant advantage during the Industrial 
Revolution if they had these pathways.

Another implication of the Industrial Revolution was the processing and preser-
vation of foods. While dried or dehydrated foods had been used to preserve meats 
prior to this period, the Industrial Revolution allowed manufacturing to develop 
canning, preserving vegetables and fruits in metal containers for later use (Graham 
1981). The impacts on the microbiome are twofold. First, this invention is tightly 
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linked to not only population increases, but also an increased life expectancy and 
better nutrition (Hermanussen 2006). Famines were the norm prior to industri-
alization, but canning and subsequent alterations to transportation networks dur-
ing this period allowed access to food produced in different locations and during 
different growing seasons. Nutrition, especially in young children, markedly 
improved during this time period. The percentage of the children born in London 
who died before the age of five decreased over 40 % in London in the early 1800s 
(Berg and Hudson 1992). This dietary change alone can have significant impacts 
on the human microbiome, but overall nutritional health has also been shown 
to impact the microorganisms in the body (Kau et al. 2011a). Bacteria not only 
eat what their host eats, but they are also susceptible to the functionality of the 
immune system, which can be largely dependent upon dietary nutrition (Kau et al. 
2011b). Just think about how your mother told you that you were going to get sick 
if you did not eat your green vegetables; the same principles apply here at both a 
micro- and macro-scale.

The second potential alteration from food processing during the Industrial 
Revolution was the removal of microorganisms from food during the pasteuriza-
tion or sterilization steps of canning. Before a food can be canned, it must be pas-
teurized or sterilized in such a way that bacteria that would spoil the food after 
canning are removed. During the Industrial Revolution, pasteurization was com-
monly achieved by boiling the food. Boiling alters the chemical composition of 
several key nutrients and kills potentially harmful microorganisms that would be 
otherwise introduced into the body. This process of food preservation can sig-
nificantly alter the microbial content, especially of pasteurized foods such as 
milk (Quigley et al. 2013). Recent modern studies have identified whole suites 
of microorganisms present on fruits and vegetables, as well as identified signif-
icant differences on organic verses non-organic produce (Leff and Fierer 2013). 
Although it is unclear which microorganisms survive as food passes through your 
stomach and into your gastrointestinal tract, studies have observed microorgan-
isms present in cured meats survive into the gut and are biochemically active for 
up to one week (David et al. 2013). This suggests that microbes on the food we eat 
can be inoculated into the gut and certainly are exposed to the microbiome in the 
mouth. Altering the flora of our food could therefore impact which species are suc-
cessful in the body over long time periods.

There were also a few additional alterations to daily human life that occurred 
around the Industrial Revolution, although arguably may not be tied to industriali-
zation. Several European countries, namely England, Spain, and France, embarked 
on the colonial period, spanning the sixteenth to nineteenth centuries. As globali-
zation occurred through increased means of travel, i.e. steam powered railways 
and ships, access to distant lands diversified the diet and brought modern staples, 
such as sugar, back to wealthier nations (Davis 1962). Sugarcane, sugar beets, and 
the refinement of sugar are possibly the best examples of this. Even though sugar 
cane was cultivated nearly 10,000 years ago in New Guinea, access to industrial-
ized nations only occurred in the past 300–500 years, during the colonial period 
(Deer 1949). As shipping and trade increased from the Pacific Islands and India 
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to Europe, sugar was more easily transported back to Europe. In the early 1800s 
during the Industrial Revolution, steam engines began to mechanize the process of 
refining sugar, producing larger quantities to supply an increased demand. Because 
sugar is an ideal source of carbohydrates for bacteria, as it is for humans, it should 
be no surprise that the addition of sugar into the Western, industrialized diet would 
have impacts on the microbiome. S. mutans, and other caries-associated bacteria, 
can use the carbohydrates present to make lactic acid, which is ultimately what 
destroys tooth enamel and causes cavities (Ajdić et al. 2002). Therefore, microor-
ganisms such as S. mutans (dental caries or cavities) have adaptive advantages in 
the presence of increased sugar, significantly impacting the microbial community 
structure in the mouth (Wade 2013). The incidence and use of sugar is believed to 
explain the gross changes in oral health that are observed in human populations 
through time, i.e. from 7500 yBP to present day (Aufderheide and Conrado 1998; 
Sajantila 2013), which are tightly associated with changes in the oral microbiome 
(Adler et al. 2013). Similar influences of sugar on gut communities have also been 
observed in modern populations (Payne et al. 2012), especially in relationship to 
the rise of obesity in Western countries (Cameron et al. 2003; Ley et al. 2005), 
indicating that the introduction of sugar into the human diet likely had drastic 
impacts on the human microbiome.

6  Impacts of Microbial Alterations on Hominid Evolution

In this chapter, I have described how dietary, cultural, behavioural, and environ-
mental alterations can impact the human microbiome and have given specific 
examples of how these have likely contributed to the formation of the modern 
human microbiome over the past 8000 years. However, this only scratches the 
surface when considering additional alterations that the human microbiome has 
undergone during the entire course of human evolution since our separation from 
chimpanzees (Soares et al. 2009). This is compounded by the fact that the evolu-
tionary history of anatomically modern humans is a complex story, full of large 
migrations across the globe, adaptation events to climate change, and interbreed-
ing with related species.

The taxonomic resolution of the human species is one of the most conten-
tious and hotly debated topics in modern evolutionary studies. It is generally 
accepted that the homininae family can be broken down into at least the fol-
lowing genera: Pan (chimpanzees and bonobos), Gorilla (gorillas), and Homo 
(humans). However, controversy arises in what regards the delineation of addi-
tional genera (Wood and Richmond 2000) and the number of species that belong 
to such a genus. Gorillas split from other hominids about 8 million years ago, and 
chimpanzees and bonobos split from the lineage that would evolve into modern 
humans nearly 5 million years ago. It is after this split 5 million years ago that 
the hominid tree becomes much less resolved. During the last few million years, 
several homininae genera or species have existed, including (along with their 
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estimated extinction date) Paranthropus (2.7 MyBP), Australopithecus (2 MyBP), 
Homo habilis (1.4 MyBP), Homo heidelbergensis (350 KyBP), Homo erectus 
(200 KyBP), Homo floresiensis (12 KyBP, although unpublished reports now esti-
mate this date to be much older, i.e. 45 KyBP), Homo neanderthalensis (40 KyBP; 
Neandertals), and Denisova (~40 KyBP), a newly discovered species only identi-
fied by genomic techniques applied to teeth and a finger bone (Meyer et al. 2012). 
While most of these species were identified by mere morphological analyses of 
retrieved fossils, scholars were able to abstract ancient DNA from H. heidelber-
gensis, Neanderthals, and Denisovans, providing a molecular prospective that 
shed more light on the recent evolutionary history of the genus Homo (Green et al. 
2010; Meyer et al. 2012, 2014). Perhaps most surprisingly, ancient DNA sequenc-
ing has revealed interbreeding and admixture between Neandertals, Denisovans, 
and anatomically modern humans, likely occurring 60–40 KyBP, suggesting that 
we successfully mated with our close relatives before they went extinct around 
40,000 years ago (Sankararaman et al. 2012; Meyer et al. 2012; Cooper and 
Stringer 2013). Why these species went extinct is another highly debated topic. 
Possible explanations are the ability to adapt in the face of climate change, expan-
sions of other hominid lineages, and diseases.

If we assume that modern humans inherited a microbiome from a hominid pro-
genitor species and that this microbiome then adapted according to cultural, envi-
ronmental, and dietary alterations, we must investigate the factors that could have 
resulted in significant changes of the human microbiome over the past 2 million 
years. So can we identify some of the cultural, behavioural, and environmental 
factors that would have impacted the microbiome of early hominid species (i.e. 
before 8000 yBP) and would these changes then have impacted the lives and evo-
lution of modern hominids?

First, we must think about the movement of different hominid groups, spe-
cifically focusing on the most recent Homo species, including Neanderthals, 
Denisovans, and anatomically modern humans. Again, this is a highly debated 
topic, but it is generally accepted that earlier Homo species, such as H. erectus, 
left Africa about one million years ago (Jin and Su 2000). However, there are two 
theories about the timing and events that result in the transformation and arrival 
of anatomically modern humans outside of Africa: the multiregional model and 
the out-of-Africa model (Hollox et al. 2013). The multiregional model proposes 
that the evolutionary changes from H. erectus to modern humans occurred in dif-
ferent global locations at different times after H. erectus left Africa. For example, 
the progenitor species of modern humans would have left Africa a million years 
ago, colonized different locations in Eurasia, and evolved into modern humans in 
these different parts of the globe (Wolpoff et al. 2000). The out-of-Africa model 
on the other hand proposes that anatomically modern humans evolved in Africa 
and then more recently left Africa around 60 KyBP to disperse and colonize the 
different parts of the world, then interacting with other hominid species that left 
Africa earlier (Tattersall 2009). Recent genome sequences from two extinct Homo 
species, Neanderthals (Green et al. 2010) and Denisovans (Meyer et al. 2012), 
indicate that modern humans interbred with these species around 60–40 KyBP in 
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Eurasia. This finding, as well as other molecular evidence, has presented more cur-
rent evidence to support the out-of-Africa model, making it now more generally 
accepted (Science Daily, 2014). For ease, we will assume in this chapter that mod-
ern humans evolved during climate shifts in Africa and that modern humans left 
Africa into Eurasia around 60 KyBP, then interacting with other ancient hominid 
species that had already colonized Europe, Asia, and the Pacific hundreds of thou-
sands of years ago.

Considering this history, we can then estimate how alterations to the hominid 
microbiome have occurred over the past 2 million years. As humans headed north 
out of Africa and traversed across Eurasia, they would have encountered differ-
ent climates, vegetation, and environments. As discussed earlier, humans would 
have eaten different food items as they were available in various locations, sug-
gesting that the microbiome would have been altered from changes in diet alone. 
Interestingly, several studies analysing the dietary contributions of similar diets 
across different species of zoo animals indicate that diet alone can drive similari-
ties and convergence between microbiomes (Muegge et al. 2011). So we would 
expect that humans living in similar environments would also adapt to hav-
ing similar microbiomes, even if they were in different geographical locations. 
Additionally, exposure to different environments can impact the human microbi-
ome. Modern studies have examined microorganisms present in home dwellings 
when humans move into a new house and determined that humans and their envi-
ronment immediately start integrating (Lax et al. 2014). This suggests that humans 
would acquire microorganisms from different environments that they encoun-
tered, and as the environments changed from desserts to forests and coastlines, the 
microorganisms being exchanged with the human microbiome would be different.

The interbreeding identified between different Homo species would have also 
likely impacted the human microbiome, and conversely, the human microbiome 
may have even impacted the mating success between these species. First, we 
can assume that the microbiomes of different bands or even species of hominids 
would have been distinguishable, as each of these host species is also genetically 
distinguishable. This suggests that their intermixing and interbreeding between 
individuals would have altered their microbiomes. As an example, we know that 
cohabitating modern humans share more microbes with their partners than other 
people, as well as share bacterial species with pets, such as dogs, that live in the 
same household (Song et al. 2013). Although the findings were less significant in 
the oral and gut microbiomes, studies such as this suggest that mixing with other 
individuals and cohabitation can impact the human microbiome. In addition, the 
human microbiome is established in children from their mothers and primary car-
egivers (Caufield et al. 1982; Dominguez-Bello et al. 2010), so that interbreed-
ing and child rearing between Neanderthals and humans would have also likely 
impacted which microorganisms ended up in their hybrid offspring. These inter-
mixing and interbreeding events are yet another example of how behaviour can 
impact the microorganisms in the body, but because this is a mutualistic relation-
ship between host and bacteria, it is also possible that bacteria influenced the suc-
cess of interbreeding between these two host species. Recently, researchers at 
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Vanderbilt University demonstrated that microbial differences can determine the 
outcome of successful hybridization between different wasp species (Brucker and 
Bordenstein 2013). Although highly speculative and untested in larger mammals, 
it is then feasible that differences in microbiomes from Neanderthals and humans 
could have contributed to mating success.

There are additional ways that specific microbiomes and alterations to differ-
ent microbiomes could have influenced hominid evolution. Modern research has 
shown that the bacterial content in the gut can affect nearly every aspect of human 
health. One recent example suggests that gut microorganisms can influence multi-
ple aspects of mental health, including anxiety, depression, and diseases, such as 
schizophrenia and autism (Flight 2014). In the case of autism, an overall decrease 
of diversity and a decrease of Prevotella microorganisms in the gut are linked with 
the onset of this disease, directly linking mental illness to the presence of specific 
microbial diversity in the gut (Adams et al. 2011). Similarly, the link between 
microorganisms and schizophrenia became apparent when patients suffering from 
this disease were helped when they were treated with antibiotics (Jhamnani et al. 
2013). Although this does not mean that Neanderthals had autism or schizophre-
nia, it does mean that the presence and alterations of microorganisms can influence 
mental health on a daily basis. For example, the presence of a probiotic microor-
ganism called Lactobacillus rhamnosus can reduce anxiety- and depression-related 
behaviour (Bravo et al. 2011), indicating that single microorganisms introduced 
into the body can influence your daily behaviour. It is then easy to see why slight 
differences in the microbiome could have influenced a Neanderthal’s mood or atti-
tude in daily life, which can influence an individual’s fitness or ability to adapt. 
This may then have significant impacts on a species’ evolutionary success.

Several studies are currently underway to sequence ancient Neanderthal micro-
biomes and understand the similarities and differences between humans and 
Neanderthals. These sequencing efforts will allows researchers to understand 
how the microbiome of our closest relative adapted to climate change and to their 
highly carnivorous diets (Bocherens et al. 2001), shedding light on ecological sce-
narios during the time of their lives and extinctions. These projects will also iden-
tify whether or not some bacterial pathogens were shared between these closely 
related and physically intertwined species. Analysis of food particles trapped 
within the calculus has already providing information on the foraging component 
of a Neanderthal diet (Henry et al. 2010), and DNA analysis of these particles will 
also provide information on the edible plants and the palaeoecological environ-
ment surrounding Neanderthals nearly 50,000 years ago.

7  Ramification of Microbial Extinctions on Human Health

Now that we understand that the microbiome is a fluid, responsive ecological sys-
tem that can be modified by diet, environment, culture, and behaviour, researchers 
are trying to understand how modifications to the human microbiome contribute to 
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health. As discussed earlier, microbiomes from Western, industrialized nations are 
distinct from hunter-gatherers in both Africa and the Amazon Basin (Filippo et al. 
2010; Yatsunenko et al. 2012), and we also know that the modern human microbi-
ome has changed significantly in response to changes in human diet, environment, 
and culture over time. Does this mean that the changes in the human microbiome 
make individuals more susceptible to certain diseases? Or alternatively, are we 
healthier because of these microbial adaptation events?

If we assume that the microbiome has been evolving and adapting to each of 
these environments independently, then one would assume that a host’s microbi-
ome should have adapted to protect the host from disease. Take the classic exam-
ple of tourists from the USA visiting Central America. Visitors are advised against 
drinking the tap water that local people drink on a daily basis. Researcher from 
the University of British Columbia are investigating whether or not local Central 
Americans have a gut microbiome that provides protection against certain gas-
trointestinal diseases, suggesting that this protective portion of the microbiome 
is absent in US tourists (Willing et al. 2011). It is likely that the loss of certain 
microorganisms or changes to bacterial community structure in the body may be 
associated with the loss of protection against certain diseases.

On the other hand, there are several specific examples of the microbiome pro-
viding protection against disease, although many of these experiments were done 
in mice to avoid obvious bioethical complications in humans. Mice were protected 
against Bordetella pertussis (whooping cough or pertussis) infection if given a sin-
gle dose of a commensal nasal cavity microorganism prior to infection (Weyrich 
et al. 2013). Similarly, streptococcal and staphylococcal infections can also be 
minimized or avoided entirely if probiotics and commensal microorganisms 
are given to mice before they were infected (Cangemi de Gutierrez et al. 2001; 
Gonzalez et al. 2011). Young mice can also be protected from other non-infectious 
diseases, such as respiratory allergies, when first given commensal microorgan-
isms found in dust (Fujimura et al. 2014), suggesting that obtaining bugs from our 
environments may be important to prevent many common Western diseases, such 
as obesity, allergies, and Type II diabetes. Further research will need to investigate 
each disease and scenario to understand the contributions of microbial interactions 
with other microbes and the host, ensuring that the road to understanding all of the 
health impacts of the microbiome alterations will undoubtedly be a long one.

A common thread in most microbiomes from Western, industrialized individu-
als is the loss of specific microorganisms in comparison with the hunter-gatherer 
cultures from other nations. Because we know that the microbiome plays a sig-
nificant role in the progression and protection against certain diseases, we must 
ask about the roles of these missing microorganisms. Perhaps, this is best dem-
onstrated by discussing the hygiene hypothesis (Okada et al. 2010). Because of 
the modern Westernized cultural practices that include home cleaning, steri-
lization, and hand sanitizers, it is believed that we have limited our exposure to 
many environmental microorganisms that in turn prime the immune system and 
help keep us protected against infection, allergies, and autoimmune diseases. The 
more we disinfect, with the ideology that we are killing bad bacteria, the more 
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we also kill good bacteria, limiting the pool of potentially helpful microorganisms 
that can enter and colonize the human body. In addition to the hygiene hypothesis, 
the frequent and often overuse of antibiotics in Westernized cultures also fuels the 
elimination of good, protective bacterial species from the human body (Cho et al. 
2012). Future research is needed to not only identify which microorganism are 
missing out of the modern human microbiome, but also understand how to rein-
state these bacterial species and identify the specific roles they play in health and 
disease (Blaser 2014).

8  Conclusion

The human body and the microorganisms that inhabit it have been coevolving for 
millions of years. Through the use of new methodologies and sequencing tech-
niques, we can now study these diverse microbial communities on and within the 
human body, and begin to understand the role they play in health, disease, and evolu-
tion. Tracing the evolutionary history of the human microbiome will have significant 
impacts in how we treat modern diseases associated with these microbes, as well as 
how we protect and reinstate microorganisms that we may have lost in the recent 
past. Recent events, such as the onset of farming during the Neolithic Revolution or 
the invention of the machine at the beginning of the Industrial Revolution, can have 
large impacts on the microorganisms that live within the body, leading us to question 
which future events will significantly impact the microorganisms that live within 
us. Similarly, events in our ancient past could also have influenced these bacteria, 
leading to significant downstream repercussions for the survival and adaptation of 
mankind. Understanding how our history, and ultimately our actions, has impacted 
our bacterial communities will provide a valuable guide on how to avoid negatively 
impacting our microbiomes in the future.
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Glossary

Allopatric A descriptive term of processes, such as evolution, that happen to two different popu-
lations of organisms separated into different geographical locations

Amerindians Indigenous populations that are currently living in North or South America, which 
are typically living without contact with Westernized civilizations

Anatomically modern humans Hominids that are morphologically similar to modern Homo sapi-
ens sapiens, i.e. modern humans, and likely originated from Africa around 200,000 years ago

Archaic humans Hominids that share a lineage with Homo sapiens after the evolutionary split 
from chimpanzees, including Neandertals and Denisovans
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Bacterial ‘fingerprints’ or fingerprinting This is a technique that sequences a single gene con-
served across all bacterial species, typically the gene encoding the 16S ribosomal RNA subunit, 
which provides a picture of all the bacterial species present and their abundances. These sequences 
can be highly specific to an individual, acting the same way a fingerprint does in forensics

Biofilm This is a diverse bacterial community that forms works together as a single organism 
and can form on surfaces of hot springs, pipes, or even human teeth

Convergent evolution An evolutionary process that results in similar outcomes, i.e. function, 
even though the species that are evolving are in different locations or are unrelated

Enterotypes A simple way of classifying gut microbiomes based on the largest proportions of 
dominant bacterial phyla present in a sample

Hygiene hypothesis The theory that a lack of exposure to microbes (or an increased exposure 
to sterile environments) increases one’s susceptibility to disease by failing to stimulate the 
immune system during development

Indigenous A modern human population that is native to a specific place over a long time span, 
usually prior to European colonization during the colonial period

Industrial Revolution A cultural change that occurred the eighteenth and nineteenth centuries, 
following the invention of the machine, and lead to numerous social and economic changes

Isotope analysis The identification of chemical elements within compounds that are present in 
material to determine differences in composition, variation, or change, i.e. using carbon iso-
topes to track the diet of humans

Linear Pottery culture (LBK) Linearbandkermik (LBK) is a culture existing about ~7500 years 
before present, which were Europe’s first farmers and are demarcated by a distinct banding pat-
tern on the pottery

Microbiome Any microbial community that exists in one space, i.e. the human body

Metagenome The defining term of all of the genomes that exist in the human body, which 
includes the human genome and the bacterial or microbial genomes present

Metabarcoding A technique that sequences one ‘barcoding’ or identifying gene conserved 
across a wide array of species as a means of surveying biodiversity

Next-generation DNA sequencing techniques DNA sequencing by any diverse means to 
sequencing full genomes or millions of different sequencings in one experiment

Neolithic Revolution A cultural and revolutionary process in which humans adopt farming tech-
niques, leading to a whole host of social and economic changes

Oral caries (cavities) An oral disease caused primarily by S. mutans, which deteriorates the 
enamel on the tooth surface and exposes nervous tissue

Post-depositional bias Alterations to microbial communities after the sample is deposited or 
collected that occur due to environmental or decompositional factors

Periodontal disease An oral disease of the gingiva or gums, in which diverse bacterial commu-
nities stimulate inflammation and destroy gingival tissue

Sanger DNA sequencing techniques Chain termination DNA sequencing invented by Peter 
Sanger in 1977, which was a common method to determine the sequencing of deoxynucleo-
tides in a single strand of only one DNA molecule

Scanning electron microscopy A form of visualization that identifies the shapes of objects via a 
focused beam of electrons, illuminating the size and shape of many microorganisms
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Sedentary lifestyles Modern human habits that revolve around activities that do not involve 
physical movement (walking or running), resulting in the majority of a person’s time spent 
sitting or not moving

Sympatric A descriptive term of processes, such as evolution, that happen to organisms located 
in the same location

Taphonomy A process of degradation that ancient samples undergo, where DNA is enzymati-
cally broken down and degraded, limiting the genetic information that can be obtained from 
a material. The process is highly dynamic and is dependent upon a vast array of variables, 
including temperature, water content, and soil chemistry
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human diet: a case study from Tell al-Raqā’i, Syria. J Archaeol Sci 35:1943–1950. 
doi:10.1016/j.jas.2007.12.005

Hermanussen M (2006) In: Fogel RW The escape from hunger and premature death, 1700–2100. 
Europe, America, and the third world. (Cambridge University Press, Cambridge, 2004), p 
191. (£16.99, ISBN 0-521-00488-8, Paperback; £40.00, ISBN 0-521-80878-2, Hardback. J 
Biosoc Sci 38:571–572)

Hokama T, Hamamoto I, Takenaka S et al (1996) Throat microflora in breastfed and formula-fed 
infants. J Trop Pediatr 42:324–326

