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Through extensive studies of dynamical system modeling cellular growth and reproduction, we find
evidence that complexity arises in multicellular organisms naturally through evolution. Without any
elaborate control mechanism, these systems can exhibit complex pattern formation with spontaneous cell
differentiation. Such systems employ a“cooperative” use of resources and maintain alarger growth speed
than simple cell systems, which exist in ahomogeneous state and behave “ selfishly.” The relevance of the
diversity of chemicals and reaction dynamics to the growth of a multicellular organism is demonstrated.
Chaotic biochemical dynamics are found to provide the multipotency of stem cells.

PACS numbers: 87.18.—h, 05.45.Xt, 87.23.Kg

Multicellular organisms consist of differentiated cell
types, with rather complex biochemical dynamics exhib-
ited by complex metabolic and genetic networks. Through
the course of development, cells differentiate into several
types and often form complex patterns. The molecular
mechanisms existing of each stage of development have
been elucidated experimentally [1]. However, it is still not
clear why multicellular organisms should have such com-
plexity, nor why such inhomogeneities in cell types and
patterns are common. These are not trivial problems [2],
since a ssimple biochemical network would be sufficient
(and perhaps more fit) to produce identical cells rapidly
and faithfully. Here we give an answer to the problem of
why multicellular organisms in general have diverse cell
types with complex patterns and dynamics.

Indeed, by considering dynamical systems of appropri-
ate biochemical networks, it is possible to show that in-
homogeneous patterns with diverse cell types can emerge.
Such work was pioneered by Turing [3,4], and extended in
Refs. [5—7]. Differentiation into several cell typeshasaso
been studied by using random genetic networks [8]. Still,
it is not known how biochemical and genetic networks al-
lowing for diversity are evolved.

Any theory accounting for such cellular diversity re-
quires a specific choice of the genetic and biochemical
reaction networks and parameters. Then, to explain the
ubiquitous nature of cellular diversity in multicellular or-
ganisms, we must understand how such reaction dynamics
alowing for cell differentiation can evolve, without pos-
tulating a finely tuned mechanism. Here we study the re-
lationship between the growth of multicellular organisms
and some characteristics of intracellular dynamics, to un-
derstand the origin of cellular diversity. Since the question
we address is rather general, we seek an answer that does
not rely on detailed knowledge of specific cellular pro-
cesses in existing organisms. Instead, we adopt dynami-
cal systems models that display only essential features of
the developmental process. In aminimal model of cellular
dynamics, we include only intracellular biochemical reac-
tions with enzymes, simple cell-cell interactions through
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diffusion, and cell division as a result of biochemical reac-
tions within each cell. By studying a class of models with
this general and minimal content, we show that cell dif-
ferentiation from a stem cell and development producing a
complex pattern are natural consequences of evolution.

Model.—First, cells are assumed to be completely sur-
rounded by a one-dimensional medium. The state of a cell
i is assumed to be characterized by the cell volume and
cgm)(t), the concentrations of k chemicals (m = 1,...,k).
The concentrations of chemicals change as a result of in-
ternal biochemical reaction dynamics within each cell and
cell-cell interactions communicated through the surround-
ing medium. The corresponding chemical concentration
in the medium is denoted by C(x, ¢), where x denotes
the position along the one-dimensional axis. We use aone-
dimensional model only for its tractability; conclusions we
draw in this case are consistent with the result of prelimi-
nary simulations of a two-dimensional model.

Internal reaction dynamics.—For the interna chemical
reaction dynamics, we choose a catalytic network among
the k chemicals, represented by amatrix con(¢, j, m) which
takes on unity when the reaction from the chemical ¢
to m is catalyzed by j, and O otherwise. The rate of in-
crease of ¢\ (1) [and decrease of ¢\ (¢)] through this re-
action is given by ¢\ (1) [c\” (1)]*, where « is the degree
of catalyzation (¢ = 2 in most simulations here). Each
chemical has several paths to other chemicals, and thus a
complex reaction network is formed.

Besides, we take into account the change in the volume
of acell, that varies as a result of transportation of chemi-
cals into the cell from the environment. For simplicity,
we assume that the volume is proportiona to the sum of
chemicalsin the cell. The concentrations of chemicals are
diluted as a result of an increase in the volume of the
cell. With the above assumption, this dilution effect is
tantamount to imposing the restriction >, c,@ = congt.

Of course, real biochemical processes within a cell are
much more complicated. Instead of taking such details
into account, we employ this simple model, and consider a
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variety of reaction networks created randomly, to elucidate
a genera relationship between the growth of cells and
cellular dynamics.

Cell-cdll interactions through a medium.—Cells inter-
act with each other through the transport of chemicals out
of and into the surrounding medium. As a minimal case,
we consider only indirect cell-cell interactions through dif-
fusion of chemicals via the medium. The diffusion coef-
ficient should depend on the chemical. Here, we assume
that there are two types of chemicals, one which can pene-
trate the membrane and one which cannot. We use the no-
tation o,,, which takes the value 1 if the chemical ¢{" is
penetrable, and O otherwise.

