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How the universe originated? (Why there is something...)

What defines life? How life originated?

Cell origins / Can we build artificial cells from scratch?

How complex cells emerged?

How did multicellularity arise? 

Can we break evolutionary barriers related to aging and death?

What defines consciousness and/or intelligence?

Can we build a conscious machine?

Is technology the sixth kingdom?

We’ll we survive?
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Innovations and major transitions
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Innovations and major transitions

Life ascending: then great inventions of evolution
Nick Lane (2010)

The major transitions in evolution
J. Maynard Smith & E. Szathmary (1998)

Origin of life
DNA
Photosynthesis
The complex cell
Sex
Movement
Sight
Hot Blood
Consciousness
Death

1. Multicellularity

2. The eye

3. The brain

4. Language

5. Photosynthesis

6. Sex

7. Death

8. Parasitism

9. Superorganism

10. Symbiosis

Top 10: Life's 
greatest inventions

9 April 2005 by Rachel Nowak
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Innovations and major transitionsGreat inventions of evolution

1. Multicellularity (tissue engineering, stem cells)
2. The eye (artificial eyes, brain-chip interfaces)
3. The brain (artificial brains, brain implants)
4. Language (Robotic languages)
5. Photosynthesis (synthetic cells-energy sources)
6. Death (aging therapies, telomere engineering)
7. Parasitism (engineered microbiomics)
8. Superorganisms (synthetic collective intelligence)
9. Symbiosis (new synthetic tissue implants)
10. Sex (no ideas right now)

Wednesday, April 10, 2013
Thursday, April 17, 14



What is life and can we imitate it?

Artificial life?
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Artificial life?
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Synthetic biology

“I have not neglected the other branches of science. 
(...) If your wish is to become really a man of science, 
(...) I should advise you to apply to every branch of 
natural philosophy, including mathematics.”

Frankenstein, chapter 4
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Synthetic biology
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Instruction set: DNA

Duplicator: DNA polymerase + other 
elements of the replication machinery

Constructor: RNA polymerase and 
translation machinery

Controller: regulation of transcription 
and translation

Synthetic machines: von Neumann

Thursday, April 17, 14



How can we engineer (existing) cells and tissues?

Engineering biology
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Synthetic biology 
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from the phagosome, were administered orally or intra-
venously and significantly reduced catenin β-1 levels in 
the intestinal epithelium and in human colon cancer 
xenografts in mice133 (FIG. 5c). Combining various bacte-
rial anti-cancer treatment strategies may increase safety, 
specificity and efficiency in future clinical trials.

Viral synthetic devices. Viruses have also been success-
fully engineered to transduce specific cells by expressing 
epitopes that are recognized by particular cell-surface 
receptors and to express prodrug convertases and 
cytokines for use in cancer therapy134. Most of these onc-
olytic viruses carry coding viral nucleic acids, which may 
cause side effects owing to recombination with the host 
chromosome or proviral elements that are already in the 
host cell. Recently, synthetic viral particles have been 
designed that lack coding nucleic acids and that exclu-
sively package therapeutic proteins, which can be released 
in a dose-dependent manner135. For example, viral 
particles carrying linamarase from Manihot esculenta  
were injected into human breast cancer xenografts in 
mice that had been treated with the non-toxic natural 
product linamarin; these viruses triggered efficient 
tumour regression owing to the cyanide produced by 
linamarase-mediated conversion of linamarin135 (FIG. 5d). 
Similarly, protein-carrying viral nanoparticles have been 
used to deliver site-specific DNA recombinases, such as 
FLP, to precisely integrate or excise genetic components 
on the host chromosome136. They might also be used 
to deliver native or chimeric transcription factors that 
could transiently control the expression of target genes 
that are involved in therapeutic interventions, lineage 
control or induction of pluripotency137.

