Evolutionary computation for the design of a stochastic switch for
synthetic genetic circuits

Jennifer S. Hallinan, Goksel Misirli, and Anil Wipat

Abstract—Biological systems are inherently stochastic, a fact
which is often ignored when simulating genetic circuits.
Synthetic biology aims to design genetic circuits de novo, and
cannot therefore afford to ignore the effects of stochastic
behavior. Since computational design tools will be essential for
large-scale synthetic biology, it is important to develop an
understanding of the role of stochasticity in molecular biology,
and incorporate this understanding into computational tools
for genetic circuit design. We report upon an investigation into
the combination of evolutionary algorithms and stochastic
simulation for genetic circuit design, to design regulatory
systems based on the Bacillus subtilis sin operon.

[. INTRODUCTION

STOCHASTICITY is ubiquitous in biology. At every scale of
organization, from the molecule to the ecosystem,
organisms must be robust in the face of noise generated both
internally and externally. Although noise has long been
recognized as a challenge for biological systems to
overcome [1], there is growing recognition that noise may be
useful, even fundamental, to the successful functioning of
living systems [2 - 4]. Stochasticity is therefore a significant
issue for synthetic biology, a discipline which aims to apply
engineering principles to the design and construction of
biological systems with novel, valuable functionality [5]

At present, most synthetic biology projects deal with
relatively small numbers of genes, operating in restricted
sets of pathways. However, the ultimate aim of the synthetic
biology endeavor is to design large-scale genetic circuits,
incorporating components which originally evolved in a
range of species. Over the last few years considerable
progress has been made towards engineering fully synthetic
organisms [6, 7].

Small systems can be designed by hand, and their
performance tweaked on the basis of observation, making
current synthetic biology an essentially empirical discipline
[8]. However, the large-scale design of genetic circuits will
require computer-aided design (CAD) and simulation tools,
which should produce circuit designs with behavior as
predictable as those of electrical circuits designed by
electrical engineering CAD tools [9]. In this paper we report
an investigation into the use of an evolutionary algorithm
(EA) to design genetic circuits which are individually
inherently stochastic, but whose behaviour can be predicted
at a global level.
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A. Stochastic systems

Although there is a growing body of literature on
stochasticity in genetic systems, the term ‘stochastic system’
is rarely defined explicitly.

A number of researchers have implicitly defined a
stochastic system as one which exhibits different behaviors
with different parameter settings. This definition is
particularly frequent if the system behavior is critically
affected by only one or two parameters [10 - 13], or by slight
modification in topology [14]. This definition of
stochasticity was used by Voigt et al. [15] working with the
Bacillus subtilis sin operon. These researchers used a
deterministic mathematical model and stochastic simulations
to investigate the way in which the regulation of the sin
operon can control population heterogeneity. They showed
that different values of one critical parameter led to different
dynamic behaviors, ranging from bistable switches through
to oscillations, and that “subtle changes in kinetic parameters
and the wiring of the network can bias the behavior towards
different functions”.

Other authors define stochasticity as an evolutionary
phenomenon. Under this view mutations produce subtle
changes in the wiring pattern and kinetic parameters of a
network over the course of several generations. These
changes allow the population as a whole to tune its response
to a particular environment over generations. Examples
include varying the proportion of a population of phage
lambda which choose lysis over lysogeny [16], or the
proportion of a population of Bacillus choosing a particular
cell fate [17]. However, we consider this to be evolvability,
rather than individual stochasticity, a distinct concept [18].
Both issues are important, but should be considered
separately when designing synthetic genetic circuits.

Wilkinson [19] has defined a stochastic computational
model as:

“A model that contains an element of unpredictability or
randomness specified in a precise mathematical way.
Each run of a given model will produce different results
[our emphasis], but the statistical properties of the results
of many such runs are pre-determined by the
mathematical formulation of the model”.

This definition can usefully be applied to in vivo
biological systems. We consider a stochastic system to be
one which, from a single starting state, can reach multiple
stable end states without modification of the system’s
topology or kinetic parameters.

