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All multicellular organisms consist of eukaryotic cells,

which are much more complex than prokaryotes (bacteria,
cyanobacteria). Without the emergence of mitochondria-

and chloroplast-containing eukaryotic cells via serial pri-

mary endosymbiosis (i.e., symbiogenesis) the biosphere
would exist exclusively of prokaryotes, but no protists,

chlorophytes (green algae) and their multicellular descen-

dants could have evolved (Fig. 1b). Hence, animals
(including humans), fungi and plants emerged as a result of

ancient invasions of prokaryotes into primitive eukaryotic
cells. This merger of two cell types to create novel

unicellular organisms (the Mereschkowsky–Wallin princi-

ple of symbiogenesis) was a key macroevolutionary pro-
cess in the development of life on Earth (Margulis 1993,

1996; Niklas 1997; Kutschera and Niklas 2005, 2008;

Reyes-Prieto et al. 2007; Bowman et al. 2007; Kutschera
2008b).

It should be noted that ancient secondary endosymbi-

otic events, i.e., the incorporation and enslavement of
unicellular algae by heterotrophic eukaryotic host cells,

resulted in chimeric ‘‘monster organisms’’ such as eu-

glenids and dinoflagellates. Today, these photosynthetic
protists represent the majority of extant phytoplankton in

marine and freshwater ecosystems of the Earth and are

the dominant photosynthetic primary producers in the
oceans (Cavalier-Smith 2000; Knoll 2003; Reyes-Prieto

et al. 2007; Kutschera and Niklas 2008; Falkowski and

Isozaki 2008).

The Darwin–Wallace principle of natural selection

In February 1858, during a stay in the Malay Archipelago,

Alfred R. Wallace connected the concept of Robert Malthus
(1766–1834) on the limits of population growth to the well-

known fact of biological variability. He postulated a new

mechanism that may explain the phylogenetic development
of new phenotypic variants and species in natural popula-

tions of animals based on these findings. Since Wallace had

begun an ongoing correspondence with Charles Darwin
2 years earlier, he sent off a summary of his ideas. Darwin,

as the well-known story goes, had been working on a very

similar concept over the past 20 years, and, like Wallace,
was impressed by the thesis of Malthus. He was shocked

when he read the phrase ‘‘The life of wild animals is a

struggle for existence’’ and, as a result, contacted the geol-
ogist Charles Lyell (1797–1875) to ask for advice. Lyell and

the botanist Joseph Hooker (1817–1911) decided to publish

Wallace’s ‘‘Ternate-essay’’ together with some unpublished
fragments from Darwin’s manuscripts on natural selection

and the principle of artificial selection by man. These papers

were read at the next meeting of the Linnean Society on July
1, 1858 and published in Volume 3 of the Proceedings of the

Linnean Society London on August 20 of the same year

(Shermer 2002).
Based on the original articles (Darwin and Wallace

1858), the principle of natural selection (Fig. 2a) can be

summarized as follows:

1. Overproduction (doctrine of Robert Malthus):

C. Darwin: ‘‘Every being (even the elephant) breeds at

such a rate that in a few years … the surface of the earth

would not hold the progeny of one pair’’.
A. R. Wallace: ‘‘A simple calculation will show that in

fifteen years each pair of birds would have increased to

nearly ten millions’’.

2. Struggle for life/existence and variability:

C. Darwin: ‘‘Only a few of those annually born can live
to propagate their kind (struggle for life) … individuals …
will be occasionally born with slight variation’’.

A. R.Wallace: ‘‘The numbers that die annually must be
immense … those that prolong their existence can only be

the most perfect in health and vigour (struggle for exis-

tence) … varieties do frequently occur’’.

3. Transformation of species:

C. Darwin: ‘‘Each new variety or species, when formed,

will generally take the place of, and thus exterminate, its

less well-fitted parent’’.

