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Abstract. We introduce MET AMorph, an open source software plat-
form for the experimental design of simulated cellular development pro-
cessesusing genomesencoded as genetic regulatory networks (GRNS).
MET AMorph allows researdiers to design GRNs by hand and to visu-
alise the resulting morphological growth process.As sud, it is a tool to
aid researders in developing an understanding of the expressive prop-
erties of GRNs. We describe the software and presert our preliminary
obsenations in the form of techniques for realising some common struc-
tures.

1 Intro duction

Genetic regulatory networks (GRNSs) [6] have recertly becomea popular model
of gene expressionemployed in genetic algorithms to study arti cial develop-
mental processes2,3,1,4]. GRNs model the natural processesof intra- and
inter-cell protein signalling during geneexpression.Howewer, the dynamics pro-

ducedby GRNs and the properties of the assaiated morphological seart space
are dicult for researters designing evolutionary systemsto understand. The

expressie properties of any encaling usedas a basisfor an ewolutionary process
imposea bias on the kinds of solutions that processslikelyto nd. It istherefore
dicult to understand the dynamics of ewolutionary GRN models without an

understanding of the kinds of shapesthat GRNs are biasedtoward expressing.

In this paper, we presert MET AMorph, an open sourcesoftware application

that allows for the hand-designand execution of arti cial genomesthat express
cellular growth through GRNs. MET AMorph aims to provide an environment

within which we can experiment with one model of a GRN in order to under-

stand its natural dynamics and the kinds of structures it is biasedtoward. It is

alsopotentially valuable asa interactiv e teaching tool for understanding cellular

growth processeslin the following sectionswe describe the GRN model used
in MET AMorph, provide a demonstration of its usein designingthe develop-
ment processof a cigar-shaped organism, and presen a few design techniques
for creating common structures.



2 Computational Development and Genetic Regulatory
Net works

The eld of computational developmert is the study of arti cial models of em-
bryonic cellular developmen, with the aim of understanding how complex struc-
tures and forms can dewvelop from a small group of seedcells [4]. The natural
way to study dewvelopmert is through the simulation of someabstract model of
the dynamics of the cellular developmernt process,often within the context of an
ewvolutionary process.
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Fig. 1. Cellular GRNs. The samegenomeis expressedat all sites of all cells. However,
local protein concertrations aect the production of new proteins at ead site by en-
hancing and inhibiting genes.Proteins can di use between sites within a cell, and in
some cases,between cells.

GRNs model the interaction between genes,proteins, and the cellular envi-
ronmernt. Each cell contains the samegenome,but a potentially di erent set of
active proteins, distributed acrossa xed set of di usion siteson the cell. Each
genehas a set of enhancerand inhibitor proteins, which increaseor decreasédts
activation, respectively, and when activated, producessomeprotein, using some
output function (which scalesits protein output accordingto its activation) and
somedistribution function (which placesproduced proteins at the cell's di u-
sion sites). Protein levels are also subject to attenuation (where protein levels
deca) and di usion (where proteins at di usion sitesmove to other sites, in the
samecell or on adjacert cells). Proteins can also be used as sensormechanisms
(where the cell producesthem by itself under certain conditions), and as actu-
ation mechanisms (where su cien t concerirations causea cellular event, suc
as cell division, to occur). These processesare summarisedin Figure 1. In this
way, genesform a network whereby the interaction of the elemerts they produce



regulatesfurther geneexpression.Variants of this basic abstract idea have been
usedin conjunction with an ewolutionary processfor a variety of applications,
such as simulated cellular developmert [2,3,1,4], real-time robot cortrol [5] and
for the control of groups of underwater robots [7].

GRNs are thus a natural model for cellular developmert, and appear to
possessdesirable properties for acting as an ewlutionary substrate [6] (e.g.,
they show a strong tendency towards modularity [1]). However, evolved GRNs
are dicult for humansto understand, and we do not even have a qualitativ e
measureof how dicult somenatural structures are to achieve using them. In
the following section, we introduce MET AMorph, which aims to facilitate the
accunulation of such knowledgethrough experimentation.

3 MET AMorph

In the MET AMorph (Model for Experimentation and Teading in Arti cial Mor-
phogenesis¥ramework, multicellular arti cial organismsare grown from a single
cell (the zygote using GRNs, with somesubsetof the proteins produced being
able to trigger cell-level actions such as cell division or death. Many details are
omitted for brevity; the interested reader is referred to the URL given above.

3.1 Proteins

A protein is de ned by a unique name, a type (internal or external) and two
constarts: decay ( ) and di usion ( ). Internal proteins may only di use within

a cell, whereasexternal proteins passthrough the cell membrane and can hence
be usedfor inter-cellular signaling.