From the viewpoint of nonlinear dynamics such a system
occupies a state space with multiple attractors, as do most




complex systems [20]. However, by our definition a
stochastic system is one which is poised close to the
confluence of several basins of attraction, and can be
diverted into any of them by the action of inherent biological
noise. The positioning of the system in state space is
determined by its topology and initial parameterization, and
slightly different sets of parameter values may affect the
tendency of the system to enter different basins of attraction.
One set of parameters might lead to an approximately equal
probability of each of two possible outcomes for a given
system, for example, while a different parameterization
might bias the system towards one of the options. As with
Wilkinson’s stochastic model, the behavior of the population
can be predicted with some confidence, while the fate of any
particular cell cannot.

A concrete biological example of such a system is cell
fate determination in the Gram positive bacterium Bacillus
subtilis.

B. The Bacillus subtilis sin operon
B. subtilis is a ubiquitous, soil-dwelling, non-pathogenic
Gram-positive bacterium. Because of its amenability to
laboratory manipulation, B. subtilis has become the model
Gram-positive organism, and its biology and genetics have
been extensively studied [21]. Its genome was fully
sequenced in 1997 [22] and re-sequenced in 2009 [23].

B. subtilis is of particular interest to synthetic biologists
because it can exist in a number of different phenotypic
states. Cells may produce flagellae and swim as individuals
in liquids, swarm in small groups on solids, form
multicellular communities composed of bundled chains of
sessile cells, form architecturally complex communities
embedded in an extracellular matrix (biofilms), or form
spores which are inert, resistant to heat and desiccation, and
may persist for thousands of years [24]. Under an identical
set of environmental conditions, genetically identical cells
within a single population may choose different phenotypes;
the determination of cell fate is inherently stochastic, making
this system ideal for investigations into the engineering of
biological stochasticity.

The sin operon was identified as the primary controller of
sporulation in 1986 [25]. It sits at the heart of a complex web
of interactions controlling cell fate decision (Figure 1). The
sin operon consists of three promoters and two coding
sequences. Promoter P, produces mRNA which codes for
two proteins, Sinl and SinR. P, is induced by phosphorylated
Spo0A, a two-component response regulator. SpoOA is
activated by phosphorylation as part of the general stress
response, and is central to the initiation of sporulation. P, is
active after the cell fate decision is made. P; is weakly
constitutive, producing mRNA for SinR. Sin R forms
tetramers, which inhibit P, introducing a negative feedback
loop into the system. However, SinR also forms a complex
with Sinl, reducing its availability to form tetramers.
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Figure 1. Part of the genetic network controlling cell fate in Bacillus
subtilis. Possible phenotypes are shown in rounded square boxes; inputs are
shown as squares.

SinR is a transcriptional regulator which, amongst other
functions, inhibits the transcription of two operons crucial
for biofilm formation, eps and ygxM-sipW-tasA. The eps
operon produces the extracellular polysaccharides of the
biofilm, while one product of the ygxM-sip W-tasA operon is
TasA. SinR also negatively regulates the production of
Spo0A, a major gene in sporulation [26]) The SinR tetramer
lies at the heart of a web of inhibitory interactions, and is
key to the entire cell fate decision [27].

The amount of SinR tetramer in a cell depends upon the
balance between a range of parameters: promoter binding
affinities, mRNA and protein degradation rates, complex
formation and dissociation rates, and so forth. Different
combinations of these parameter values have been
demonstrated to lead to different cell fate decisions in a
number of models [15, 28, 29], and there is considerable
experimental evidence to indicate that they do so in the
biological system [30, 31]. The sin operon is therefore an
excellent target for computational design for synthetic
systems. Parameter values measured in vivo are available for
some parts of the system, but determining which
combinations of parameter values lead to which distributions
of phenotypes in a population is a non-trivial task.

C. Parameterization

Individual parameter values can fundamentally affect the
behaviour of a genetic circuit, the effects of kinetic
parameters interact nonlinearly, and multiple sets of
parameter values can sometimes produce identical behaviour
[12, 32, 33]. Furthermore, the value of a single parameter
can differ in the same system under different conditions.
Altered kinetics can dramatically affect the behaviour of the
system [34]. The same behaviour can be produced by several
network topologies, whilst the same topology can produce
different behaviours with relatively minor changes in



parameterization [14, 15].

Parameterization is therefore clearly of considerable
importance to designers of genetic circuits. Without accurate
models of the various component parts of a circuit
(promoters, ribosome binding sites, etc) and the way in
which they interact (binding affinities, decay rates, etc.) an
accurate, predictive model of the entire circuit is impossible.

