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We propose a novel Cultural Algorithm for the representation of mitochondrial population in mammalian cells as an autonomous
culture. While mitochondrial dysfunctions are highly associated with neurodegenerative diseases and related disorders, an
alternative theoretical framework is described for the representation of mitochondrial dynamics. A new perspective of bioinspired
algorithm is produced, combining the particle-based Brownian dynamics simulation and the combinatorial representation of
mitochondrial population in the lattice, involving the optimization problem of ATP production in mammalian cells.

1. Introduction
Considering the latest researches, disruptions in the regulation of mitochondrial dynamics, low-energy production,
increased reactive oxygen species, and mtDNA damage
are relevant to human diseases, mainly in neurogenerative
diseases and cancer. Recent discoveries have highlighted that
neurons are reliant particularly on the dynamic properties
of mitochondria. In addition, mitochondria are actively
recruited to subcellular sites, such as the axonal and dendritic
processes of neurons. Defects in mitochondrial dynamics
are associated with neurodegenerative disease. For example,
Charcot-Marie-Tooth type 2A, a peripheral neuropathy, and
dominant optic atrophy, an inherited optic neuropathy,
result from a primary deficiency of mitochondrial fusion.
Moreover, several major neurodegenerative diseases including Parkinson’s, Alzheimer’s, and Huntington’s diseases
involve disruption of mitochondrial dynamics.
On the other hand, cultural algorithms are a class of
population concepts, principles, mechanisms, and optimization techniques that work on a principle inspired by nature:
evolution of species [1]. These algorithms are very useful
tools in a large number of applications in optimization,
control, signal processing, or machine learning [2].
Lately, researchers attempted to model the cultural
evolution process from both a microevolutionary perspective

in terms of the transmission of behaviors or traits between
individuals in a population and a macroevolutionary perspective in terms of the formation of generalized beliefs based
upon individual experiences. These generalized beliefs can
serve to constrain the behaviors of individuals within the
associated population [3].
According to Reynolds, Cultural Algorithms are a class
of computational models of cultural evolution that support
such a dual inheritance perspective. This approach provides
a framework in which to describe all of the current models of
cultural evolution from a computational point of view since
any of the single inheritance systems can be produced as a
special case [3].
Cultural Algorithms, are based on the supposition that
one can get better learning rates for an evolutive genetic
algorithm [4] adding to it one more element of evolutive
pressure—called Belief Space, a mechanism of cultural
pressure. Therefore, a system of double inheritance, both
genetic and cultural, could better respond to a large number
of problems, while cultural evolution enables societies to
evolve or adapt to their environments at rates that exceed that
of biological evolution based upon genetic inheritance alone
[5, 6].
In this paper we investigate the application of Cultural
Algorithms on the representation of mitochondrial population in mammalian cells, a biological system with high
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complexity, diﬀerent capabilities and operations, and great
importance for the human health.