A transformation sensor for cancer therapy. Gene ther-
apy advances for cancer include virus-mediated delivery 
of cytotoxic effector genes controlled by cancer-specific 
promoters138,139 or delivery of chimeric adaptor proteins 
to link tyrosine kinase signalling to the apoptosis-induc-
ing caspase machinery140. Most promoters and control 
circuits that coordinate simple reactions such as these 
are inherently noisy and only allow linear responses, 
which means limited control of specificity and efficacy. 
However, using two internal input signals can improve 
fidelity, mediate sharp response profiles and ensure 
robust biochemical processes141. Using decision-making 
circuits as blueprints, Nissim and Bar-Ziv142 designed a 
tunable dual promoter integrator (DPI) to target cancer 
cells precisely. The DPI consists of two native promot-
ers that are concurrently activated by two independent 
transcription factors. Each cancer-sensing promoter 
produces a different fusion protein in proportion to its 
activity, and these two proteins assemble together as a 
chimeric transcription factor. This transcription factor 
then activates a synthetic promoter that controls expres-
sion of the herpes simplex virus type 1 thymidine kinase 
(TK1), which is cytotoxic in the presence of nucleotide 
analogues, such as ganciclovir (FIG. 6a). The DPI could be 
optimized for a specific cancer cell type by using different 
combinations of input promoters and effector genes, as 
well as by modulating the assembly efficiency and half life 
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Bacteria can sense their environment, distinguish between cell types, and
deliver proteins to eukaryotic cells. Here, we engineer the interaction
between bacteria and cancer cells to depend on heterologous environmental
signals. We have characterized invasin from Yersinia pseudotuburculosis as
an output module that enables Escherichia coli to invade cancer-derived
cells, including HeLa, HepG2, and U2OS lines. To environmentally restrict
invasion, we placed this module under the control of heterologous sensors.
With the Vibrio fischeri lux quorum sensing circuit, the hypoxia-responsive
fdhF promoter, or the arabinose-inducible araBAD promoter, the bacteria
invade cells at densities greater than 108 bacteria/ml, after growth in an
anaerobic growth chamber or in the presence of 0.02% arabinose,
respectively. In the process, we developed a technique to tune the linkage
between a sensor and output gene using ribosome binding site libraries
and genetic selection. This approach could be used to engineer bacteria to
sense the microenvironment of a tumor and respond by invading
cancerous cells and releasing a cytotoxic agent.

q 2005 Elsevier Ltd. All rights reserved.

Keywords: invasin; synthetic biology; cancer; therapeutic bacteria; lux*Corresponding author

Introduction

Recent efforts to design and construct organisms
for biotechnological applications, such as metabolic
engineering and bioremediation,1 have led to
developing a toolbox of modular and robust parts
including biosensors and genetic circuits. The
output of these systems is interfaced to control
cellular behaviours such as biofilm formation,2

chemotaxis,3 and differentiation.4 Here, we link
heterologous environmental sensors to the
expression of a protein that enables Escherichia coli
to invade mammalian cells. Reprogramming the
interaction between a bacterium and mammalian
cell will enable the forward engineering of bacteria
for therapeutic purposes including live vaccines,5

probiotics,6 and anti-tumor agents.7

The construction of a number of synthetic
biosensors and genetic circuits has been reported.
Recently, Hellinga and co-workers computationally
designed maltose binding protein variants that bind
various unnatural ligands, including TNT.8 In
addition, Buskirk et al. linked small molecules to
translation by designing RNA aptamers that bind
tetramethylrosamine and activate gene expression.9

To process environmental inputs, synthetic genetic
circuits have been constructed that function as logic
blocks,10 an oscillator,11 a bistable “toggle” switch,12

and a pulse generator.13 Synthetic eukaryotic
protein circuits have also been constructed that
enable the integration of multiple inputs.14

There has been an effort to link the sensors and
circuits to control cellular behaviour through the
activation of an “output interface”.2 For example,
biofilm formation was induced by activating a
toggle switch genetic circuit controlling traA. By
linking this switch to quorum sensing or the
activation of RecA, biofilm formation was induced
at high cell densities or when exposed to UV light,
respectively.2 In addition, Arnold and co-workers

0022-2836/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.

Abbreviations used: UTR, untranslated region; cfu,
colony-forming units; MOI, multiplicity of infection.
E-mail address of the corresponding author:

aparkin@lbl.gov

doi:10.1016/j.jmb.2005.10.076 J. Mol. Biol. (2006) 355, 619–627

or the accessibility of b1 integrin on the cell surface.
Although the efficiency varies, these experiments
demonstrate that invC E. coli are capable of
invading cancer cell lines of diverse origin. Never-
theless, not all mammalian cells are susceptible to
invasion. Y. pseudotuburculosis specifically invades
M cells over enterocytes during infection of rat
epithelium.30 Also, invC E. coli will only invade
cells actively expressing b1-integrins, such as those
at the leading edge of an epithelial sheet.16

Inducible control of invasion

To demonstrate the inducible control of bac-
terial invasion, we placed the invasin gene under

the control of the araBAD operon (Figure 3(a)).
The arabinose operon of E. coli encodes three
genes involved in arabinose catabolism and the
transcription factor AraC. Regulation of the
araBAD promoter involves both arabinose-depen-
dent activation and DNA looping-mediated
repression by AraC.36 This operon is absent in
MC1061, so arabinose is not metabolized by this
strain. Moreover, this promoter is used exten-
sively for arabinose-inducible overexpression of
foreign proteins.
The araBAD promoter and AraC gene were

inserted into: (1) pAC-TetInv replacing the tet
promoter, and (2) into a single-copy BAC plasmid
(bacterial artificial chromosome) pBAC874t. These
constructs resulted in invasive phenotypes inde-
pendent of arabinose concentration (not shown).
Thus, background transcription from the araBAD
promoter is sufficient for invasin synthesis, even
at single-copy. To reduce the basal expression of
invasin, we constructed ribosome binding site
variants and used genetic selection to identify
library members that responded to promoter
activation. We replaced the 5 0 untranslated region
(UTR) of invasin with random sequence flanking
a partial ribosome binding site and randomized
the first position of the first and second codons
(Figure 3(b)). These variants were fused to the
araBAD promoter in pBAC874t affording 106