There are a number of ways in which the issue of model
parameterization can be addressed. Measuring parameter
values is difficult, for a number of reasons. It is a
considerable technical challenge to measure many processes
in vivo, and measurements made in vitro may not be the
same as in the living system. Intracellular noise and
fluctuations due to the small number of molecules
participating in some reactions may also mean that
measurements taken at a multi-cellular scale might not
reflect conditions in individual cells [35].

For any given model, not all parameter values, or even
approximations thereof, will be available from the literature.
Missing parameters can be estimated, but since
parameterization can profoundly affect the behaviour of a
genetic circuit, estimation alone is unlikely to provide
biologically plausible results. We collected our initial model
parameter values from the literature, and estimated values
for missing parameters, and then applied an evolutionary
algorithm to fine-tune the parameter values. Since EAs are
inherently stochastic each run produces a different set of
parameter values producing equivalent behaviour,
facilitating sensitivity analysis of the evolved circuit.

D. Evolutionary computation for the design of synthetic
genetic circuits

Evolutionary algorithms (EAs) have been extensively used
for parameterizing models in a range of domains, including
genetic circuit design. EAs have been used for the design of
circuit topology [32, 36 - 38], the estimation of parameter
values [39, 40], or both [41, 42].

EAs can be used to design the topology of a genetic
circuit, to choose parameter values, or both. Circuit topology
design is valuable when entirely novel functionality is
desired. Parameter value selection is particularly useful in
circumstances where the topology of the circuit is known
(such as the sin operon) but the parameter values are not.

In this project we used an EA to find a set of parameter
values for the Sinl / SinR system which positions it in such a
way that several cell fates are accessible from a single
starting state.

II. METHODS

A. The Sinl / SinR model

The model was based upon that developed by Voigt, Wolf &
Arkin [15], extended to incorporate the recently-recognised
role of SIrR and SIrA, homologues of SinR and Sinl
respectively [43] (Figure 2). SIrR/SIrA represses o°-
dependent flagellar genes and activates the eps and ygxM
operons. The effects of the SinR tetramer and the SIrR

protein on the biofilm and flagellar genes was abstracted out,
and these relationships replaced with edges representing the
assumption that sufficiently high levels of the SinR tetramer
inhibit biofilm formation and encourage flagellar growth,
whilst the opposite is true for SIrR.
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Figure 2. The Sinl / SinR model

The model was constructed in the Systems Biology
Markup Language (SBML) [44] and simulated using the
COPASI biochemical network simulator Version 4.5 build
30 [45], called from a Java EA program via the COPASI
Java bindings APIL.

The model has 53 kinetic parameters, which were
initialized using values obtained from the literature. Because
the aim of the modelling is to design a physically
implementable circuit, only those parameters which can be
readily altered in vivo were allowed to vary (Table 1).

TABLE 1. KINETIC PARAMETERS VARIED IN THE COURSE OF EVOLUTION

No. | Description Initial
Value

4 Transcription rate from P 0.02

6 Translation rate of SinR 0.014

9 Association rate for SinR tetramers 0.00125

15 Transcription rate of AbrB 0.2

17 Translation rate of AbrB 0.1

22 Transcription rate of SIrA 0.2

24 Translation rate of SIrA 0.1

27 Transcription rate of SIrR 0.2

29 Translation rate of SIrR 0.1

34 Association rate for SIrA:SIrR 0.0010

35 Dissociation rate for SIrA:SIrR 0.1

38 Dissociation rate for SIrA:SinR 0.1

47 Transcription rate of Biofilm gene 0.2

B. Evolutionary Algorithm

The evolutionary algorithm used was a simple Evolutionary
Strategy with a population size of two. The problem
representation was a string of thirteen real numbers,
representing parameter values. This chromosome was
initialized to the median of the range of values identified
from the literature (Table 1). Each parameterized network




was run 100 times, with a different, small amount of noise,
drawn from a normal distribution with mean 0 and variance
0.01, added to the parameter values each time to simulate the
effects of biological stochasticity. After 500 timesteps most
networks had settled to a stable state, and at this time the
final phenotype was identified.