2. The Mitochondrial Population and Dynamics
The number of mitochondria in a cell is regulated to
match the cell’s requirements for ATP, while fusions and
fissions play a functional role in maintenance of proper
inner membrane electrical potential. Mitochondria provide
most of the ATP for cellular reactions. ATP production in
mitochondria is coupled to an electron transport system in
which the passage of electrons down the various electron
carriers is associated with the transport of protons from
the matrix into the intermembrane space. The majority of
these protons reenter the mitochondrial matrix by the ATP
syntheses, thereby generating ATP.
Mitochondria are involved in numerous metabolic and
cellular processes [7]. Besides the citric acid cycle and the
oxidative phosphorylation, these processes also include the
urea cycle and the oxidation of fatty acids. Other reactions
carried out and orchestrated are the biosynthesis of heme,
several amino acids, and vitamin cofactors, as well as the
formation and export of iron-sulphur clusters [8]. Beyond
these metabolic functions, mitochondria are also involved
in the programmed cell death [9] and in case of their
dysfunction in ageing [10] and several diseases [11].
2.1. Mitochondrial Structure. Found in most eukaryotic
cells, mitochondria are subcellular organelles that play a
central role in energy metabolism. The key feature of the
mitochondrion is the presence of two membranes that
encapsulate a protein-rich central matrix. Specifically, this
organelle is compartmentalized by two membranes into
four compartments. A smooth outer membrane surrounds
and isolates the organelle from the cytosol while the inner
membrane with several invaginations, called cristae, divides
them further into the mitochondrial intermembrane space
and the matrix. The organization of the inner membrane
was dissected in recent studies using improved electron
microscopic and tomographic techniques [12, 13]. The
inner membrane contains the protein complexes and redox
cofactors involved in electron transfer and ATP synthesis.
Besides the outer membrane, an inner boundary membrane is connected by several tubular junctions to the cristae,
creating a distinction between the intermembrane and the
intercristal space. This basic concept of the inner membrane
is structurally dynamic with respect to cristae connection
to each other or with the inner membrane and can be
considerably varied among diﬀerent organisms’ tissues or
physiological conditions [12]. The mitochondrial matrix
contains a highly concentrated mixture of enzymes involved
in all aspects of metabolism, in addition to the mitochondrial genome which, in mammalian mitochondria, encodes
39 genes involved in mitochondrial function. Families of
mitochondrial carriers, of which approximately 50 have been
identified in the human genome, are present to enable
exchange between the intermembrane space and the matrix
[14].
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The fact that many central processes in eukaryotic cells
are functionally linked to this double membrane shielded
organelle requires an interface between the mitochondrial
compartment and the cytoplasm. To achieve this intracellular
exchange the two membranes include a variety of transport
and receptor proteins [15–17] as well as a specific subset
of translocases involved in the import and assembly of
mitochondrial proteins [18].
2.2. Mitochondrial Processes: Fusion, Fission, Motility, and
Mitophagy. The number of mitochondria in a cell is regulated to match the cell’s requirements for ATP, while fusions
and fissions play a functional role in maintenance of proper
inner membrane electrical potential. Without the mitochondrial dynamics, the mitochondrial population consists of
autonomous organelles that have impaired function [19].
In a wild type cell, high rates of fusion and fission are
independent events, which constantly change the identity
of individual mitochondria, as well as the motility and the
mitophagy.
An individual mitochondrion is not an autonomous
organelle. The hundreds of mitochondria within a typical
cell undergo continual cycles of fusion and fission. Because
mitochondria have an outer lipid membrane as well as
an inner one, each fusion event requires the coordinated
fusion of the membranes [20, 21]. Fusion is likely to protect
function by providing a chance for mitochondria to mix their
contents, thus enabling protein complementation, mtDNA
repair, and equal distribution of metabolites, helping the isolation of damaged-mitochondrial segments and promoting
their autophagy [22, 23]. In contrast, fission acts in order
to facilitate equal segregation of mitochondria into daughter
cells during cell division and to enhance distribution of
mitochondria along cytoskeletal tracks [24].
Intuitively, it is easy to imagine how mitochondrial fusion
and fission can change the morphologic characteristics of
mitochondria [20–22]. Fusion results in fewer and longer
mitochondria, whereas fission results in more and shorter
mitochondria. Indeed, genetic studies indicate that cells with
mutations in the genes required for mitochondrial fusion
have fragmented mitochondria instead of the tubular mitochondrial network observed in normal cells [24]. Similarly,
cells with mutations in genes required for mitochondrial
fission have excessively elongated and interconnected mitochondria because of unopposed fusion. Peroxisomal shape is
also controlled by fission; the role of fusion is less clear [20].
Additional studies have also shown that mitochondrial
fission precedes apoptosis [25]. Defects in mitochondrial
fusion cause neurodegenerative disease [23, 24]. CharcotMarie-Tooth disease type 2A, an autosomal dominant
neuropathy of long peripheral nerves, is caused by mutations in MFN2. Moreover, dominant optic atrophy, the
most commonly inherited optic neuropathy, is caused by
mutations in OPA1. This apparent sensitivity of neurons
to defects in mitochondrial dynamics probably depends
on the special requirements of neurons for mitochondrial
function [20]. An ultrastructural hallmark of the synapse
is the presence of abundant mitochondria, which maintains
calcium homeostasis and levels of ATP production that,
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in turn, are critical to nerve transmission. Neurons have
extraordinarily long cellular processes, and tight control of
mitochondrial dynamics is probably necessary for distributing active mitochondria to dendrites and axon terminals.
Given the important roles of mitochondrial dynamics in
human physiologic processes, it would not be surprising to
find additional diseases caused by mutations in genes that
control mitochondrial fusion and fission [20].
Another aspect of mitochondrial dynamics beyond
fusion and fission is the motility of mitochondria [21]. This
aspect is critically important in highly polarized cells, such
as neurons [26], which require mitochondria at sites distant
from the cell body, but can also be crucial to cellular function
in smaller cells [27]. Defects in both fusion and fission
have been shown to decrease mitochondrial movement.
In neurons lacking mitochondrial fusion, both increased
mitochondrial diameter due to swelling and aggregations
of mitochondria seem to block eﬃcient entry into neurites,
resulting in a dearth of mitochondria in axons and dendrites
[28]. These defects result in improperly developed neurons
or gradual neurodegeneration.
Autophagy is a mechanism whereby eukaryotic cells
degrade their own cytoplasm and organelles [29]. Autophagy
functions as a homeostatic nonlethal stress response mechanism for recycling proteins to protect cells from low
supplies of nutrients and as a cell death mechanism. This
degradation of organelles and long-lived proteins is carried
out by the lysosomal system; thus, a hallmark of autophagy
is accumulation of autophagic vacuoles of lysosomal origin [23]. Autophagy has been seen in developmental and
pathological conditions. Mitophagy denotes the degradation
of mitochondria through autophagy. Although the existence
of mitophagy has been known for some time, it has been
unclear whether mitochondria are randomly or selectively
targeted for mitophagy [21].