Fig. 2 Illustration of the Darwin–Wallace principle of natural
selection, one of the basic concepts of modern biology (a). Under
optimal environmental conditions, waterfrogs (members of the Rana
esculenta–R. lessonae species complex) produce thousands of fertil-
ized eggs per pair. However, due to the limited supply of resources,
there is competition among the individuals that differ in heritable
traits, which leads to a struggle for existence (or life). As a result,
natural selection, i.e., the elimination of the less favourable (unfit)
variants within the population, leads to the survival and reproduction
of the best adapted animals (on average two individuals among
thousands of conspecifics). In natural populations, the average
survival rate from the egg stage to first reproduction is about 0.1%
(data from Thurnheer and Reyer 2000). Gradual changes in environ-
mental conditions (b) can cause adaptive phenotypic evolution by
directional natural selection. Arrowhead one generation
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organelles was based on several lines of evidence—data

from the literature, and novel microscopic observations by
the author (Mereschkowsky 1905). In his preface to a

subsequent article (signed 11 January 1909), which was

published in the following year, Mereschkowsky (1910)
wrote that his intention was to introduce a new theory on

the origin of the organisms on Earth. He explicitly pointed

out that the attempts of Charles Darwin, Ernst Haeckel and
others to solve this problem have been unsuccessful,

because not all pertinent facts were available when these
naturalists published their books (Darwin 1859, 1872;

Haeckel 1877). He argued that so many novel findings in

the fields of cytology, biochemistry and physiology have
accumulated, notably with respect to lower (unicellular)

organisms since Darwin’s era, the time has come to pro-

pose a new theory.
Based on the principle of symbiosis (i.e., the union of

two different organisms whereby both partners mutually

benefit), Mereschkowsky (1910) coined the term symbio-
genesis theory. The principle of symbiogenesis, as envi-

sioned by Mereschkowsky, is based on an analogy between

phagocytosis of extant unicellular eukaryotes such as
amoebae (Fig. 1a) and hypothetical processes that may

have occurred millions of years ago in the oceans of the

young Earth. Mereschkowsky’s symbiogenesis hypothesis
explained the origin of the chloroplasts from ancient cya-

nobacteria and hence gave insight into the first steps in the

evolution of the plant kingdom (Sapp et al. 2002).
Six years after Mereschkowsky’s death, the Russian

cytologist Ivan E. Wallin (1883–1969) proposed that

the mitochondria of eukaryotic cells are descendants of
ancient, once free-living bacteria (Wallin 1927). In

addition, he suggested that the primary source of genetic

novelty for speciation events was a periodic, repeated
fusion of bacterial endosymbionts with eukaryotic host

cells. However, this second hypothesis of Wallin is not

supported by empirical data (Kutschera and Niklas 2005).

Evolutionary origin of multicellular organisms

Endosymbiotic events that occurred ca. 2,200–1,500 mil-

lion years ago (mya) in the oceans gave rise to the first
eukaryotic cells (Fig. 1b). Today, they are described within

the framework of the serial primary endosymbiosis theory

for cell evolution, which is supported by a solid body of
empirical data (see Margulis 1993, 1996 for classic reviews

and Kutschera and Niklas 2004, 2005 for more recent

accounts).
The capture of an ancient a-proteobacterium by a

nucleus-containing (eukaryotic) host cell that resembled

extant amitochondriate protists occurred probably only
once in evolution. After a subsequent intracellular

domestication process, the once free-living a-proteobac-
terium was reduced to an organelle for the production

and export of energy-rich adenosine triphosphate (ATP).
In a subsequent primary endosymbiotic event an ancient

cyanobacterium was engulfed, domesticated and finally

enslaved to become a photosynthetic, green organelle
(chloroplast). These acquisitions of an a-proteobacterial
and a cyanobacterial endosymbiont (i.e., the ancestral

mitochondrion and chloroplast, respectively), organelles
that multiply in the cytoplasm by binary fission and are

inherited via the egg cell, were momentous events in the

history of life on Earth. Molecular phylogenetic analyses
of plastid and nuclear genes led to the conclusion that

only a single, ancient primary plastid endosymbiosis

had persisted (Cavalier-Smith 2000; Reyes-Prieto et al.
2007).

