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Abstract: Mutation and natural selection is the core of Darwin’s idea about evolution. Many algorithms and models are based on this idea.
However, in the evolution of prokaryotes, more and more researches have indicated that horizontal gene transfer (HGT) would be much more
important and universal than the authors had imagined. Owing to this mechanism, the prokaryotes not only become adaptable in nearly any
environment on Earth, but also form a global genetic bank and a super communication network with all the genes of the prokaryotic world.
Under this background, they present a novel cellular automata model general gene transfer to simulate and study the vertical gene transfer and
HGT in the prokaryotes. At the same time, they use Schrodinger’s life theory to formulate some evaluation indices and to discuss the intel-

ligence and cognition of prokaryotes which is derived from HGT.

1 Introduction

In biology, the trait — anatomical, biochemical or behavioural — is the
result of gene—environment interaction. Moreover, this interaction is
affected by two factors which are mutation and natural selection.
They will introduce some heritable genetic changes and may give
rise to alternative traits in organisms. From a genetic viewpoint,
evolution is a generation-to-generation change in the frequencies
of alleles within a population that shares a common gene pool [1].
This thinking is generally accepted so influenced that many
algorithms and models are inspired from it such as ant colony
optimisation, evolutionary programming, genetic algorithm (GA) etc.

However, the above idea of evolution may be prevailing in eukar-
yotes, but not prokaryotes. The research of Mathieu and Sonea [2]
has shown that there is another more important and universal mechan-
ism — horizontal gene transfer (HGT) — in the evolution of prokaryotes.
HGT is any process in which an organism incorporates genetic material
from another organism without being the offspring of that organism.
The opposite conception to HGT is vertical gene transfer (VGT)
which is based on mutation and it usually occurs when an organism
receives genetic material from its ancestor. The terms VGT and HGT
can be conflated as general gene transfer (GGT) in this paper.

It has been proved that antibiotic resistance of prokaryotes is con-
tributed by HGT [3]. Moreover, HGT has been observed between
prokaryotes and eukaryotes [4]. Moreover, there also have been a
few examples that some eukaryotes can receive genes from bacteria,
fungi and plants by HGT [5]. Although the highly significant HGT
has attracted more and more concern in biology, the achievement of
research or application with HGT is shortage in non-biological
field. Consequently, in this paper, we will present a novel cellular
automata (CA) model to simulate VGT and HGT in prokaryotes,
and study the performance of this simulation system with
Schrodinger’s life theory.

This paper is organised as follows. Section 2 describes the prin-
ciple of HGT in prokaryotes, and the theory of life entropy and
complexity. In Section 3, we will present the GGT-CA model
and establish its simulation system. Section 4 details two experi-
ments and analyses the results. In Section 5, the significance and ap-
plication of HGT will be discussed. Section 6 provides conclusions.

2 Materials and methods

2.1 Horizontal gene transfer

A biological classification is introduced by Woese et al. [6] that
divides cellular life forms into archaea, bacteria and eukaryote
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domains. In fact, both archaea (e.g. acidophiles and methanogens)
and bacteria (e.g. Escherichia coli and streptococcus) are separated
from prokaryotes. The key distinguish between prokaryotes and
eukaryotes are that eukaryotes have nuclear envelope containing
their deoxyribonucleic acid (DNA), whereas the genetic material
in prokaryotes is not membrane-bound. This distinction is so im-
portant that it may be the main reason of why HGT is critical to pro-
karyotes as VGT to eukaryotes.

With the containing of nuclear envelope, eukaryotes’ DNA is
isolated and stable. Since DNA is a kind of molecule, only two
major methods can change it in eukaryotes: one is some external
effect at molecular level such as radiation, viruses, transposons
and mutagenic chemicals; another is autologous errors that occur
during meiosis or DNA replication. Both ways can cause mutation
(i.e. VGT). By contrast, the genomes of prokaryotes are held within
an irregular DNA/protein complex in the cytosol called the
nucleoid, which lacks a nuclear envelope [7]. In simple terms,
this means prokaryotes’ DNA is naked with no protective mem-
brane, and can be changed more easily by HGT. Moreover, it
implies that the class and trait of a prokaryotes’ cell also can be
easily changed with the environmental change by HGT. That is
why the prokaryotes are so adaptable. Mathieu and Sonea [2] list
three main modes of HGT: (i) transformation (A and A'): a prokary-
ote cell can take up exogenous DNA from some adjacent lysed pro-
karyotes; (ii) transduction (B): a few phages will inject fragment of
foreign donor’s chromosome replacing homologous nucleotide se-
quence of the receiver’s chromosome; (iii) conjugation (B’): genes
can be transferred through adjacent direct cell contact. All three are
so-called HGT. Fig. 1 is an explanation of HGT.