3. An Alternative Biological Culture
3.1. Mitochondrial Civilization Associated with Neurogenerative Diseases. From a geometrical point of view, a number
of (un)correlated factors can aﬀect the mitochondrial shape.
This illustrates a more complex problem, while morphological changes in mitochondrial structure are associated with
biological dysfunctionalities and electrophysiology problems
[30]. These eﬀects are directly or indirectly correlated
with human neurodegenerative diseases. While fusions and
fissions contribute to the wide variety of mitochondrial
morphologies, a discrete mitochondrion at one point in
time will be changed at a later time by the addition of new
mitochondrial material through fusion or by the removal
of material through division. It is a logical consequence
of high probability that after a certain period of successful events (fusions and fissions) the inner structure will
totally lose its initial characteristics in a nonreversible way,
restricting the inner space and reducing the corresponding
area and energy [30]. It is obvious that any failure in
inner membrane mitochondrial fissions can easily generate
unstable electric potential, eﬀecting functionality and reduce
voltage gradient. Fusion and fission seems to be required
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to maintain mitochondrial function, as independent and
diﬀerent mechanisms. Fusion is likely to protect function by
providing a chance for mitochondria to mix their contents,
thus enabling protein complementation, mtDNA repair,
and equal distribution of metabolites, helping the isolation
of damaged mitochondrial segments and promoting their
autophagy. In contrast, fission acts in order to facilitate equal
segregation of mitochondria into daughter cells during cell
division and to enhance distribution of mitochondria along
cytoskeletal tracks. The failure in this biological machinery
may also promote apoptosis.
Even though, these four processes are independent, it
is clear that any interactions will be critically important in
neurons. For example, defects in both fusion and fission
have been shown to decrease mitochondrial movement.
The large tangle of highly interconnected mitochondria
in fission-deficient cells prevents eﬃcient movement, especially into small pathways such as neuronal processes.
While mitophagy denotes the degradation of mitochondria
through autophagy, recent findings indicate that mitophagy
can selectively degrade defective mitochondria.
Especially in the case of Alzheimer’s Disease, scientists
used brain tissue from cases with a diagnosis of AD [31, 32],
as well as control cases with no clinical or pathological
history of neurological disease, applying cytological in situ
hybridization, immunocytochemistry, and morphometry
[33] techniques, showing that the area of intact mitochondria
is significantly decreased in AD. While AD can be genetically
classified as familiar or sporadic, researchers proposed that
the case of sporadic AD is not caused by the accumulation of
amyloid-β (Aβ), but instead is a consequence of a decline in
mitochondrial function with age [34, 35]. Additionally, the
overexpression of Aβ causes an alteration in the mitochondrial fission and fusion proteins resulting in mitochondrial
dysfunction, mitochondrial fragmentation, increase in reactive oxygen species (ROS) and ATP production, and reduced
mitochondrial membrane potential [36].
3.2. A New Cultural Algorithm. From the philosopher Aristotle to the anthropologist Geertz [37], any civilization
consists of citizens, where besides the variation of their
genetic characteristics, they participate to the social evolution through their behaviour and several others mechanisms,
rules, principles, or even more principles.
Additionally researchers [38] introduce the term Artificial Culture where, a new knowledge domain tries to
connect the models found in complex adaptive systems to
the models found in the domain of culture. According to this
terminology Artificial Culture is a population of individual
agents, with its own sense, with its own cognition and
performance, interacting in a social ambient with others
agents in a physical environment of artifacts and others
objects [38].
According to Holland [39], a complex system usually has
the following characteristics, which obviously in the case of
mitochondrial populations are adapted in most of the cases.
(i) Relationships in complex system are nonlinear.
(ii) Complex systems contain feedback loops.
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t←1
Generate Civilization: N individuals are distributed
in the parametric space, assuming that correspond
to a local martingale
Initialize Population P(t)
Initialize Belief Space BS(t)
While (ATP Production = Acceptant) and (t < constant value) do
{