library members. To identify induction-dependent
members of this library, we first applied a
positive selection to identify members of the
library that could invade HeLa cells after growth
under inducing conditions. A negative screen was
then used to identify the subset of these clones
that did not invade in the absence of induction.
We added 108 bacteria grown in the presence of
arabinose to 105 HeLa cells and enriched for clones
with active ribosome binding sites, as indicated
by a gentamicin protection assay measuring
invasiveness. Approximately 1000 colonies were
recovered after lysis of the HeLa cells.
From the pool of araBAD clones recovered from

positive selection, we screened 24 araBAD colonies
for loss of invasiveness after growth in media
lacking arabinose. Of these, three clones did not
invade HeLa cells, and one clone, pBACr-AraInv,
was characterized. In the absence of arabinose,
invasion by MC1061 cells harbouring pBACr-
AraInv was undetectable, but 2.3(G0.7)% were
recovered after growth in the presence of 0.02%
arabinose. Growth in the presence of arabinose did
not affect the invasiveness of MC1061 cells with no
plasmid or pAC-TetInv (Figure 3(c)). pBACr-
AraInv encodes a non-canonical member of the
library, GTCGGAGTCCCTCGTGTTGTTTTCCA
GCCAATCAGTGGAGTTGGATCCCCCGGAGCC
CCCCatgctg with an apparent duplication of the 5 0

UTR (putative first two codons in lowercase,
conserved ribosome binding site underlined;
Figure 3(b)). Deletion of the sequence 5 0 of the
BamHI site did not affect invasiveness in the
presence or absence of arabinose.

(a)

(b)

Figure 2. Invasin as an output module. (a) The inv gene
was expressed under the control of a constitutive tet
promoter. (b) Fraction of bacteria recovered from gentami-
cin protection assay invading HeLa, U2OS, or HepG2 cells.
Constitutively expressed invasin is shown in white (pAC-
TetInv). Cells with no invasin are shown in black, and cells
expressing invasin but lacking type I pili are shown in grey
(CAMC600/pAC-TetInv). Assays in which no bacteria
were recovered are indicated with an asterisk.
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Synthetic biology for complex diseases
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Engineering the microbiome
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Engineering ecosystems?
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Microbial ecosystems play an important role in nature. Engineering these systems for industrial,

medical, or biotechnological purposes are important pursuits for synthetic biologists and

biological engineers moving forward. Here we provide a review of recent progress in engineering

natural and synthetic microbial ecosystems. We highlight important forward engineering design

principles, theoretical and quantitative models, new experimental and manipulation tools, and

possible applications of microbial ecosystem engineering. We argue that simply engineering

individual microbes will lead to fragile homogenous populations that are difficult to sustain,

especially in highly heterogeneous and unpredictable environments. Instead, engineered microbial

ecosystems are likely to be more robust and able to achieve complex tasks at the spatial and

temporal resolution needed for truly programmable biology.

Introduction

Microbes constitute the most abundant and diverse set of
organisms on Earth.1,2 By generating and turning over organic
material, they play a dominant role in performing key
biochemical reactions essential to sustaining the biosphere.3

As such, these micron-sized cells have evolved an impressive
array of strategies that have allowed them to grow in almost
any environment on the planet.4 Microbes, however, do not
live alone. Rather, they live in crowded environments in
association with other microbes, competing for resources,
sharing metabolism, and forming a complex, dynamic and
evolving microbial ecosystem.5,6

In nature, stable microbial consortia are generally composed
of members that have specialized physiologies and are tasked
with different roles. These intertwined roles transform individuals
that would otherwise compete into a group that lives in concert.7

Many such microbial ecosystems have evolved to be highly

refractory to perturbations in the environment and are able
to repopulate themselves when depleted in numbers. We are
now beginning to appreciate the myriad of sophisticated
processes and behaviors that manifest in microbial consortia,
some of which mirror many essential features found in higher-
level metazoans and multicellular organisms.8 Understanding
how individual microbes form communities will bring new
and important insight to the evolution of multicellularity.9

A grand challenge in applied biology is to develop the knowl-
edge and technology necessary to build these self-adaptive
systems that can perform complex tasks at the micron-scale.
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‘‘genome’’ composed of a collection of 26 possible discrete
basic programs (Nand, IO, swap etc.) that are executed in
series. When certain combinations of these basic programs are
executed in the correct order, one of several logic operations is
performed. Strains able to execute higher complexity opera-
tions are rewarded with more energy and therefore replicate
faster. As cells replicate, mutations are introduced, which
result in programs being added, removed, or moved. This
leads to new operational capabilities. Because the history of
each organism’s genotype and phenotype are chronicled,
digital evolution models enable better understanding of how
individuals traverse a fitness landscape as complex traits
evolve. These artificial life models also enable the reversion
of individual and combinations of mutations to study epistasis.
Key conclusions106 reinforced by these models include: (1)
deleterious mutations may be needed to develop complex traits;