On the one hand, eukaryotes are easier and earlier to be observed
than prokaryotes. Almost all species of large organisms are eukar-
yotes, including animals, plants and fungi, but all prokaryotes are
microorganisms. On the other hand, the trait of eukaryotes is
varied and colourful in comparison with prokaryotes’ simple and
monotonous. The obvious evidence is that most of prokaryotes
have one of only three basic shapes (see Fig. 2). These are why
most thinking in genetics and its extension has focused on VGT,
but not HGT. Let us take some examples. In bionic mathematical
modelling, Nowak [8] has summarised the mainstream about evolu-
tionary dynamics, and VGT is the central idea of most works. In the
research of CA, Sirakoulis ef al. [9] utilised CA to study DNA se-
quence evolution; Gerlee and Anderson [10] presented a CA model
of clonal evolution in cancer; and Mizas et al. [11] tried to predict
the mutation of DNA sequences by using GAs and CA. Although
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Fig. 1 Three main mechanisms of HGT in prokaryotes

these works also have been involved in prokaryotes, VGT would be
still the focal point of their discussion.

Fortunately, there is a growing awareness that HGT is a vital im-
portant phenomenon. Rivera and Lake [12] indicate that consider-
able HGT has occurred between prokaryotes; Ochman ez al. [13]
explain the principle and significance of HGT; additional evidence
suggests that HGT might also be an important evolutionary mech-
anism in protist evolution [14]; Richardson and Plamer [15] state:
‘HGT has played a major role in bacterial evolution and is fairly
common in certain unicellular eukaryotes. However, the prevalence
and importance of HGT in the evolution of multicellular eukaryotes
remain unclear’; and HGT also may be a strong support for the
theory that all living organisms on Earth are descended from a
common ancestor [16, 17].

In a word, HGT is too weighty to be ignored by some other re-
search fields such as mathematical modelling and evolutionary
computation. Thus, this paper will try to integrate VGT with
HGT as GGT by using CA in order to simulate the behaviour of
prokaryotes.

2.2 Life entropy and complexity

Before we establish the CA model of GGT, there are two problems
need to be solved. In the first place, why choose CA? CA is a kind
of dynamical system modelling tool which is discrete and finite in
time, space and state [18, 19]. The essential features of CA are (i) at
a given time, each cell is in one of a number of states; (ii) the cells
are organised according to a fixed geometry; (iii) each cell commu-
nicates only with other cells in its neighbourhood; and (iv) there is a
universal clock. Each cell may change to a new state at each tick of
the clock depending on its present state, and the present states of its
neighbours. The rules for changing state are called the CA transition
rules. At each clock tick (or ‘generation’) the behaviour of each cell
depends only on the states of its neighbours and its own state. To
conclude, the character of CA is that simple local neighbour rules
can lead to complex, dynamic results of global large-scale
system. This is very advantageous in solving non-linear modelling
problems. Therefore a few CA models of prokaryotes have been
studied. Sugiura et al. [20] advance a CA model for population
densities of bacteria; Indekeu and Giuraniuc [21] use CA to simu-
late bacterial towers; Abdul Karim et al. [22] build a CA model of
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Fig. 2 Three basic shapes of prokaryotes
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hantarvirus infection from macroscopic scale. However, there is
little CA model that focus on HGT. The goal of this paper is to
spread the idea of HGT.