Hollox E, Hurles M, Kivisild T, Tyler-Smith C (2013) Human evolutionary genetics, 2nd edn. 
Garland Science, New York

Hooper LV, Gordon JI (2001) Commensal host-bacterial relationships in the gut. Science 
292:1115–1118

Hu P, Brodie EL, Suzuki Y et al (2005) Whole-genome transcriptional analysis of heavy 
metal stresses in Caulobacter crescentus. J Bacteriol 187:8437–8449. doi:10.1128
/JB.187.24.8437-8449.2005

Jhamnani K, Shivakumar V, Kalmady S et al (2013) Successful use of add-on minocycline for 
treatment of persistent negative symptoms in schizophrenia. J Neuropsychiatry Clin Neurosci 
25:E06–07. doi:10.1176/appi.neuropsych.11120376

Jin L, Su B (2000) Natives or immigrants: modern human origin in east Asia. Nat Rev Genet 
1:126–133. doi:10.1038/35038565

Jones PM (2009) Industrial enlightenment: science, technology and culture in Birmingham and 
the West Midlands, 1760–1820. Manchester University Press, Manchester

Kau AL, Ahern PP, Griffin NW et al (2011a) Human nutrition, the gut microbiome, and immune 
system: envisioning the future. Nature 474:327–336. doi:10.1038/nature10213

Kau AL, Ahern PP, Griffin NW et al (2011b) Human nutrition, the gut microbiome and the 
immune system. Nature 474:327–336

Lax S, Smith DP, Hampton-Marcell J et al (2014) Longitudinal analysis of microbial interac-
tion between humans and the indoor environment. Science 345:1048–1052. doi:10.1126/
science.1254529

Leff JW, Fierer N (2013) Bacterial communities associated with the surfaces of fresh fruits and 
vegetables. PLoS ONE 8:e59310. doi:10.1371/journal.pone.0059310

http://dx.doi.org/10.1073/pnas.1005963107
http://dx.doi.org/10.1038/nrn3669
http://dx.doi.org/10.1073/pnas.1310750111
http://dx.doi.org/10.1099/mic.0.048736-0
http://dx.doi.org/10.1177/014107688107400511
http://dx.doi.org/10.1126/science.1188021
http://dx.doi.org/10.1073/pnas.1016868108
http://dx.doi.org/10.1016/j.jas.2007.12.005
http://dx.doi.org/10.1128/JB.187.24.8437-8449.2005
http://dx.doi.org/10.1128/JB.187.24.8437-8449.2005
http://dx.doi.org/10.1176/appi.neuropsych.11120376
http://dx.doi.org/10.1038/35038565
http://dx.doi.org/10.1038/nature10213
http://dx.doi.org/10.1126/science.1254529
http://dx.doi.org/10.1126/science.1254529
http://dx.doi.org/10.1371/journal.pone.0059310


252 L.S. Weyrich

Ley RE, Bäckhed F, Turnbaugh P et al (2005) Obesity alters gut microbial ecology. Proc Natl 
Acad Sci USA 102:11070–11075. doi:10.1073/pnas.0504978102

Li J, Nasidze I, Quinque D et al (2013) The saliva microbiome of pan and homo. BMC Microbiol 
13:204. doi:10.1186/1471-2180-13-204

Meyer M, Fu Q, Aximu-Petri A et al (2014) A mitochondrial genome sequence of a hominin 
from Sima de los Huesos. Nature 505:403–406. doi:10.1038/nature12788

Meyer M, Kircher M, Gansauge M-T et al (2012) A high-coverage genome sequence from an 
archaic denisovan individual. Science 338:222–226. doi:10.1126/science.1224344

Moeller AH, Degnan PH, Pusey AE et al (2012) Chimpanzees and humans harbour composition-
ally similar gut enterotypes. Nat Commun 3:1179. doi:10.1038/ncomms2159

Moeller AH, Peeters M, Ndjango J-B et al (2013) Sympatric chimpanzees and gorillas har-
bor convergent gut microbial communities. Genome Res 23:1715–1720. doi:10.1101/ 
gr.154773.113

Muegge BD, Kuczynski J, Knights D et al (2011) Diet drives convergence in gut microbi-
ome functions across mammalian phylogeny and within humans. Science 332:970–974. 
doi:10.1126/science.1198719

New Research Confirms “Out Of Africa” Theory of human evolution. In: ScienceDaily. 
http://www.sciencedaily.com/releases/2007/05/070509161829.htm. Accessed 10 Sep 2014

Okada H, Kuhn C, Feillet H, Bach J-F (2010) The “hygiene hypothesis” for autoimmune and aller-
gic diseases: an update. Clin Exp Immunol 160:1–9. doi:10.1111/j.1365-2249.2010.04139.x

Payne AN, Chassard C, Lacroix C (2012) Gut microbial adaptation to dietary consumption of 
fructose, artificial sweeteners and sugar alcohols: implications for host–microbe interactions 
contributing to obesity. Obes Rev 13:799–809. doi:10.1111/j.1467-789X.2012.01009.x

Quigley L, McCarthy R, O’Sullivan O et al (2013) The microbial content of raw and pasteurized 
cow milk as determined by molecular approaches. J Dairy Sci 96:4928–4937. doi:10.3168/
jds.2013-6688

Ramotar K, Conly JM, Chubb H, Louie TJ (1984) Production of menaquinones by intestinal 
anaerobes. J Infect Dis 150:213–218

Sajantila A (2013) Major historical dietary changes are reflected in the dental microbiome of 
ancient skeletons. Investig Genet 4:1–2. doi:10.1186/2041-2223-4-10

Sankararaman S, Patterson N, Li H et al (2012) The date of interbreeding between Neandertals 
and modern humans. PLoS Genet 8:e1002947. doi:10.1371/journal.pgen.1002947

Scarre C (2013) The human past: world prehistory and the development of human societies, 3rd 
edn edn. Thames & Hudson, New York

Schnorr SL, Candela M, Rampelli S et al (2014) Gut microbiome of the Hadza hunter-gatherers. 
Nat Commun. doi:10.1038/ncomms4654

Soares P, Ermini L, Thomson N et al (2009) Correcting for purifying selection: an 
improved human mitochondrial molecular clock. Am J Hum Genet 84:740–759. 
doi:10.1016/j.ajhg.2009.05.001

Song SJ, Lauber C, Costello EK et al (2013) Cohabiting family members share microbiota with 
one another and with their dogs. eLife 2:e00458. doi:10.7554/eLife.00458

Stecher B, Robbiani R, Walker AW et al (2007) Salmonella enterica Serovar Typhimurium 
exploits inflammation to compete with the intestinal microbiota. PLoS Biol 5:e244. 
doi:10.1371/journal.pbio.0050244

Tattersall I (2009) Human origins: out of Africa. Proc Natl Acad Sci 106:16018–16021. doi: 
10.1073/pnas.0903207106

Tito RY, Knights D, Metcalf J et al (2012) Insights from characterizing extinct human gut micro-
biomes. PLoS ONE 7:e51146. doi:10.1371/journal.pone.0051146

Wade WG (2013) The oral microbiome in health and disease. Pharmacol Res 69:137–143. 
doi:10.1016/j.phrs.2012.11.006

Weyrich LS, Feaga HA, Park J et al (2013) Resident microbiota affect Bordetella pertussis infec-
tious dose and host specificity. J Infect Dis jit597. doi:10.1093/infdis/jit597

Willing BP, Vacharaksa A, Croxen M et al (2011) Altering host resistance to infections through 
microbial transplantation. PLoS ONE 6:e26988. doi:10.1371/journal.pone.0026988

http://dx.doi.org/10.1073/pnas.0504978102
http://dx.doi.org/10.1186/1471-2180-13-204
http://dx.doi.org/10.1038/nature12788
http://dx.doi.org/10.1126/science.1224344
http://dx.doi.org/10.1038/ncomms2159
http://dx.doi.org/10.1101/gr.154773.113
http://dx.doi.org/10.1101/gr.154773.113
http://dx.doi.org/10.1126/science.1198719
http://www.sciencedaily.com/releases/2007/05/070509161829.htm
http://dx.doi.org/10.1111/j.1365-2249.2010.04139.x
http://dx.doi.org/10.1111/j.1467-789X.2012.01009.x
http://dx.doi.org/10.3168/jds.2013-6688
http://dx.doi.org/10.3168/jds.2013-6688
http://dx.doi.org/10.1186/2041-2223-4-10
http://dx.doi.org/10.1371/journal.pgen.1002947
http://dx.doi.org/10.1038/ncomms4654
http://dx.doi.org/10.1016/j.ajhg.2009.05.001
http://dx.doi.org/10.7554/eLife.00458
http://dx.doi.org/10.1371/journal.pbio.0050244
http://dx.doi.org/10.1073/pnas.0903207106
http://dx.doi.org/10.1371/journal.pone.0051146
http://dx.doi.org/10.1016/j.phrs.2012.11.006
http://dx.doi.org/10.1093/infdis/jit597
http://dx.doi.org/10.1371/journal.pone.0026988


253Evolution of the Human Microbiome and Impacts …

Wolpoff MH, Hawks J, Caspari R (2000) Multiregional, not multiple origins. Am J Phys Anthropol 
112:129–136. doi:10.1002/(SICI)1096-8644(200005)112:1<129:AID-AJPA11>3.0.CO;2-K

Wood B, Richmond BG (2000) Human evolution: taxonomy and paleobiology. J Anat 197:19–
60. doi:10.1046/j.1469-7580.2000.19710019.x

Yatsunenko T, Rey FE, Manary MJ et al (2012) Human gut microbiome viewed across age and 
geography. Nature 486:222–227. doi:10.1038/nature11053

Yildirim S, Yeoman CJ, Sipos M et al (2010) Characterization of the fecal microbiome from non-
human wild primates reveals species specific microbial communities. PLoS ONE 5:e13963. 
doi:10.1371/journal.pone.0013963

Yong E (2012) Gut microbial “enterotypes” become less clear-cut. Nature. doi:10.1038/
nature.2012.10276

WHO (2004) | The world health report 2004—changing history. http://www.who.int/whr/2004/
en/. Accessed 12 Jan 2012

http://dx.doi.org/10.1002/(SICI)1096-8644(200005)112:1%3c129:AID-AJPA11%3e3.0.CO;2-K
http://dx.doi.org/10.1046/j.1469-7580.2000.19710019.x
http://dx.doi.org/10.1038/nature11053
http://dx.doi.org/10.1371/journal.pone.0013963
http://dx.doi.org/10.1038/nature.2012.10276
http://dx.doi.org/10.1038/nature.2012.10276
http://www.who.int/whr/2004/en/
http://www.who.int/whr/2004/en/


255

Divergence-with-Gene-Flow—What 
Humans and Other Mammals Got up to

Michael L. Arnold, Amanda N. Brothers, Jennafer A.P. Hamlin,  
Sunni J. Taylor and Noland H. Martin

© Springer International Publishing Switzerland 2015 
N. Gontier (ed.), Reticulate Evolution, Interdisciplinary Evolution Research 3,  
DOI 10.1007/978-3-319-16345-1_10

Abstract In this review, we posit the hypothesis that divergence-with-gene-flow 
or, using the terminology that has historical precedence, evolution-with-hybridi-
zation is not the exception as argued by the neo-Darwinian architects, but rather 
the rule. In particular, we will discuss briefly how the definition of species and 
the process of speciation that emerged from the Modern Synthesis limited greatly 
how evolutionary diversification was perceived to occur. This, in turn, resulted in 
only certain hypotheses and research directions being deemed legitimate for evo-
lutionary biologists. Yet, we will also argue that in general, the assumptions that 
resulted in the definitions and concepts surrounding speciation were made much 
stronger by a dearth, rather than a wealth, of the data needed to test hypotheses. 
Specifically, these alternative hypotheses were divergence in allopatry versus 
divergence with at least some genetic exchange. We will point to the observation 
made by Anderson—the architect of studies of introgressive hybridization—that to 
test for contemporaneous or ancient gene flow between diverging/divergent line-
ages requires discrete markers. Thus, not until the advent of methods for analyzing 
the genetic constitution of individual organisms was it possible to test rigorously 
the alternate modes of divergence. To illustrate our hypotheses and conclusions, 
we will focus on mammalian lineages, including our own species. This focus 
reflects our desire to emphasize that not only prokaryotes and plants, but animals 
as well, reflect the process of reticulate evolution.
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1  Brief (and Thus Incomplete) Review of Speciation  
and Hybridization ala the Modern Synthesis

The neo-Darwinian (or Modern) Synthesis was a watershed for evolutionary 
 biology, providing a rich and varied series of concepts (Dobzhansky 1937; Mayr 
1942; Stebbins 1950) that formed the basis for succeeding analyses of topics as 
diverse as anthropology and population genetics. One of the overarching aims 
espoused by the architects of this synthesis was to discern and define how new 
 lineages formed (Dobzhansky 1940; Mayr 1942). Specifically, they wanted to 
understand whether these novel forms known as ‘species’ arose due to selection, 
genetic drift, gene flow, or some combination of these processes. Yet, before it was 
possible to begin to understand the process of species formation—or speciation—a 
consensus was necessary in defining species. The definition arrived at determined 
the type of questions asked, the type of data gathered, and even the interpretation 
of the data gathered by subsequent generations of evolutionary biologists.

The emergence of the biological species concept, reflecting the point of view 
that only with reproductive isolation could evolution progress (Dobzhansky 1937; 
Mayr 1942), as the preeminent species definition immediately placed a premium 
on the development of reproductive isolating barriers for evolutionary diversifica-
tion. For example, Hennig (1966) wrote ‘Is not the species concept that the species 
includes all individuals that together are capable of producing completely fertile 
offspring, and must we not then consider groups whose individuals can  produce 
new species by hybridization as partial groups of one species?’ This quote by 
Hennig reflects well the neo-Darwinian species concept—that species must be 
reproductively isolated from other such groups to be real.

With the emphasis placed on protecting the coadapted gene combinations that 
made species recognizable from other species from being lost by recombination, 
it was natural that the process of speciation would be seen as necessitating the 
geographic isolation of the diverging lineages (i.e., allopatric divergence), at least 
until such time as the diverging lineages were protected by the cocoon of their 
respective reproductive isolating barriers. For a number of decades,  evolutionary 
biologists applied the neo-Darwinian conceptual framework to their own  studies, 
often constraining themselves to testing when, where, and how their organism 
of choice had been geographically isolated from related lineages during their 
divergence. Unfortunately, these constraints often neglected to take into account 
the dynamic nature of the geographical distribution of diverging lineages, or the 
observation that many recognized species were currently exchanging genes with 
congeners in areas of sympatry or parapatry (Arnold 1997, 2006). Thus, we 
 evolutionary biologists did not often stop to ask how likely it was that diverging 
lineages actually remained allopatric during, for example, oscillating glacial max-
ima and minima or why we were continually encountering examples of organisms 
termed different at the specific level that were exchanging genes at a frequency 
that theory suggested should quickly lead to their evolutionary demise (Wright 
1931; Slatkin 1985).
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In retrospect, the conceptual framework proceeding from the neo-Darwinian 
synthesis was actually seen as powerfully explanatory mostly due to a lack of data 
to test the various hypotheses. In the context of speciation, the data necessary to 
test the alternative hypotheses of allopatric divergence versus reticulate evolution 
are discrete, genetic markers rather than quantitative (e.g., morphological) char-
acters. During the early days of the Modern Synthesis, Anderson and Hubricht 
(1938) in an article defining the process of introgressive hybridization (i.e., intro-
gression) emphasized the lack of such data. Specifically, these authors pointed out 
that in natural hybrid populations, ‘After a few back-crosses most of the individu-
als cannot be distinguished by morphological means from the pure species…’

Without discrete markers, the assumptions surrounding how species formed—
particularly the need (or lack thereof) for allopatric distributions of diverging lin-
eages—went untested. Thus, the ability to produce data such as allozymes and 
restriction fragment length polymorphisms of even a few genes revolutionized the 
understanding of both contemporaneous introgression in hybrid zones and more 
ancient introgression and hybrid speciation. Furthermore, the wholesale testing for 
allopatric divergence versus divergence-with-gene-flow across many clades has 
been catalyzed by the capacity to assay hundreds if not thousands of loci simulta-
neously using recent developments in sequencing and genotyping (e.g., next-gen-
eration sequencing; Metzker 2010; Stapley et al. 2010).

2  Have Mammary Glands and Will Diverge While 
Exchanging Genes—Rationale for Mammals  
as the Exemplar of Reticulate Evolution

The question might be asked, given the wealth of examples of divergence-with-
gene-flow among plant and microbial lineages (see Arnold 2006, 2008 for exam-
ples), why we have chosen to focus our attention on class Mammalia. There are 
two major reasons for this taxonomic choice. The first is historical, once again 
reflecting the predominant viewpoint that proceeded from the neo-Darwinian 
synthesis (and which in some quarters has continued through the present day; 
Coyne and Orr 2004). To exemplify this viewpoint, we can consider a conclusion 
from Mayr concerning the supposed rarity of hybridization among animal line-
ages. Specifically, he assumed that if hybridization between individuals belong-
ing to different species occurred ‘The majority of such hybrids are totally sterile…
Even those hybrids that produce normal gametes in one or both sexes are never-
theless unsuccessful in most cases and do not participate in reproduction. Finally, 
when they do backcross to the parental species, they normally produce genotypes 
of inferior viability that are eliminated by natural selection’ (Mayr 1963). This 
obviously emphasizes the unlikely role of divergence-with-gene-flow as a major 
component of speciation. Furthermore, Mayr’s quote reflects two of the major 
philosophical arguments against divergence-with-gene-flow as an important part 
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of speciation—hybridization is an extremely rare phenomenon, and when rare 
hybrids are formed, they are less fit than offspring from within species crosses.

For the majority of instances of hybridization, both of the above assumptions 
have been shown to be inaccurate. Thus, hybrid fitness can vary from less than 
to greater than that of conspecific progeny (see Arnold and Hodges 1995; Arnold 
1997 for reviews) and rarity of hybrid formation, just as with rarity of point muta-
tions that cause increases in fitness, does not indicate unimportance in evolutionary 
diversification (Arnold and Hodges 1995). As mentioned above, an extension of the 
neo-Darwinian concept of the maladaptive nature of hybridization and introgression 
was the assumption—based upon theoretical considerations (Wright 1931; Slatkin 
1985)—that even negligible gene flow was enough to homogenize gene frequencies 
between populations. The assumption of the efficacy of gene flow to disrupt gene 
combinations and thus create homogeneous gene frequencies from previously diver-
gent populations fell well within the conceptual framework that saw hybridization 
and introgression as a ‘violation’ of ‘species integrity’ (Arnold 1997).

The second rationale for selecting mammals is that this clade contains an 
ever-increasing set of examples (Fig. 1) of the various outcomes of reticulate 
 evolution—hybrid speciation, adaptive introgression, and loss of biodiversity 
through genetic assimilation and reinforcement.

Fig. 1  The phylogenetic 
distribution of natural 
hybridization, introgressive 
hybridization, and hybrid 
speciation among mammals. 
The lineages denoted with 
dark lines are those for which 
reticulate evolution has been 
inferred. The references from 
which this figure is derived 
can be found in the present 
chapter as well as Arnold 
(2006, 2008)
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3  Really Ancient Genetic Exchange  
and Mammalian Origins

Not only recent, but also very ancient reticulate evolution has been inferred for 
members of the Mammalian clade. Evidence for the role of genetic exchange—
hybridization and horizontal gene transfer—during the evolutionary diversification 
of mammals is reflected well by an analysis of nearly three million base pairs of 
DNA sequence from 31 lineages (Hallström and Janke 2010) and studies of two 
mammalian genes co-opted from retroviral lineages, CGIN1 and syncytin-Car1 
(Marco and Marín 2009; Cornelis et al. 2012).

In the large-scale phylogenomic analysis, several portions of the placental clade 
remained unresolved, even though the data were of excellent quality and quantity 
(Hallström and Janke 2010). These included the most ancient divergence event 
involving the relative placement of Xenarthra, Boreoplacentalia, and Afrotheria. 
Likewise, the position of the bat clade and that of tree shrews also remained 
unresolved. Hallström and Janke (2010) suggested that these unresolved rela-
tionships were not due to poor taxa or sequence sampling, but rather more likely 
due to incomplete lineage sorting or reticulate evolutionary processes such as 
introgression.

As with the above study, the analysis of genes hypothesized to protect mam-
mals against retroviral infections, in particular those related to GIN1 (Gypsy 
integrase 1), uncovered evidence for ancient recombination events, in this case 
between retroviruses and mammalian genomes. Specifically, Marco and Marín 
(2009) defined a new gene from the GIN1 family that they named CGIN1 or 
Cousin of GIN1 that possessed sequence similarity for portions of both retrovirus 
and mammalian genes. Notwithstanding the name of this new gene, reminiscent 
of an animated doll from a horror movie, the findings suggested strongly that its 
origin involved the fusion of a mammalian gene with sequences from a retroviral 
lineage and that this fusion occurred in the ancestor of the marsupial and eutherian 
clades (Marco and Marín 2009).

Like CGIN1, the mammalian gene family known as Syncytins have been co-
opted from retroviral sequences, with a number of lineage-specific genes identified 
for mammalian groups as divergent as primates, lagomorphs, and murids. Though 
the members of this particular group of genes all contribute to placentation, their 
evolutionary origins involved independent ‘capture’ events from retroviruses into 
the various mammalian lineages (Cornelis et al. 2012). To date, the most ancient 
of these capture events detected is that of the carnivore-specific syncytin-Car1; 
this gene was apparently integrated into the mammalian genome before the radia-
tion of Carnivora some 60–85 mya (Cornelis et al. 2012). The numerous retroviral 
capture events—both for GIN1 and syncytin genes—indicate the degree to which 
highly divergent genomes may contribute to evolutionary diversification through 
genetic exchange (Arnold 2006, 2008).
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4  Divergence-with-Gene-Flow Among  
Mammals—Climbing Our Way Through  
the Mammalian ‘Tree’ of Life

That evolutionary diversification is best represented by a Web (Arnold 2006) is the 
premise of this chapter. Yet, it is very useful to utilize the tree metaphor used by 
Darwin (1859) as a structure for discussing the lineages of mammals that demon-
strate reticulate evolution (Fig. 1). This may seem counterintuitive, but the fact of 
the matter is that most of us think of a treelike pattern without gene flow when we 
consider species relationships. Furthermore, notwithstanding the reticulate nature 
detected in many phylogenies, it is still correct that divergent evolution results in 
portions of phylogenies reflecting branch-like patterning. We have thus used the 
information at the Web site, http://tolweb.org/Mammalia/ as the basis for deter-
mining taxonomic categories used in the following discussion.