Fig. 1 Phagocytosis and primary serial endosymbiosis. In phagocy-
tosis, which is a kind of cellular eating, an eukaryotic cell such as an
amoeba engulfs prey organisms (bacteria), packages it in a food
vacuole and digests it (a). Diagrammatic rendering of the symbio-
genetic origin of mitochondria and chloroplasts during the proterozoic
(ca. 2,200–1,500 million years ago, see Fig. 7) according to the serial
primary endosymbiosis theory (b). A free-living a-proteobacterial
ancestor (Bacterium) is engulfed by an eukaryotic host cell with
nucleus (N) and reduced (domesticated) to an organelle (mitochon-
drion, Mito). Millions of years later, this heterotrophic cell engulfed
and domesticated an ancient cyanobacterium, which evolved into a
chloroplast (Chloro). The phylogeny of the multicellular Fungi,
Animalia and Plantae via unicellular ancestors (Protozoa, Chloro-
phyta) is indicated. Mitochondria and chloroplasts multiply in the
cytoplasm of their host cell and are inherited from the parent cell
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according to just how closely dissimilar species interact. In a
sense, there exists a continuum of interaction and physical
proximity for all associations—both ecological and symbiotic
Figure 1 shows this continuum, which ranges from behavioral
and ecological interactions (on one end) to total incorporation
of a symbiont’s genomic information into a host’s nucleic
DNA (on the other end).20 The following paragraphs highlight
some of the grouping shown in Figure 1. For further
information, we refer to [5, 19, 29, 28, 76].

There are two broad groupings of symbioses: those in
which a symbiont remains outside a host (ectosymbioses) and
those in which a symbiont lives mostly inside a host
(endosymbioses).

Behavioral Symbioses. This type of ectosymbiosis is
common between animal-animal systems and is usually
characterized by some form of specialized communication and
behavior. Examples are cleaning fish and their larger hosts
(e.g., predatory eels, sharks, sea anemone) [47, 53].

Attachment Symbioses .21 This type of ectosymbiosis involves
a symbiont either permanently or semi-permanently attaching
itself to a host. Examples include epiphytes (plants that grow
on other plants as a parasite for light and sometimes for
nutrients: e.g., mistletoe) [74]. Sea anemones that ride on the
shells of hermit crabs are another.

Extracellular Symbiosis. This type of endosymbiosis consists
of symbionts that live within cavities internal to a host (e.g.,
like tapeworms) or between cells in host tissue. The latter type
of extracellular symbiosis is called intercellular symbiosis, as in
typified by some lichens [34].

Intracellular Symbioses. This type of endosymbiosis is
established by a remarkably similar set of processes over a
diverse range of systems [60, 61].The inhabiting symbiont
must enter a host cell, avoid digestion, preserve host-cell
functions essential to it, reproduce within the host cell, and
survive transit to host offspring. Examples include unicellular
algae living within animals [5] and human viral infections
[23]. Endonuclear symbiosis is a subtype of intracellular
symbiosis that describes those situations in which the
symbiont inhabits a host’s nucleus (e.g., [24]).

                        
20 We should emphasize here that this continuum does not

represent a series of evolutionary stages by which genotypes are
integrated. All this continuum represents is the kinds of symbiotic
interactions that can be found in nature at present.

21 Both attachment and behaviorial symbiosis are our terms. All
the other terms are nomenclature in biology.

Plastid Symbiosis (also called Keptoplasty). This type of
endosymbiosis refers to retention of only a symbiont’s plastids,
as opposed to whole symbionts [42]. Plastids refer to
specialized compartments within a cell and are to plant cells as
organs are to multicellular organisms. This type of symbiosis
includes marine organisms responsible for the “red tide” [45],
in addition to a few species of mollusks [9]. Many plastid
symbioses are unstable. The notable exceptions to unstable
plastid symbioses are the fairly stable associations concerning
the red-tide organisms, otherwise called a plastic species.

Gene Transfer . This term does not describe endosymbioses
per se, but instead denotes a class of transfer mechanisms of
genomic information between symbiotic partners [1]. Usually
the symbiosis is intracellular, but not necessarily a plastid or a
endonuclear symbiosis. Noteworthy exceptions are horizontal
transfers between bacteria species and at least one example
involving an extracellular parasite. Agents of such mechanisms
include episomes [8] and “promiscuous DNA” [22, 39].
Examples include the phenomena of rapid conferral of
multiple-drug (antibiotic) resistance to various bacteria species
(e.g., those species that cause staph, dysentery, cholera).

4. Consequences

Given the situation outlined in the previous section, one
can guess at the potential for confusion for researchers in
complex adaptive systems and evolutionary computation.
Current work in theoretical biology could suggest to some the
possibility of expressing one complex adaptive model or one
computational algorithm to capture all of symbiosis—either as
biological phenomena or as a computational metaphor—as an
achievable goal. An examination of the biology of symbiosis
would suggest otherwise.