(2) even though complex traits are fragile to mutations, they
fix in the population because they provide significant fitness
benefit, and (3) development of complexity requires selection
of traits with intermediate complexity to allow gradual transition
through the fitness landscape. Since complex phenotypes are a
hallmark feature of microbes, this framework will likely provide
useful insights to improve engineering of ecosystems through
digital simulations. These approaches are now being extended
to simulation population-level behavior.109,110

Experimental tools

Over the last decade, the field of microbial ecology has been
swept by a wave of new technologies, significantly reshaping
the traditional investigative approach. These advances have
centered on key developments inmicrofabrication, high-throughput

Fig. 5 Experimental tools enable engineering of microbial ecosystems from the population level down to the DNA level. In vitro tools such

microfluidics and microchambers or in vivo mice models enable precise control of the environment. High-throughput sequencing and

transcriptomics enable parallel interrogation of phylogeny, composition, and gene expression of cell populations. Techniques such as multiplexed

genome engineering and transposon mutagenesis enable forward engineering and accelerated evolution of cell populations at the genetic level. New

genetic circuitry and synthetic biology frameworks enable the development of multi-component genetic programs that are executed across

populations of cells.
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Can we engineer life?

What are the limits (if any)?

Can bioengineers avoid tinkering?

Can we break evolved solutions?

Can we engineer new innovations?

Engineering biology
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Cells as (entangled) chips

“Inside the biological microchip called a cell there 
are components inside components and wiring so dense 
and so fluid that it sometimes seems impossible to 
tease strands apart. “

The long trail of cancer’s clues
George Johnson

Sci. Am. November 2013
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Combining multiple small gates we obtain more complex circuits. The output is located at some given subset of elements

Engineering biology: inspiration?
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Can we get solutions from enginering?

Problems: wiring and combinatorics
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Single cells can be engineered to perform desired, simple functionalities

Engineering biology: inspiration?

principle implement any potential, complex cellular circuit, the
extra engineering required makes that claim far fetched. More
specifically, the idea of constructing complex devices by just
combining logic gates in a standard manner fails due to the so-
called wiring problem. In contrast to electronics, where all wires are
identical but physically isolated, in a cellular context each
connection must be implemented by a different biochemical
element, e.g. proteins. Even relatively simple devices, such is a
MUX circuit (figure 2a), are difficult to obtain [35]. This circuit
involves three inputs, one of which (a) is the so called selector signal.
As can be seen, the state of this selector element determines which
one of the two inputs (b and c) is ‘‘chosen’’ as the final output. Its
use is widespread in electronics and it is part of many different
applications. In figure 2b we show a standard implementation of
this circuit obtained by connecting several NAND gates (here
shown as AND+NOT elements). Despite its simplicity, this circuit
requires a considerable engineering effort in order to follow
standard circuit design principles within a single cell. For
illustrative purposes we show a possible implementation of this
circuit in figure 2c. We can easily appreciate that the internal logic
of our proposed circuit requires several promoters to be connected
through different molecular ‘‘wires’’. Such limitations pose
immediate constraints to the possibility of creating robust, scalable,
and flexible devices with higher computational capacities. Hence,
the development of decision-making circuits performing complex
functions and, in general, the path towards living computers seems
compromised by the failure of standard design principles.

One way of approaching the problem of complex wiring is to
use a cellular consortium, where different types of engineered cells
are at work. Such cellular consortia are common in nature [37–39]
and provide a more flexible scenario for building complex
synthetic circuits [23,40–43]. Once a library of engineered cells

has been constructed, it is possible to combine them in different
ways to obtain different circuits. This is illustrated by the work of
Tamsir et al. [44] where the authors used a set of NOR-like gates
constructed on Escherichia coli by using two specific promoters,
where the inputs and outputs are controlled by expression of
different quorum-sensing molecules without cross-talk among the
different cells. Here, as in conventional circuits, the colonies were
spatially distributed on agar plates and connected through
quorum-sensing wires. A reporter colony is used to indicate the
final output response. By arranging the colonies in different spatial
configurations, all of the elementary two-input logic gates can be
implemented. This example provides an instance of the applica-
tion of standard engineering principles to synthetic multicellular
systems. However, because of its construction, it is once again
limited in complexity, scalability, and flexibility.