We have also mainly limited our discussions of taxonomic examples to stud-
ies that have been reported since 2008. This decision means that the details of 
some cases of reticulate evolution in mammalian lineages will have been omitted 
(Fig. 1). Though this may seem extremely subjective, we have tried to avoid rep-
etition with our earlier works, particularly by the senior author (see Arnold 1997, 
2006, 2008 for additional cases not discussed in the present chapter). Thus, some 
classic groups will not be included because we have recently written at length 
about these. An example of this is the Canidae. With sincere apologies to Robert 
Wayne and his colleagues, we will only include references to these detailed and 
elegant studies in tabular form (but see Arnold et al. 2012 for a recent discussion 
of some of these data). Even with limiting our discussions to recent studies, and 
ones of which we have not written about at length, there is a wealth of examples. 
Indeed, we will limit the following case studies to only a few, representative exem-
plars that reflect the various outcomes of hybridization. Finally, we also realize 
that our methodology for identifying pertinent studies—through searches of a set 
of ca. 30 ‘major’ journals (e.g., Molecular Ecology, Science, Nature, Evolution)—
will lead to the inadvertent omission of relevant studies.

4.1  Marsupial Divergence-with-Gene-Flow: Interspecific 
Mating in the Australian Bush

Nothing is more evocative of the Australian interior, or Australia per se, than the 
silhouette and bounding gate of members of the kangaroo and wallaby clade. In 
particular, the largest members of this assemblage, species of red and gray kan-
garoos, are scattered across the Australian landscape from the east to west coasts 
(Short et al. 1983). Gray kangaroos are classified into western and eastern forms, 
Macropus fuliginosus and eastern M. giganteus, respectively, with a zone of 
sympatry between the two species located in portions of the states of Victoria, 

http://tolweb.org/Mammalia/
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New South Wales, and Queensland (Caughley et al. 1984; Neaves et al. 2010). 
Notwithstanding such a large area of overlap (ca. 0.68 km2; Caughley et al. 1984; 
Neaves et al. 2010) and the production of hybrids in captivity (Kirsch and Pool 
1972), there was little evidence of natural hybridization between these macropod 
species (Coulson and Coulson 2001).

In contrast to previous analyses, Neaves et al. (2010) did indeed find evi-
dence consistent with introgressive hybridization between M. fuliginosus and M. 
giganteus in the area of overlap in eastern Australia. Based upon variation at both 
nuclear and mitochondrial loci, 7.6 % of the >200 kangaroos sampled in the sym-
patric region were found to be hybrids. As is the case with the majority of cases 
of introgression among both plants and animals, there was an asymmetry in the 
genetic exchange, in this case with 14 of the 17 hybrid individuals identified as 
backcrosses toward M. giganteus and the remaining three hybrids assigned to the 
class of backcrosses to M. fuliginosus (Neaves et al. 2010). None of the hybrid 
genotypes were consistent with an F1 generation; thus, these findings reflect diver-
gence-with-gene-flow between these marsupial species. Furthermore, Neaves et al. 
(2010) argued for the importance of genetic exchange in potentially allowing the 
transfer of genomic components affecting adaptive traits—such as those associ-
ated with aridity. Testing for such adaptive trait transfer has been a major emphasis 
in many systems and was pointed out as possibly the most important outcome of 
introgressive hybridization by Anderson (1949).

4.2  Rodents and Divergence-with-Gene-Flow: Mice in the 
House…and Hybrid Zone

One of the truly classic mammalian systems typifying divergence-with-introgres-
sion involves the house mice taxa Mus musculus musculus and Mus musculus 
domesticus (sometimes referred to as M. musculus and M. domesticus). The vast 
majority of studies involving hybridization between these lineages have addressed 
the genomic architecture of reproductive isolation. For example, Janousek et al. 
(2012) examined ca. 1400 loci distributed throughout the genome in individual 
mice from two natural hybrid zones. By comparing the patterns of variation, they 
were able to identify specific loci that contributed differentially to reproductive 
isolation, some of which were associated with such factors as hybrid male sterility.

Though an emphasis has been placed on identifying the genomic regions that 
provide various levels of reproductive isolation between the house mouse lin-
eages, a number of authors have discussed the significance of introgression. 
Thus, patterns of introgression have alternatively been utilized to infer such dis-
parate factors as colonization histories and adaptive trait transfer (Payseur et al. 
2004; Gompert and Buerkle 2009; Jones et al. 2010). For example, Jones et al. 
(2010) analyzed a variety of DNA (Y chromosome, autosomal, and mitochon-
drial DNA) sequences and a morphological trait to construct the history of the 
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human-mediated dispersal of M. m. musculus and M. m. domesticus into Norway. 
Involved in this dispersal was the establishment of ancient and recent hybrid 
zones when their human carriers brought the two subspecies into contact. The 
colonization scenario favored by Jones et al. (2010) involved M. m. domesticus 
being brought to Norway during the Viking era and encountering the previously 
dispersed M. m. musculus. Regardless of when these forms arrived, their disper-
sal into what is now Norway was accompanied by extensive hybridization and 
introgression.

Numerous zones of hybridization and introgression, such as those studied by 
Jones et al. (2010) and Janousek et al. (2012), have been described across the 
overlapping ranges of the two Mus subspecies. As with all cases of hybridization 
(Barton and Hewitt 1985; Arnold 1997), each of the Mus hybrid zones reflects 
selection against some hybrid genotypes. Thus, some regions of the genomes 
of these two subspecies are resistant to introgression (Janousek et al. 2012). 
However, also as found for all cases of hybridization that proceed past the initial 
F1 generation (Arnold 2006), some regions of the genomes of the Mus subspecies 
are available for recombination with the alternate taxon.

Though some of the introgression between the house mouse taxa is consist-
ent with ‘neutral diffusion,’ some instances of gene transfer reflect apparent adap-
tive trait transfers. Gompert and Buerkle (2009), in an analysis of variation across 
X chromosome loci in a M. m. musculus/M. m. domesticus hybrid zone (data 
reported by Payseur et al. 2004), inferred directional selection favoring introgres-
sion mainly from M. m. musculus into M. m. domesticus. Such directional intro-
gression supports the hypothesis that alleles from one lineage are adaptive in the 
alternate lineage as well. Indeed, Staubach et al. (2012) inferred just such adap-
tive trait introgression from an analysis of high-density single nucleotide polymor-
phism (i.e., SNP) typing arrays. These authors concluded that ‘…natural genomes 
are subject to complex adaptive processes, including the introgression of haplo-
types from other differentiated populations or species at a larger scale than previ-
ously assumed for animals’ (Staubach et al. 2012).

4.3  Rodents and Divergence-with-Gene-Flow: Traveling 
Rats

As with mice, members of the genus Rattus represent commensal lineages that 
have accompanied humans around the globe. Indeed, Lack et al. (2012) have 
concluded that so-called black rats (i.e., those taxa belonging to the Rattus rat-
tus species group) ‘are arguably the most successful mammalian invaders on the 
planet’ with established populations on all continents except Antarctica. Of par-
ticular interest for the current discussion is the finding that the six currently rec-
ognized species have been brought into contact on various continents and thus 
have the potential to exemplify divergence-with-gene-flow. Consistent with the 
process of reticulate evolution, Lack et al. (2012) detected genetic variability at a 
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combination of nuclear and mitochondrial loci indicative of introgressive hybrid-
ization. However, in contrast to the model of continued genetic and phenotypic 
divergence in the face of gene flow, Lack et al. (2012) also inferred genetic extinc-
tion of Rattus tanezumi resulting from asymmetric introgression from R. rattus lin-
eages into the genome/populations of R. tanezumi located in North America. This 
latter species is also apparently hybridizing with a second Rattus species in Asia, 
though the degree of introgression may not be as great as that seen in the North 
American samples (Lack et al. 2012). These findings thus suggest that divergence-
with-gene-flow, as well as the loss of biodiversity through introgression, is occur-
ring simultaneously in this mammalian invader.

4.4  Rodents and Divergence-with-Gene-Flow: Chipmunks 
Arose with Ancient and Recent Introgression

Work by Sullivan and his colleagues on the phylogenetics and population genet-
ics of members of the North American genus of chipmunks, Tamias have identi-
fied taxonomically and temporally widespread divergence-with-gene-flow (Good 
et al. 2008; Hird and Sullivan 2009; Reid et al. 2012). For example, Hird and 
Sullivan (2009) carried out analyses of DNA sequence (i.e., mtDNA) and morpho-
logical variation within a hybrid zone between two subspecies of Tamias ruficau-
dus. Their results supported the hypothesis that introgressive hybridization was an 
important stage of divergence in this species (Hird and Sullivan 2009), likely pro-
ducing the type of evolutionary novelty expected when divergent genomes recom-
bine (Arnold 1997, 2006). This latter conclusion was drawn from the observation 
that populations within the zone of overlap were genotypically differentiated from 
parental populations (Hird and Sullivan 2009).

Not only recent, but also ancient introgression has impacted the North American 
chipmunk clade. This inference comes from additional studies by Sullivan et al. 
in which they sampled broadly the genotypic and phenotypic patterns of diversity 
within the Tamias species complex. In the first of these studies, Good et al. (2008) 
tested for genetic exchange between T. ruficaudus and T. amoenus. By compar-
ing data from nuclear genes and microsatellites, with that of previously published 
mtDNA sequences, Good et al. (2008) detected the signature of ancient introgres-
sive hybridization. Specifically, coalescent analyses dated mtDNA introgression 
between these two species at 1–3 million years ago (mya; Good et al. 2008).

Similar to Good et al.’s (2008) findings, Reid et al. (2012) detected widespread 
introgression among various species pairs. Most of these episodes of divergence-
with-gene-flow were inferred to be deep within the phylogenetic assemblages, 
indicative of ancient genetic exchange, while a few apparently involved recent/con-
temporaneous introgression (Reid et al. 2012). All of the instances of ancient intro-
gression where relationships of the introgressing lineages were resolved involved 
non-sister taxa; four of the six cases involved asymmetric introgression from Tamias 
minimus into another lineage. Both sister and non-sister lineages contributed to the 
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recent exchanges. Finally, it was suggested that the numerous examples of recent 
introgression within the southern Rocky Mountains clade of Tamias might be due to 
ecological partitioning of the various taxa resulting in an abundance of contact zones 
scattered throughout this geographic region (Reid et al. 2012).

4.5  Lagamorphs and Divergence-with-Gene-Flow: Hopping 
and Hybridizing Through the Landscape of Europe  
and Asia

4.5.1  European and Asian Hares

Alves, Melo-Ferreira, and their colleagues have developed the species complex 
of European hares (genus Lepus) into a classic example of reticulate evolution 
in animals. In particular, they have described the complex pattern of divergence-
with-gene-flow resulting in introgression among a number of species, some of 
which have left their genetic legacy in areas from which they are now extinct. For 
example, Melo-Ferreira et al. (2009, 2012) used population genetic and phyloge-
netic approaches, respectively, to test for the source and directionality of genetic 
exchange. Their findings indicated that the arctic/arboreal species, Lepus timi-
dus—now extinct from the Iberian Peninsula—had left its genetic signature behind 
through introgression with several extant, temperate species (i.e., L. granatensis, 
L. europaeus, L. castroviejoi, L. corsicanus). Interestingly, as with the examples 
from the chipmunks, the introgression events reflected in the mtDNA of the Iberian 
hare spe cies resulted from both ancient and more recent genetic exchange. Melo-
Ferreira (2012) reflected this conclusion by stating: ‘Despite the many uncertain-
ties on divergence time estimates and the difficulty of finding paleontological 
calibration points within Lepus, it seems clear that mtDNA introgression occurred 
at 2 different epochs, first presumably into the ancestor of L. castroviejoi and L. 
corsicanus and then more recently into the former, in the Iberian Peninsula.’

As with the Iberian species, Asian Lepus species also reflect the important role 
of ancient and contemporaneous hybridization and introgression. Significantly, 
and as predicted by Alves et al. (2008), the genetic legacy of L. timidus was also 
detected in Asian species as well (Liu et al. 2011). For example, the mtDNA hap-
lotypes present in Lepus mandshuricus and L. capensis consisted of those from L. 
timidus and a second species, L. sinensis. Recent hybridization among a number of 
Asian Lepus species was also indicated by the presence of a number of individuals 
that were heterozygous for species–specific alleles at nuclear loci (Liu et al. 2011). 
Similarly, a population genetic/phylogenetic analysis of the Asian species, L. cap-
ensis and L. yarkandensis, revealed bidirectional introgression of Y chromosome 
and mtDNA between these ecologically and morphologically distinct species (Wu 
et al. 2011). Thus, as predicted by the landmark studies of Alves, Melo-Ferreira 
et al., Lepus species in general are a paradigm of mammalian complexes that have, 
and are, evolving via divergence-with-introgression.
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4.5.2  European Rabbits

Like their sister taxa (i.e., members of the family Leporidae) the hares, rabbits also 
demonstrate patterns of ancient and recent reticulate evolution. In particular, Carneiro 
et al. (2009, 2010, 2011) detected the genetic signature of divergence-with-gene-flow 
in both the wild and domesticated European rabbit, Oryctolagus cuniculus.

Carneiro et al. (2009, 2010) analyzed sequence variation across natural populations 
of the two parapatrically distributed subspecies, O. c. algirus and O. c.  cuniculus. Both 
of these analyses revealed a wide range of recombination frequencies at the nuclear 
loci studied; loci near centromeres and on the X chromosome demonstrated high  levels 
of divergence (i.e., low levels of introgression) between the two subspecies, while 
those autosomal loci distal to centromeres generally reflected high levels of intro-
gression (Carneiro et al. 2009, 2010). The widely varying estimates of introgression 
and haplotype sharing between O. c. algirus and O. c. cuniculus were consistent with  
(1) a non-allopatric model of divergence and (2) the presence of genomic regions that 
 contribute differentially to reproductive isolation (Carneiro et al. 2009, 2010).

Using nine autosomal and seven X chromosome loci, Carneiro et al. (2011) 
were able to determine the region of origin (France) and the direct ancestor (French 
populations of O. c. cuniculus) of the domestic rabbit. Though there was no evi-
dence that O. c. algirus populations were used in the domestication process some 
1200 years ago, this subspecies did have an impact on the genomic makeup of the 
domesticated form. Natural introgressive hybridization between the two wild sub-
species, predating the domestication event, thus resulted in O. cuniculus possessing 
a mosaic genome made up of elements from both subspecies (Carneiro et al. 2011).

4.6  Insectivores and Divergence-with-Gene-Flow: Introgress 
Fast and Die Young…Reticulate Evolution Among  
the Shrews

The shrew genus, Sorex, has been used as a model to determine the number and 
type of chromosomal rearrangements present and their effects on gene flow within 
species and introgression between species. For example, White et al. (2010) used 
chromosomal rearrangements and a network methodology to reconstruct the evo-
lutionary relationships among the 72 chromosomal races of the common shrew, 
Sorex araneus. From this analysis, they were able to infer both the minimum num-
ber of intermediate chromosomal rearrangements that linked the various races and 
the mode of raciation—i.e., whether or not the races were generated within hybrid 
zones between races or in isolation from other races (‘zonal raciation’). White 
et al. (2010) concluded that both zonal and hybrid race formation (divergence-
with-introgression) had led to the extensive array of S. araneus chromosomal 
forms. Hybrid formation of chromosomal races within S. araneus, as inferred by 
White et al. (2010), is somewhat unexpected, given that such introgression should 
result in highly sterile heterozygous hybrids. However, this expectation has not 
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been borne out by analyses of contemporaneous hybrid zones within S. araneus. 
Both Horn et al. (2012) and Polyakov et al. (2011) failed to detect reproductive 
isolation between races that, at meiosis I, formed aberrant configurations made up 
of up to nine chromosomes (but see Bulatova et al. 2011). Likewise, studies of 
contact zones between subspecies of the lesser white-toothed shrew, Crocidura 
suaveolens, also detected advanced-generation hybrids, indicating a lack of strong 
reproductive isolation between lineages defined by relatively high levels of genetic 
divergence (Dubey et al. 2008). These results indicate the ongoing impact of diver-
gence-with-gene-flow between the Sorex and Crocidura intraspecific lineages.

In contrast to intraspecific hybridization, interspecific contact zones do indeed 
demonstrate elevated levels of reproductive isolation (e.g., Yannic et al. 2008a), 
but there is also evidence of both ancient and recent introgression among spe-
cies of Sorex. For example, discordance in the phylogenetic placement of Sorex 
granarius relative to S. araneus and S. coronatus was, alternately, taken as evi-
dence of ancient introgressive hybridization resulting in the transfer of the Y 
chromosome from S. coronatus into S. granarius (Yannic et al. 2008b) and/or the 
introgression of mtDNA from S. araneus into S. granarius (Yannic et al. 2010). 
Contemporaneous introgression was also noted in the species complex studied by 
Yannic et al. (2008b) (e.g., between S. antinorii and S. araneus). A major role for 
reticulate evolution was thus inferred for this group as reflected by the following 
quote: ‘The evolutionary history of the southwestern European populations of the 
S. araneus group can only be understood considering secondary contacts between 
taxa after their divergence, implying genetic exchanges by means of hybridization 
and/or introgression’ (Yannic et al. 2008b).

4.7  Carnivores and Divergence-with-Gene-Flow:  
Meat Eaters—Conservation Concerns  
and Adaptive Genetic Transfers

4.7.1  American Mink

The American mink, alternatively called Neovison vison or Mustela vison (we 
will refer to this taxon as N. vison), has been utilized as a source of fur from both 
wild-caught and captive-reared animals (Kidd et al. 2009; Bifolchi et al. 2010). 
The utilization of so-called farmed animals in fur production in North America 
and Europe has resulted in feral populations formed from escaped individuals. 
In North America, the escapee populations have introgressed with natural popu-
lations of N. vison, leading to concerns over the conservation of the native pop-
ulations. For example, in two populations in Ontario (Canada) consisting of 
escaped, wild, and hybrid mink, Kidd et al. (2009) detected only 36 % wild indi-
viduals, with the remainder being hybrid (10 and 46 %) or escaped genotypes. 
Thus, hybridization between the escaped and wild populations could lead to the 
genetic extirpation of the native gene pool, or alternatively, the production of 
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novel lineages that form the basis of further evolutionary innovation (Arnold 1997, 
2006; Seehausen 2004).

In Europe, where escaped populations of the non-native N. vison can be viewed 
as an invasive species, a different scenario has been detected. Specifically, Bifolchi 
et al. (2010) reported that the genetic makeup of feral populations of American 
mink in Brittany reflected hybridization and introgression among genetically 
divergent lineages. This pattern of admixture was likely a reflection of both 
inbreeding in the farmed populations leading to divergent subpopulations that 
then escaped and also the history of introductions of captive animals from North 
America that derived from three separate N. vison subspecies (Bifolchi et al. 
2010). Thus, as with the North American native x wild hybrids, the admixed 
populations in France reflect novel genotypes due to introgressive hybridization 
between divergent mammalian lineages.

4.7.2  European Mink and Polecats

Introgression among naturally occurring species of European mustelids has also 
been detected. In particular, Cabria et al. (2011) investigated the genetic makeup 
of populations of the endangered European mink (Mustela lutreola) and the more 
numerous European polecats (Mustela putorius). By utilizing nuclear (i.e., micro-
satellite), mtDNA and Y chromosome loci, it was possible to test for both the fre-
quency and direction of introgression between these species. As with the findings 
of an earlier study in which only nuclear loci were used (Lodé et al. 2005), the 
analysis by Cabria et al. (2011) detected low levels of introgression (ca. 1 %).

The maternal and paternal genetic markers incorporated into the latter study 
also indicated that the introgression was asymmetric; ‘only pure polecat males 
mate with pure European mink females. Furthermore, backcrossing and genetic 
introgression was detected only from female first-generation (F1) hybrids of 
European mink to polecats’ (Cabria et al. 2011). The observation that only female 
F1s were contributing to later generation hybrids was taken as evidence of the role 
of Haldane’s rule (i.e., the heterogametic sex is sterile in the F1 generation—in this 
case the male hybrids; Cabria et al. 2011).

4.7.3  Polar and Brown Bears

The polar bear, Ursus maritimus, is one of the poster species of the arctic eco-
system conservation effort. As such, the reports of ancient, recent, and ongoing 
hybridization events between polar and brown/grizzly bears (Ursus arctos) have 
caused some scientists to argue that habitat loss and climate change will lead 
to more genetic exchange and thus the loss of biodiversity (Kelly et al. 2010). 
Though loss of intraspecific adaptive gene combinations is one possible outcome 
of introgressive hybridization, especially when rare and endangered forms hybrid-
ize with a more numerous species, genetic enrichment of the rare form by the 
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more numerous lineages (Arnold 1992) is another likely outcome that may ulti-
mately be advantageous. Indeed, so-called genetic rescue, whereby rare forms are 
intentionally crossed with related taxa to provide a means by which fitness can 
be increased and adaptive evolution catalyzed in genetically impoverished forms 
(e.g., see discussion of the Florida panther, below), is a model for what might take 
place in cases such as polar bear x brown bear introgressive hybridization. Often 
those who argue for protecting the genetic ‘purity’ of species do so because (even 
as rationale scientists) they have a philosophical stance that leads them to argue 
against the ‘pollution’ of a phenotype by introgression, even if such ‘contamina-
tion’ elevates the fitness of the introgressed form (Arnold 1997). In discussions of 
lineages such as U. maritimus, it should be remembered that the outcome of the 
genetic exchange may actually be that the lineages are able to adapt to a chang-
ing environment through the wholesale introduction of mutations, especially in the 
face of rapid habitat changes.

Introgressive hybridization, such as that seen between polar bears and brown 
bears (e.g., Miller et al. 2012), may be important for facilitating the long-term sur-
vival of the polar bear lineage. Recent changes in climatic conditions have led to 
rapid habitat loss and increased temperatures across the arctic. While polar bears 
are a genetically differentiated group, there is evidence that hybridization among 
brown bears and polar bears in previous glacial cycles was important for suf-
ficient genetic variation, which may have contributed to their survival (Edwards 
et al. 2011; Hailer et al. 2012). The ongoing loss of suitable habitat, in addition 
to other human-induced stressors, will impact the survival of polar bears (Hailer 
et al. 2012). Monitoring of brown bears, polar bears, and their hybrids should be 
continued as genetic exchange among these species may be informative for other 
instances of introgressive hybridization involving threatened species. For example, 
Edwards et al. (2011) in reference to the evidence for ancient mtDNA exchange 
between polar and brown bears concluded, ‘This suggests that interspecific hybrid-
ization not only may be more common than previously considered but may be a 
mechanism by which species deal with marginal habitats during periods of envi-
ronmental deterioration.’

4.7.4  Florida Panthers

As mentioned in the previous section, the Florida panther, Puma concolor coryi, is 
an example of conservation efforts that have included human-mediated reticulate 
evolution. Specifically, individuals from divergent lineages of this species (from 
Texas) were introduced into the range of the Florida panther in 1995 (Johnson 
et al. 2010). As expected from the hypothesis that introgression can result in 
elevated fitness in hybrids relative to inbred parents, F1 and backcross genotypes 
demonstrated increased survivorship as kittens, subadults, and adults (Johnson 
et al. 2010). Significantly, the elevated fitness of hybrid individuals was corre-
lated with an increase in population size of 14 % per year between 1996 and 2003 
(Johnson et al. 2010). These results suggest that hybridization and introgression, 
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involving individuals from the divergent P. concolor lineages, are helping to pull 
the Florida panther back from the brink of extinction.