Evaluate P(t)
Evolve ((P(t), Merging(P(t), Combine(P(t)))), Influence(BLF(t)))
Vote (BS(t), Accept(P(t)))
Evaluate (P(t), Adjust(BS(t)))
Update (BS(t), Accept(P(t)))
t ←t+1
Select P(t) from P(t − 1)
}

End
Algorithm 1: Cultural Algorithm.

Initialization of
mitochondrial population

Yes

Minimal ATP
production

Maximal/minimal ATP
production or simulation
time reached

Yes
No

Therapeutic
procedures

No

Potential reactions
Yes
No

Fusion

Fusion

Yes
Mitochondrial
movement

Complete or
transient

No

Mitophagy

Yes
Cutting
mitochondrion

Calculate new ATP levels,
population reconfiguration

Figure 1: The Cultural Algorithm for the representation of mitochondrial population.

(iii) Complex systems are open.
(iv) Complex systems have memory (even though mitochondria seem to obey the memoryless phenomenon
[30]).
(v) Complex system may produce emergent phenomena.

The proposed Cultural Algorithm for the representation
of the mitochondrial population is an extended version
of Reynolds [3], adapted in mitochondrial terminology
(operations) where P(t) represents the population and BS(t)
the Belief Space at time t.
The algorithm starts with the generation of the civilization, where the initialization of both the Population and
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Mx2

(a)

Mxk1
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(b)

Mj1

Mjk1

(b)

Figure 2: (a) Initialization of population. (b) Simulation results
after N Steps.

the Belief Space, occurs. Due to the biological identities of
mitochondria in mammalian cells, and their stochastic distribution in the lattice space, we assumed that they produce
a local martingale limiting their ATP production within the
normal measurement limits. The proposed algorithm enters
the evolution loop until the ATP production is decreased
in a level likely to result in a neurological disorder. At the
beginning of each generation, individuals in the Population
Space are first evaluated and then interact to each other
through the operation factors “Merging” and “Combine”
(representing in a way the mitochondrial dynamics and the
communication paths between them in order to exchange
their contents) resulting a new selection of individuals
through the Influence function.
Additionally, the two feedback functions Accept and
Influence, give the opportunity to the population component
and the Belief Space to interact with each other in the way
that human culture evolve [40–42].
The pseudocode of the proposed bioinspired algorithm is
given in Algorithm 1.
By the mechanism of mitochondrial dynamics these
organelles can undergo exchange their contents for desired
morphology and topology. The above algorithm is a more
sophisticated control of mitochondrial proper functioning,
setting as population belief a total optimum in the cell space.