Furthermore, current works in the biological sciences do
contain particular biases on viewing what symbiosis is,
particularly concerning whether symbiosis is a state or whether
it is an operator. These works do not always mention which
viewpoint of symbiosis is being employed. This could
potentially lead to situations in which a researcher in complex
adaptive systems or evolutionary computation borrows existing
concepts from both symbiosis-as-state and symbiosis-as-
operator viewpoints without addressing what could amount to
mixing irreconcilable philosophical differences between these
viewpoints.

!

Philosophical differences aside, there remains the matter of
deciding which of the two viewpoints are the most appropriate
for those in complex adaptive systems and evolutionary
computation. To address this matter, we highlight three other
cases of symbiosis. In all of these cases, the basic interactions
that come from living together in close and intimate contact
does not change. What does change are the cost-benefit states
of mutualism, commensalism, or parasitism.

Green Hydra . Hydra belong to the same class of organisms
that includes jellyfish and sea anemones. The term green hydra
refers to those species of hydra that are in symbiosis with algae
(usually a Chlorella species). These hydra (like other hydra
species) live in fresh water and prey on small planktonic
organisms (like daphnia). Green hydra may live with or
without their symbiont algae.

Total
Integration
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Figure 1. Continuum of interaction between dissimilar species.
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Coevolu'onary	
  
Rela'on	
  

Partner	
  A	
   Partner	
  B	
  

Mutualism	
   Benefit	
   Benefit	
  

Compe99on	
   Deteriorate	
   Deteriorate	
  

Amensalism	
   No	
  change	
   Deteriorate	
  

Parasi9sm	
   Benefit	
   Deteriorate	
  

Commensalism	
   No	
  change	
   Benefit	
  

Altruism	
   Deteriorate	
   Benefit	
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Host	
  
(complete	
  solu9on)	
  

Symbiont	
  
(par9al	
  solu9on)	
  

Candidate	
  host:	
  
00000000 	
  

Candidate	
  symbiont:	
  
	
  <3,	
  111>	
  

Child	
  following	
  symbiosis:	
  00011100 	
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Watson	
  and	
  Pollack	
  (2003)	
  

A! -­‐	
  -­‐	
  -­‐	
  -­‐	
  1	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  0	
  0	
  -­‐	
  1	
  -­‐	
  -­‐!
B! -­‐	
  -­‐	
  1	
  -­‐	
  0	
  -­‐	
  -­‐	
  -­‐	
  0	
  -­‐	
  1	
  -­‐	
  -­‐	
  -­‐	
  -­‐!

A+B! -­‐	
  -­‐	
  1	
  -­‐	
  1	
  -­‐	
  -­‐	
  -­‐	
  0	
  0	
  0	
  -­‐	
  1	
  -­‐	
  -­‐!

Provide	
  a	
  sample	
  of	
  ‘contexts’	
  for	
  eli9st	
  comparison	
  of	
  child	
  to	
  parents	
  
For	
  all	
  contexts:	
  F(A+B)	
  >>	
  F(A),	
  F(B)	
  

Where	
  ‘>>’	
  denotes	
  Pareto	
  dominance	
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Endosymbiotic Evolutionary Algorithm 121

Figure 3. Interactions among populations.

Step 1: (Initialization)

For each cell of Pop-A and Pop-B, generate an in-
dividual randomly. Then, evaluate each individual,
wherein the individual is combined with another that
is located at the same position in the other popula-
tion. Set fbest to be the fitness of the best combina-
tion. The population, Pop-AB, is set to Ø.

Step 2: (Neighborhood construction)

Select an arbitrary location (i, j), and set up the neigh-
borhood, NAij, NBij, and NABij. If NABij = Ø, then
go to Step 4.

Step 3: (Competition with NABij)

Step 3.1: (Competition of NAij with NABij)

If there exists as (∈ NAij) such that for each
αuβu(∈ NABij), f (asβu) is greater than f (αuβu),
then substitute asβu for αuβu in NABij, and sub-
stitute αu for as in NAij.

Step 3.2: (Competition of NBij with NABij)

If there exists bt (∈ NBij) such that for each αuβu

(∈ NABij), f (αubt ) is greater than f (αuβu), then
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Figure 3. Interactions among populations.