To sum up al these processes, the dynamics of chemical
concentrations in each cell is represented as follows:

k
a0/t = A1) - 0y A(), ()
=1
with

Ack() =Y con(m, j, Oerel™ () [ei” (1)]"
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Thevariable p; denotes the location of the ith cell. The
second term in Eq. (1) represents the dilution effect by
changing the volume of the cell. On the other hand, the
diffusion of chemicalsin the medium are governed by the
following equation for C©:

9CO(x,1) /9t = —DV*CY(x,1) + D 8(x — pioeD

X [0, 1) — ()], ©)

where the boundary condition is chosen to be C(0,¢) =
C(xmax, ) = const, D isthe diffusion constant of the envi-
ronment, and x5 denotes the extent of the medium. This
boundary condition can be interpreted as a chemical bath
outside of the medium, which supplies those penetrable
chemicals that are consumed to the medium via a constant
flow to the cell.

Cell division.—Each cell takes penetrable chemicals
from the medium as the nutrient, while the reaction in the
cell transforms them to unpenetrable chemicals which con-
struct the body of the cell. As a result of these reactions,
the volume of the cell isincreased. In this model, the cell
is assumed to divide into two amost identical cells when
the volume of the cell is doubled.

During this division process, all chemicals are amost
equally divided, with tiny random fluctuations (e.g.,
~10_6c,(~€)). The case of equal division is assumed, since
we do not intend to introduce an elaborate mechanism,
while the fluctuations are introduced because we wish to
study development processes that are robust with respect

to molecular fluctuations. After cell division, two daugh-
ter cells appear around their mother cell’s position, and
the positions of al cells are adjusted so that the distances
between adjacent cells are 1. As a result, the total length
of the chain of cells increases.

As the initid state, a single cell, whose chemical con-
centrations are determined randomly, is placed. Accord-
ing to the process described above, cells divide to form
a chain. Of course, the behavior of the model depends
on each intracellular reaction network. We have carried
out simulations of the model by considering 800 different
reaction networks, generated randomly. Throughout the
paper, the number of chemica species k is 20, and each
chemical has 6 reaction paths to other chemicals, cho-
sen randomly. Each chemical reaction path is catalized
by other (or the same) chemical, again chosen randomly.
Among the 20 chemicals, 3 chemicals can penetrate cell
membranes. The parameters are fixed at e; = 1.0, D =
1.0, D = 2.0, and xmax = 500.

Asresults, we found that each growth curve using a dif-
ferent reaction network can be classified into two classes:
() “fast” growth in which the increase of cell number
grows exponentially in time ¢, and (I1) “dow” growth in
which the cell number grows linearly in time. Under the
parameters presented above, approximately 5% of ran-
domly chosen reaction networks show the case (1) behav-
ior. These two classes, indeed, are also distinguished by
the nature of the corresponding cellular dynamics.

In case (1), the chemical compositions and dynamics
of all cells are identical. These dynamics fall into either
a fixed point or a limit-cycle attractor. In this situation,
only afew cells around the edges of the chain can divide.
Since cells are not differentiated, chemicals required for
cell growth are identical for al cells. Thus, once the cells
at the edges consume the required resources, the remaining
cells can no longer grow. This is the reason for the linear
growth.

In case (1) with exponential growth, it is found that the
chemical reaction dynamics of the cells are more complex
than in case (II). The microscopic differences between
the chemicals in two daughter cells are amplified through
the internal biochemical dynamics and the cell-cell inter-
action, leading to chaotic chemical dynamics. For most
such cases, the cells differentiate into various cell types
that are defined by distinct chemical dynamics and com-
positions (see Fig. 1). Even though no externa mecha
nism of differentiation isimplemented, the instability that
results from the intracellular dynamics and the cell-cell in-
teractions brings about transitions to various cell types[9].
Indeed, this differentiation is a general feature of a system
of interacting units that each possess some nonlinear inter-
nal dynamics [10,11], as has been clarified by isologous
diversification theory [5-7].

In case (1), the division of cells is not restricted to the
edge of thechain. Thereisaflow of the nutritive chemicals
into the inside of the chain, that can maintain the growth
of internal cells. This flow is sustained by the diffusion
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between cells possessing different chemical compositions
and exhibiting different phases of chemica oscillations.
Here, the capability for cell division is also differentiated
as the development progresses. The total increase in cell
number is due to the division of certain type(s) of cells,
and most other cell types stop dividing.

In the developmental processes in case (1), initial cell
types exhibit transitions to other types. Cells of the ini-
tial cell types either proliferate or switch to other types
stochastically. They can be regarded as a stem cell [12].
The dynamics of a stem-type cell, that can produce dif-
ferent cell types after divisions, exhibit chaotic oscillation
(see Fig. 1, and also [7]). The type of differentiated cells
maintain their type after divisions.

Next, we compare the growth of a single cell with that
of an ensemble of cells. In Fig. 2 the growth speeds of a
single cell and an ensemble of cells are plotted. Here each
point corresponds to a different reaction network.