In [45,46] we proposed a very different approach, which we
named distributed multicellular computation (DMC). Under this
approach, circuits are also divided into different cell types, but
the similarities with standard electronics ends here. Roughly
speaking, we allow circuits to be broken into pieces with the
component indicating output scattered over the different pieces.
Several types of reporter cells can be present and do not need to be
connected. Upon this assumptions, it was shown [46] that complex
circuits can be built from very simple cellular consortia. Each cell
requires only a small amount of engineering and additional cell-
cell communication molecules can be used (but are not always
needed) to exchange information among cells. Multicellular
implementation is conceptually appealing. It conceals the imple-
mentation details of each encapsulated logic gate, which can be
individually designed and optimized. As such, it can facilitate
circuit implementation and reduce interference with the host cell’s
physiology by minimizing the number of components introduced

Figure 1. Simple logic gates can be implemented out from minimal sets of logic units. The NAND gate (a) is obtained as a sequential
combination of AND and NOT gates. The compressed symbol is shown in (b) along with the truth table. An example of a synthetic implementation of
the NAND logic can be made (c) using genetic regulatory elements A and B forming a regulatory heterodimer complex that prevents the expression
of the reporter gene. In conventional electronics, combinations of such gates allow to construct more complex circuits and chips (d), which are then
used as basic modules for further circuit designs.
doi:10.1371/journal.pone.0081248.g001

How to Make a Synthetic Multicellular Computer

PLOS ONE | www.plosone.org 2 February 2014 | Volume 9 | Issue 2 | e81248
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Engineering biology: the wiring problem
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No central control

Distributed decisions
Simple individuals, complex CI

Collective intelligence and computation
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Multicellular distributed computing
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1. Multicellular circuit

2. The circuit can be broken into disconnected parts 

3. Different parts can give the output

Distributed biological computation with 
multicellular engineered networks

S Regot, J. Macia, N. Conde et al Nature (2011)

Breaking some rules
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Multicellular distributed computing
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Multicellular distributed computing
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Multicellular distributed computing

Thursday, April 17, 14



GFP

α

γ

gene A

gene B

reporter gene

C1

c
γ

α

AND
α

β

gene A

gene B

GFP

reporter gene

gene A

2C

c
β

α

N-IMPLIES

Multicellular distributed computing

Thursday, April 17, 14



α R Rα rR

MULTIPLEXOR

ENGINEERED CELL LIBRARY

α R

R

Glu
Dox

Glu

α
Ca

LEGO-like

Thursday, April 17, 14



α R Rα rR

COMPARATOR

ENGINEERED CELL LIBRARY

RαDox

Glu

α r

Glu
Dox

LEGO-like

Thursday, April 17, 14



c

I3I2 NI AND

I1 I1

I3

I1

I2

α1

b

I1

α1

Id NOT

NI NI

ANDNI

GFP

GFP

NI NI

NOTID

a

d

I1 I1

I2 I3

I1 I1

I3I2

I3

α1

I1

α1

NI NI

NI NI

I1 I2

I2

I3

e f

GFP

2x

3x

1x 2x

3x

1x

I1

I1

I2

I2

I3 I3

f(x1, x2, x3) = 1 ()
X

j

xj odd

Number of cells
0

50

100

150

200

250

N
um

be
r o

f f
un

ct
io

ns

Number of wires
0

50

100

150

200

250

N
um

be
r o

f f
un

ct
io

ns

α R Rα rR

RαDox

Glu

α r

Glu
Dox

COMP

α R

MUX

R

Glu
Dox

Glu

α
Ca

α

NOR

Glu

Dox Rα R

N-IMP

Dox

d

e f

g h

Glu

a

b c

d e

f g

Number of cells Number of wires
1 2 3 4 5 1 2 3 4 5

Multicellular distributed computing
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Abstract

Biological systems perform computations at multiple scales and they do so in a robust way. Engineering metaphors have
often been used in order to provide a rationale for modeling cellular and molecular computing networks and as the basis
for their synthetic design. However, a major constraint in this mapping between electronic and wet computational circuits is
the wiring problem. Although wires are identical within electronic devices, they must be different when using synthetic
biology designs. Moreover, in most cases the designed molecular systems cannot be reused for other functions. A new
approximation allows us to simplify the problem by using synthetic cellular consortia where the output of the computation
is distributed over multiple engineered cells. By evolving circuits in silico, we can obtain the minimal sets of Boolean units
required to solve the given problem at the lowest cost using cellular consortia. Our analysis reveals that the basic set of logic
units is typically non-standard. Among the most common units, the so called inverted IMPLIES (N-Implies) appears to be one
of the most important elements along with the NOT and AND functions. Although NOR and NAND gates are widely used in
electronics, evolved circuits based on combinations of these gates are rare, thus suggesting that the strategy of combining
the same basic logic gates might be inappropriate in order to easily implement synthetic computational constructs. The
implications for future synthetic designs, the general view of synthetic biology as a standard engineering domain, as well as
potencial drawbacks are outlined.
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Introduction

A fundamental trait of biological systems is their capacity to
perform computations [1]. Although cells are composed of
molecules and their viability relies on extracting and using energy
to maintain them, they are not ‘‘just’’ matter and energy.
Information, and how it is processed and used, is an essential
ingredient of biology. Adaptation to environmental signals
requires the processing and proper output to incoming informa-
tion. This is of no surprise when we consider that life is strongly
tied to genetic information [2]. Similarly, a computational picture
of biological systems is at the core of important, unanswered
questions on how organisms behave [3].