Internal proteins The proportion of the protein that is lost due to decay at
ead timestep is speci ed by

CoNGyrot(t+ 1) = (1 )conGyot(t)

The conceriration of ead protein at 12 sites around the cell is stored; thus
proteins may be unevenly distributed within the cytoplasm. The genomeis ex-
pressedseparately at ead of these sub-cellular sites basedon the local protein
concerirations. The diusion constart speci es the proportion of the protein
that diuses to neighbouring sites at ead timestep. Due to the isospatial lay-
out of the sites (seeFigure 2), eat one has exactly four equidistant neighbours
betweenwhich this di used protein is equally shared.

X
conGyrot(P;t+ 1)= (1 )conGyrot(p;t) + neighbour(p:q)zconcpmt(q:t)
q



Fig. 2. The 12 protein sites (lled circles) are located at the corners of three mutually
orthogonal squarescenred on the certre of the cell (open circle).

External proteins Concenrations of external proteins are represered by
isotropic 3D Gaussiandistributions certred on the cell-site at which the protein
originates. The di usion constart speci es how much is addedto the variance at
ead timestep. The decay constart determineshow much the total concertration
(i.e. the integral of the Gaussianfunction) should be reducedat ead timestep.
Note that external proteins di use freely through cells.

3.2 Genes

All cells have the samegenomecomprising a number of genes.Each gene pro-
ducesexactly oneprotein, although the sameprotein may be producedby seweral
genes.The amount produced by the genedependson zero or more promoter se-
gquencesattached to that gene.Each promoter sequenceconsists of a protein
name and a weighting. Thus a weighted sum of protein concernrations at that
site is calculated:
promgter seqs
Qprot = weight pr ot CONGyr ot (X; T)
pr ot

This value is the input for a sigmoid function with a certain bias and steepness
de ned in the gene:
1

1+ e steepness (apr ot bias)

CONGyr ot (X; t + 1) = CONGyr ot (X; 1) +

3.3 Cells

Cells are represenied as spheresof set radius. They ead occupy a position on
an isospatial grid in three dimensions (the same geometry as is used for the
sites within cells), meaning that ead cell can potentially have 12 equidistant
neighbours. Cells can perform a number of actions, with an action beingtriggered
whena speci ¢ protein's meanconceriration in the cell exceedsa threshold value.
Theseactions are as follows:



{ Cell division When acell dividesit producesa daughter cellin the adjacert
grid spacein the direction of the mitotic spindle (see below), as long as
that spaceis vacart. Cytoplasmic proteins may be sharedunequally between
mother and daughter, as the spatial distribution of proteins in the cell is
taken into accourt during the split.

{ Mitotic spindle movement Each cell has a ‘mitotic spindle' that points
in one of the 12 grid directions at any given time and de nes the direction
in which cell division takes place. This spindle may be moved forwards or
badkwards one step along an equatorial line around the cell as a result of a
protein threshold being reached. Another action changeswhich “orbit' the
spindleis on. Alternativ ely, the spindle can be madeto point in the direction
of the sub-site where the concerration of a given protein is either highest
or lowest.

{ Programmed cell death (ap optosis) The cell is removed from the world
leaving a vacart grid space.

{ Dieren tiation Cells can have various di erent types. The type of a cell
has no e ect on its function, but is visualised by its colour. This feature is
included to allow the investigation of how heterogeneousorganismscan be
created, e.g.in animals cells specialiseas skin cells, blood cells, neurons, etc.

4 An Example Organism

This sectiondescribeshow a cigar-shaped organismconsistingof around 700cells
can be made. This is a fairly simple shape to create, asit is radially symmetric
in all dimensionsbut one. It is included to give the readera a vour of the tech-
niquesthat can be usedin morphogeneticdesign.A more detailed accourt (and
downloadable demo) is available online, along with examplesof more complex
shapes.

The basicmethod of building the shapeis asfollows. A line of approximately
10 cellsis created, which will form the certral “axis' of the cigar (Figure 3(a)).
Thesecellsall emit an external protein (Figure 3(b)). Cells will then grow wher-
ever the concertration of this signal protein is above a certain level, which will
result in a cigar shape being produced (Figure 3(c)).

To make cells proliferate in all directions, we can set up a genomewhere
proteins that trigger division, spindle movemerts and orbit switches(let us call
them split, turn and switch, respectively) have geneswith thresholds 0, i.e.
they will be expressedunlessactively inhibited. An uncheded cell will therefore
frequertly move its spindle, switch the spindle's orbit, and divide. However, this
behaviour must be prevented in somesituations or we will just have an ever-
growing ball of cells.

The cells comprising the axis are functionally di erent from the rest, asthey
must emit an external protein (call it signal). We can code this distinction by
the expressionof a protein: cellswith a high concerration of axis belongto the
axis. Axis canthen enhancesignal It can alsoinhibit turn, sincewe require the
axis to grow in a straight line. Finally, by making axis an enhancerfor itself, we
can lock cellsin the axis state oncethe level of axis exceedssomethreshold.