Second, how to actualise the quantitative analysis about
GGT-CA model? From Schrodinger’s book [23], we can gain en-
lightenment that entropy is a great quantitative index to GGT-CA.
It is that the feature of entropy in life system is as different as non-
living. The tendency of life entropy is towards far away from
maximum entropy (the state of equilibrium or death). The entropy
can be measured from any process of exchange. In fact, GGT is a
typical process of exchange which is based on gene information;
besides, GGT-CA evidently belongs to artificial life system [24]
for simulating the behaviour of prokaryotes. However, a life
system is more complex than any inorganic matter, and entropy
may be imperfect. In a dynamical system, there are three main
factors that should be considered, including ‘order’, ‘information’ and
‘equilibrium’. In view of this, ‘simple measure for complexity’ —
as a more reasonable measure index based on probability distribu-
tion — is presented from the discussion of L-Ruiz et al [25],
Feldman and Crutchfield [26] and Shiner ef al. [27]. Hence, life
entropy and complexity will be two critical evaluation indices
about GGT-CA system.

3  GGT-CA model and simulation system

In this section, we will illustrate the operation mechanism of
GGT-CA system, and the computational method of all evaluation
indices. Fig. 3 is the flowchart of GGT-CA. The main steps are
as follows:

Step 1: The first task is initialising CA-space and CA-state. We
select two-dimensional rectangular as geometry of CA-space, and
its M x N equivalent matrix can be formed as

S(0) = [S(m, My M

The CA-state of each prokaryotic cell can be described as a vector
(see (2)), including age, gene quantity and class. In this vector, age
and class must be finite positive integer, and gene quantity must be
finite positive real number. With the increasing of time step, the
system has to judge whether the age of current cell is up to the
maximum and decide the cell is alive or dead. If the state is not
dead, the age can add one; or this cell must be vanishing. The
range of gene quantity is a non-negative real number closed interval
[gmin» &max]; and it will be classified as several sub-ranges which is
one-to-one correspondence with the classification of prokaryotes
such as [Cimin, Cimax)s =1, 2, ..., k

Pm,n(t) = [am,n(t)7 gm,n(t)7 Cm,n([)]T (2)
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Fig. 3 Flowchart of GGT-CA simulation system

Step 2: Then the CA rule one — selection of GT — will be executed.
There are three GT strategies which are VGT, HGT and no
gener transfer (NoGT). VGT and HGT have been introduced in
Section 1; and NoGT means that the current cell gene class
remains unchanged. The method of selection adopts roulette
wheel, and its probability distribution can be dependent on
subjective experience or feedback parameter of system

1/k, if(selection = VGT)
lor 0, if (selection = NoGT)
(ng+bxe)

Zf:l (ne; + b x &)

k
Z Pt = 1
=1

Pjctr = feel )
if(selection = HGT

Equation (3) shows the probability distribution of the classes of
current centre cell will be varied in each neighbour region, when
GT strategy is decided:

(1) If selection is VGT, the feature of mutation will imply the
uniform distribution. Since the variation trend is random, each
class has the same probability.

(2) If selection is NoGT, the class of current centre cell will stay the
same. Therefore the probability of only one class can be 1, and all
the other will be 0.

(3) If selection is HGT, the number (n.;, i=1, 2, ..., k) of each
class in the neighbour region will be made statistics. Then the
number of blank unit (b) can be acquired by subtracting the
number of all classes in the current region from amount of one
neighbour region (it is 9 in a Moore mode). According to the intro-
duction in Section 2.1, the proportion of 7. to the number of all
non-blank units in one neighbour region can be used to represent
the probability of which the class j will be selected as the variation
trend. The purpose of this method is to simulate the process of trans-
formation and conjugation which is from the neighbours. On the
other hand, we adopt some other means to embody the effect of
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transduction by using b x & (¢ >0) to change the probability of
that every class may be selected as the variation trend. In fact, trans-
duction usually is small probability and it is depended on phages
that might bring some strange chromosomes from ancient or afar.