4.7.5  South American Wild Cats

The Neotropical felid genus, Leopardus, consists of seven species thought to have 
evolved from a common ancestor that crossed the Isthmus of Panama into South 
America during the Pliocene (ca. 3 mya; Trigo et al. 2008). Based upon mtDNA 
sequences, a phylogenetically well-supported clade within this genus includes 
Leopardus tigrinus, L. geoffroyi, L. guigna, L. colocolo, and L. jacobita (Johnson 
et al. 1999). However, the earlier analysis of mtDNA coupled with Y  chromosome 
loci identified some discordant genotypes suggesting hybridization between  
L. tigrinus and L. colocolo (Johnson et al. 1999).

Trigo et al. (2008), using a combination of mtDNA and nuclear loci, tested the 
hypothesis of divergence-with-gene-flow among the species of Leopardus. The 
data gathered from this analysis contained a pattern indicative of past and ongoing 
introgression involving L. tigrinus, L. geoffroyi, and L. colocolo. In particular, a 
hybrid zone in southern Brazil was detected between L. tigrinus and L. geoffroyi, 
with introgression from the latter into the former species extending away from the 
zone of sympatry (Trigo et al. 2008). Furthermore, the L. tigrinus populations also 
contained mtDNA variation apparently captured through introgressive hybridiza-
tion with L. colocolo. Thus, the diversification of Leopardus into numerous evolu-
tionary lineages has involved the admixture of divergent felid lineages leading to 
complex, mosaic genomes (Trigo et al. 2008).

4.8  Artiodactyla and Divergence-with-Gene-Flow:  
Meat on the Hoof Develops Through  
Divergence-with-Introgression

4.8.1  Wild Boar and Domestic Pigs

As humans expanded their populations across the globe, they both took  previously 
domesticated companions with them and began new domestication projects. 
Most of these projects were associated with producing consumable protein. One 
of the most widely used animal protein sources has been various lineages of the 
wild and domesticated pig genus Sus. In particular, lineages of Sus scrofa from 
Europe, the Near East, and the Far East formed the basis of the current genetic 
diversity in wild and domesticated populations (Ramírez et al. 2009). An  analysis 
of Y  chromosome, mtDNA, and autosomal loci revealed genomic patterns sug-
gesting (1) two centers of pig domestication (Europe and the Far East), (2) human 
 transportation of these domesticated varieties to Africa and South America with  
(3) subsequent introgression between the domesticated lineages and the nearby 
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wild boar populations (Ramírez et al. 2009). Thus, as the domesticated and wild 
lineages of S. scrofa were adapting to human-altered and natural habitats, respec-
tively, they were simultaneously exchanging portions of their genomes. This sce-
nario is thought to at least partially explain both the lack of divergence between 
wild boar and domesticated pig populations and the high level of genetic variabil-
ity in domesticated S. scrofa (Ramírez et al. 2009).

Also consistent with the hypothesis of at least sporadic introgression between 
domesticated and wild Sus lineages (Ramírez et al. 2009), as well as between dif-
ferent wild lineages that have been introduced for hunting, are a set of popula-
tion genetic/phylogenetic analyses of wild and domesticated samples from various 
European regions. Thus, although Alves et al. (2010) and Scandura et al. (2008) 
detected very limited amounts of mtDNA introgression between domestic pigs and 
wild boar Iberian lineages and different wild boar lineages brought into contact 
by human-mediated translocation, respectively, Scandura et al. (2011) detected 
a major impact from such translocations on the island of Sardinia. In particular, 
this latter analysis produced data indicating that the subspecies of Sardinian wild 
pigs (i.e., Sus scrofa meridionalis) possessed introgressed alleles from Italian pen-
insula, central European and domesticated lineages (Scandura et al. 2011). Taken 
together, the data from the genus Sus indicate the large role humans can have in 
catalyzing periods of divergence-with-gene-flow, particularly when the organisms 
are edible.

4.8.2  Wildebeest

As Basil Fawlty points out to a difficult guest in an episode of the British sitcom, 
Fawlty Towers, there are no wildebeest sweeping majestically across the landscape 
of Torquay, England. However, these ungainly African bovids are a great example 
of reticulate evolutionary processes. In particular, during both ancient and histor-
ical periods, the two species known as the ‘blue’ and ‘black’ wildebeest—Con-
nochaetes taurinus and C. gnou, respectively—have overlapped and, especially 
during recent human-mediated perturbations, introgressed (Fabricius et al. 1988).

Ackermann et al. (2010) have recently described morphological anomalies in 
hybrid offspring relative to parental species individuals found in a hybrid wilde-
beest population collected at Spioenkop Dam Nature Reserve, KwaZulu-Natal, 
South Africa. Ackermann et al. (2010) were particularly interested in the types of 
morphological aberrations evidenced by extant hybrid populations in order to pre-
dict the types of divergent phenotypes that might be found in mammalian, hybrid 
fossils. Specifically, they detected a number of cranial features in the hybrid wil-
debeest not found in the parental species. In addition, a low frequency of dental 
anomalies was also detected in the hybrid animals.

The study of the C. taurinus and C. gnou admixed population reflected what 
could be defined as transgressive/novel phenotypic variability routinely appar-
ent in introgressed individuals. Such variability can form the basis for additional 
evolution, as these novel phenotypes sometimes reflect novel adaptations (e.g., 



271Divergence-with-Gene-Flow—What Humans and Other Mammals Got up to

see Rieseberg et al. 2003). Though Ackermann et al. (2010) achieved their main 
goal of testing whether aberrant morphological characteristics are typical of mam-
malian hybrids in general, their study also indicated the role played by introgres-
sive hybridization in generating potentially important novelties as noted in a broad 
array of plant, animal, and microorganisms (see Arnold 1997, 2006 for examples).

4.8.3  Chamois

The chamois, genus Rupicapra, has been utilized as a Homo sapiens protein 
source for hundreds of thousands of years (Rivals and Deniaux 2005). Indeed, 
chamois meat continues to be consumed by contemporary human populations 
as well (e.g., Hofbauer et al. 2006). Significantly, the interest in Rupicapra as a 
source of food has likely resulted in some of the detected patterns of both intra- 
and interspecific reticulate evolution.

Crestanello et al. (2009) argued against the inference of Rodríquez et al. (2009) 
that admixtures of highly divergent mtDNA haplotypes reflected ancient introgres-
sive hybridization during glacial cycles. Instead, the former authors concluded 
that ‘a more likely explanation for the patchy presence of pyrenaica haplotypes 
in 3 Alpine populations (WA1, EA6, and EA7) is an undocumented restocking 
or reintroduction from the Pyrenees to the Western Alps (WA1) within the last 
150 years followed by a documented introduction of descendents of these animals 
from the Western to the Eastern Alps (EA6, EA7) in the early 1970s…’ However, 
Crestanello et al. (2009) also recognized the likely affect of population expansions 
and contractions due to climatic events, rather than human translocations, to the 
admixed genetic structure of various chamois populations.

In a subsequent analysis that included sampling not only mtDNA, but also 
nuclear variation across all subspecies of Rupicapra, Rodriquez et al. (2010) again 
detected genomic signatures indicative of both ancient and more recent introgres-
sion. Thus, the chamois lineages have apparently diverged in ancient and recent 
episodes of contact and genetic exchange as predicted by a non-allopatric model 
of divergence.

4.8.4  Caribou

Caribou, the domesticated form known as reindeer in North America, has been 
used as a beast of burden, a food item, and a clothing source for ancient and 
modern human populations (Pryde 1971). The Rangifer tarandus clade consists 
of numerous morphological forms placed into a series of taxa, many of which 
overlap and introgress. For example, McDevitt et al. (2009) found discordances 
between variation at mtDNA and nuclear loci indicating the presence of a hybrid 
swarm between the barren-ground caribou (Rangifer tarandus groenlandicus) 
and the woodland caribou (Rangifer tarandus caribou). This result was surpris-
ing given that the admixed population occurs in the Rocky Mountains, hundreds 



272 M.L. Arnold et al.

of kilometers south of the range of R. t. groenlandicus (McDevitt et al. 2009). 
These results suggested that though the woodland and barren ground forms likely 
diverged in separate refugia during glacial maxima, they have subsequently over-
lapped and introgressed. Specifically, McDevitt et al. (2009) suggested ‘An ice-
free corridor at the end of the last glaciation likely allowed, for the first time, for 
barren-ground caribou to migrate from the North and overlap with woodland cari-
bou expanding from the South.’

In a subsequent analysis, Weckworth et al. (2012) confirmed the admixture 
reflecting the hybrid swarm in Alberta. Furthermore, these latter data revealed 
previously unrecognized and geographically widespread introgression in Alberta 
boreal caribou herds. As with the earlier study, the possible catalyst inferred for 
the formation of admixed individuals, populations, and ecotypes was the recession 
of glaciers after the last glacial maxima (Weckworth et al. 2012).

4.8.5  Mule Deer and Black-Tailed Deer

Pease et al. (2009) utilized a landscape genetics approach to determine the spa-
tial and ecological distribution of deer belonging to the species Odocoileus hemio-
nus (i.e., mule and black-tailed deer). The patterns of variation at the mtDNA and 
nuclear loci resulted in the definition of five divergent ecotypes within the state of 
California. This observation was a surprising one given the ability of these deer 
to move large distances. In fact, the degree of divergence in both the genetic and 
ecological characters associated with the various lineages indicated that the diver-
sification seen in this relatively small geographical area occurred recently and was 
likely caused by habitat selection (Pease et al. 2009).

One of the divisions among the five lineages detected by Pease et al. (2009) 
involved a clade consisting of deer from northwestern California and one made up 
of genotypes from the eastern, central, and southern California deer. The north-
western group was associated with the black-tailed subspecies, O. hemionus 
columbianus. However, the genetic analysis of deer from the northwestern region 
also detected a relatively high frequency (i.e., 23.5 %) of genotypes inferred to be 
of hybrid origin; the putative hybrid individuals all came from areas of sympatry 
between the mule deer (O. h. hemionus) and black-tailed deer.

Latch et al. (2011), in an analysis of genetic and ecological characteristics 
across a zone of overlap between mule deer and black-tailed deer occurring along 
the east and west slopes of the Cascade Mountains (in the states of Washington 
and Oregon), likewise detected admixture. Indeed, this analysis resulted in the 
conclusion that the area of overlap contained a hybrid swarm between these genet-
ically, morphologically, and ecologically distinct lineages (Latch et al. 2011). 
Given the substantial difference in size of individuals from these two subspecies 
(a characteristic associated with mating success) and the fact that the zone of 
overlap encompasses a strongly differentiated ecotone, the observation of exten-
sive, bidirectional introgression was surprising (Latch et al. 2011). Furthermore, 
the absence of linkage disequilibrium in the center of the zone and the random 
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association of genotypes within the area of overlap was further evidence of the 
existence of a hybrid swarm and thus ongoing divergence-with-introgression 
between these two O. hemionus subspecies.

4.9  Cetaceans and Divergence-with-Gene-Flow:  
Interspecies Sex at Sea

There are few (at least as found through our searches) examples yet reported of 
reticulate evolution in marine mammals. Some of these have been discussed previ-
ously (e.g., sea lions—see Lancaster et al. 2007). Our hypothesis is that, as with 
many animal groups, more cases may not have been detected because they are 
assumed not to occur.

Of course, if extended to non-mammalian animals, there is a wealth of exam-
ples of divergence-with-gene-flow in organisms as diverse as bivalves and sharks 
(e.g., Stuckas et al. 2009; Morgan et al. 2012; see Arnold and Fogarty 2009 for 
additional examples). However, in addition to ‘older’ studies such as those of the 
sea lions, there are examples of marine mammals that reflect reticulate evolution-
ary processes.

4.9.1  Dolphins

One group of marine mammals possessing both genomic and morphological indi-
cations of divergence-with-introgression is the clade of Delphinidae dolphins, in 
particular members of the genus Stenella. Both DNA sequences and morphology 
suggest paraphyly among the members of this genus (LeDuc et al. 1999; Kingston 
et al. 2009). Explanations given for this paraphyletic arrangement include incor-
rect taxonomic placement of the members in this genus, lack of phylogenetic reso-
lution due to a rapid radiation (thus resulting in unresolved branching patterns), 
and/or the origin of some taxa through hybridization (LeDuc et al. 1999; Kingston 
et al. 2009).

In regard to the origin of lineages through hybridization, LeDuc et al. (1999) 
suggested that the Clymene dolphin, Stenella clymene, might reflect such an evo-
lutionary history. This inference was based upon the discordance in phylogenetic 
placement of this species based on different morphological characters as well as 
morphological versus DNA sequences (i.e., mtDNA). Comparisons of the mor-
phological and molecular data thus indicated that the Clymene dolphin was more 
closely allied to Stenella longirostris or S. coeruleoalba, respectively (LeDuc et al. 
1999).

Though Kingston et al. (2009) argued against LeDuc et al.’s (1999) inference 
of a hybrid origin for S. clymene, they did so because phylogenies based upon data 
from nuclear loci did not place this species intermediate to the putative parents,  
S. longirostris and S. coeruleoalba. Instead, unlike the mtDNA data that indicated a 
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sister-species relationship between the Clymene dolphin and S. coeruleoalba, their 
nuclear loci data placed S. clymene in a clade with S. longirostris. In contrast, this 
type of phylogenetic discordance between the two molecular data sets (as well as that 
seen between morphological and molecular characters) is the pattern expected if the 
Clymene dolphin lineage has a reticulate origin (see Arnold 2006 for a discussion). 
Furthermore, Kingston et al. (2009) detection of a number of hybrid individuals 
between S. frontalis and S. attenuata indicates the potential role of divergence-with-
gene-flow such as inferred by LeDuc et al. (1999) for the Clymene dolphin species.

4.9.2  Whales

As mentioned at the beginning of this section on cetaceans, there are relatively 
few examples of marine mammal hybridization in nature. Once again, we would 
suggest that this is likely due to a lack of sampling/reporting and that as more 
molecular data are gathered, more examples of reticulate evolution will be noted. 
Regardless of whether this hypothesis is supported with additional data, various 
species of whales, like dolphins, do demonstrate interspecific introgression. For 
example, Berube and Aguilar (1998) reported a hybrid between the blue whale, 
Balaenoptera musculus, and the fin whale, Balaenoptera physalus. This was not the 
first report of hybridization between these two species leading Berube and Aguilar 
(1998) to conclude ‘Examination of data for the five fin-blue whale hybrids in the 
literature, plus other anecdotal reports, indicates that hybridization between these 
two species occurs in various geographic regions and is relatively frequent…’

A more recent report by Glover et al. (2010) noted hybrid formation between the 
two species of minke whale, the Antarctic Balaenoptera bonaerensis, which had been 
thought to occur only in the Southern Hemisphere, and the common minke whale, 
Balaenoptera acutorostrata, which is found in both hemispheres. In a genetic analy-
sis of minke whales harvested between 1996 and 2008, two individuals were detected 
that were aberrant in regard to their genetic profile and where they were harvested. 
Specifically, a B. bonaerensis individual and a hybrid individual with a mtDNA hap-
lotype from B. bonaerensis and a nuclear DNA profile from B. acutorostrata were 
harvested from the Arctic Northeast Atlantic (Glover et al. 2010). Though these two 
species had been thought to not overlap due to non-overlapping seasonal migrations to 
different poles, rare, possibly episodic, genetic exchange can and does occur.

4.10  Perissodactyla and Divergence-with-Gene-Flow: 
Horses Looking for Interspecific Love on the Range

4.10.1  Equus Ferus/Equus Caballus

Likely because we humans are fascinated with ourselves and those organisms 
with which we frequently interact, studies describing the domestication of our 
food sources, clothing sources, companions, etc., have been a main focus of 
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many research groups (see Arnold 2008 for examples). Yet, much is left to learn 
about the how, when, and where of many of the domestication events. Like 
many such research programs, the history of studies concerning the evolution 
of Equus caballus (i.e., the domestic horse) has been replete with competing 
hypotheses, especially concerning whether there was a single point of origin for 
the domestication process or alternatively many different foci of domestication 
from wild lineages.

To test explicitly the various scenarios, Warmuth et al. (2012) utilized 
nuclear, autosomal loci as the data for modeling the demographic parameters 
involved in horse domestication. Furthermore, these same data allowed infer-
ences concerning the population genetic structure of the extinct, wild pro-
genitor of E. caballus, Equus ferus. Several conclusions were reached from 
this analysis, including the inference that horse domestication occurred in the 
western Eurasian steppe (Warmuth et al. 2012). Most applicable to the topic of 
this review, however, is that this analysis detected signatures of introgression 
between populations of E. ferus and those of the domesticated horse as the latter 
expanded from the defined region of domestication. In addition, Warmuth et al. 
(2012) concluded that the high levels of mtDNA diversity detected previously in 
E. caballus suggested that the introgression derived from the capture and intro-
duction of E. ferus mares into domestic populations. They reasoned ‘Because 
stallions are inherently more difficult to handle than mares, the easiest way to 
maintain or grow herd sizes would have been to restock existing herds with wild 
females’ (Warmuth et al. 2012).

4.10.2  Equus Przewalskii/Equus Ferus/Equus Caballus

As indicated by the previous section, interactions between the domestic horse 
and E. ferus resulted in introgression between these two species. Likewise, the 
genomes of E. caballus and Przewalski’s horse, Equus przewalskii, are mosa-
ics of shared alleles. McCue et al. (2012) detected a pattern of SNP variation 
supporting this conclusion. Thus, both breeding programs designed to save  
E. przewalskii by crossing this species with the domestic horse, as well as likely 
natural overlaps between the two species resulted in the observation that ‘surviv-
ing Przewalski’s horses today are truly E. przewalskii and E. caballus hybrids’ 
(McCue et al. 2012).

The geographical pattern of the SNP variation assayed by McCue et al. (2012) 
also allowed an explicit test of where E. przewalskii and E. caballus may have 
overlapped and introgressed without direct human intervention. In this regard, 
the finding of an extremely close association of genotypes of E. przewalskii and 
those of Mongolian horse populations suggests this general region as a source of 
past introgression. Indeed, these two species are known to have overlapped in the 
region of China, Russia, and Mongolia (see McCue et al. 2012 for a discussion of 
this topic as well as additional references).
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4.11  Chiroptera and Divergence-with-Gene-Flow:  
Hanging Around with Hybridizing Bats

4.11.1  Artibeus

Like shrews, the bat clade has been a focus of researchers interested in decipher-
ing evolution catalyzed by chromosomal rearrangements. In particular, Baker, 
Bickham, and their colleagues have carried out numerous, wonderfully detailed 
analyses aimed at understanding how evolutionary diversification may have been 
influenced by the structural reorganization of the genome (e.g., Hoffmann et al. 
2003; Baird et al. 2009). A recent analysis by these workers has also pointed to the 
role that reticulate evolution has played in the origin of new species.

Larsen et al. (2010) collected molecular (nuclear and mtDNA) and morpho-
logical data from both mainland South America and Caribbean species of the 
Neotropical bat genus Artibeus. All seven recognized Caribbean species were 
analyzed. From the analysis of these island taxa, a zone of hybridization and 
introgression was detected among Artibeus jamaicensis, A. planirostris, and  
A. schwartzi; the hybrid zone extended north to south across the island chain from 
St. Lucia to Grenada (Larsen et al. 2010). Interestingly, not only did the data sup-
port admixture among these three Artibeus species, but also a hybrid origin for 
A. schwartzi. The findings supporting this latter hypothesis were that this species 
had (1) a nuclear genome made up of alleles from A. jamaicensis and A. plani-
rostris, (2) mtDNA haplotypes from another, as yet unidentified, lineage, and (3) 
an apparently transgressive morphology that did not overlap with that of either 
A. jamaicensis or A. planirostris (Larsen et al. 2010). Thus, ongoing and ancient 
divergence-with-gene-flow characterizes at least the Caribbean Island lineages of 
this Neotropical bat genus.

4.11.2  Rhinolophus/Nyctimene

As with the inference of hybrid speciation and introgressive hybridization by 
Larsen et al. (2010) in Neotropical bats, Old World chiropteran clades also dem-
onstrate genomic signatures of reticulate evolution. Two such assemblages are the 
horseshoe bat and tube-nosed fruit bat species complexes belonging to the gen-
era Rhinolophus and Nyctimene, respectively. For both of these clades, divergence 
accompanied by introgressive hybridization was inferred from discordant phylo-
genetic patterns derived from different data sets. As reviewed elsewhere (Arnold 
1997, 2006), phylogenetic discordance of this type has been used as one of the 
main indicators of potential divergence-with-gene-flow.

In the case of the horseshoe bats, samples of individuals were collected across 
the area in which taxa overlap. Mitochondrial DNA sequences from these samples 
resolved phylogenetic trees concordant with expected taxonomic placements of 
individuals of the sibling species, Rhinolophus yunanensis and R. pearsoni, but not 
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of the two subspecies of R. pearsoni (i.e., R. p. pearsoni and R. p. chinensis; Mao 
et al. 2010). Contrasting with the mtDNA results, nuclear gene sequences—as 
expected from taxonomic considerations—resulted in phylogenetic trees placing 
individuals of the two subspecies into separate clades. However, sequences from 
these same genes resolved a clade containing R. yunanensis and R. p. pearsoni, 
separate from R. p. chinensis (Mao et al. 2010). Taken together, the sequence data 
and taxonomic placement of the Rhinolophus species and subspecies suggested 
ancient male-mediated gene flow between R. pearsoni and R. yunanensis and past 
or contemporaneous asymmetric introgression of mtDNA from R. p. chinensis into 
R. p. pearsoni (Mao et al. 2010).

Samples of tube-nosed fruit bats from the eastern Indonesian archipelago 
islands known as the Moluccas were screened for both mtDNA and nuclear 
markers. Though three species had been recorded from these islands based upon 
morphological characters, the genetic analyses indicated the presence of only 
Nyctimene cephalotes and N. albiventer (Newbound et al. 2008). Yet, the two 
genetic data sets also were in conflict regarding which of the six islands sampled 
were occupied by these two species. The nuclear markers placed N. albiventer on 
Wokam Island, with N. cephalotes occurring on the other five islands. In contrast, 
mtDNA sequences clustered into two very divergent clades, one including the bats 
from Wokam and Yamdena Islands and the other the individuals from the remain-
ing four islands (Newbound et al. 2008).

The discordant patterns obtained from the nuclear and mtDNA data for the 
tube-nosed fruit bats as pointed out by Newbound et al. (2008) could be explained 
by either retention of ancestral polymorphisms (i.e., incomplete lineage sorting) 
or, alternatively, by introgressive hybridization between N. cephalotes and N. albi-
venter. Given the large nuclear sequence divergence, the geographic distribution 
of genetic variation, and the estimated divergence times between the two spe-
cies, Newbound et al. (2008) concluded that the most likely explanation for the 
observed discordance between the genetic data sets was a single mtDNA intro-
gression event from N. albiventer into N. cephalotes.