Step 1: (Initialization)

For each cell of Pop-A and Pop-B, generate an in-
dividual randomly. Then, evaluate each individual,
wherein the individual is combined with another that
is located at the same position in the other popula-
tion. Set fbest to be the fitness of the best combina-
tion. The population, Pop-AB, is set to Ø.

Step 2: (Neighborhood construction)

Select an arbitrary location (i, j), and set up the neigh-
borhood, NAij, NBij, and NABij. If NABij = Ø, then
go to Step 4.

Step 3: (Competition with NABij)

Step 3.1: (Competition of NAij with NABij)

If there exists as (∈ NAij) such that for each
αuβu(∈ NABij), f (asβu) is greater than f (αuβu),
then substitute asβu for αuβu in NABij, and sub-
stitute αu for as in NAij.

Step 3.2: (Competition of NBij with NABij)

If there exists bt (∈ NBij) such that for each αuβu

(∈ NABij), f (αubt ) is greater than f (αuβu), then
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Figure 3. Interactions among populations.

Step 1: (Initialization)

For each cell of Pop-A and Pop-B, generate an in-
dividual randomly. Then, evaluate each individual,
wherein the individual is combined with another that
is located at the same position in the other popula-
tion. Set fbest to be the fitness of the best combina-
tion. The population, Pop-AB, is set to Ø.

Step 2: (Neighborhood construction)

Select an arbitrary location (i, j), and set up the neigh-
borhood, NAij, NBij, and NABij. If NABij = Ø, then
go to Step 4.

Step 3: (Competition with NABij)

Step 3.1: (Competition of NAij with NABij)

If there exists as (∈ NAij) such that for each
αuβu(∈ NABij), f (asβu) is greater than f (αuβu),
then substitute asβu for αuβu in NABij, and sub-
stitute αu for as in NAij.

Step 3.2: (Competition of NBij with NABij)

If there exists bt (∈ NBij) such that for each αuβu

(∈ NABij), f (αubt ) is greater than f (αuβu), then
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  Networks:	
  
Moriarty	
  and	
  Miikkulainen	
  (1998)	
  

La	
   Wa	
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   Wb	
  

Lc	
   Wc	
   Ld	
   Wd	
  

Le	
   We	
   Lf	
   Wf	
  

Lg	
   Wg	
   Lh	
   Wh	
  

Li	
   Wi	
   Lj	
   Wj	
  

Lk	
   Wk	
   Ll	
   Wl	
  

Lm	
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   Wn	
  

Lo	
   Wo	
   Lp	
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   Evolved	
  

Instruc9on	
  
Set	
  

Domain	
  
Dependent	
  

Phenotypic	
  
responses	
  

Domain	
  
knowledge	
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Other	
  Developments	
  

•  Learning	
  Classifier	
  Systems	
  (Temporal)	
  
– Bull	
  and	
  Fogarty	
  (1996),	
  Tomlinson	
  and	
  Bull	
  
(2005),	
  Baghshah	
  et	
  al.	
  (2007)	
  

•  Host-­‐Parasite	
  Models	
  (Spa9al/	
  Gene9c)	
  
– Daida	
  et	
  al.	
  (1995)	
  

•  Fuzzy	
  Systems	
  (Coevolu9onary/	
  Gene9c)	
  
– Hirasawa	
  et	
  al.	
  (2000),	
  Baghshah	
  et	
  al.	
  (2007)	
  

•  Ar9ficial	
  Life	
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Discussion	
  
•  Context	
  
–  Gene	
  alignment	
  
–  Explicit	
  signaling/	
  communica9on	
  

•  Formula9ng	
  fitness	
  func9ons	
  
–  Evaluate	
  fitness	
  at	
  host	
  or	
  the	
  symbiont	
  or	
  both?	
  
– Mechanism	
  Design	
  

•  Pareto	
  formula9ons	
  ooen	
  too	
  briple	
  in	
  prac9ce	
  

•  Layered	
  Learning	
  
–  Build	
  ‘complex’	
  behaviors	
  from	
  ‘simple’	
  behaviors	
  

•  Contribu9on	
  to	
  other	
  paradigms	
  
–  Evolu9onary	
  NNs	
  in	
  general	
  
–  Teaming	
  in	
  GP	
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