How do biological systems compute? Computation is present at
multiple scales, from molecules to collective decisions [4–10].
Developmental processes [11,12], collective intelligence [13,14]
and complex decision-making in cells [15–18] can be mapped into
some class of formal computational framework. Early works in
theoretical biology, cybernetics, and Boolean dynamical systems
widely emphasized the view of molecular phenomena within cells
as the likely result of computational processes [19–22]. But beyond
the classical theoretical approach to computation, one especially
important avenue involves the engineering of cellular circuits in
order to construct given computational functions or devices
performing computations [23–31]. An example is given in figure 1,
where we show the potential implementation of a simple logic gate
using engineered regulatory networks. Here a NAND gate is built
by combining a few basic components. Two input molecules (a

and b) can be sensed by appropriate receptors or simply diffuse
into the cell where they interact with operator sites. Only in the
absence of both signals the output is produced.

In this context, it has been suggested that complex computa-
tional tasks might be obtained by engineering biological structures
(molecules and cells) in such a way that they can respond to given
sets of inputs and generate a pre-defined output response. Using
synthetic biology techniques, a great deal of examples involving
logic gates and simple combinations of them have been obtained
and some specific computational problems addressed (see
[24,32,33] and references cited). Much is expected from these
developments towards new approaches to complex diseases, for
example. But the promise of a reliable, scalable, reusable, robust
and predictable life-based technology that could allow constructing
complex living machines has been shown to be much more limited
than expected [34]. After a successful first wave of important
results, the promise of arbitrarily complex constructs obtained in a
LEGO-like fashion is far from achieved. A flexible toolbox of
reusable elements is yet to be developed and all synthetic designs
so far devised are lmited to specific tasks and can not be applied to
other problems. In particular, the combinatorial potential implicit
in standard circuit engineering has not yet been explored.

Although it is known from the basic theory of combinatorial
circuits that some particular logic gates (such as the NOR or
NAND) can be used to build any conceivable circuit, this
extrapolation has failed to succeed when applied to synthetic
biological designs. In that sense, although several authors have
been able to build such special gates and claimed that they could in
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Synthetic multicellularity
Michel M. Maharbiz
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The ability to synthesize biological constructs on the
scale of the organisms we observe unaided is probably
one of the more outlandish, yet recurring, dreams
humans have had since they began to modify genes.
This review brings together recent developments in
synthetic biology, cell and developmental biology, com-
putation, and technological development to provide
context and direction for the engineering of rudimenta-
ry, autonomous multicellular ensembles.

What is multicellularity?
Macroscopic organisms generally comprise numerous cells,
usually from a common genetic parent, differentiated
through environmentally sensitive genetic programs. That
is, they are multicellular. But what is multicellularity?
How could we approach the multifaceted challenge of
engineering autonomous multicellular ensembles? What
is missing today from the synthetic biological repertoire?
Are there approaches that veer away from the paths taken
by nature? Lastly, is there a good reason to do this at all?

A discussion of the definition of multicellularity – par-
ticularly when appended to the word organism or when
discussed in the context of complex bacterial communities
– is beyond the scope of this short paper and excellent
reviews already exist [1–4]. Needless to say, any student
contemplating these issues should take a developmental
biology course to lose themselves in the myriad routes to
multicellularity in the natural record; classic textbooks
include Wolpert [5] and Gilbert [6]. The seminal synthesis
by D.W. Thomson, On Growth and Form [7], and the many
highly readable monographs by J.T. Bonner [8–10], al-
though in many ways dated, issue forth inspiration from
almost any page. Lastly, the elegant little book Vehicles:
Experiments in Synthetic Psychology [11] provides a con-
ceptual roadmap toward engineered complexity that is
well worth the read.

I will avoid in this paper the notion of coopting existing
mammalian cell lines to form synthetic multicellular
ensembles; that is primarily the province of tissue engi-
neering. This is not to say that is not a useful endeavor, of
course; but these lines already contain within them com-
plex – and poorly understood – systems for producing
specific metazoan forms. They harbor millions of years of
evolutionary baggage, so to speak. To form a working
definition of multicellularity (to which we can later add
the label synthetic), we would like to start much closer to
the beginning.