4.12  Primates and Divergence-with-Gene-Flow:  
Lemurs, Monkeys, Apes and What the Parrot Saw

The primate clade in general is a rich source of examples of reticulate evolution 
(Arnold and Meyer 2006; Arnold 2008). This may seem surprising to those who 
hold to the neo-Darwinian paradigm of allopatric speciation and the biological 
species concept, coupled with the intuition that primates should have well-devel-
oped behaviors that keep them from making such ‘mistakes’ as breeding with 
members of another, divergent lineage. In fact, like canids, ducks, and numerous 
other animal clades, members of Primates seem to have a particular propensity 
for intertaxa matings (Jolly 2001; Arnold 2006, 2008; Arnold and Meyer 2006).  
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In the following sections, we will illustrate the role of hybridization, introgression, 
hybrid speciation, etc., in groups from lemurs to Old World apes. Yet, as with most 
of the other mammalian groups we discuss, we will only scratch the surface of 
species complexes that could be included. As one example of this, only Old World 
clades will be discussed even though there are data indicating the occurrence of 
reticulate evolution in a variety of New World clades as well (e.g., Bicca-Marques 
et al. 2008).

4.12.1  Lemurs

The diversity of lemuriforms on the island continent of Madagascar is truly 
astounding. For example, Mittermeier et al. (2008) listed five families, 15 genera, 
and 99 species and subspecies of lemurs. Amazingly, their list included 39 species 
described since 2000. Significantly, these workers also recognized a series of spe-
cies and subspecies known to have formed hybrid zones (Mittermeier et al. 2008).

Because many of the lemur lineages have been shown to be associated with 
specific habitats, with ecotones defining the margins of their distributions, it has 
been concluded that selection due to environmental parameters has played a signif-
icant role in the radiation of this clade (Rakotondranary et al. 2011). As with any 
divergence due to habitats (Endler 1973, 1977), radiations catalyzed by environ-
mental gradients would be likely to reflect gene flow during divergence across the 
ecotonal habitats. As predicted by Endler (1973, 1977) and Moore (1977), some 
cases of hybridization between lemur species occupying different ecological set-
tings may have resulted in stabilized hybrid lineages adapted to the ecotonal envi-
ronment (e.g., Delmore et al. 2011).

In addition to putative stabilized hybrid lineages in ecotonal regions, genetic 
exchange outside of the areas of overlap and into the parental taxa has been docu-
mented for a number of the instances of lemur hybridization. For example, both 
Gligor et al. (2009) and Pastorini et al. (2009) reported introgressive hybridization 
between lemur species. In the first of these studies, individuals from outside and 
within an ecotonal zone of overlap between mouse lemur species (Microcebus gri-
seorufus and M. murinus) were characterized for morphological characters as well 
as mtDNA and nuclear genetic markers. These data indicated that most individuals 
within the area of sympatry were admixtures of the M. griseorufus and M. muri-
nus genomes/morphological traits (Gligor et al. 2009). Furthermore, introgression 
outside of the hybrid zone was indicated by a sharp transition of mtDNA varia-
tion at the ecotone edge, but a broader cline across the ecotonal boundaries for 
the nuclear markers. Taken together, these results were consistent with a lack of 
mtDNA introgression and the occurrence of asymmetric, male-mediated nuclear 
introgression from M. griseorufus into M. murinus (Gligor et al. 2009).

In contrast to the asymmetric introgression detected for the mouse lemurs, 
mtDNA and nuclear genetic variation across a hybrid zone between the mongoose 
lemur (Eulemur mongoz) and brown lemur (Eulemur fulvus) led to the inference 
of bidirectional genetic exchange. Pastorini et al. (2009) found that both nuclear 
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and mtDNA markers diagnostic for each of the two species also occurred at var-
ying frequencies in individuals of the alternate species in areas near, or within, 
regions of sympatry. Though alleles from E. mongoz were detected in E. fulvus 
as were nuclear and mtDNA markers from E. fulvus detected in E. mongoz, there 
was evidence that introgression may have occurred at a greater frequency from the 
mongoose lemur into the brown lemur. For example, all eight of the E. fulvus indi-
viduals from a region of sympatry possessed either nuclear alleles or mtDNA hap-
lotypes characteristic of the mongoose lemur (Pastorini et al. 2009). The pattern 
and frequency of the mtDNA and nuclear introgression between the brown and 
mongoose lemurs suggested to Pastorini et al. (2009) that past and contemporane-
ous reticulate evolution had impacted these two species. More importantly, they 
also concluded ‘Introgressive hybridization may hasten speciation and allow rapid 
ecological adaptation of taxa, hence be one of the driving forces for the adaptive 
radiation of lemurs in Madagascar’ (Pastorini et al. 2009).

4.12.2  Rungwecebus Kipunji

The kipunji, originally recognized in 2005 as a new species, Lophocebus kipunji, 
was subsequently—based upon a unique set of morphological characteristics and 
ecological associations, along with nuclear and mitochondrial gene sequences—
elevated to generic status, i.e., Rungwecebus kipunji (Davenport et al. 2006).

Though the elevation of the kipunji to generic status was originally met with 
some skepticism by primatologists, subsequent morphological analyses have sup-
ported this taxonomic revision. For example, phenetic and phylogenetic analy-
ses of morphological traits have provided evidence indicating that the phenotype 
possessed by R. kipunji is unique, yet also reflects this taxon’s close evolution-
ary affinity to Papio, Lophocebus, and Theropithecus (Singleton 2009; Gilbert 
et al. 2011). The inferences drawn from these morphological analyses, and the 
original molecular data (Davenport et al. 2006), suggesting the uniqueness and 
phylogenetic placement of R. kipunji relative to other Old World primate genera 
also were in accord with the findings of a study that included the collection of 
DNA sequences from a range of autosomal, X chromosome, Y chromosome, and 
mtDNA loci (Olson et al. 2008). Significantly, this latter analysis resolved a sister-
lineage relationship between Rungwecebus and the baboon genus, Papio, rather 
than with the genus Lophocebus (the genus in which the kipunji was originally 
placed; Olson et al. 2008).

Given the findings of Zinner et al. (2009) and Burrell et al. (2009), the indica-
tion of the sister-genus relationship between baboons and R. kipunji is telling. In 
particular, both of these analyses, which sampled widely from the geographical 
distribution of Papio, found that rather than being a sister lineage, Rungwecebus 
clustered within the baboon clade. This result indicated that, like other Old World 
monkeys, such as macaques and indeed many members of the genus Papio (e.g., 
Stevison and Kohn 2009; Osada et al. 2010; Jolly et al. 2011), the evolutionary 
history of the kipunji included episodes of divergence-with-gene-exchange.
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Though their findings were concordant with one another, leading to the infer-
ence of reticulate processes during the evolution of the R. kipunji, Burrell et al. 
(2009) and Zinner et al. (2009) drew somewhat different conclusions. The former 
authors inferred a hybrid speciation event in the origin of the kipunji, occurring 
ca. 650,000 ya and involving crosses between female Papio and male Lophocebus 
individuals (Burrell et al. 2009). In contrast, because they found that the phyloge-
netically most closely related Papio lineages to Rungwecebus were also the closest 
geographically, Zinner et al. (2009) inferred asymmetric introgression of mtDNA 
from baboons into the kipunji. Regardless of whether the event is ancient or more 
recent, this newly recognized genus of African monkey has an admixed genome 
consisting of elements from different genera.

4.12.3  Colobines

As highlighted by Messier and Stewart (1997) ‘…colobine Old World monkeys 
are unique among the primates in having a complex foregut in which bacteria fer-
ment leafy plant materials, followed by a true stomach that expresses high levels 
of the bacteriolytic enzyme, lysozyme.’ This clade of primates, throughout their 
geographic distribution in Africa and Asia, also contains a number of taxa that 
reflect ancient and more recent genetic exchange.

Discordances in phylogenetic trees derived from different molecular data sets 
(e.g., Ting et al. 2008), but which only reflected a portion of the extant taxa, led 
Roos et al. (2011) to undertake an extensive phylogenetic analysis involving all 
colobine genera. Furthermore, these workers utilized an array of molecular mark-
ers, including insertion sites of transposable elements as well as sequence data 
from mitochondrial, autosomal, X chromosome, and Y chromosome loci. From 
the extensive taxon and genomic samples, it was possible to test rigorously for the 
effect of various processes in the evolution of the colobine lineages—including 
that of divergence-with-gene-flow. In this regard, though Roos et al. (2011) recog-
nized the potential contributions of such processes as insufficient data and incom-
plete lineage sorting, they argued for a major role of introgressive hybridization in 
causing the observed phylogenetic discordances. For the African colobine clade, 
the phylogenetic results suggested a female-based introgression event with genes 
moving from Piliocolobus/Procolobus into Colobus (Roos et al. 2011). In contrast, 
within the Asian colobine radiation, a hypothesis of male-mediated introgression 
from Semnopithecus into Trachypithecus—followed by backcrossing resulting 
in nuclear swamping—was favored (Roos et al. 2011). Regardless of the specific 
events, the colobine evolutionary pathway apparently involved reticulation.

In light of the findings by Roos et al. (2011), it is significant that a series of 
earlier studies by Karanth and his colleagues (Karanth 2008, 2010; Karanth 
et al. 2008) concluded that the Asian colobine clade showed evidence of ancient 
hybrid speciation leading to the origin of the golden leaf monkey (Trachypithecus 
geei) and capped leaf monkey (Trachypithecus pileatus). Karanth et al. 
(2008) summarized these results in the following manner: ‘The phylogenetic 
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position of the capped and golden leaf monkeys remains unresolved. It is clear 
from both nDNA and mtDNA data that these two species are closely related. 
However, the mtDNA…tree strongly suggests that they belong to the India clade 
(Semnopithecus), whereas the nuclear encoded lysozyme gene suggests that they 
may belong to the SE Asian clade (Trachypithecus). Interestingly, these two spe-
cies are distributed in an area that is sandwiched between the distributions of 
Semnopithecus and Trachypithecus.’ It would thus seem likely that not only has 
ancient and contemporaneous genetic exchange led to admixed genomes, but that 
such admixture has also led to new colobine lineages.

4.12.4  Gorilla

The genus Gorilla contains the sister taxa to both chimpanzees and humans. As 
with Pan and most other non-human primates, all of the lineages within this clade 
are endangered mainly due to the actions of its sister-genus, Homo. Divided into 
eastern and western species, containing two subspecies each (i.e., Gorilla ber-
ingei beringei/Gorilla beringei graueri and Gorilla gorilla gorilla/Gorilla gorilla 
diehli, respectively (see Ackermann and Bishop 2010 for references)), these 
primates are rapidly being lost due to habitat destruction and market hunting 
(http://www.iucnredlist.org). Also, as with many other primates, these close evolu-
tionary allies of our own species tell of past and recent intertaxa genetic exchange.

Recently, the whole genome of a G. g. gorilla individual, along with a partial 
genome sequence for a second western gorilla as well as a G. b. graueri individ-
ual, was reported (Scally et al. 2012). Comparisons of these genome sequences 
revealed a deep divergence between the western and eastern species occurring ca. 
1.75 mya. Notwithstanding the significant genetic distinctiveness of G. beringei 
and G. gorilla, the species evidently diverged non-allopatrically. Indeed, Scally 
et al. (2012) estimated an exchange of 0.2 individuals per generation in each direc-
tion over the past 500,000 years, for a total rate of migration (i.e., reflecting intro-
gression) of 5000 animals.

As discussed in a previous section, Ackermann and her colleagues have led 
the way in deciphering the morphological anomalies expected in extant hybrid 
mammals and thus in fossils of hybrid origin (e.g., Ackermann 2010). With 
regard to gorilla lineages, Ackermann and Bishop (2010) utilized both phe-
notypic and genotypic data to test for gene flow and introgression within and 
between the various taxa, respectively. Significantly, these authors detected 
genetic exchange at all taxonomic levels from within subspecies to between 
G. beringei and G. gorilla (Ackermann and Bishop 2010). Furthermore, there 
was directionality to gene flow among the populations of the western spe-
cies and between the western and eastern species; genes moved from west to 
east between populations of G. gorilla and from G. gorilla into G. beringei. 
Likewise, there was asymmetric introgression from the eastern lowland gorilla 
(G. b. graueri) into the mountain gorilla (G. b. beringei; Ackermann and Bishop 
2010). These findings, along with those from the morphological analyses, 

http://www.iucnredlist.org
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indicate dispersal and admixture among divergent lineages of Gorilla resulting 
in taxonomic confusion, particularly for the relatively highly admixed eastern 
lowland subspecies (Ackermann and Bishop 2010).

4.12.5  Pan—Bonobos and Common Chimpanzees

A number of authors have tested the hypothesis of no divergence-with-gene-flow 
between the common chimpanzees and bonobo (i.e., Pan troglodytes and P. panis-
cus, respectively)—the species considered closest to the human lineage (Gagneux 
2004). The results of some of these tests have produced conflicting conclusions, 
with more studies concluding no introgression between these lineages as they 
diverged from a common ancestor (see Arnold 2008 for earlier analyses).

Wegmann and Excoffier (2010) utilized 265 microsatellite loci along with 
sequences from 26 unlinked, intergenic regions from common chimpanzees and 
bonobos as the data for an approximate Bayesian computation analysis. This anal-
ysis was designed to infer the evolutionary history of the genus Pan. As a part of 
this inference exercise were tests for divergence-with-introgression between the 
various chimpanzee subspecies and between the chimpanzee and bonobo line-
ages. With regard to gene flow between the diverging lineages that would, respec-
tively, give rise to the common chimp and bonobo, Wegmann and Excoffier (2010) 
inferred that ‘…this divergence appears to have been very progressive with the 
maintenance of relatively high levels of gene flow between the ancestral chimpan-
zee population and the bonobos.’

An example of a recent analysis that inferred a lack of genetic exchange 
between the bonobo and common chimpanzee (or their progenitor lineages) was 
that of Prüfer et al. (2012). These authors reported the sequencing and assembly 
of the P. paniscus genome and its comparison to the genomes of P. troglodytes 
and H. sapiens. Though the major emphasis of their analysis was to under-
stand shared and distinctive genomic regions between these three taxa that may 
help elucidate phenotypic evolution, their analyses also allowed tests for both 
incomplete lineage sorting and introgressive hybridization. Unlike the earlier 
study of Wegmann and Excoffier (2010), Prüfer et al. (2012) found a lack of 
allele sharing and thus concluded that there was ‘…no indication of preferential 
gene flow between bonobos and any of the chimpanzee groups tested. Such a 
complete separation contrasts with reports of hybridization between many other 
primates. It is, however, consistent with the suggestion that the formation of 
the Congo River 1.5–2.5 million years ago created a barrier to gene flow that 
allowed bonobos and chimpanzees to evolve different phenotypes over a rela-
tively short time.’ In this context, it should be noted that Patterson et al. (2006) 
inference of a ‘complex speciation’ event involving introgression between 
proto-chimp and proto-human lineages (possibly around 6 mya) catalyzed a 
series of publications arguing against reticulation between these sister lineages 
as well (e.g., see Wakeley 2008; Presgraves and Yi 2009; Hvilsom et al. 2012; 
Yamamichi et al. 2012).
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4.12.6  Pan—Common Chimpanzee Subspecies

As mentioned in the previous section, Wegmann and Excoffier (2010), in addition 
to testing for gene flow between the diverging bonobo and common chimpanzee 
lineages, tested for introgression among the various chimpanzee subspecies as 
well. Using the same microsatellite and sequence data, these authors were able 
to infer multiple instances of genetic exchange during the evolutionary history 
of P. troglodytes (Wegmann and Excoffier 2010). In particular, ancient migration 
(i.e., introgression) events were detected between the eastern (Pan troglodytes 
schweinfurthii) and central (Pan troglodytes troglodytes) and central and western 
(Pan troglodytes verus) subspecies (see also Caswell et al. 2008). Likewise, recent 
migration between the central and eastern subspecies was inferred. Similarly, a 
fourth subspecies, Pan troglodytes ellioti, whose geographic distribution extends 
from southern Nigeria to western Cameroon, is thought to form a contemporary 
hybrid zone with P. t. troglodytes (Gonder et al. 2011).

Interestingly, the ancient introgression between P. t. troglodytes and P. t. verus 
was strongly asymmetric with genes moving from the latter into the former sub-
species (Wegmann and Excoffier 2010), a result agreeing with inferences by Hey 
(2010). However, Hey’s (2010) inference was that the unidirectional introgressive 
hybridization had actually occurred from the western subspecies into the lineage 
that gave rise to both the eastern and central subspecies. It seems possible that this 
‘single’ event might explain both the western–central and western–eastern migra-
tion events detected by Wegmann and Excoffier (2010).

4.12.7  Homo

Much has been written about the likelihood of introgressive hybridization between 
H. sapiens and other, archaic, species of Homo. Indeed, it is arguable that writ-
ings on this topic have been responsible for the decimation of numerous tropical 
forests harvested for paper pulp. For example, Jolly (2009), in a review of one of 
the senior author’s books (Arnold 2008), took exception to the author’s arguments 
for introgression between humans and their archaic sister taxa. He indicated this in 
the following way: ‘By insisting, against the weight of evidence, that H. sapiens 
“must have” interbred with other human species, Arnold misses the opportunity 
to discuss the interesting paradox in these findings and the many questions arising 
from it. Hybridization among nonhuman primates and other mammals suggests 
that H. sapiens was, more likely than not, interfertile with any other member of 
the genus Homo, certainly including Homo neanderthalensis. Yet no recognizable 
genetic evidence for reticulation seems to exist’ (Jolly 2009).

Jolly might be excused for such a strong stance given that the most recent stud-
ies—based upon whole-genome sequencing of archaic lineages (Green et al. 2010; 
Reich et al. 2010; Meyer et al. 2012)—were not available. However, a wealth of 
data was available previous to 2008, leading many workers other than Arnold to 
the inference of divergence-with-gene-flow affecting humans and related taxa 
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(e.g., Ackermann et al. 2006; Hayakawa et al. 2006; Evans et al. 2006; Templeton 
2007). Even more so at this time, to use Jolly’s (2009) phraseology, we would 
have to argue ‘against the weight of evidence’ to infer a lack of divergence-with-
introgression in the evolution of various Homo species.

It is important to note, however, that some recent analyses have agreed with 
an inference of no admixture between anatomically modern and archaic lineages 
from this genus. For example, Ghirotto et al. (2011), from an analysis of only 
mtDNA sequences from modern humans and Neanderthals, argued for a lack of 
introgression. Thus, there was no clustering of archaic and modern samples as 
might be expected given divergence-with-gene-flow as H. sapiens spread from 
its African point of origin (Ghirotto et al. 2011). Likewise, Blum and Jakobsson 
(2011) using 20 autosomal and 20 X-linked loci sequenced from extant human 
populations inferred a lack of genetic exchange between archaic and modern lin-
eages. Specifically, these authors argued that the presence of ‘ancient’ alleles in 
present-day humans could be best explained by the demographic parameters of 
migrating H. sapiens rather than by introgression between this species and its sis-
ter taxa such as H. neanderthalensis (Blum and Jakobsson 2011; see also Eriksson 
and Manica 2012 for a similar inference; but see Wall et al. 2009; Alves et al. 
2012; Yang et al. 2012 for a contrasting inference). Finally, Schwartz and Tattersall 
(2010) argued from fossil data that the range of variation in modern forms was 
more likely due to developmental variation rather than interbreeding between 
archaic and modern species (but see Ackermann 2010).

Notwithstanding the above arguments for replacement-without-introgression of 
archaic Homo lineages by the wave of advancing H. sapiens, to date there have 
been numerous data sets produced that falsify this hypothesis. Many of the earlier 
studies (i.e., before 2008) are discussed in Arnold (2008). Yet, some of the most 
powerful data sets—including the comparison of genes and whole genomes from 
both extant and extinct species of Homo—appeared in the subsequent five years 
(see Wood and Baker 2011 for a review). Thus, although modeling of the patterns 
of genetic variation found between genomes of archaic and anatomically modern 
lineages suggest restricted introgressive hybridization, possibly due to behavioral 
differences and/or low hybrid fitness (Currat and Excoffier 2011), such genetic 
exchange has been detected.

Recent analyses by Michael Hammer and his colleagues (in which they sur-
veyed genomic variability in extant human populations) have supported the 
hypothesis of introgression from archaic species into H. sapiens. In particular, 
Hammer et al. (2011) and Mendez et al. (2012) detected genomic signatures of 
ancient alleles apparently introgressed from extinct species of Homo into the 
genomes of modern-day humans distributed in Africa and Melanesia, respec-
tively. In the first of these analyses, the pattern of admixture was similar to that 
seen previously for Eurasian populations, but in this instance, the ancient alleles 
were exchanged between archaic and modern lineages living exclusively in 
Africa (Hammer et al. 2011). Likewise, Lachance et al. (2012) and Schlebusch 
et al. (2012) also detected patterns of genomic variation indicative of intro-
gression among various Homo lineages. As with Hammer and his colleagues,  



285Divergence-with-Gene-Flow—What Humans and Other Mammals Got up to

Lachance et al. (2012)—in an analysis of African hunter-gather  populations—
inferred archaic species x H. sapiens hybridization resulting in  introgressed 
genomes belonging to Pygmy, Hadza, and Sandawe lineages. The analysis 
reported by Schlebusch et al. (2012) also provided evidence for introgression 
among African populations and indeed suggested a role for adaptive trait transfer 
(i.e., pigmentation genes). Specifically, there appears to have been introgression 
from southern African Bantu-speakers into the Nama resulting in the transfer and 
subsequent selection of alleles that provided greater UV protection for members 
of the recipient lineage (Schlebusch et al. 2012). All the cases of introgressive 
hybridization in African populations would have been facilitated by the cohabi-
tation of various lineages of this clade (both archaic and anatomically modern) 
across long periods of time (Arnold 2008).

The detection by Mendez et al. (2012) of high similarity to an archaic haplo-
type (i.e., ‘Denisovan’ haplotype; Reich et al. 2010) and linkage disequilibrium in 
Melanesian populations of an ca. 90 kb stretch of DNA associated with the innate 
immune gene OAS1 falsified the hypothesis of no introgression from an archaic lin-
eage into Melanesian H. sapiens. These results substantiated those of Rasmussen 
et al. (2011) who detected a higher level of similarity between an Aboriginal 
Australian’s genome sequences and those of Denisovans relative to Neanderthal 
also suggesting introgression from the former archaic lineage into a ‘Melanesian’ 
lineage of H. sapiens. Significantly, a portion of the divergence-with-gene-flow 
events has apparently resulted in adaptive trait introgression. In this regard, Abi-
Rached et al. (2011) inferred that HLA-B*73 of the major histocompatibility com-
plex represented an introgressed allele from the Denisovan lineage. Furthermore, 
more than half the HLA alleles of modern Eurasians appear to have been donated 
by archaic sister lineages, with the high frequency in extant H. sapiens populations 
reflecting the significance of adaptive introgression of archaic alleles in the evolu-
tion of the human immune system (Abi-Rached et al. 2011).