The fitness function depends upon both the proportion of
runs which produced each of the two outcomes, and the
difference in concentration of the biofilm production
indicator protein, b, and the flagellum production indicator
protein, f.

Initially the aim was to produce networks which chose
biofilm formation 50% of the time and flagellum formation
50% of the time. The fitness function was therefore based
upon the Gaussian distribution:

_=p)
flx)=ae 2 | (1)
where p is the proportion of runs of a particular network
resulting in flagellum development, a is the height of the
Gaussian, b is the position of the centre of the peak, ¢ the
width of the curve, and e is Euler's constant. Since b = 1.0 —
£, it was not necessary to include b in the equation. We set
these parameters to produce a Gaussian with maximum
value of 1.0 at input p, the target proportion of runs
producing flagella, for inputs ranging from 0.0 to 1.0 (a =
1.0; b = p; ¢ = 0.15). By adjusting p we could change the
target of the EA.

In order to maximize the difference in expression levels
between genes b and f, the output of the Gaussian was
modified by multiplying by the proportional size of b —f:

fitness = f(x)* S=b ()
f+b
New networks were then mutated by adding to each
parameter an amount drawn from a normal distribution with
mean 0.0 and variance 0.1, and the fitness of the child
network evaluated as above. Child networks with a fitness
equal to or greater than that of the parent replaced the parent.
Evolution was continued for 500 generations.

III. RESULTS

A. Effect of adding to noise to the simulation

When run using a strictly deterministic algorithm, the Sinl /
SinR model, with its original parameterization, always
triggers the biofilm formation indicator gene (Figure 3).
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Figure 3. Timecourse of the Sinl / SinR model run using a deterministic
simulator

However, different runs of the same network under the
stochastic evolutionary algorithm produced very different
behaviours (Figure 4).
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Figure 4. Different runs of the same network with slightly different values
for the variable parameters. a) Run 0; b) Run 3; ¢) Run 5; d) Run 7. Note
the different scales on the y axes.

B. Evolving to different targets
We ran the systems with three different target outcomes: a
proportion of runs producing flagella of 0.8 (80F); 0.5
(50F); or 0.2 (20F). The course of evolution for the three
targets was quite different (Figure 5).
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Figure 5. Course of evolution for each of the three target outputs over 500
generations

Each network was run 100 times, for 500 steps each time.
The distribution of fitness values achieved at the end of the
runs was also very different for the different targets (Figure
6).
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Figure 6. Distribution of fitness achieved for each of the three target
outcomes.

The proportion of runs producing flagella also differed for
each of the three targets (Figure 7).
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Figure 7. Proportion of runs producing flagella for each of the three targets

C. Changes in parameter values

Considerable variability was observed in the final parameter
values in the evolved models (Figure 8); the association rate
for SinR tetramers (P9) varied most in evolving the model
towards meeting the species ratio of biofilm producing to
motile cells. Increasing the affinity of the SinR monomers
for each other in tetramer formation increased the

probability of single cell motility, whereas increasing the
affinity of SlrA for SIrR resulted in a higher probability of
biofilm formation. Significant variations in the strength of
the P; promoter (P4) and the translation rate of SinR (P6)
were also noted during the evolution of the model, but with
little obvious selective behaviour in terms of the final
behaviour of the evolved model.
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Figure 8. Relative increase in parameter values over initial values for each
of the three target outputs. P9 is the association rate for SinR tetramers,
while P34 is the association rate for SIrA:SIrR

IV. DISCUSSION

Computational evolution for the design of a biological
circuit such as the sin operon and its local interactome has
the potential to provide information about both the
characteristics of the circuit, and the way in which it
functions. Our model suggests that the sin operon switch is
biased: it can be evolved very easily to produce a large
proportion of flagellated cells; less easily to produce an
intermediate proportion; and only with difficulty to produce
a large proportion of cells choosing the biofilm fate (Figure
7). This bias appears to make evolutionary sense, since the
production of a flagellum, and subsequent motility and
escape from difficult local conditions is likely to be less of
an energy commitment for the cell than is biofilm formation.
Further, not all of the cells involved in biofilm formation
actually choose the biofilm phenotype; in fact, only a
minority do so, and their contribution is sufficient to
maintain the biofilm for the entire community [46].