Mjk2

(c)

Figure 3: (a) Complete fusion. (b) Transient fusion. (c) Fission.

Empirically, fusion-deficient mitochondria display loss
of directed movement, instead hovering in a manner reminiscent of Brownian motion [43]. It is well known that
particle-based Brownian dynamics simulations oﬀer the
opportunity to not only simulate diﬀusion of particles but
also the reactions between them. Particle-based simulations
naturally incorporate the concepts of space, crowding, and
stochasticity [44, 45]. Those methods treat proteins or
other reactants explicitly, and the time-evolution of particle
positions is sampled at discrete time intervals by Brownian
dynamics simulations [46, 47]. The basic motion of a particle
undergoing diﬀusion can be described by Einstein’s diﬀusion
equation [48] as follows:
∂
P(r, t | r0 , t0 ) = D∇2 P(r, t | r0 , t0 ),
∂t

(1)

where P(r, t | r0 , t0 ) is the probability that the particle will
be at position r at time t given the particle was initially
at position r0 at time t0 . The rate of diﬀusion is given by
the parameter D. When the diﬀusive motions of multiple
particles are simulated, in a traditional Brownian dynamics
algorithm the distribution of particle displacements P(r, t) is
sampled for each particle every time step [49].
Algorithm 1 is a a novel theoretical approach in order
to represent mitochondrial population of mammalian cells
as an independent culture. We assigned a random walk in
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these subcellular compartments of a neural cell as follows:
viruses to destroyed mitochondria, infected individuals to
mitochondria with decreased ATP production, and uninfected individuals to healthy mitochondria.
A more informative representation of the above pseudocode can be seen in Figure 1, where the main feature
involves the optimization level of ATP production. In this
Cultural Algorithm the stochastic evolution function is
performed until the solution has reached a total optimum,
the maximal or minimal ATP level, responsible for several
human diseases.
We tested our algorithmic representations in a multiagent simulation environment called MASON, which is a
single-process discrete-event simulation core and visualization library for biological systems [50].
The population is represented by the colour dots [50],
brown for the healthy mitochondria, green for the mitochondria with decreased functionality, and the red for the
destroyed mitochondria. There are also some cases of healthy
mitochondria, which are represented with black dots with
red cross, where destroyed mitochondria can be disinfected
through the operation of fusion (Figure 2).
It is obvious that the formulation of mitochondrial
population as a biological culture, gives us the potentiality
of visualization of the two main observed classes of fusion
events in mammalian cells. The complete fusion and the
transient fusion events [51], wherein two mitochondria came
into close apposition, exchanged soluble intermembrane
space and matrix proteins, and reseparated, preserving the
original morphology.
In this phase, we are more focused in the three main
mitochondrial operations: the complete fusion, the transient
fusion of two mitochondria, and the fission of one mitochondrion (Figure 3).
It is obvious that further simulation testing of these
dependent operations will give us the opportunity of modelling eﬃciently the mitochondrial dysfunctions over age and
figure more accurate the potential safe boundaries of healthy
mitochondrial population against the early diagnosis of
neurogenerative diseases. Genes, proteins interactions, and
mtDNA quality, shall be taken into consideration in future
work as the main factors of the proposed representation
aﬀecting the mitochondrial population and its functionality.

4. Conclusions and Future Work
Cultural Algorithms will definitely oﬀer a powerful evolutionary algorithmic tool for many biological diseases at
both the levels of diagnosis and treatment. In the case of
mitochondrial populations and their association with several
neurogenerative disorders, this computation technique will
lead us to a more formalistic representation of experimental
results concerning subcellular measurements and mitochondrial population. In this paper we presented a new combined
version of Cultural Algorithms, using the basic notions of
evolutionary algorithms on mitochondrial dynamics.
Future research includes more computational tests and a
detailed analysis of the performance on real biological data
and case studies, concerning mammalian cells.
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