Fig. 3. Development of the cigar embryo. (a) Early in development, showing the
MET AMorph GUI. The light-centred cells are those with a high concertration of axis.
The lines show the orientation of ead cell's mitotic spindle; note that the axis cells'
spindles are aligned as axis inhibits turn. Cells have started to proliferate from the
zygote end of the axis (bottom right). (b) Cells are now growing from both ends. The
cloud surrounding the axis represerts the concertration of external protein signal. (c)
The completed cigar, consisting of 684 cells. Note the existence of some o sho ot cells
which will soon die due to excessie levels of far.



To limit the length of the axis, we ensure (by a processof trial and error)
that the cellsdivide slightly more frequertly (sharing their axis) than the auto-
catalytic nature of axis is able to replenish. Thus axis will becomediluted with
ead division until it dips below the threshold neededto sustain itself. This cell
will therefore become ordinary', i.e. it will not expresssignal, but will move its
spindle, aswill its daughters. In fact, by careful initial placing of proteins in the
zygote, we can make the rst cell becomeordinary too, allowing the cigar to be
“lled out' from both ends.

All that remainsto be explainedis how we limit the outward growth of these
cellsto producethe desiredshape. For this we needa protein (which we shall call
far) that triggers apoptosis. It isinhibited by signal, sowhenthe concerration of
signalbecomedgoo low (becausehe cellis far from the axis), far will accunulate
and kill the cell. The organism therefore never reaches a stable con guration,
but cortinually grows and kills cells at its periphery. Note that axis (or some
other initially plentiful protein) must inhibit far, asthere is no signal gradient
set up at the beginning of the simulation.

Onecannow seehow a few simple changescould be madeto alter the evertual
form of the organism. To make the cigar thicker, for example, one would simply
setthe threshold of the far genehigher, meaningthat lesssignal would be needed
to keepcells alive. Making the cigar longer is a little more complex, but could
be achieved by setting the threshold of axis's self-enhancinggenelower so that
the cells of the spine could sustain more splits before the concerration of axis
wastoo low to sustain the process.

To give an indication of the complexity of the algorithm, it requires55 time-
stepsto reach a size of 680 cells, which takesapproximately 7 minutes on a PC
with a 2.4GHz Athlon processor.

While there is nothing very conceptually di cult about designingorganisms
in MET AMorph, we have found that it typically involvesa considerableamount
of time-consuming trial and error. This is due to the inherently parallel nature
of the morphogenetic processesGRNs can su er from a deleterious “butter y
e ect’ whereby a seeminglyinnocuouschange can have large unforeseene ects.
For thesereasons,designinga more complex "quadruped' shape, consisting of a
body with four appropriately sizedand positioned limbs (seewebsite), took one
of us around a week.

Although our intention in this work was to investigate morphogertic pro-
cesseshy hand-designing organisms, MET AMorph could be easily adapted to
ewolutionary experiments by adding code to generate candidate genomesand
assesghe resultant organismsaccordingto some tness function.

5 General Techniques

In this sectionwe discussa number of principles and techniquesin morphogenetic
‘programming’, based on our preliminary experiments attempting to constuct
various shapes. Somemay exploit peculiarities in our model, but it is our hope



that somemay represert general mechanisms for morphogenesis,applicable to
other multicellular GRN models, and perhapseven having analoguesin biology.

Growth in all dir ections, with boundary contr ol by external protein

gradient. This technique for generation and maintenance of form is described
in section 4. It is robust due to its dynamic nature, as legitimate cellsthat are
killed for any reasonwill grow badk. Furthermore, the shape of the embryo can
be easily altered during a simulation by changing the distribution of the signal
protein.

Functional dier entiation of cells. Sinceall cells sharethe samegenome,
it can be dicult to make somesubgroup behave dierently to the others. A
good way to achieve this e ect is to use a ‘marker' protein (e.g. axis in the
cigar example) whereby cells which have a non-negligible level of this protein
will behave one way, the rest another. By making this protein autocatalytic (i.e.
an enhancerfor a geneproducing itself) and using a substartially positive bias,
this di erentiation can be made to last inde nitely while still allowing cells to
be switched either way by the useof other promoters. Note that this mecanism
meansthat cell function will generally be inherited when a cell divides, which
may or may not be desirable depending on the situation.

Delays. In somesituations it can be usefulfor a cell to wait for a period of time
beforeinitiating an action. For instance,in creating a hollow shape, we may want
to give cellsa chanceto grow outwards beforekilling o thosethat aretoo close
to the certre. A way to achieve this e ect is to create an “accurrulator' protein
with a low decay constart. A fully-activ ated geneproducesthe accunulator for
a number of time-steps, then another protein is produced when the accunulator
nally reaches somethreshold. Even longer delays can be created by using a
chain of accurulators.