However, the deterministic model produces exactly the
opposite result; with the parameterisation we initially used
the model moves smoothly and swiftly to biofilm formation.
This behaviour could merely be due to a non-optimal choice
of parameter values, always a major issue when setting up
models of circuits whose behaviour has not been studied in
depth. However, the fact that the deterministic model always
selects one phenotype, whilst real populations of cells
choose between any of a number of fates, indicates that this
is not just a parameter value problem. Stochastic processes
are important in real cells, and some measure of stochasticity
is clearly crucial to the model achieving biologically
plausible behaviour.

The “stochastic” algorithm we used is not truly stochastic.
By combining a deterministic simulation algorithm with a



slight change of parameter values, sampled from a Gaussian
distribution, for each run of a given network, we aimed to
construct a system which was computationally efficient
enough to allow large numbers of runs to be performed and
analyzed, while still retaining stochastic characteristics. This
strategy lead to the observation of the biased nature of the
switch, a finding which we are currently investigating in
Vivo.

The mechanism of operation of the switch is also of
considerable interest. It is clear that feedback loops and
inhibition are critical to the behaviour of the system, an
observation which is not unexpected, since the presence of
feedback loops is known to be important to both
multistability and oscillatory dynamics in genetic circuits
[47, 48]. However, the fact that control in this circuit is
primarily via complex formation is not apparent in the
conventional, network-centric view of Figure 1.

The SinR tetramer is the active form of the protein, and it
is “inhibited” not primarily by transcriptional control, but by
the formation of complexes with Sinl and SIrR. Such a
mechanism introduces a wide range of factors into the
control process. Parameters such as transcription, translation
degradation and association rates of the various molecular
species involved can all be modified individually, potentially
providing much more fine-grained and flexible control over
the behavior of the switch than is possible simply by
transcriptional regulation. Our results indicate that complex
association rates are particularly important for this particular
switch (Figure 8).

The sin operon switch is therefore a complex system
poised at the confluence of multiple basins of attraction in
phenotype space. Manipulation of its parameters is sufficient
to alter the extent to which it will choose one phenotype over
another under identical conditions, making it a potentially
valuable tool for the synthetic biologist.

There are a number of applications for a tunable,
stochastic switch in synthetic biology. Although bacteria are
often considered as independent, isolated individuals, they in
fact exist embedded in a web of interactions with
conspecifics, microbes from other genera, and even
organisms from other kingdoms. A bacterial community can
thus function almost as a multicellular organism, and under
these conditions the ability to engineer the behavior of the
population as a whole becomes of fundamental importance.
The 2009 Newcastle iGEM team', for example, aimed to
engineer B. subtilis to take up cadmium from its
environment, sequester it into spores, and disable
germination of the spores. In order to maintain a balance
between spore-forming (and therefore inviable) cells and
vegetatively growing cells, it was important to include a
tuneable stochastic switch into the design.

In this work we concentrated upon an analysis of the
parameters which could be modified in vivo. Another
possibility for modification of the switch is to engineer

! http://2009.igem.org/Team:Newcastle

changes to the network topology of the model. With the
advent of large-scale, reasonably-priced DNA synthesis
technology, relatively large changes to a system can be made
upon the basis of computational design. For example,
interactions between a transcription factor and a gene can be
added or eliminated by changing the promoter of the target
gene, while mRNA and protein levels can be modified by
changing the binding affinities of the promoter or ribosome
binding site. We are currently investigating extending our
model to include wiring changes, and an analysis of the
interaction between circuit topology and parameterization.
We will also extend the model to include more than the two
possible phenotypes—flagellum or biofilm—currently
supported.

We have investigated the feasibility of engineering the sin
operon switch controlling cell fate in B. subtilis to produce a
predictable proportion of the population choosing a
particular phenotype. We find that the switch appears to be
naturally biased towards flagellum formation, an observation
which tallies well with experimental data. It is possible to
modify the switch such that this biased is changed, and even
reversed, although many of the network runs did not achieve
this task. Complex association rates appear to be of primary
importance in engineering the switch, confirming the
primacy of complex formation over transcriptional
regulation in the function of the sin stochastic switch.

REFERENCES

[11  Vilar, J. M. G., Kueh, H. Y., Barkai, N., and Leibler, S. “Mechanisms
of noise-resistance in genetic oscillators ", Proceedings of the National
Academy of Sciences of the USA vol. 99, no. 9, pp.5988 - 5992, 2002.