Multicellularity and emergent behavior
At its most fundamental level, multicellularity arises when
cells come together and find means to couple their internal
states in such a way that the connections result in emer-
gent behavior –generally with improved fitness for a set of
problems – that arises from the collective of cells. This is a
somewhat weak definition of multicellularity, because it
allows for numerous collective ensembles (e.g., bacterial
biofilms or intestinal microflora) that are themselves not
considered organisms, but for the engineer it allows a
certain flexibility when approaching the problem. There
is now a well-developed literature in applied mathematics,
computer science, and the biology of social insects that
deals with the analysis and design of similar multi-agent
systems. It has long been known, for instance, that the
complex functions carried out by social insect communities
(foraging and detection of environmental signals, construc-
tion of complex structures [12], and even specification of
insect phenotype [13]) emerge from a beautiful interplay
between environmental factors, ‘simple’ behaviors encoded
in the individual insects, and the exchange of information
between individuals. This cooperation results in a type of
‘swarm intelligence’ that is robust to insult and environ-
mental change and can carry out optimization tasks
[14–16]. Numerous engineering efforts, notably in computer
science and applied mathematics, have taken inspiration
from these phenomena to develop software packages for
routing and optimization of many real-world problems
[17], to explore the theoretical aspects of emergent systems
as computational engines [18,19], and to build computation
into physical structures [20,21] (an active endeavor that is
fundamentally similar to the topic that concerns us here).
That many of these ‘social’ behaviors bear striking resem-
blance to functions and properties of multicellular organ-
isms motivates a closer inspection. The point here is that
before we delve into how multicellular ensembles might be
constructed, we should spend some time learning the rich
computational background that now exists for designing
and analyzing systems with emergent properties. In this
regard, the Dictyostelium discoideum community has per-
haps some of the best demonstrations of the remarkably
complex, yet computationally tractable, emergent behaviors
arising from cells executing relatively simple processes.
From Bonner [10,22] through Nakagaki’s maze-finding
slime molds [23] to the so-called Tokyo subway experiment
[24], Dictyostelium has become one of the models for study-
ing emergence and multicellularity [25]. The broader point
is that, as with almost all engineering efforts initially
inspired by nature, once we computationally understand
emergence, we are likely to find solutions not available from
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Abstract

The emergence of complex multicellular systems and their associated developmental programs is one of the major
problems of evolutionary biology. The advantages of cooperation over individuality seem well known but it is not clear yet
how such increase of complexity emerged from unicellular life forms. Current multicellular systems display a complex cell-
cell communication machinery, often tied to large-scale controls of body size or tissue homeostasis. Some unicellular life
forms are simpler and involve groups of cells cooperating in a tissue-like fashion, as it occurs with biofilms. However, before
true gene regulatory interactions were widespread and allowed for controlled changes in cell phenotypes, simple cellular
colonies displaying adhesion and interacting with their environments were in place. In this context, models often ignore the
physical embedding of evolving cells, thus leaving aside a key component. The potential for evolving pre-developmental
patterns is a relevant issue: how far a colony of evolving cells can go? Here we study these pre-conditions for
morphogenesis by using CHIMERA, a physically embodied computational model of evolving virtual organisms in a pre-
Mendelian world. Starting from a population of identical, independent cells moving in a fluid, the system undergoes a series
of changes, from spatial segregation, increased adhesion and the development of generalism. Eventually, a major transition
occurs where a change in the flow of nutrients is triggered by a sub-population. This ecosystem engineering phenomenon
leads to a subsequent separation of the ecological network into two well defined compartments. The relevance of these
results for evodevo and its potential ecological triggers is discussed.

Citation: Solé RV, Valverde S (2013) Before the Endless Forms: Embodied Model of Transition from Single Cells to Aggregates to Ecosystem Engineering. PLoS
ONE 8(4): e59664. doi:10.1371/journal.pone.0059664

Editor: Johannes Jaeger, Centre for Genomic Regulation (CRG), Universitat Pompeu Fabra, Spain

Received May 23, 2012; Accepted February 20, 2013; Published April 15, 2013
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Introduction

A key problem in evolutionary biology is the emergence of
complex life forms under the cooperation of several interacting
cells [1,2]. Multicellularity emerged through evolution several
times (at least 25) and has been a prerequisite for the generation of
complex types of development [3–6]. This major transition
brought division of labour and opened the door for the emergence
of development and body plans [7–9]. But for many reasons, and
in spite of its obvious importance, the evolution of multicellularity
is not yet well understood. The fossil traces of the transition are still
incomplete, although rapidly improving. However, dedicated
efforts to unravel the phylogeny of multicellular living forms, the
analysis of special model organisms and the cues provided by the
presence of potential genetic toolkits predating the emergence of
complex metazoans are defining the potential minimal require-
ments for the transition towards complex multicellular life forms.

This transition is particularly relevant for the critical changes took
place around 560 Myr ago, associated to the so called Cambrian
event [1,10] but its roots predate a much earlier time window, as
indicated by the analysis of ancestral genomes. Moreover, the
picture gets more complicated as we consider additional compo-
nents related to the physical environment and the constraints and

opportunities posed by ecological interactions. Actually, the
multiple facets of the debate on the origins of multicellular organisms
have to do with the role played by the different potential shapers of
the event. These multiple factors are not independent, and are likely
to have interacted in complex ways.

In general terms, the multicellular state is characterized by the
existence of cell-cell interactions of some sort that provide a source
for collective adaptation to energy limitations, physical fluctuations
and eventually division of labor. In multicellular organisms, lower-
level entities (cells) have relinquished their ability to reproduce as
independent units and instead replicate exclusively as part of the
larger whole. But long before a developmental body plan was even
defined, in what has been dubbed the ‘‘pre-Mendelian world’’
[11], several layers of complexity were required. This as a
particularly relevant problem deeply tied with the problem of
hierarchies in evolution [12–13].