Quasi-binary  processing. Protein concerrations and gene activations are
continuous.While this is potentially useful,in many situations we require a sharp
cut-o betweenstates; e.g. a cell's membership of the cigar's “axis' is a binary
variable. A rst step towards achieving this kind of behaviour is to use high
steepnessvaluesfor genes.Typically around 90% of the genesin our programs
have step-like activation functions (steepness> 10). A typical situation is that
wherewe have a continuously varying conceriration of a “primary' protein (often
an external one), with a “secondary'protein being producedin an all-or-nothing
manner when its concerration is above or below a certain threshold level.

If we set the decay constart of this secondaryprotein high, its concerira-
tion at any time will depend chiey on whether its genewas active on the last
time-step (assumingthat only one geneproducesthe protein). In this way, the
presenceor absenceof that protein approximates a binary signal. If we have bi-
nary values,it is natural that we might want to perform simple logical operations
upon them. This is not ertirely straightforward. The problem liesin the fact that
there is no well-de ned concerration correspondingto "1' in protein logic. Any



substartially non-zero concerration encades "1', but the actual level depends
on factors sud asthe decay constart, how recertly the cell has divided, etc. It
is therefore di cult to design, for example, an AND medanism that will re
when both of its inputs are non-zerobut not when just one of them is unusually
high. (Note that devising an inclusive-OR medanismiis trivial.)

The key to solving the problem relies on the fact that there is a well de ned
"0' value, namely a conceriration of 0.0. Thus, logical operations where all the
clausesare negated can be carried out. It is straightforward to make a NOT
mechanism by using a genewith a slightly negative bias, high steepness,and
a large negative weighting on the input protein promoter. Hence, P * Q can
be expressedas: (: P _ : Q). For example, when trying to pick out cells at a
certain distance from a signalling cell (see below), we have found it useful to
have a “right distance' protein that is expressedwhen neither a “too close'nor a
“too far' protein is presert.

Location-sp ecic cell selection. To build all but the simplest shapes, it is
necessaryto pick out cellsto perform special functions according to their posi-
tion in the embryo. A single cell can only produce a radially symmetric signal
gradient, and henceany speci c level of external protein is sharedby a sphere
of cell-sites. Uniquely pinpointing one location requires the intersection of four
spheres,which requires four cellsin dierent placesemitting dierent signals.
However, we have a chicken-and-eggproblem: how can we position these cells,
sincethey are required for positioning?

One solution we have found to be usefulis asfollows. Assuming onesignal cell
is already set up, the rst cell which nds itself at the correct distance out can
becomethe secondsignal cell, hencebreaking the symmetry arbitrarily . Then,
the rst cellto nd itself at appropriate distancesfrom both existing signal cells
can becomethe third, and soon. Of course,it is essetial that onceone cell has
assumeda particular signalling role, none of the others do. This can be achieved
if the presenceof its signal inhibits other cells from emitting that signal. But
this presers a problem: the concerration of the signal protein is obviously at
its highestat the signalling cell. Sohow can we prevert it from inhibiting itself?

One method is to usean accunulator protein to create a delay (seeabove).
Being at the correct distance from the existing signal cell(s) causesa certain
protein to be produced. This protein triggers the production of the accumula-
tor. Once the accunulator readhes a threshold level, an autocatalytic marker
is produced, locking the cell into its role and causingthe signal to be emitted.
If, however, the signal is detected at any point during the waiting period, the
processis immediately terminated. This medanism ensuresthat only the rst
cell to end up in a suitable position will start signalling.

Once the multi-signal system is set up successfully similar techniques can
then be usedfor placing morphological featureson the embryo. Returning to the
cigar example,it would be possibleto identify an outer cell and produce proteins
which would lead to the production of axis and to the spindle being oriented in
the direction of least signal. In this way, a ‘limb' extending outwards from the
certral “body' could be created (seethe "Quadruped' demo online).



In somecaseswe may not want to globally inhibit other cells from respond-
ing when one does. For instance, we might want to set up two or more sites
from which limbs will grow. In this situation we can alter the sensitivity to the
signal such that only cells within a certain radius will be inhibited. Suc lateral
inhibition is useful for creating regularly-spacedstructures, e.g. hairs on skin.

6 Summary

We have introduced and described MET AMorph, a software platform for the
experimental designof genomesencaded as genetic regulatory networks, given
an example model of the dewelopmen of a cigar-shaped body, and preseried
some of the design techniques that we have found useful. Although these are
only a small step towards qualitativ ely characterising the expressiw bias of the
model of GRN usedin MET AMorph, we expect that further experimentation
and open developmert will contribute to a more complete picture over time.
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