[2] Bollenbach, T. & Kishony, R. (2009). Quiet gene circuit more fragile
than its noisy peer. Cell 139: 460 - 461.

[3] Maheshri, N., and O "Shea, E. K. “Living with noisy genes: How
cells function reliably with inherent variability in gene expression ”, Annual
Review of Biophysics and Biomolecular Structure vol. 36, pp.413 - 434,
2007

[4] Cagatay, T., Turcotte, M., Elowitz, M. B., Garcia-Ojalvo, J., and
Suel, G. M. “Architecture-dependent noise discriminates functionally
analogous differentiation circuits ”, Cell vol. 139, pp.512 - 522, 2009.

[51 Endy, D. “Foundations for engineering biology ”, Nature vol. 438,
pp.449 - 453, 2005.

[6] Glass,J. I, Assad-Garcia, N., Alperovitch, N., Yooseph, S., Lewis,
M. R., Maruf, M., Hutchinson, C. A., Smith, H. O. & Venter, J. C.
“Essential genes of a minimal bacterium ”, Proceedings of the National
Academy of Sciences of the USA vol. 103, no. 2, pp.425 - 434, 2006.

[7] Lartigue, C., Vashee, S., Algire, M. A., Chuang, R.-Y., Benders, G.
A. & Ma, L. “Creating bacterial strains from genomes that have been grown
and engineered in yeast ”, Science vol. 325, no. 5948, pp.1693 - 1696, 2009.
[8] Pumick, P. E. M., and Weiss, R. “The second wave of synthetic
biology: From modules to systems. ”, Nature Reviews Molecular Cell
Biology vol. 10, pp.410 - 422, 2009

[91 Heinemann, M., and Panke, S. “Synthetic biology - putting
engineering into biology ”, Bioinformatics vol. 22, no. 22, pp.2790 - 2799,
2006.

[10] Ozbudak, E. M., Thattai, M., Lim, H. N., and van Oudenaarden, A.
“Multistability in the lactose utilization network of Escherichia coli”,
Nature vol. 427, pp.737 - 740, 2004.

[11] Setty, Y. E., Mayo, A., Surette, M. G., and Alon, U. “Detailed map of
a cis-regulatory input function ”, Proceedings of the National Academy of
Sciences of the USA vol. 100, pp.7702 - 7707, 2003.

[12] von Dassow, G., Meir, E., Munro, E. M., and Odell, G. M. “The
segment polarity network is a robust developmental module ”, Nature vol.
406, pp.188 - 192, 2000.



[13] Meir, E., von Dassau, G., Munro, E., and O Dell, G. M. “Robustness,
flexibility and the role of lateral inhibition in the neurogenic network ”,
Current Biology vol. 12, pp.778 - 785, 2002.

[14] Atkinson, M. R., Savageau, M. A., Myers, J. T., and Ninfa, A. J.
“Development of genetic circuitry exhibiting toggle switch or oscillatory
behaviour in Escherichia coli”, Cell vol. 113, pp.597 - 607, 2003.

[15] Voigt, C. A., Wolf, D. M., and Arkin, A. P. “The Bacillus subtilis sin
operon: An evolveable network motif”, Genetics vol. 169, pp.1187 - 1202,
2005.

[16] Little, J. W., Shepley, D. P., and Wert, D. W. “Robustness of a gene
regulatory circuit”, EMBO Journal vol. 18, pp.4299 - 4307, 1999.

[17] Maughan, H., and Nicholson, W. L. “Stochastic processes influence
stationary-phase decisions in Bacillus subtilis”, Journal of Bacteriology
vol. 186, pp.2212 - 2214, 2004.

[18] Bedau, M. A., and Packard, N. H. “Evolution of evolvability via
adaptation of mutation rates ”, Biosystems vol. 69, pp.143 - 162, 2003.

[19] Wilkinson, D. J. “Stochastic modelling for quantitative description of
heterogeneous biological systems”, Nature Reviews Genetics vol. 10,
pp.122 - 133, 2009.

[20] Nusse, H. E., and Yorke, J. E. “Basins of attraction ”, Science vol.
5254, pp.1376 - 1380, 1996.