Most of the studies discussed in this section (at least those since 2010) have 
compared their sequence/genotype data sets to the draft genome sequences taken 
from the DNA isolated from fossils of H. neanderthalensis and its sister taxon 
known as the Denisovans (Green et al. 2010; Reich et al. 2010, respectively). The 
work by Pääbo and his colleagues has thus revolutionized the way in which many 
of the long-standing hypotheses concerning human evolution—including adap-
tive evolution in the human lineage versus sister taxa such as chimpanzees and 
gorillas—can be tested. In the context of the subject of this review, these whole-
genome data sets have once and for all given a means by which the hypothesis of 
no introgression during the evolution of Homo lineages can be tested rigorously. 
Indeed, the reports of the genome sequences of Neanderthals and Denisovans 
included a description of the pattern of genetic variation in these archaic genomes 
and those of extant humans that indicated on the one hand introgression from 
Neanderthals into Eurasian H. sapiens (Green et al. 2010) and on the other, intro-
gression from Denisovans into Melanesian H. sapiens lineages (Reich et al. 2010; 
Meyer et al. 2012). In short, these data falsify the hypothesis of simple replace-
ment of archaic forms by our species and instead favor a scenario of mutual 
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attraction and genetic exchange leading to a human genome that is a mosaic of 
recent and ancient DNA sequences (Pääbo 2003).

5  Divergence-with-Gene-Flow—What Have We Learned 
and Where Might We Go from Here?

In retrospect, it would seem intuitively obvious that the dynamic, somewhat 
cyclical, and rapid (in evolutionary timescales) nature of environmental fluctua-
tion would also lead to dynamic, somewhat cyclical, and rapid geographic range 
changes in diverging lineages. This should, in turn, have led to repeated opportuni-
ties for genetic exchange as the ranges of related—and not so related—organisms 
overlapped spatially and temporally. The conclusion then reached from this infer-
ence is that speciation that can be referred to as ‘allopatric’ is much less likely than 
what could be called ‘parapatric’ or ‘sympatric’. Once again, it seems surprising 
that the canalization of evolutionary thought resulting from the Modern Synthesis 
would have formed such an impervious barrier to the investigation of how specia-
tion may have occurred, at least with regard to the possibility of genetic exchange 
accompanying divergence. That this mind-set has carried through to the present 
time is evidenced by treatises such as that by Coyne and Orr (2004). The degree to 
which the support of both allopatric speciation and the biological species concept 
has rested on verbal arguments rather than data are also puzzling, leading one of 
us to argue that such inferences rest as much (or more) on philosophical rather 
than scientific grounds (Arnold 1997, 2006, 2008). If nothing else, the above 
examples of mammalian reticulate evolution, spanning large time periods and the 
most diverse clades, point to the fact that it was incorrect to conclude that hybridi-
zation played an unimportant role in animal evolution (Mayr 1963).

Thankfully, the data sets, along with a younger generation of scientists ame-
nable to challenging the status quo hypotheses, are now available. The mass of 
genomic information being produced is staggering, but more is needed for whole 
clades of organisms such as those produced for the mammalian lineages discussed 
above. As such data become available, it will become more imperative that analy-
ses that allow tests of reticulate versus bifurcating divergence, and that can man-
age enormous amounts of sequence information, continue to be developed. These 
types of data sets and analyses will indeed catalogue the frequency of genetic 
exchange events during the divergence of lineages. Of more importance, they will 
also allow tests of hypotheses of ‘hybrid speciation’ and ‘adaptive introgression’ 
thereby adding to our understanding of the affect of genetic exchange on both bio-
diversity and adaptive evolution. Indeed, such analyses have already been under-
taken as reflected, for example, in the analyses of our own genus, the mice that 
we battle as pests, and the hares that provide us with food. These studies, incor-
porating as they have, the methodologies of coalescence, population genetics and 
genomics and ecological genetics have provided the most rigorous set of tests to 
date of the hypothesis of divergence-with-gene-flow.
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As important as the data and data analysis methodologies will be in moving the 
study of speciation into areas not encouraged previously, philosophical changes will 
also be essential. Thus, students will need to continue to be exposed to hypotheses 
such as those found in Anderson (1949), Anderson and Stebbins (1954), Arnold 
(1992, 1997), Rieseberg et al. (2003), Seehausen (2004), and Arnold et al. (2012) to 
name but a few. Such exposure will prevent a continued canalization of how studies 
of speciation and evolutionary biology are pursued. This will then hopefully push 
our field of study into arenas that we do not yet perceive. This can only be a good 
thing given what has already been achieved in the past two decades in advancing our 
understanding of the pervasiveness of divergence-with-gene-flow.
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Glossary

Allopatric divergence Independent evolution of populations that are completely geographically 
separated (Mayr 1942)

Allopolyploid hybrid speciation Hybrid speciation in which the stabilized hybrid lineage has 
an increase in chromosome number by one or more entire haploid set compared to the paren-
tal taxa (Stebbins 1947)

Allozymes Any of the variants of an enzyme that are determined by alleles at a single genetic 
locus (http://www.merriam-webster.com/medical/allozyme)

Biological species concept Species whose members include ‘a group of actually or potentially 
interbreeding populations’ (Dobzhansky 1937; Mayr 1942) 

Coalescent analysis Genealogical methodology for determining the most recent common ances-
tral state of a gene, thus allowing the dating of evolutionary events such as introgression 
(Good et al. 2008)

Divergence-with-gene-flow Evolution of diverging populations with some amount of continued 
genetic exchange between them (Feder et al. 2012)

Ecotone A transitional area of vegetation between two different plant communities (http://www.
britannica.com/EBchecked/topic/178617/ecotone)

Ecotype A population of a species that survives as a distinct group through environmental selec-
tion (http://www.merriam-webster.com/dictionary/ecotype)

Homoploid hybrid speciation Hybrid speciation in which the stabilized hybrid lineage has the 
same (or very similar) number of chromosomes as the parental taxa (Rieseberg 1997)

Hybrid swarm A group of hybrid individuals between divergent taxa often includes multiple 
generations of hybrid offspring and thus a great deal of phenotypic and genetic diversity 
(Grant 1981)

http://www.merriam-webster.com/medical/allozyme
http://www.britannica.com/EBchecked/topic/178617/ecotone
http://www.britannica.com/EBchecked/topic/178617/ecotone
http://www.merriam-webster.com/dictionary/ecotype
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Hybrid zone Two populations of individuals that are distinguishable on the basis of one or more 
heritable characters overlap spatially and temporally and cross to form viable and at least 
partially fertile offspring (Arnold 1997)

Introgressive hybridization (introgression) Transfer of genetic material from one lineage to 
another through repeated backcrossing (Anderson and Hubricht 1938)

Neo-Darwinian (modern) synthesis The reconciling of Darwinian evolutionary theory with 
genetics using data from genetics, systematics, and paleontology (Futuyma 2009)

Next-generation sequencing Highly automated DNA sequencing technologies that generate 
large amounts of sequence data (Metzker 2010)

Parapatry Populations of taxa whose ranges are adjacent and overlap only along a narrow 
region (Futuyma 2009)

Restriction fragment length polymorphisms DNA fragments that vary in length due to differ-
ences in the location of restriction endonuclease cut sites (Avise 1994)

Reticulate evolution Evolution that includes genetic exchange between divergent lineages 
(Arnold 2006)

Retrovirus Single-stranded RNA viruses that produce reverse transcriptase by means of which 
DNA is produced using their RNA as a template and incorporated into the genome of 
infected cells (http://www.merriam-webster.com/dictionary/retrovirus)

Sympatry Populations of taxa occur in the same geographic region (Futuyma 2009)
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Abstract This chapter presents symbiogenetic multiset genetic algorithm 
(SMuGA), an integration of symbiogenesis with the multiset genetic algorithm 
(MuGA). The symbiogenetic approach used here is based on the host–parasite 
model with the novelty of varying the length of parasites along the evolutionary 
process. Additionally, it models collaborations between multiple parasites and a 
single host. To improve efficiency, we introduced proxy evaluation of parasites, 
which saves fitness function calls and exponentially reduces the symbiotic col-
laborations produced. Another novel feature consists of breaking the evolution-
ary cycle into two phases: a symbiotic phase and a phase of independent evolution 
of both hosts and parasites. SMuGA was tested in optimization of a variety of 
deceptive functions, with results one order of magnitude better than state-of-the-
art symbiotic algorithms. This allowed to optimize deceptive problems with large 
sizes and showed a linear scaling in the number of iterations to attain the optimum.

Keywords Genetic algorithm · Multisets · Symbiogenesis · Deceptive optimization  
problems

1  Introduction

Computational models of coevolution can be used to study both natural  settings 
and artificial scenarios. Moreover, they can solve optimization problems. 
Computational models are an effective tool configurable to model different types 
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of multi-species evolution: parasitism, commensalism, mutualism, and cooperative 
interactions. Competitive multi-species evolution has been useful in optimization 
applications as it provides better results when compared to a single problem-solver 
population. Coevolution of a solver population with a problem creator population 
pushes both populations to increasingly better solutions, a phenomenon called 
arms-race (Rosin and Belew 1997).

On the other hand, symbiosis is a form of cooperative coevolution, which has 
been gaining relevance in biology (Daida et al. 1996). In artificial systems, sym-
biogenetic coevolution has been shown to improve evolutionary optimization 
algorithms by a specialization of the different components of the symbiotic col-
laboration (Wallin et al. 2005). In this case of cooperative coevolution, there is a 
kind of division of labor between the different types of symbionts. Each host is 
combined with a set of parasites forming a collaboration. Each collaboration is 
evaluated as a solution to the optimization problem. This is repeated for different 
hosts and parasites. Artificial symbiogenetic evolution is proving useful in solv-
ing deceptive problems (Wallin et al. 2005), a class of functions that is especially 
difficult to optimize due to the fact that the optimum is surrounded by regions of 
low-quality solutions.

Artificial evolutionary models are inspired by nature, but when used as engi-
neering tools they do not need to maintain a strict correspondence with their natu-
ral counterparts. The main goal of engineering was to obtain efficient tools, in this 
case designed to solve optimization problems. Taking this into account, we further 
explore different approaches of evolutionary algorithms (EA) and their operators 
that one may consider unrealistic by comparison to nature. The multiset represen-
tation of populations is one of those examples and in previous work we have used 
that representation to support the EA populations (Manso and Correia 2009). That 
algorithm is called multiset genetic algorithm (MuGA) and is successful in the opti-
mization of various kinds of problems. The populations are represented by multisets 
and the operators that are used explore the representation in order to make the evolu-
tionary process more efficient and effective in the optimization of difficult problems.

In this work, we present the symbiogenetic multiset genetic algorithm 
(SMuGA), which uses natural inspiration of symbiogenesis to solve large decep-
tive problems that are not solved by the common version of MuGA.

In the next section, we present the base algorithm of MuGA. In the following 
section, the symbiogenetic approach used is detailed. In particular we have two 
different evolutionary processes, one for the hosts and another for the parasites, 
and we describe each one separately and then aggregated. Next, we present results 
obtained in several types of deceptive functions. The final section of this chapter 
presents conclusion and proposes future work.

2  MuGA—A Multiset Genetic Algorithm

MuGA is a genetic algorithm that explores the features of a multiset to represent 
populations of EA and to improve their performance. The traditional representation 
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of populations used in EA raises two types of problems: the loss of genetic diversity 
during the evolutionary process and the evaluation of redundant individuals. These 
problems can be alleviated when using multisets to represent populations.

Multiset population is not a representation that can be found in the natural 
world, but it works well for optimization of difficult engineering problems.

2.1  Populations Represented by Multisets

A multiset (or multiple memberships set) is a collection of objects, called ele-
ments, which are allowed to repeat. We can define the multiset as a set of ordered 
pairs 〈copies, element〉 where copies are the cardinality associated with the ele-
ment. MuGA is a genetic algorithm in which populations represented by multisets 
are called Multipopulations (MP) and individuals represented by pairs 〈copies, 
genotype〉 are called Multi-individuals (MI).

Figure 1 shows a simple population (SP) with eight individuals of OnesMax 
problem and the equivalent MP with four MI. A multiset representation of popula-
tions contains characteristics that make it a good alternative to the collections that 
are usually used:

•	 MI has always different genotypes and the size of MP corresponds to the geno-
type diversity at the genotypic level;

•	 The number of copies of MI may be used to control the selection pressure in 
favor of the best fit individuals;

•	 The compact representation needs less computational effort to store the popula-
tion and avoids evaluation of identical individuals.

The introduction of individuals in a MP is done either by incrementing the num-
ber of copies of corresponding MI if the genotype exists in the population or by 
introducing a new pair 〈1, genotype〉. The elimination is done by decrementing the 
number of copies of corresponding MI if the number of copies is greater than one, 
or otherwise by removing the MI.

Fig. 1  a Simple population 
of 8 individuals;  
b Multipopulation of  
4 multi-individuals

Individual Fitness MultiIndividual Fitness

11111110 7

(a) (b)

11111110 7

11111110 7

11110000 4

< 3, 11111110 > 7

< 2, 11110000 > 4

<  2, 10001000 > 3

<  1, 10000000 > 1

11110000 4

10001001 3

10001001 3

10000000 1
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2.2  MuGA Algorithm

In EA, populations are traditionally represented as a collection of individuals. 
To minimize the issues such models raise, we developed MuGA (Algorithm 1), 
whose most distinctive feature is that it represents populations by multisets.

The algorithm starts by randomly generating and evaluating n individuals of the 
problem to be optimized, while assuring that the base population, MP0, contains 
n different genotypes. The design of the MuGA is prepared to preserve the genetic 
diversity by maintaining the dimension of MP0 across generations. The evolutionary 
process starts by selecting m individuals from MP0. These m individuals are stored 
in MP1 and the number of MI is less than or equal to m. The process continues with 
the recombination of MP1 and subsequent mutation of MP2, generating MP3. MP4 is 
produced by the application of the replacement operator on MP0 and MP3 to select n 
MI from the two populations. This operator maintains the number of MI as a constant 
across generations. The evolutionary process tends to produce many copies of good 
individuals. To reduce the number of copies in MP4, the rescaling operator is applied 
and produces a new population (MP0) for the iterative evolutionary process.

Algorithm 1 MuGA—Multiset Genetic Algorithm

Multipopulations enable the execution of traditional genetic operators and allow 
the design of new operators using the extra information, a set of unique genotypes 
and associated number of copies, to extend operators that benefit from such informa-
tion. Next, we briefly describe the behavior of genetic operators using MPs.

2.3  Multiset Selection

This operator chooses, from the base population, the parents that will be reproduced 
to generate new individuals. We first expand the MP to an SP, Fig. 1, so that MI with 
multiple copies has higher probability of being selected. We can then use traditional 
selection operators (tournament selection, proportional selection, or ranking selec-
tion) or any improved selection operator (Sivaraj and Ravichandran 2011). When the 
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operator allows the selection of the same individual several times over, the mating pop-
ulation will contain MI and the number of copies will reflect the degree of fitness of 
the genotype. The number of copies of the fittest individuals tends to be larger than the 
remaining elements and can be explored by the subsequent genetic operators.

2.4  Multiset Recombination

The recombination operator is responsible for the combination of chromosomes to 
produce offspring that share genetic material of both parents. There is a great vari-
ety of recombination operators in accordance with the representation of the genes 
and chromosomes (e.g., binary strings, vectors of real numbers or trees) of indi-
viduals and the type of problem to be solved, e.g., optimization of real functions 
(Herrera et al. 2003), permutations (Otman and Jaafar 2011), or combinatorial 
(Spears and Anand 1991). All these operators can be used in MuGA through equiv-
alence between MP and SP in terms of genotype representation. Nevertheless, we 
can design new operators using the number of copies to make a genotype associ-
ated with the various parameters of the genetic algorithm such as the probability of 
application, the number of cutting points, and the strength of individuals to spread 
their genes. A wide range of possibilities is available to explore the usefulness of 
this information, and (Manso and Correia 2011) presents a multiset recombination 
operator applied to the optimization of real-coded functions.

2.5  Multiset Mutation

The mutation operator in EA mimics what occurs in nature and randomly changes 
a (usually small) part of the genome. The main function of this operator is the 
introduction of new genes, enabling exploration of new areas in the search space 
that are not attainable by the recombination of parental characteristics. Like the 
recombination operator, mutation is also dependent on the type of problem and 
representation of the individuals (Abdoun et al. 2012; Droste et al. 2002). A new 
operator that uses multiset information to optimize deceptive binary functions, 
called multiset wave mutation (MWM), is presented in Manso and Correia (2013) 
and another one used to optimize real-coded functions is presented in Manso and 
Correia (2011).

2.6  Multiset Replacement

After recombination and mutation, the evolutionary algorithm has two popula-
tions of individuals: the main population and the offspring generated by genetic 
operators. The replacement operator selects which individuals will continue in 
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the evolutionary process. The generational strategy replaces the parents with 
their children and the steady-state strategy replaces only a few parents with off-
spring (Lozano et al. 2008). The operator must maintain the genetic diversity in 
the main population so that the genetic operators can circumvent local optima and 
avoid premature convergence (Yu and Suganthan 2010; Jayachandran and Corns 
2010). A new operator that uses multiset information to replace populations in a 
steady-state strategy, called multiset decimation replacement (MDR), is presented 
in Manso and Correia (2013).

2.7  Multiset Rescaling

The introduction of repeated elements in the MP tends to increase the number of 
copies of the best fit MI if nothing is done to oppose it.

The rescaling operator was proposed to avoid that the best individuals get 
too many copies (Manso and Correia 2009). In order to control the number of 
repeated elements, the rescaling operator divides the number of copies of each 
MI by a factor, controlling in this way the pressure exhibited by the fittest indi-
viduals. The operator ensures that each MI has at least one copy and that the 
total number of individuals in the MP is not greater than a constant. An adaptive 
form of this operator, called adaptive rescaling (AR), calculates in each iteration 
the value of the reduction factor to maintain approximately the desired number 
of individuals.

3  SMuGA—A Symbiogenetic Multiset Genetic Algorithm

Symbiosis is set of natural theories that try to explain the natural relationship 
between individuals that live together and how that relationship is vital to the sur-
vival of the group. In nature, symbiosis occurs and involves a relationship that is 
constant and intimate between dissimilar species (Daida et al. 1996). That rela-
tionship is more than the ecological interaction and includes mutualism, where 
both individuals gain advantages from the alliance; commensalism, in which one 
individual gains advantages and the other does not have any inconvenience; and 
parasitism, where one individual gains advantages and the other is harmed by the 
relation.

Symbiosis theory provides an additional genetic operator to the artificial evo-
lutionary process and is successfully applied to solve a wide range of hard prob-
lems. See Heywood and Lichodzijewski (2010) for a review of symbiogenesis as a 
mechanism to build complex adaptive systems.

The SMuGA is inspired by the symbiogenetic coevolutionary algorithm (SCA), 
proposed by Wallin et al. in 2005, which explores a host–parasite relationship for 
optimization of concatenated deceptive functions. Although the names “hosts” and 
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“parasites” suggest a parasitic relationship, the interaction between two species is 
benign and the gains of parasites are not harmful to the hosts. SCA is successfully 
used to optimize concatenated deceptive functions and MuGA by itself has proved 
to be an efficient algorithm in the optimization of such functions with a moderate 
size (Manso and Correia 2013).

However, when the size of the problems increases, MuGA experiences diffi-
culties in its optimization. In this chapter, we apply the concept of symbiosis to 
increase the efficiency of the MuGA. SMuGA is an algorithm that uses two coop-
erative species, hosts and parasites, which evolve together in a mutualistic rela-
tionship. The parasites are composed of a tuple 〈position, genome〉, where the 
position represents the parasite genome location where the parasite acts, and 
the genome represents the genetic material of the parasite. In SMuGA, the host 
genome is replaced by the genome of the parasite in the location defined by the 
position attribute (Fig. 2). The parasite considers the host genome as a circle, 
which means that when the copy of the parasite genome to the host reaches the 
limit of the host genome, the copy continues in the beginning. In Fig. 2, parasite 
p1 is applied in host genome alleles 4, 5, and 6 and parasite p2 is applied in the 
host genome alleles 9 and 0. The collaboration is the combination of host genes 
and the genes introduced by parasites p1 and p2.

SCA has some deficiencies identified by the authors. The size of the parasites 
is static and defined as a parameter, and collaboration is from one parasite to one 
host, where each host can only be infected by a parasite at a time. The best results 
obtained by the algorithm are when the parasite genome size is similar to the size 
of the functions to be optimized, the building blocks (BB), and the performance 
degrades quickly as the size of the parasites deviates from the size of the BB. 
Another weakness of the SCA is that the collaboration is one to one, which limits 
its applicability to separable problems.

The SMuGA was designed to suppress these two shortcomings by combining 
the concept of symbiosis with the potential that the populations based on multi-
sets present on the optimization of this kind of functions. In the next section, we 
present the representation and evolution of parasite populations, the evolution of 
host populations, and the interaction between them with SMuGA. In the design of 
the SMuGA, some choices are made with the objective of enhancing the success 
of the algorithm in the optimization of problems and contouring the shortcomings 
that SCA presents.

Fig. 2  Collaboration formed 
by the symbiosis of a host 
and a parasite

Index 0 1 2 3 4 5 6 7 8 9

Host 0 00 0 0 0 0 0 0 0

Parasite p1 4 1 1 1

Parasite p2 9 1 1
p2 p1 p1 p1 p2

Collabora on 1 10 1 0 10 0 1 0
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3.1  Evolution of Parasites

In order to avoid having a human choice interfere significantly in performance, 
we eliminate the need to specify the size of the parasites. As mentioned earlier, 
the work of Wallin et al. (2005) showed that there was a very strong dependence 
of performance relative to the size of the parasite. When the size of parasites 
approaches BB size, the performance is good; however, it decays very quickly 
with deviations from the ideal dimension.

In our approach, the user does not have to know the size of BB because the 
algorithm adapts the parasite’s length as necessary. To the best of our knowledge, 
this is the first model of parasites that may vary their length along the evolutionary 
process. This system is important for solving problems in which the size of BB 
is not known or the BB has a variable size. The size of the parasites is changed 
by genetic operators of recombination and mutation. The selection operator gives 
opportunity to parasites that have a good performance in the host population to 
reproduce and to pass on their genetic material and position to their descend-
ants. According to the theory of survival of the fittest, the parasites with a good 
genome, which includes the position of application and the genetic material, will 
spread their genes to subsequent generations, discovering and optimizing simulta-
neously the position, the size, and alleles of the parasites.

3.1.1  Parasite Recombination

The following four situations can occur when two parasites recombine:

1. The parasites do not share positions in the genome of the host;
2. The parasites occupy consecutive positions in the genome of the host;
3. The parasites share some positions in the host; and
4. All positions of one of the parasites occupy positions of the other.

In the first case, as the parasites infect different regions of the host genome, 
recombination between the two parasites cannot take place. In all other cases, the 
idea underlying this operator is not only to recombine genetic material but also 
to introduce different genome lengths. We selected the recombination of parasite 
genomes as the principal operator to grow and shrink the length of the parasites.

In the second case, Fig. 3, in which the parasites occupy consecutive loca-
tions in the host genome, we determine that recombinant parasites are the union 
of genomes generating a single parasite. The offspring o1, Fig. 3c, has a genome 
whose size is the sum of the size of the parental genomes. This type of reproduc-
tion connects the parasites and increases the length of the parasite genome.