When CA rule one is done by every cell in the whole CA-space,
two local evaluation indices can be calculated and recorded. One is
visualisation of CA-space which shows the space distribution of
each class; another is local entropy ((4)) which means the level of
disorder in each neighbour region

k
E,n=- Z I:ijT X logZ(ijT)] 4)
=1

J

Step 3: If the class ¢, is chosen in one neighbour region, the vector
value of current centre cell will be updated as follows and stored in
the register

R, (t+ 1) =1[a,,()+ 1, () + (C: pin + €z m)/2)/2, ]
)

After that, the CA rule two — centre cell fission — is starting. This
aims to simulate the binary fission of prokaryotes, a form of
asexual reproduction. In short, we premise that each cell will
have a copy after the process of their GT. The probability of one
cell in the current neighbour region being selected is that the pro-
portion of the probability value’s reciprocal of this cell’s class in
(6) (W,) to the sum of W,. The reason is that there will be a rapid
deterioration or fewer resources in a local area when the number
of one class is more and more. If the offspring were to born in
there, they would evolve into the local excessive class and fall
into a hobble. Therefore we design that it has a negative relationship
with the probability (p;gr in (6)) of one neighbour’s class in the
current neighbour region that the probability of one cell of the
neighbour region is selected to occupy for an offspring from the
binary fission of centre cell. Moreover if a unit is blank, it will
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have more opportunities to be selected. The probability distribution
can be seen in (6)

/24 1
przg—ra VVr:_a j:1,2, 5k (6)
2t Wi Pjcr

Step 4: There will be a new problem when the CA rule two is done.
In CA-space, some units have been selected by not only one cell,
even from different classes. This means that some offsprings of pro-
karyotes will be superposition in the same unit. However, every unit
in CA-space only can be occupied by not more than one cell.
Actually, the survival pressure would be increasing with growth
of cell population because of limited resources. Thereby the CA
rule three — survival superposition — need to be carried out. The
number (n's) of each class in one unit with superposition will be
made statistics first; then the surviving probability of each class
in this unit can be taken as the proportion of the reciprocal of n';;
to the sum of all n'; (i from 1 to k'). The probability distribution
of this stage is as follows

_ (/ny)
P Zfil 1/ny; @

If the chosen class is ¢, the vector value of current centre cell needs
to be changed

2?21 a;(?)
/

[

®)

s

, T
o &) i|
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Step 5: The whole cell in CA-space can be updated by the data from
(5) and (8). Thus, the GGT-CA completes once system running. If
the number of time step is not maximum, the system will loop
again; otherwise, the entire simulation system could end. Finally,
we need to compute three global evaluation indices. The first one
is the statistics of each class in every time step for calculating the
next two indices; the second is the global entropy ((10)) which
shows the variation of disorder level in the whole running of
GGT-CA — an artificial life system; and the third is global complex-
ity ((11)) which shows the variation of relationship about ‘order’,
‘information’ and ‘equilibrium’ during the system running

ng;(t)
() = ——— 9
Py > nei(f) )
k
Egora® = = Y [ o) x loga((py(0)] (10)

i=1

2
Calobal(H) = I:Egloba](t) X (Ingk - Eg]obal(t)):l/ (10g2k) an

In the end, the description of GGT-CA system is done. In the next
section, we will have two experiments with GGT-CA for analysing
the system performance and significance of simulating HGT.

4 Results
4.1 Experiment one

According to the flowchart in Fig. 3, we select MATLAB as soft
platform to achieve the GGT-CA system. The purpose of experi-
ment one is to study the function of different GTs. There are
three parts in this experiment: in the first part, only VGT would
be adopted; second, only HGT would be adopted; third can be
called hybrid GTs which means all of VGT, HGT and NoGT
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would be adopted and their probability distributions of roulette
wheel are 5, 5 and 90%.

The parameters of GGT-CA are initialised as follows: Time step
=100 M=N=30 gnin=0, gmax =63 k=8 £=0.1.

Fig. 4 is the total evaluation indices in experiment one.
Moreover, their analyses are as follows:

(1) Vs means visualisation of CA-space. Since time step is too
much, we only select six samples which are =0, 2, 6, 12, 40,
100. In VGT, the space distribution of cell keeps random; in
HGT, the space distribution shows that order is prevailing; in
Hybrid GTs, the trend of space distribution is from random to order.
(2) Er. means local entropy. Six time steps are the same as they were
in Ves. In VGT, the level of disorder is the highest; in HGT, it is the
lowest; and in hybrid GTs, it is in the middle.