[21] Anagnostopoulos, C., and Spizizen, J. “Requirements for
transformation in Bacillus subtilis”, Journal of Bacteriology vol. 81, no. 5,
pp.741 - 746, 1961.

[22] Kunst, F., et al. “The complete genome sequence of the Gram-
positive bacterium Bacillus subtilis”, Nature vol. 390, no. 6657, pp.234 -
256, 1997.

[23] Barbe, V., Cruveiller, S. Kunst, F., Lenoble, P., Meurice, G.,
Sekowska, A., Vallenet, D., Wang, T. Moszer, L., Médigue, C. & Danchin,
A. “From a consortium sequence to a unified sequence: The Bacillus
subtilis 168 reference genome a decade later ”, Microbiology vol. 155,
pp.1758 - 1775, 2009.

[24] Sonenshein, A. L., Hoch, J. & Losick, R. (eds.) “Bacillus subtilis and
Its Closest Relatives: From Genes to Cells” : American Society for
Microbiology, 2002.

[25] Gaur, N. K., Dubnau, E., and Smith, I. “Characterization of a cloned
Bacillus subtilis gene that inhibits sporulation in multiple copies ", Journal
of Bacteriology vol. 168, no. 2, pp.860 - 869, 1986.

[26] Lewis, R.J., Brannigan, J. A., Offen, W. A., Smith, L., and
Wilkinson, A. J. “An evolutionary link between sporulation and prophage
induction in the structure of a repressor: anti-repressor complex ”, Journal
of Molecular Biology vol. 283, pp.907 - 912, 1998.

[27] Errington, J. “Bacillus subtilis sporulation: regulation of gene
expression and control of morphogenesis ”, Microbiological Reviews vol.
57,mno0. 1, pp.1 - 33, 1993.

[28] deJong, H., Geiselman, J., Batt, G., Hernandez, C., and Page, M.
“Qualitative simulation of the initiation of sporulation in Bacillus subtilis”,
Bulletin of Mathematical Biology vol. 66, pp.261 - 299, 2004

[29] Morohashi, M., Ohashi, Y., Tani, S., Ishii, K., Itaya, M., Nanamiya,
H., Kawamura, F., Tomita, M. & Soga, T. “Model-based definition of
population heterogeneity and its effects on metabolism in sporulating
Bacillus subtilis”, Journal of Biochemistry vol. 142, no. 2, pp.183 - 191,
2007.

[30] Iber, D., Clarkson, J., Yudkin, M. D., and Campbell, . D. “The
mechanism of cell differentiation in Bacillus subtilis’, Nature vol. 441,
pp.371 - 374, 2006.

[31] Losick, R., and Desplan, C. “Stochasticity and cell fate ”, Science vol.
320, pp.65 - 68, 2008.

[32] Tomshine, J., and Kazneiss, Y. N.. “Optimization of a stochastically
simulated gene network model via simulated annealing ”, Biophysical
Journal vol. 91, pp.3196 - 3205, 2006.

[33] Elowitz, M. B., and Leibler, S. “A synthetic oscillatory network of
transcriptional regulators ”, Nature vol. 403, pp.335 - 338, 2000.

[34] Guet, C. C., Elowitz, M. B., Hsing, W., and Leibler, S.
“Combinatorial synthesis of gene networks ”, Science vol. 296, no. 5572,
pp.1466 - 1470, 2002.

[35] Hasty, J., Dolnik, M., Rottschafer, V., and Collins, J. J. “Synthetic
gene networks for entraining and amplifying cellular oscillations ”, Physical
Review Letters vol. 88, no. 14, pp.148101-1 - 148101-4, 2002.

[36] Deckard, A., and Sauro, H. M. “Preliminary studies on the in silico
evolution of biochemical networks ”, ChemBioChem vol. 5, pp.1423 - 1431,
2004.

[37] Paladuqu, S.R., Chicarmane, V., Deckard, A., Frumkin, J. P.,
McCormack, M. & Sauro, H. M. “In silico evolution of functional modules
in biochemical networks ”, Systems Biology (Stevenage) vol. 153, no. 4,
pp.223 - 235, 2006.

[38] Chu, D. “Evolving genetic regulatory networks for systems biology ",
“Proceedings of the 2007 Congress on Evolutionary Computation (CEC
2007)” : pp.875 - 882, 2007.