In case 3, Fig. 4, in which the parasites share some positions in the host 
genome, alleles in the overlapping zone are combined using uniform crossover. 
Furthermore, the offspring will have different genome sizes compared to their 
parents. In Fig. 4b, we illustrate uniform crossover. A recombination mask is 
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randomly obtained to perform an exchange of the parental alleles in the overlap-
ping zone. The symbol 1 in the mask means that there is an exchange of alleles 
in the overlapping zone and the symbol 0 means the opposite. Figure 4c, d shows 
the recombination result of parents p1 and p2. The offspring o1 inherits from both 
parents the parts that are not common between them, as well as the recombined 
genome produced by the recombination mask. The offspring o2 inherits only the 
recombined common part with a dual mask. The offspring o1 is longer than the 
parents and o2 is shorter.

In case 4, Fig. 5, where one of the parasites, p1, occupies all the positions of 
the other, p2, in the genome of the host, the overlapping zone is also recombined 
using uniform crossover. As in the previous case, the genetic material is exchanged 
in the overlapping zone through a recombination mask, Fig. 5b generated from a 

(a)
p1 4 1 1 1 1 p2 8 0 0 0 0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14(b)

1 1 1 1

0 0 0 0

(c)
o1 4 1 1 1 1 0 0 0 0

Fig. 3  Recombination by the union of consecutive parasites: a selected parasites; b positions 
occupied by parasites in the genome; c result of p1 and p2 recombination

(a)
p1 4 1 1 1 1 1 p2 6 0 0 0 0 0 0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14(b)

p1 1 1 1 1 1

p2 0 0 0 0 0 0
Recombina on Mask 1 0 1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14(c)

o1 1 1 0 1 0 0 0 0

o2 1 0 1

(d)
o1 4 1 1 0 1 0 0 0 0 o2 6 1 0 1

Fig. 4  Recombination by the share of some positions in the host: a selected parasites; b positions 
occupied by parasites in the genome; c result of p1 and p2 recombination; d offspring parasites
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uniform distribution. Figure 5d shows the result of the recombination and the com-
plete offspring. Individual o1 inherits from the parent p1 the first part not common 
to both parents, and the recombined common part, and the offspring o2 inherits the 
dual recombined common part, and the last not common part of p1. In this case, 
the small parasites act as cutting knives of larger parasites.

3.2  Parasite Mutation

The mutation operator randomly changes features of a parasite. These features 
include the position, length, and their genetic material. We use three types of para-
site mutation:

1. Change in anchoring position;
2. Change in the genome; and
3. Parasite genome splitting whereby two new parasites are formed.

In the first situation, parasites change the position of host infection. In Fig. 6a, the 
parasite p1 that infects the fourth position generates the mutant m1 infecting posi-
tion 10 with the same genotype. Note that the parasite m1 affects the host genome 
in a circular way where the last three bits of the parasite infect the first three posi-
tions of the host.

In the second case, the value of the alleles is changed by a probability distribu-
tion that generates the mutation mask shown in Fig. 7b. At the positions where 
the mask has the value 1, the bit value of parasite is flipped. In this situation, only 

(a)
p1 4 1 1 1 1 1 1 1 p2 6 0 0 0 0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14(b)

p1 1 1 1 1 1 1 1

p2 0 0 0 0
Recombina on Mask 1 0 1 0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14(c)

o1 1 1 0 1 0 1

o2 1 0 1 0 1

(d)
o1 4 1 1 0 1 0 1 o2 6 1 0 1 0 1

Fig. 5  Recombination when one of the parasites occupies all the positions of other: a selected 
parasites; b positions occupied by parasites in the genome; c result of p1 and p2 recombination; 
d offspring parasites
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the value of the parasite’s genome is modified, which enhances the appearance of 
parasites in the population with new genomes.

In the latter situation, the parasite genome is split into two parts, originating 
into two new parasites. The probability to split a genome is proportional to its 
length in bits.

Equation (1) shows the formula to calculate the probability of parasite split-
ting. Parameter k controls the dimension from which the splitting of a parasite 
is inevitable, i.e., when the ratio is greater than one; Parameter n controls the 
shape of distribution probability of splitting in other cases. The genotype split 
point is selected by a uniform probability distribution over the genotype of the 
parasite.

(a)
p1 4 1 1 1 1 0 0 0 0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14(b)

p1 1 1 1 1 0 0 0 0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14(c)

0 0 0 m1 1 1 1 1 0

(d)
m1 10 1 1 1 1 0 0 0 0

Fig. 6  Mutation by changing position: a original parasite; b positions occupied by original; 
c positions occupied by mutant parasite; d mutant parasite

(a)
p1 4 1 1 1 1 0 0 0 0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14(b)

p1 1 1 1 1 0 0 0 0
Muta on Mask 0 0 1 0 0 0 1 0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14(c)

m1 1 1 0 1 0 0 1 0

(d)
m1 4 1 1 0 1 0 0 1 0

Fig. 7  Mutation by changing genome: a original parasite; b positions occupied by original and 
mutation mask; c positions occupied by mutant parasite; d mutant parasite
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This type of mutation avoids disproportionate growth of parasite length and pos-
sible subsumption of the host genome. In Fig. 8, parasite p1 creates two parasites, 
m1 and m2, where m2 position corresponds to the location splitting point of the 
parasite genome p1.

3.3  Evaluation of Parasites

The evaluation of the population of parasites is obtained indirectly through the 
genomes present in the population of hosts. This feature allows the parasites to 
be evaluated without the need to apply them to the hosts and then call the fitness 
function to evaluate the collaboration. In this way, we replace fitness function calls 
by a proxy consisting of simply checking whether the parasite genome is present 
in the host genome and using the host fitness rank. Therefore, we significantly 
save function fitness calls as well as computational resources that would be spent 
on testing and generating collaborations.

We defined three goals for the parasites:

1. Promoting the emergence of parasites with new genetic material, necessary for 
the evolution of the combined population and prevention of its stagnation;

2. Promoting the dissemination of parasites with good genotypes in the host pop-
ulation so that all individuals have the parasite;

(1)pbreak(parasite) = max

((

parasite · sizek

host.size

)n

, 1

)

(a)
p1 4 1 0 1 1 0 0 0 0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14(b)

p1 1 0 1 1 0 0 0 1
Break Point  

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14(c)

m1 1 0 1 1

m2 0 0 0 1

(d)
m1 4 1 1 m2 81 1 0 0 0 1

Fig. 8  Mutation by breaking genome: a original parasite; b positions occupied by original 
 parasite and the break point; c positions occupied by mutant parasites; d mutant parasites
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3. Promoting the variability of the anchoring point of good parasites in the host 
genome in order to allow different regions to be infected.

The last two goals are incompatible with the first, since it involves the destruction of 
the original genetic material. Also, the evaluation function should promote growth 
of the parasite length to speed up the evolutionary process to discover large BB, and 
therefore we made the value of parasite fitness directly proportional to its size.

In addition, the evaluation function of the parasites must be independent from 
the scale of the fitness values in the hosts. To accomplish this, hosts are sorted 
with a descending rank and parasites use those ranks to compute their evaluation. 
The parasite evaluation algorithm sums the ranks of the hosts that have the parasite 
in their genome. If the host rank is defined in the interval [1, n], where n is the 
rank of fittest host and 1 the worst, parasites that infected the entire population 
have maximum fitness value. Their contribution to diversification of the popula-
tion is zero, contrary to goal 1, nevertheless they are good candidates for dissemi-
nation, goals 2 and 3. To circumvent this obstacle, we shifted the rank of the hosts 
to the interval [−n/2 − 1, n/2] where n is the size of the population. This shift in 
ranking of the population provides a number of significant advantages. First of all, 
the fitness of parasites that infect the entire population is zero; parasites present 
only in the best individuals have positive fitness, and by opposition, parasites that 
are present only in worst individuals have negative fitness.

In order to reward individuals with a large genome, the value of the sum of 
ranks is multiplied by the size of the parasite. Thus, if a parasite has a positive 
sum of ranks, its size is rewarded; otherwise, its size contributes to the decrease 
of its fitness. Such evaluation makes the discovery of a good parasite to be valu-
able at the beginning, thereby promoting its spreading, and as it infects the popula-
tion through successive generations, its interest fades because the population has 
already assimilated its genome. This parasite evaluation is very efficient because it 
does not use a single call to the fitness function.

When evolution discovers a new parasite, whose genotype does not exist in the 
population, the evaluation function should reward its discovery with a fitness that 
allows it to survive and reproduce if it is a good parasite. On the other hand, the 
length of a new parasite should decrease its fitness to prevent the emergence of 
large parasites with random genomes that contrast with large parasites evolved from 
good BB. We decided to assign the new parasite a fitness value equal to the popula-
tion size divided by its length in bits, as a reward for the discovery of new para-
site genomes. The evaluation function allows small parasites with new genotypes to 
appear in the population and to recombine themselves with existing ones, thereby 
promoting their growth if they contain useful genetic material for evolution.

3.4  Algorithm of Parasites Evolution

The evolution of parasites is done by Algorithm 2. The algorithm receives as 
parameters the population of parasites to evolve, pPop, the population of hosts to 
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perform the evaluation of the parasites, hPop, and the number of parasites that will 
be selected to evolve, n.

Algorithm 2 Parasite Evolution Algorithm

The algorithm starts by selecting n parasites from pPop. It continues with the 
recombination of the selected population giving rise to the population offspring-
Pop. This step recombines genetic material of selected parasites and changes the 
length of the offspring with the rules described above. The population offspring-
Pop is constructed by removing a pair of individuals from the selected population, 
applying the recombination algorithm to the parents and inserting the offspring 
in offspringPop population. The algorithm continues completing offspringPop 
through successive mutations of clones of randomly selected individuals in off-
springPop. One of the three types of mutation described above, genomic mutation, 
position mutation, and genome splitting, is randomly applied with uniform prob-
ability. This way of completing a population allows a parasite to undergo several 
mutations in a single generation, because a mutant parasite can be selected and 
cloned several times.

The population offspringPop is evaluated through the genes of individuals of 
the population hPop. The algorithm terminates with the calculation of a new popu-
lation through replacement operator applied to the original pPop and to the popu-
lation of its descendants, the offspringPop.

3.5  Evolution of Hosts

A population of hosts is evolved with a MuGA, Algorithm 1, that uses some 
genetic operators adapted to MP. The adaptation of genetic operators to use the 
number of copies is critical to MuGA being able to solve difficult problems. 
MuGA uses standard operators of selection and recombination and an adapted 
form of mutation and replacement operators. In the next section, we describe the 
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adaptations made in operators to take advantages of the number of copies present 
in MI of MuGA populations.

4  MWM—Multiset Wave Mutation

To solve problems where the solution cannot be found by a recombination of 
parent genes, the mutation operator performs a critical mission to introduce new 
genes into the population. Mutation introduces random changes in the genome 
of the individuals. Usually the operator introduces small changes in the genome 
of the individual and the new features acquired are propagated in the population 
through generations. A high rate of mutation is required if the changes to escape 
from local maxima include many alleles but it is harmful if this assumption does 
not happen. MI in multiset populations represents a set of clones of the same gen-
otype on which we apply different mutation rates.

Equation (2) presents a waveFunction formula to calculate the probability of muta-
tion from each clone of the MI that produces values between 0 and 1 (Fig. 9). 
When the mutation value reaches the value 1, all the bits are changed and that fea-
ture is very important to optimize deceptive functions where, usually, the optimum 
is the complement of the local maxima.

Algorithm 3 Multiset Mutation Algorithm

MWM Algorithm 3, fully explained in Manso and Correia (2013), was 
designed to apply a traditional mutation operator, mutOperator, to a multi-individ-
ual, MI, using the waveFunction to calculate the probability of mutation of each 
clone. The probability is calculated adding a minimal probability, minProb, to the 
result of waveFunction and truncating the result to 1 if the sum is greater than 1. 
Mutation in the offspring population is brought about by applying Algorithm 3 to 
every MI present in the population.

(2)waveFunction(copy) =
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5  MDR—Multiset Decimation Replacement

The replacement operator has the task of forming the population that will continue 
the evolutionary process. This operator selects from parents and offspring MP 
which individuals are selected to continue the evolutionary process.

Algorithm 4 Multiset Decimation Algorithm

MDR operator, Algorithm 4, was designed to replace the parent population 
with an offspring population in a steady-state approach maintaining the multiset 
characteristics of MI present in both populations. MDR joins the offspring pop-
ulation with the parent population and the individuals with the same genotype 
increase their number of copies. The algorithm then selects a group of random MI 
and removes the weakest. This procedure is repeated until the parent population is 
reduced to the same number of MI of the original population.

5.1  Co-evolution of Hosts and Parasites

The SMuGA is an evolutionary algorithm that uses two cooperating populations 
to solve difficult problems: The host population that contains solutions of the 
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problem, and the parasite population that helps the first to reach the best solution. 
Parasite populations evolve to achieve good genes that represent partial solutions, 
and infect hosts through the incorporation of those genes.

The interaction between hosts and parasites produces a new population using 
symbiosis that mimics what occurs in the natural world. We define collaboration 
as the result of a host infected by one or more parasites using symbiosis.

5.1.1  Collaboration

Collaboration is obtained by copying the alleles of the parasite into the host. In 
this case, the alleles of the host are replaced by those of the parasite.

A collaboration of a parasite with a host is only allowed if the host does not 
have all the bits of the parasite, Fig. 10a. This means that a parasite can infect a 
host only once, Fig. 10b. This detail allows the elimination of collaborations that 
do not add anything new and clears space for collaborations that do modify some-
thing in the host.

We restrict the application of multiple parasites to cases where parasites do not 
have incompatible bits. This means that the parasites may overlap, provided that 
the overlapping segment does not contain different bits.

In Fig. 11a, parasites p1 and p2 can infect host h because they infect disjoint 
regions. In Fig. 11b, parasites p1 and p3 can infect the host h because, although 
they share two genes, they have the same value and therefore the infection causes 
no ambiguity. In Fig. 11c, parasites p1 and p2 cannot be used simultaneously 
because they overlap in two genes, one of which has distinct alleles. In this case, 
the host can be infected by any of them but not by both simultaneously.

Algorithm 5 controls the formation of collaborations among a population of 
hosts and a population of parasites. Algorithm 5 takes as parameters a host multi-
population, sortedHostPop, sorted in descending order, a parasite population, par-
asitePop, and a parameter n that controls the probability of infection. The order 
of the population is important because the index of the host in a population deter-
mines the probability of the host receiving parasites. The algorithm continues with 
the definition of the population resulting from the collaboration, symbPop, among 
populations that are passed as a parameter. Afterward, the hosts are selected 
sequentially and the probability of infection is calculated. As hosts are MI, the 
algorithm proceeds to expand into clones and applies parasites to each one of them 

h * * 1 1 0 0 * * * h * * 1 1 0 0 * * *

p1 0 0 1 1 p2 1 1 0 0

c * * 0 0 1 1 * * * c * * 1 1 0 0 * * *

(a) (b)

Fig. 10  Collaboration between one host and one parasite: a successful collaboration; b collaboration 
rejected



314 L. Correia and A. Manso

independently. Individuals with a higher ranking are those that usually make more 
copies and thus may suffer various combinations of parasites.

After selecting a host and calculating a probability of infection, the algorithm 
continues with the application of parasites to each of its clones. The parasites are 
randomly arranged within the population of parasites to ensure no preference in its 
application. In the next step, the algorithm tries to apply each parasite to the host 
selected using the compatibility rules of Fig. 11. In order to preserve the good indi-
viduals of the population from a generalized infection, and hence the sudden change 
of its genome, parasites are applied in a probabilistic manner. A host is particularly 
vulnerable to parasites when its rank in the population is smaller. This allows the fit-
test individuals to receive few parasites, thereby preserving their genes, and lower 
ranked individuals are subject to a generalized infection accommodating several par-
asites. This process is similar to that described in (Dumeur 1996).

Equation (3) shows the formula to calculate the probability of a parasite infecting 
a host, h, contained within a population, pop. The rank function returns the rank 
of the individual within the population, in descending order of fitness and pop size 
represents the number of hosts that the population has. Parameter n controls the 
shape of the ratio described above.

Algorithm 5 Collaboration between Hosts and Parasites

The symbiosis population is built by the infection of selected parasites into the 
host genomes. When a parasite is applied to the host, the genome of the parasite is 

(3)pinfection(h, pop) =

(

rank(h, pop)

pop.size

)n
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copied to the genome of the host generating a new individual through symbiosis. 
A clone of that collaboration is added to the population of symbiosis, and the sym-
biosis continues the process of being infected by other parasites.

6  SMuGA—Symbiogenetic Multiset Genetic Algorithm

SMuGA, Algorithm 6, uses multipopulations to represent the populations of hosts 
and parasites. This representation enables the use of multiset-adapted genetic 
operators in both populations to help the evolutionary process. The use of multi-
populations is required to optimize deceptive problems, and every challenging 
problem has a degree of deception (Whitley 1991). This algorithm has two phases: 
the collaboration phase, where the parasites infect the hosts; and the evolution 
phase, where hosts and parasites evolve using coevolution.

Algorithm 6 SMuGA—Symbiogenetic Multiset Genetic Algorithm

h * * * * * * * * * h * * * * * * * h * * * * * * *

p1 0 1 1 p1 0 1 1 p1 0 1 1

p2 0 1 1 p3 1 1 1 1 p4 0 1 1 1

c * 0 1 1 * 0 1 1 * c * 0 1 1 1 1 * c * * * * * * *

(a) (b) (c)

Fig. 11  Infection of a host by two parasites: a non-overlapping parasites; b compatible overlapping 
parasites; c incompatible overlapping parasites
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The algorithm has six parameters: h represents the size of the host popula-
tion; p the size of the parasite population; problem the problem to be solved; 
iterations the number of iterations that hosts and parasites evolve without col-
laboration; k the number of hosts selected to participate in the collaboration; and 
n that controls the probability of hosts’ infection.

The algorithm starts by generating and evaluating a host population, hPop, with 
h hosts of problem, and a parasite population, pPop, with p parasites. The only 
information about the problem needed by parasites is the size of the host to per-
form mutations. The evaluation of pPop is done using hPop. Figure 12 shows the 
interaction between sPop and hPop.

The evolutionary iterative process starts with the collaboration phase followed 
by the evolution phase until a stop criterion is reached.

Collaboration phase is performed by Algorithm 5 between populations of 
parasites, pPop, and the k selected hosts in the host population, selPop, using 
the parameter n to control the infection probability of hosts. The result of 
Algorithm 5 is a symbiosis population, symbPop, that contains the selected 
host clones infected by the parasites. Because one host may be infected by 
many parasites and the algorithm saves clones when a host is infected by one 
parasite, the number of symbiosis is huge when compared to the number of 
parasites and number of hosts. This phase is computationally expensive. That 
effort is relieved by the use of multipopulations since the collaboration algo-
rithm produces symbiosis with repeated genotypes and the multiset representa-
tion helps in its storage and evaluation. The collaboration phase ends with the 
selection of h hosts from the union of host population, hPop, and symbiosis 
population, symbPop.

The evolution phase starts with the evolution of hPop using MuGA, 
Algorithm 1, and the evolution of pPop using Algorithm 2. Both populations 
evolve for iteration generations without establishing new collaborations. This 
phase is used to stabilize the individuals in the populations and to assimilate, in 
the hosts, genetic material introduced by the collaboration phase. The host popu-
lation evolves on its own; however, the parasite population still uses hosts, since 
parasites are evaluated using the genes of the host population as a proxy for fit-
ness evaluation. When hosts evolve and change their genes, the fitness value of 
parasites may change too.
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7  Experimental Study

To examine the influence of symbiosis in the solutions of hard problems, we con-
ducted a set of experiments with the SMuGA and compared the results with the 
standard MuGA. We compared, also, the results of SMuGA with SCA in order to 
assess the scalability of the algorithm to big deceptive problems.

7.1  Experimental Setup

MuGA was configured with 128 MI in the main population. Selection is made 
by tournaments with size 3. The operator selects 256 individuals for the mating 
pool, and in this way MI with copies is guaranteed for the following operators. 
Recombination is made by one-point crossover operator with probability 0.6. 
Mutation is made by the multiset wave mutation, MWM, configured with rough-
ness = 2 and thinness = 3 (Fig. 9). The minimal mutation probability, parameter 
minProb of Algorithm 3, is equal to 1/l, where l represents the size in bits of the 
genome of the individual. Rescaling was applied to maintain a maximum total of 
copies in the main population of twice the number of MI.

SMuGA is configured with 32 MI in the host population and 32 MI in the para-
site populations. In this case, we can use a smaller population than with MuGA, 
due to the increased genetic variety introduced by parasites. The size of the pop-
ulation selected to make collaboration is 16 MI, and the parameter that controls 
the probability of infection, parameter n in Algorithm 5, has value 1. The number 
of iterations of the evolution phase in Algorithm 6 is set to 16. The evolution of 
hosts uses tournament selection with tournament size 3 and selects 32 individuals. 
Recombination is done by uniform crossover with probability 0.6, and mutation, 
replacement, and rescaling are performed in the same way as in MuGA. Table 1 
shows evolutionary parameters of MuGA and SMuGA.

To obtain statistical confidence, we performed 128 independent runs for each 
experiment. In each run, random initial populations were generated for individuals, 

Table 1  Configuration of MuGA and SMuGA

MuGA SMuGA

Parameter Settings Parameter Settings

Size of population Individuals 128 Hosts 32

Parasites 32

Selection Tournament size 3 256 Tournament size 3 32

Recombination Crossover 1 cut 0.6 Uniform Crossover 0.6

Mutation MWM 2, 3 MWM 2, 3

Replacement Decimation 2 Decimation 2

Rescaling Adaptive 2 Adaptive 2
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hosts, and parasites. The stop criteria used in the simulations are the number of eval-
uation function calls and, due to the varied difficulty of the problems that limit, are 
adjusted to allow the success of the evolutionary process. For each experiment, we 
compute the average of the number of evaluations to find the optimum. We assign 
the maximum number of evaluations to the experiments where the optimum is not 
found. We also compute what we consider a more revealing result, which is the suc-
cess rate, meaning the percentage of runs that reach the optimum.

To compare the algorithms, we use pair-wise Student’s t tests with 95 % confidence 
interval for the means. Due to the large number of simulations, we assume the normal-
ity of the variables. For each problem, we also compare results with other previously 
referred algorithms, when available, which means only for smaller genome lengths. 
However, results published for these problems are not always precise. In some cases, 
only logarithmic graphs are printed and the results here presented are best effort read-
ings. And they never present the percentage of runs that reach the optimum.

7.2  Experimental Results with Deceptive Functions

The key to the success of EA is their combination of low-order BB to form high-
order BB, which eventually leads to the optimum. When the solution cannot 
be built through this incremental combination of BB, we are in the presence of 
deceptive problems and we need to improve the artificial evolutionary process in 
order to solve those problems. The concept of deception was first introduced by 
Goldberg (1987) and much work has been done in addressing this class of prob-
lems. MuGA and SCA are two EA that are able to optimize deceptive functions. 
In the next sections, we present experimental results on different deceptive bench-
mark functions, for SMuGA, MuGA, and SCA.