(3) Spc means the statistics of each class in every time step. In VGT,
the number of each class is in the approximate degree; in HGT, each
class has a tendency of convergence and the difference is obvious;
and in hybrid GTs, the distribution is very intricate and indefinite.
(4) E (light line) and Cg (darker line) mean the global entropy and
complexity. For the rationality of comparison, both of them are
normalised. In VGT, the entropy of system reach maximum and
its complexity quickly stay at a very low level; in HGT, the
entropy tends to far away from the state of equilibrium and the
complexity of system is very high; in hybrid GTs, the tendency
of entropy is avoiding maximum with a tempered speed and the
complexity tends to high level with a complex change.

In conclusion, the system only with VGT looks like a molecular
diffusion system which is satisfied with the theory of statistical
physics; only with HGT have the feature of living organism; and
with both VGT and HGT could be a good artificial life system
which not only achieve the requirement of Schrodinger’s life
theory, but also simulate the behaviour of prokaryotes. The result
shows that we have realised the simulation of prokaryotes as
GGT-CA on the macroscopic and microscopic scales.

4.2 Experiment two

The purpose of Section 4.2 is to analyse VGT and HGT which is
more important or universal. We only select the hybrid GTs. The
parameters of system would be initialised as same as Section 4.1.
The probability distributions of roulette wheel about VGT, HGT
and NoGT also are 0.05, 0.05 and 0.9 at the beginning. In the
process of system iteration, the probability of roulette wheel will
be adjusted with the statistics of each GT by selecting. Only the
time of VGT and HGT need to be recorded. In the end, we
would make differences of the sum of VGT’s selected times sub-
tracting HGT’s in each system run. The system will run independ-
ently 20 times. Fig. 5 is the result about this experiment. We can see
that HGT becomes prevailing in spite of the initial probabilities of
HGT and VGT are same at 5%. This also proves the viewpoint of
Mathieu and Sonea [2], Jain ef al. [28] and Ochman et al. [13].
They all believe that HGT is more important and universal in the
evolution of prokaryotes.

Finally, the above two experiments show that GGT-CA is a valid
simulation method for prokaryotes and HGT plays a key role in this
system. On the basis of GGT-CA, we will discuss the important in-
fluence of HGT to the intelligence and cognition of prokaryotes in
the next section.

5 Discussion
5.1 Diversity based on HGT

An example from Eigen and Winkler’s book [29] could be appro-
priate to explain the difference between VGT and HGT. It said
that, if you want to visit a friend in one city, you can have two
methods. One is that you can go all round this city, and you will
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Fig. 4 Evaluation indices of three times running in GGT-CA system

meet your friend with a small probability in theory. Another is that
you can find his address from telephone book. Even he is not at
home, you may obtain some information about him from his neigh-
bour. The latter is wise, and almost any people can select it easily.
However, you would surprise that the prokaryotes may make the
same decision by HGT.

The first key problem in a biological system is diversity. If a
species that has a large degree of genetic diversity among its popu-
lation, it will have more chances to adapt, survive and evolve.
Diversity is so important, and it directly relates to the mode of vari-
ation. As we know in Section 1, two mechanisms of variation — VGT
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Fig. 5 Differences of the sum of VGT's selected times subtracting HGT's in
each system run
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and HGT — are in prokaryotes. Simulating extinction event will be a
good method to test the function of two GTs to diversity. Extinction
event or mass extinction could be caused by the catastrophes such
as asteroid collision, volcanic eruption and so on. It was studied that
the worst extinction event can kill off over about 80 or 90% of
species on Earth. When we simulate the extinction event in
GGT-CA, Spc could be a good index towards diversity.

The parameters in GGT-CA are the same as Section 4.2. When ¢
=39, 79, we will delete the cell of half dominant classes all in
CA-space. This will simulate the extinction event. Before and
after extinction event in Fig. 6, the diversity in VGT is uniform dis-
tribution by randomness all the time, but in HGT it can vary with
changes of population. The trend of variation with VGT is
random (mutation), and natural selection decides which is the
fittest. This method refers to GA, and it also means mutation and
natural selection are not correlated in VGT. On the contrary, the
evolution with HGT can be guided from current class distribution
in environment which is the result of natural selection. A feedback
is built between HGT and natural selection. This means, although
both VGT and HGT can keep the diversity in system, HGT contrib-
ute more efficient and smart genetic variation to cope with any en-
vironmental change.