[39] Gilman, A., and Ross, J. “Genetic-algorithm selection of a regulatory
structure that directs flux in a simple metabolic model”, Biophysical
Journal vol. 69, no. 4, pp.1321, 1995.

[40] Tsuchiya, M., and Ross, J. “Application of genetic algorithm to
chemical kinetics: Systematic determination of reaction mechanism and rate
coefficients for a complex reaction network ”, Journal of Physical
Chemistry A vol. 105, no. 16, pp.4052 - 4058, 2001.

[41] Yokobayashi, Y., Collins, C. H., Leadbetter, J. R., Weiss, R., and
Armold, F. H. “Evolutionary design of genetic circuits and cell-cell
communications. ”, Advances in Complex Systems vol. 6, no. 1, pp.1 - 9,
2003.

[42] Lenser, T., Hinze, T., Ibrahim, B., and Dittrich, P. “Towards
evolutionary network reconstruction tools for systems biology ”, In
Marchiori, E., Moore, J. H. & Rajapakse, J. C. (eds.) “EvoBio 2007,
Lecture Notes in Computer Science 4447 : pp.132 - 142,2007.

[43] Kobayashi, K. “SIrR / SIrA controls the initiation of biofilm
formation in Bacillus subtilis ”, Molecular Microbiology vol. 69, no. 6,
pp.1399 - 1410, 2008.

[44] Hucka, M., Finney, A., Sauro, H. M., Bolouri, H., Doyle, J. C. et

al. “The systems biology markup language (SBML): a medium for
representation and exchange of biochemical network models ”,
Bioinformatics vol. 19, pp.524 - 531, 2003.

[45] Hoops, S., Sahle, S., Guages, R., Lee, C., Pahle, J., Simus, N.,
Singhal, M., Xu, L., Mendes, P. & Kummer, U. “COPASI-a COmplex
PAthway SImulator ”, Bioinformatics vol. 22, no. 24, pp.3067 - 3074, 2006.
[46] Chai, Y., Chu, F., Kolter, R., and Losick, R. “Bistability and biofilm
formation in Bacillus subtilis ”, Molecular Microbiology vol. 67, no. 2,
pp.254 - 263, 2008.

[47] Angeli, D., Ferrell, J. E., and Sontag, E. D. “Detection of
multistability, bifurcations, and hysteresis in a large class of biological
positive-feedback systems ”, Proceedings of the National Academy of
Sciences of the USA vol. 101, no. 7, pp.1822 - 1827, 2004.

[48] Pigolotti, S., Krishna, S., and Jensen, M. H. “Oscillation patterns in
negative feedback loops ", Proceedings of the National Academy of
Sciences of the USA vol. 104, no. 16, pp.6533 - 6537, 2007.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /CMB10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /CMBX12
    /CMBX5
    /CMBX6
    /CMBX7
    /CMBX8
    /CMBX9
    /CMBXSL10
    /CMBXTI10
    /CMCSC10
    /CMCSC8
    /CMCSC9
    /CMDUNH10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /CMFI10
    /CMFIB8
    /CMINCH
    /CMITT10
    /CMMI10
    /CMMI12
    /CMMI5
    /CMMI6
    /CMMI7
    /CMMI8
    /CMMI9
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /CMR12
    /CMR17
    /CMR5
    /CMR6
    /CMR7
    /CMR8
    /CMR9
    /CMSL10
    /CMSL12
    /CMSL8
    /CMSL9
    /CMSLTT10
    /CMSS10
    /CMSS12
    /CMSS17
    /CMSS8
    /CMSS9
    /CMSSBX10
    /CMSSDC10
    /CMSSI10
    /CMSSI12
    /CMSSI17
    /CMSSI8
    /CMSSI9
    /CMSSQ8
    /CMSSQI8
    /CMSY10
    /CMSY5
    /CMSY6
    /CMSY7
    /CMSY8
    /CMSY9
    /CMTCSC10
    /CMTEX10
    /CMTEX8
    /CMTEX9
    /CMTI10
    /CMTI12
    /CMTI7
    /CMTI8
    /CMTI9
    /CMTT10
    /CMTT12
    /CMTT8
    /CMTT9
    /CMU10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