The points around the peak of the growth for an en-
semble correspond to case (1) of exponential growth. Here,
the growth speed of asingle cell is not large. In each cell,
a variety of chemicals coexist, supporting complex reac-
tion dynamics and cell differentiation. In case (1), organ-
isms with cellular diversity, plotted by green points, have
a larger growth speed of an ensemble than those without
diversity. Indeed, in the former case, cells differentiate in
the use of nutrients to take them efficiently.

In case (I), there are much simpler intracellular reac-
tion processes, with only afew autocatalytic reactions used
dominantly, that can produce the rapid replication of a
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single cell. In this case, the growth speed of a single cell
is often large (represented by some of the blue points in
Fig. 2), while the growth speed of an ensemble always
remains small. In some sense, simple cells with rapid
growth are “selfish”: Although such simple cells with low
diversity of chemical species can exhibit large growth
speeds as single cells, they cannot grow cooperatively, and
their growth speeds as ensembles are suppressed because
of strong competition for resources.

The developmental process presented in case (1) is ir-
reversible. Initialy, cells have complex chaotic internal
dynamics and a variety of chemicals. They have the po-
tential to differentiate into cell types with simpler cellular
dynamics, for example, with a fixed-point and regular os-
cillation (see Fig. 1 as an example). Thistype of cell with
simpler dynamics can produce cells of the same type or
stop dividing. Hence, the loss of multipotency, known to
exist in the developmenta process of real organisms [1],
is explained in terms of the decrease in time of diversity in
the intracellular dynamics and chemicals. Indeed, the de-
crease in complexity of dynamics with the loss of multi-
potency has been confirmed quantitatively, for example by
computing the Kolmogorov-Sinai (KS) entropy of the in-
tracellular dynamics. Using the data in Fig. 2, we have
found that case (1) has a positive KS entropy while for the
case (I1) it is zero. Furthermore, there is positive correla-
tion between the KS entropy and the growth speed as an
ensemble. The decrease of KS entropy in going from a
stem cell to other differentiated cells has also been con-
firmed. For example, the KS entropy of the stem-type
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FIG. 2 (color). Relationship between the growth speed of a
single cell and that of an ensemble. The ordinate shows the
growth speed of an ensemble, measured as the inverse of
the time for the cell number doubles from 100 to 200, while
the abscissa represents the inverse of the time for asingle cell to
divide. Each point is obtained by using a different chemical re-
action network. The blue circles correspond to case (I1), where
the state of cells are identical and the growth of an ensemble is
linear in time. The dynamics of the chemical concentrations of
these cases are mostly of the fixed point type, with a few cases
of limit cycles. The green and red rectangles correspond to the
case with chaotic cellular dynamics, where the growth of an
ensemble is exponential in time. The green points correspond
to the case with cell differentiation into several types. For the
red points, cell differentiation into distinct types is not observed
(up to the time when the cell number reaches 200).

“red” cellsin Fig. 1 is approximately 2.4 X 10~*, while
itis3.1 X 1073 for “green,” 4.5 X 107 for “blue,” and
less than 1.0 X 107 for “yellow” cells.

Our results are robust against the change in model pa-
rameters, as long as the internal reaction and intracellu-
lar diffusion terms have a comparable order of magnitude.
Theresults are also independent of the details of the model,
in particular, of the choice of catalyzation degree @ = 1
or 3. The same two classes and the same relation between
the growth and cellular diversity are obtained, as long as
the number of chemicals is sufficient (say for k > 10)
and the number of the reaction paths is in the medium
range (e.g., 3 ~ 9 for each chemical a k = 20; other-
wise, the intracellular dynamics fall onto a fixed point for
most cases without differentiation).

To sum up, our study has provided evidence that an en-
semble of cellswith avariety of dynamics and stable states
(cell types) has a larger growth speed than an ensemble
of simple cells with a homogeneous pattern, because of
the greater capability of the former to transport and dif-
ferentiation in the use of nutritive chemicals. Note that
no elaborate mechanism is required for the appearance of
such heterogeneous cell ensembles. Some fraction of the

randomly chosen biochemical networks we considered ex-
hibit dynamics sufficiently complex to allow for sponta-
neous cell differentiation.

Our result suggests that complexity of multicellular or-
ganismswith differentiated cell typesis anecessary course
in evolution, once a multicellular unit emerges from cell
aggregates. In fact, by carrying out the evolution experi-
ment numerically, with mutation to reaction networks and
selection of the cell ensembles with higher growth speed,
we have confirmed that cells of the case (I) emerge and
survive through evolution.

Our result concerning the relationship between the di-
versity of chemicals and dynamics and the growth speed
of a single cell and ensemble provides experimentally
testable predictions. Since even primitive organisms such
as Anabena [13] and Volvox [14] exhibit differentiation in
cell types and some spatial pattern, the relationship can be
verified. In fact, for amutant of Volvox that possesses only
homogeneous cells, the growth becomes slower in com-
parison to the wild type [15].

Chagtic intracellular dynamics and the diversity of
chemicals present in a stem cell are also experimentally
verifiable. A decrease of diversity in chemical compo-
sition and of complexity in their tempora variation is
expected with the decrease of multipotency of a cell.
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