7.2.1  Fully Deceptive F3 Function

Goldberg (1989) devised a 3-bit function, F3, presented in Eq. (4), that is fully 
deceptive since BB of order n are deceptive to build blocks of order n + 1.

Fully deceptive function F3 is easily solved by EA because of its size, i.e., three 
bits. To get a changeling problem, we define the function F3 10 as ten consecutive 
copies of F3. This procedure is usual in the optimization in this kind of deceptive 
problems and is adequate to be solved using symbiogenesis present in SMuGA.

Optimization of F3 10 was successfully solved by the two algorithms (SMuGA 
and MuGA), Table 2, and the symbiotic approach speeds up the evolutionary 
process. Figure 13 shows the collaboration events between hosts and parasites in 
SMuGA, Fig. 15 shows the evolution of the success rate of the algorithms in the 
first 30,000 evaluation function calls, and Fig. 14 presents a statistical view of the 

(4)
F3(000) = 28, F3(001) = 26, F3(010) = 22, F3(011) = 0

F3(100) = 14, F3(101) = 0, F3(110) = 0, F3(111) = 30
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Table 2  Statistics of SMuGA and MuGA result in F3 10 function

F3 10 SMuGA MuGA

Mean Std Mean Std

Evals. to find best 3309.79 1273.36 6074.30 2516.68

Best value found 300.00 0.00 300.00 0.00

Success rate (%) 100.00 0.00 100.00 0.00

Fig. 13  Detail of the evolution of the success rate in the optimization of 10 copies of F3 function 
with SMuGA solver. The blue line represents collaboration events between hosts and parasites

Fig. 14  Box-plots of the evaluation function calls to find the best of 10 copies of F3 function
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number of evaluation function calls needed to reach the optimum in both algo-
rithms. Results of SMuGA in function F3 10 are more than one order of magni-
tude better than those presented by Yang (2004) and Chen et al. (2008).

Figure 13 shows in more detail the evolution of the success rate, observing only 
the first 6000 evaluation function calls. In that figure we can clearly see, in the 
major steps, the effect of the periodic incorporation of parasites in hosts, when 
new collaborations are formed and integrated into the host population. The evo-
lution of the isolated host population over a few generations allows spreading of 
good genetic material introduced by symbionts through the population. The para-
site population evolves in parallel, in this case taking into account the host popu-
lation to estimate the fitness of parasites. This process is very economical in the 
number of collaborations generated, and subsequent calls to the fitness function.

Function F3 10 is solved by SMuGA due to the use of symbiosis between 
hosts and parasites. If one parasite that represents a BB of the function is found, 
it may be copied to the position where another BB starts and the fitness of the col-
laboration is sharply increased. The search for the BB and their positions is not 
easy because no information about the function landscape is provided to SMuGA. 
Remarkably, SMuGA finds adequate length BB and their positions and uses sym-
biosis in a very efficient way.

In order to verify the scalability of SMuGA to big genome problems, we per-
formed a set of tests with the composition of 10, 20, 40, 80, and 160 fully decep-
tive F3 functions corresponding to problems with 30, 60, 120, 240, and 480 bits, 
respectively. For these tests, we only present results for SMuGA since, in large 
problems, MuGA does not achieve solutions in reasonable time, and other algo-
rithms do not present results.

Fig. 15  Evolution of the success rate in the optimization of 10 copies of F3 function
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Table 3 and Fig. 16 show the evolution statistics in the optimization of the con-
catenated F3 function with different lengths using SMuGA after 75,000 function 
evaluations calls. The algorithm scales in a linear way in this kind of functions 
due to its ability in finding good BB, assembling them with recombination, Fig. 3, 
and thus forming larger BB which can be moved to other locations in the genome, 
Fig. 6. This feature allows the solution of problems with long genomes of concat-
enated functions in a very efficient way. Figure 17 shows the evolution of the size 
of BB in that experiment. As we can see, problems with long genomes are solved 
by parasites also with long genomes, which will eventually incorporate a collabo-
ration, speeding up the evolution of hosts. Again we note that the algorithm does 
not receive any information about BB.

Figure 18 shows the evolution of the success rate. The decrease of success in 
optimization of F3 with 240 bits, 98 %, and 480 bits, 95 %, can be explained by 
the small size of the parasite population (32 individuals) for a very large genome 
of the hosts. In that case, the probability of assembling useful BB in parasites 
decreases due to the large space that they explore.

Table 3  Statistics of SMuGA evolution result in optimization of concatenated F3 function with 
different lengths

SMuGA F3 Evals. to find best Success (%)

Mean Std Mean Std

30 bits 3088.69 1363.68 100.00 0.00

60 bits 5054.30 1495.08 100.00 0.00

120 bits 8457.08 3021.80 100.00 0.00

240 bits 17,500.25 12,182.22 98.44 12.40

480 bits 24,960.44 13,143.26 95.31 21.14

Fig. 16  SMuGA: Box-plots of the evaluation function calls to find the best value in 10(30), 
20(60), 40(120), 80(240), and 160(480) copies(bits) of F3 function. Notice that vertical axis is 
linear while horizontal axis is exponential
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For the functions analyzed next, we notice similar behavior to the one depicted 
in Fig. 13 in the step growth of success rate, and also a similar result to the one 

Fig. 17  SMuGA: evolution of the size of building blocks of 10, 20, 40, 80, and 160 copies of F3 
function

Fig. 18  SMuGA: evolution of the success rate in the optimization of 10, 20, 40, 80, and 160 
copies of F3 function
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depicted in Fig. 17, regarding the evolution of the length of parasites as a func-
tion of the size of the problem. Therefore, we do not present such graphs for the 
remaining functions.

7.2.2  Maximally Separated Fully Deceptive F3 Function

The composition of functions in a sequential way is solved by SMuGA using 
the mobility property of parasites present in the algorithm. The application of 
one good parasite, which represents a BB, in a position where other BB starts, 
contributes to the success of the algorithm due to the nature of the function 
composition.

The problem becomes difficult when the bits of each function are separated. 
The most difficult case of separation is when they are uniformly and maximally 
distributed in the chromosome. We call these functions F3S N, where N represents 
the number of F3 functions in the chromosome. In case of F3S 10, each bit of one 
function is located in positions i, i + 10, and i + 20.

These functions are difficult because the problem is not separable and the for-
mation of BB is not possible with a naïve strategy. In this way, the bits of the func-
tions are spread and the application of one parasite in different positions is not 
enough to solve the problem. SMuGA escapes this situation by combining several 
parasites in a single host. With this experiment, we verify SMuGA’s effectiveness 
in non-separable problems as well.

Table 4 presents the results of the optimization of F3S 10. Both SMuGA and 
MuGA solve the function with notable efficacy and, again, symbiogenesis speeds 
up the evolutionary process. Figure 19 shows the evolution of the success rate of 
the algorithms in the first 100,000 evaluation function calls, and Fig. 20 presents a 
statistical view of the number of function evaluations needed to reach the optimum 
in both algorithms.

Figure 21 and Table 5 show the statistics of the optimization of the composi-
tion of 10, 20, 40, 80, and 160 F3S function in the chromosome after 500,000 
evaluation function calls. As previously stated, the bits of F3S N functions are 
maximally spread over the chromosome, and big genomes separate the bits of 
one function with large distances. SMuGA fully succeeds in the optimization of 
10 and 20 F3S N functions. In the optimization of 40 F3S, whose chromosome 
has 120 bits and the bits of each F3S function are separated by 40 bits, SMuGA 

Table 4  Statistics of SMuGA and MuGA result in F3S 10 function

F3 separated SMuGA MuGA

Mean Std Mean Std

Evals. to find best 9419.20 5604.92 34,063.77 18,018.62

Best value found 300.00 0.00 299.95 0.30

Success rate (%) 100.00 0.00 99.22 8.80



324 L. Correia and A. Manso

succeeds in 95 % of simulations and needs more generations to fully succeed. 
In the larger simulations, the small population of parasites and the large genome 
of the hosts hinders the optimization, and the parameters must be adjusted 
(Fig. 22).

Fig. 19  Evolution of the success rate in the optimization of F3S 10 function

Fig. 20  Box-plot of the evaluations to find the best in the optimization of F3S 10 function
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Fig. 21  SMuGA: box-plots of the evaluations to find the best value in 10, 20, 40, 80 and 160 
copies of F3S function

Fig. 22  SMuGA: evolution of the success rate in the optimization of 10, 20, 40, 80, and 160 
copies of F3 function

Table 5  Statistics of SMuGA evolution result in optimization of separated F3S with different lengths

SMuGA F3S Evals. to find best Success (%)

Mean Std Mean Std

30 bits 7651.08 5049.29 100.00 0.00

60 bits 26,429.98 19,408.04 100.00 0.00

120 bits 184,549.02 145,359.55 95.31 21.14

240 bits 381,741.92 148,172.39 51.56 49.98

480 bits 496,565.75 27,516.57 1.56 12.40
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7.2.3  Deceptive Functions

Deceptive functions, also referred to as trap functions, were introduced by Ackley 
(1987) and are defined in the unitation space. In this space, only the number of 
ones in the chromosome counts, regardless of the order. Equation (5) presents the 
formula of a deceptive function where x is the chromosome, u(x) is the number of 
ones in the chromosome x, and l represents the length of chromosome x. Figure 23 
presents a deceptive function with four bits in the unitation space. This allows us 
to test the algorithm with a larger function and for which there are other models 
with published results.

In this experiment, we use a concatenated 16 blocks of four bits deceptive func-
tion, Fig. 23, representing a chromosome with 64 bits. Table 6 shows the results of 
MuGA and SMuGA in the optimization of the function after 100,000 evaluation 
function calls. SMuGA optimizes all the experiments with very little evaluation 
function calls when compared to MuGA. Figure 24 shows the evolution of the suc-
cess rate of both algorithms in evolution. MuGA experiences several difficulties in 
optimizing deceptive functions with large genomes.

Comparing the results with SCA presented in Wallin et al. (2005), where SCA 
needs hundreds of thousands of function evaluations, we conclude that SMuGA is 

(5)deceptive(x) =

{

u(x) if u(x) > 0

l + 1 if u(x) = 0

Fig. 23  Deceptive function with four bits in the unitation space
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Table 6  Statistics of SMuGA and MuGA results in deceptive 4 functions with 16 copies

Deceptive 16 4 SMuGA MuGA

Mean Std Mean Std

Evals. to find best 5431.04 3724.07 84,749.20 30,440.50

Best value found 80.00 0.00 78.34 1.43

Success rate (%) 100.00 0.00 27.34 44.57
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significantly better. The ability of SMuGA to manipulate the size of the parasite 
genomes is the key to solve this kind of problems. SCA do not have that property, 
and the static size of the parasites slows down the evolution.

Table 7 and Fig. 25 show the statistics of evolution after 75,000 function 
evaluation calls for the problems composed by 16, 32, 64, and 128 deceptive 4 
functions that represent genomes with 64, 128, 256, and 512 bits. SMuGA was 
successful in all the simulations. However in a simulation with problems com-
posed by 512 bits, SMuGA experiments some difficulties in the optimization due 
to the large genome of the host and more generations are needed to optimize all 
the problems as shown in Fig. 26.

SMuGA scales up very well to optimize large deceptive 4 problems, and results 
are again over one order of magnitude better than those presented in Wallin et al. 
(2005) using SCA and Thierens (2010) using linkage tree genetic algorithm 
(LTGA). Table 8 shows the number of function evaluations to solve deceptive 4 
functions with different lengths provided by our best effort to read the graphics 
supplied in the papers.

Fig. 24  Evolution of the success rate in the optimization of 16 copies of deceptive 4 functions

Table 7  Statistics of SMuGA evolution result in optimization of deceptive 4 functions with 
 different lengths

SMuGA deceptive 4 Evals. to find best Success (%)

Mean Std Mean Std

64 bits 4243.00 1645.40 100.00 0.00

128 bits 7061.89 3215.18 100.00 0.00

256 bits 11,180.36 4897.55 100.00 0.00

512 bits 21,458.61 13,696.15 96.88 17.40
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Fig. 25  SMuGA: box-plots of the number of evaluation function calls for SMuGA to find the 
best value in 16, 32, 64, and 128 copies of deceptive 4 functions

Fig. 26  SMuGA: evolution of the success rate in the optimization of 16, 32, 64, and 128 copies 
of deceptive 4 functions

Table 8  Number of functions evaluation calls to solve deceptive 4 functions using SCA and 
LTGA algorithms (approx.)

Algorithm Size Evals.

SCA 64 100,000

128 200,000

LTGA 60 40,000

100 75,000



329A Multiset Model of Multi-Species Evolution …

7.2.4  Intertwined Deceptive Functions

The pair-intertwined function proposed by Wallin et al. (2005) is defined as two 
deceptive functions where the bits are intertwined in the same function, Fig. 27. 
The pair-intertwined function was, many local optima, introduced by the combina-
tion of the pair of deceptive functions. In this experiment, we use as building block 
two deceptive functions of four bits each composing a deceptive intertwine func-
tion, D4PI, with eight bits.

Table 9 presents the statistics of the optimization of 8 D4PI functions, 
amounting to 64 bits, after 100,000 evaluation function calls. SMuGA opti-
mizes all the problems with a small number of evaluation function calls due to 
the capability, provided by the parasites, to discover the BB of the D4TI func-
tion and the ability to concatenate BB and move them along the chromosome. 
The success of MuGA in this experiment is very limited due to the large length 
of the BB and the long genome of the individuals, Fig. 28. Comparing results 
with SCA presented in Wallin et al. (2005), Table 10, we notice SMuGA is 
more than one order of magnitude faster (in number of evaluations).

Figure 29 and Table 11 show the statistics of evolution after 500,000 function 
evaluation calls for the problems composed by 8, 16, 32, and 64 D4PI functions 
which represent chromosomes with 64, 128, 256, and 512 bits. SMuGA was suc-
cessful in all the simulations. However, in the 512-bit problems, SMuGA experi-
ments some difficulties in the optimization due the large genome of the host. More 
generations would allow to optimize these problems as we can infer from Fig. 30, 
but adjusting the parameters for the 512-bit problem would supposedly increase 
convergence.

(a) d d d d

(b) D D D D

(c) d D d D d D d D

Fig. 27  Intertwined pair deceptive functions: a deceptive function d; b deceptive function D; 
c intertwined deceptive function dD

Table 9  Statistics of SMuGA and MuGA result in deceptive 4 pair-intertwined functions with 8 
copies

D4PI 8 SMuGA MuGA

Mean Std Mean Std

Evals. to find best 12,401.04 12,114.49 97,294.48 12,106.18

Best value found 80.00 0.00 76.88 1.61

Success rate (%) 100.00 0.00 6.25 24.21
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Fig. 28  Evolution of the success rate in the optimization of 8 copies of D4PI function

Table 10  Number of functions evaluation calls to solve deceptive pair-intertwined function 
using SCA (approx.)

Algorithm Size Evals.

SCA 64 150,000

128 250,000

Fig. 29  SMuGA: box-plots of the evaluation function calls to find the best value in 8, 16, 32, 
and 64 copies of D4PI function
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7.2.5  Deceptive Intertwined Pair 0–1 Function

To assess the ability of SMuGA to evolve BB with optima that are not all ones 
or all zeroes, we defined a new intertwined function, DeceptivePI01, where one 
function is evaluated by Eq. (5) and other by Eq. (6). In the deceptiveZ function, 
Eq. (6), z(x) counts the number of zeroes in the string x. The optimum of function 
DeceptivePI01 is composed by a string with alternating zeros and ones and the 
translocations of the BB done by the parasites need alignment in the host.

Figure 25 show the evolution of success rate along the 1,000,000 function evalua-
tion calls for the problems composed by 16, 32, 64, and 128 DeceptivePI01 func-
tions that represent genomes with 64, 128, 256, and 512 bits.

(6)deceptiveZ(x) =

{

z(x) if z(x) > 0

l + 1 if z(x) = l

Table 11  Statistics of SMuGA evolution result in optimization of D4PI with different lengths

SMuGA D4PI Evals. to find best Success (%)

Mean Std Mean Std

64 bits 9246.20 9045.93 100.00 0.00

128 bits 20,050.59 21,544.04 100.00 0.00

256 bits 56,673.89 84,180.82 100.00 0.00

512 bits 204,222.19 206,614.44 79.69 40.23

Fig. 30  SMuGA: evolution of the success rate in the optimization of 8, 16, 32, and 64 copies of 
D4PI function
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Using parameters of Table 1, MuGA again shows a poor performance. SMuGA in 
most simulations optimizes the DeceptivePI01 function composed by eight-bit blocks, 
four of Eq. (5) and four of Eq. (6) interleaved. One reason for the failures could be 
explained by the small number of parasites in the parasite population (Fig. 31).

The need for parasite alignment with the host requests a larger population of 
parasites to avoid local maxima introduced by the bit pattern of the DeceptivePI0 
functions. The two local maxima, all ones and all zeroes, are more attractive to the 
parasites because that pattern does not need alignment and that parasites are easily 
assimilated by the hosts.

Figure 32 shows the effect of the size of parasite population in the optimiza-
tion of 8 copies of DeceptivePI01 with 8 bits. As can be seen, the increase of the 
number of parasites in the symbiotic system increases the robustness of the solver. 
The increase of parasite population increases the computational complexity of the 
algorithm, but parasite population can evolve in parallel to the host population 
exploring the multicore resources of the computers.

Figure 33 and Table 12 present the same situation of Fig. 31 but now with 128 
elements in the parasite population, instead of 32. The success of the algorithm 
is increased and simulations evolving functions with 64, 128, and 256 bits are 
always successfully optimized. The rate of success of simulation with 512 bits also 
increases although not attaining 100 % success. Further parameter tuning is one 
possible solution to achieve perfect score.

These results show that a large size of the parasite population makes SMuGA 
more robust in the evolution of difficult functions. Complex bit patterns impose 
difficulties to SMuGA in the alignment of parasites but these seem to be circum-
vented by larger parasite populations.

Fig. 31  SMuGA: evolution of the success rate in the optimization of 8, 16, 32, and 64 copies of 
DeceptivePI01 function with 8 bits
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Fig. 32  SMuGA: evolution of the success rate in the optimization of 8 copies of DeceptivePI01 
function with 8 bits with solver with 16, 32, 64, and 128 parasites in the parasite population

Fig. 33  SMuGA: evolution of the success rate in the optimization of 8, 16, 32, and 64 copies of 
DeceptivePI01 function with 8 bits intertwined with 128 parasites solvers
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8  Conclusions

This chapter presented the SMuGA, an extension of the MuGA with a novel 
approach to artificial symbiogenesis where a host receives genetic material from 
multiple parasites of variable length. This is the first evolutionary model where 
parasites do not have a fixed length. Rather their length varies along the evolution-
ary process.

The model proposed also introduced a two-phased step of evolution. In one 
phase, symbiotic collaborations are generated and compete with previous hosts 
to form the next generation host population. In the other phase, host and parasite 
populations evolve on their own for a few generations, but parasites use hosts’ fit-
ness as proxies to compute their own. Proxy parasite evaluation significantly saves 
fitness function calls and avoids the need to generate an exponential number of 
collaborations. The phase of separate evolution of both hosts and parasites allows 
to simultaneously stabilize host population and to foster exploration by the para-
site population.

Results obtained have largely surpassed previous symbiogenetic models, allow-
ing us to solve very large deceptive problems. It should be noted in spite of MuGA 
obtaining good results, it is only SMuGA that achieves solutions to very large 
problems, by integrating symbiogenesis in MuGA, with two-phase evolution and 
proxy evaluation of parasites.

In fact, SMuGA turned out to be so efficient as to show a linear scaling with 
the length of the deceptive problems used for testing. The variation of the para-
sites’ length allows evolution to find adequate length BB for the problem at hand. 
Accumulating multiple parasites in a single host provides the opportunity of using 
parasite combinations, which prove to be important for more complex problems.

In the future work, we want to test more operators in the parasites. In particular, 
inversion might be important to hierarchical deceptive problems. We also need to 
explore different types of problems with SMuGA. Those used in this chapter are 
repeated concatenations of the same function. Also, the flexibility of this model 
indicates that it is adequate for dynamic fitness functions, and we should test it 
on dynamic problems. The symbiotic system can also be taken as a new opera-
tor introducing new parameters in the evolutionary process. Consequently, the new 
parameters can be tuned to increase the effectiveness of SMuGA and in the future 
we will make an effort in optimization and automation of these parameters.

Table 12  Statistics of SMuGA evolution result in optimization of D4PI01 with different lengths

SMuGA D4PI01 Evals. to find best Success (%)

Mean Std Mean Std

64 bits 61,204.72 29,939.75 100.00 0.00

128 bits 54,285.36 111,617.89 100.00 0.00

256 bits 107,131.61 187,231.57 100.00 0.00

512 bits 350,228.05 421,266.94 73.44 44.17
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Glossary

Crossover operator Genetic operator inspired by biological reproduction, where two or more 
parents exchange genetic information to produce offspring that inherits features from the 
parents

Coevolution Simultaneous evolution of two or more species that have a strong ecological 
relationships among them (predator-prey, mutualism, or parasitic)

Collaboration Process for creating symbionts through the interaction of two distinct species

Deceptive problems Problems where the combination of building blocks with low order to 
form high order building blocks lead to a solution that is not a global optimum

Evolutionary Algorithm Generic population-based metaheuristic, inspired by biological 
evolution, which uses genetic inspired operators to evolve solutions to optimization problems 
that are represented by chromosomes

Genetic Algorithm Subclass of evolutionary algorithms that evolve a population of individuals, 
representing solutions to optimization problems, using genetic operators that mimic natural 
evolution such as selection, crossover, and mutation. Bit string chromosome is the standard

MDR Multiset Decimation Replacement—multiset selection operator used by MuGA to merge 
parents and offspring multiset populations

MuGA Multiset genetic algorithm—evolutionary algorithm that uses multisets to represent 
populations and genetic operators that take advantage of this representation

Multi-individuals Set of identical individuals represented by a 2-tuple composed by the 
chromosome and the number of clones (copies)

Multiset Collection in which members are allowed to appear more than once. May be formally 
defined as a set of 2-tuples 〈n, e〉 where n is the number of copies of the element e

Mutation Operator Analogous to biological mutation, this operator introduces probabilistic 
random changes in the chromosomes of the individuals

MWM Multiset wave mutation—multiset mutation operator used by MuGA that applies 
different probabilities of mutation to clones present in a multi-individual

Rescaling Operator MuGA genetic operator used to control the number of copies present in 
Multi-individuals

Selection Operator Genetic operator that mimics the natural selection of the fittest individuals 
in the population. In the genetic algorithm context, selection operator is used to choose 
parents for reproduction and to introduce the offspring in the population

SMuGA Symbiogenetic multiset genetic algorithm—coevolutionary algorithm that uses 
symbiogenesis

Symbiogenesis Evolutionary theory according to which individuals of different species come 
together to form a new individual (symbiont)
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