5.2 Intelligence and cognition of prokaryotes

To some extent, the prokaryotes look like having intelligence and
cognition in their evolution and behaviour. Therefore the second
key problem is confirming that the intelligence and cognition of
prokaryotes is on account of HGT or not. Eg and Cg will be two
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good indices in this problem. According to the extinction event ex-
periment in Section 5.1, Fig. 7 is the result of Eg and Cg. Before
and after extinction event, £ and Cs of VGT stay at high
entropy and low complexity as a non-living system; however, Eg
and Cg of HGT tend to low entropy and high complexity even
when the environment have been changed greatly.

As Schrodinger’s theory [23], the feature of a life system is
tending to go far away from maximum entropy (or the state of equi-
librium). In his opinion, any process would create an increase of the
entropy. However, it is generally known that information exchange
will effectively improve the order of a system (avoiding the increase
of the entropy). The foundation of information exchange is on ex-
pression and communication. If a system can spontaneously
express information, it can be considered as having intelligence;
if a system can spontaneously communicate information, it can be
considered as having cognitive performance. Examples of this
abound. Human can exchange information by the speech and
writing; and the waggle dance is a mechanism whereby honey
bees send the information to other bees in their colony about the dir-
ection and distance to patches of flowers yielding nectar and pollen,
to water sources, or to new housing locations [30, 31]. In fact, gene
is the carrier of genetic information, and HGT substantially is a
process that the prokaryotes exchange gene each other. These are
expressions and communications in prokaryotes. Therefore the
result in Fig. 7 shows GGT-CA will become an intelligent life simu-
lation system with cognitive performance when HGT is enabled.
Antibiotic resistance also has been proved that is derived from

[ Global Entropy — Global Complexity]

g

5y 8
1

Mumber of Classes
B

HGT, and it is the embodiment of intelligence and cognition of pro-
karyotes to solving the extinction event.

Our opinion also can be supported by the research of Mathieu
and Sonea [2]. They thought HGT would cause the amazing attri-
butes and fateful achievements of prokaryotes: (i) a
non-Darwinian evolution, based on co-operation and unity; (ii)
the discovery and extensive use of entirely original mechanisms
for gene exchanges involving all the genes of the prokaryotic
world; (iii) a global communication network through genes, by
and for all prokaryotes; (iv) a computer-like generalised system of
solving problems; (v) generalised capacity for genetic engineering;
(vi) a system of mixed communities favourably stabilising their en-
vironment and sustaining our entire biosphere; and (vii) a major and
still active role in the origin and evolution of eukaryotes.

Our future work will be interested in the application of HGT in
two fields — evolution computation and pattern recognition. In evo-
lution computation, GA is a search heuristic that mimics the muta-
tion and natural evolution. One drawback of GA is that it easily
tends to converge towards local optima when solving some
complex problems. The main reason is that the fitness function of
GA is single and changeless, but a complex problem usually
could be high dimensional and multimodal. Therefore we consider
that HGT can be introduced into GA for designing a kind of adap-
tive fitness functions. On the other hand, feature extraction is a crit-
ical technique in pattern recognition. The cognitive performance of
GGT-CA could be derived from the self-organising class distribu-
tion (Spc) of HGT. In other words, the class distribution of HGT
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will be a good representation to current environment, which might
lead to a new feature extraction method.

6 Conclusions

This paper has presented a novel CA model GGT-CA to simulate
the behaviour of prokaryotes as an artificial life system. In the
first place, we have explained the fundamental of HGT and
Schrodinger’ life theory as the theoretical basis of GGT-CA.
Second, we have introduced each component in GGT-CA and algo-
rithms of some key parts. Third, we have completed the whole
system running and using five evaluation indices to analyse the per-
formance of GGT-CA by two experiments. In conclusion, we have
successfully actualised the simulation of VGT and HGT, and the
evaluation indices show that GGT-CA is satisfied with the require-
ment of artificial life system.

After system running and analysing, we have studied the diver-
sity based on HGT and discuss its significance. On the basis of
these, we have utilised GGT-CA to demonstrate the function of
HGT in the intelligence and cognition of prokaryotes. Finally, we
have suggested the application of HGT in evolution computation
and pattern recognition.
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