Before developmental programs allowed true multicellular
organisms to emerge, single cells developed into monomorphic
aggregates and later on into differentiated aggregates [13].
Moreover, cell adhesion mechanisms required for the emergence
of multicellularity have a much early origin [14]. In this context,
long before complex metazoans appeared, some key components
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FIG. 1 A snapshot of the evolving CHIMERA model with genetic interactions among this and that. Do you hear the people
sing?.

II. PHYSICAL EMBODIMENT

In a previous paper, we presented an embodied model
of evolving ecosystems that included a minimal physics
(resumir) and a set of traits that could be evolved over
time (ref). In our first implementation (hereafter indi-
cated as CHIMERA 1.0) evolution took place within a
cube with floor and walls. Cells in that implementation
are spatially embedded structures and their embodiment
is relevant as it provides the proper link with the exter-
nal world and the biotic scenario where other organisms
inhabit.

Our first model was limited in several respects. On one
hand, the underlying physics, defining cells as point-like
objects with a mass and a predefined radius of interac-
tion, limited the potential for generating aggregates. On
the other hand, the repertoire of traits was defined in
terms of basically independent items (metabolizing en-
zymes, cooperation, adhesion to the floor and other cells)
coupled only through the fitness e⌅ects associated to the
resulting phenotype. No genetic network was allowed to
occur.

Physical models of cell interactions have been devel-
oped for a broad range of problems involving multicellu-
lar assemblies [38-41] and our study follows some of the
standard methods of computational physics [42]. Figure
1 displays a basic scheme of the system considered here
along with the di⌅erent components of the physical in-
teractions that will be taken into account.

III. GENE NETWORKS

Our model also contains a gene network description
of interactions among di⌅erent traits. For simplicity, we
have chosen a discrete, Boolean-like implementation of
our gene regulatory network (GRN). We construct our
GRN model by using our set ⌅kof gene-based traits,
where the index k refers to the k�th cell. For each cell,
the set includes M variables, to be indicated as Boolean,
i. e. ⇧k

j ⇥ ⇥ = {0, 1} in other words we have a string

⌅k = {⇧k
1 , ⇧k

2 , ...,⇧k
M} (1)

defining the ”genome” of the cell. These variables are
then related to each other through a network of interac-
tions. Most of them will be described by a simple thresh-
old model. In this context, the interactions between two
given genes � and ⇥ within a given cell will occur me-
diated by an interaction of strength ⌃k
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FIG. 1 A snapshot of the evolving CHIMERA model with genetic interactions among cells within the physical embodiment.
In (a) we show a snapshot of the population including isolated cells and diverse types of aggregates resulting from cell-cell
adhesion or cell-substrate adhesion. Interacting cells (b) will express the same adhesion factor and/or connecting channels
allowing cooperation to occur. For simplicity, we display a three-gene network in each cell. The interaction matrix (c) provides
a system-level map of interactions and the Boolean variables representing di↵erent functional traits are updated following a
threshold function (d) where an all-or-none output is obtained.

II. PHYSICAL EMBODIMENT

In a previous paper, we presented an embodied model
of evolving ecosystems that included a minimal physics
(resumir) and a set of traits that could be evolved over
time (ref). In our first implementation (hereafter indi-
cated as CHIMERA 1.0) evolution took place within a
cube with floor and walls. Cells in that implementation
are spatially embedded structures and their embodiment
is relevant as it provides the proper link with the exter-
nal world and the biotic scenario where other organisms
inhabit.

Our first model was limited in several respects. On one
hand, the underlying physics, defining cells as point-like
objects with a mass and a predefined radius of interac-
tion, limited the potential for generating aggregates. On
the other hand, the repertoire of traits was defined in
terms of basically independent items (metabolizing en-
zymes, cooperation, adhesion to the floor and other cells)
coupled only through the fitness e↵ects associated to the
resulting phenotype. No genetic network was allowed to
occur.

Physical models of cell interactions have been devel-
oped for a broad range of problems involving multicellu-
lar assemblies [38-41] and our study follows some of the
standard methods of computational physics [42]. Figure
1 displays a basic scheme of the system considered here
along with the di↵erent components of the physical in-
teractions that will be taken into account.

III. GENE REGULATORY NETWORKS

Our model also contains a gene network description
of interactions among di↵erent traits. For simplicity, we

have chosen a discrete, Boolean-like implementation of
our gene regulatory network (GRN). We construct our
GRN model by using our set of functional traits F , to be
indicated as the union of three di↵erent subsets, namely:

F = B [ S [ � (1)

defining a subset B of Boolean variables, indicating the
expression or lack of expression of several genes, a set of
genes associated to stress responses and an additional set
� of real parameters associated to morphogenetic rules.
More precisely, we have:

F = {A
c

, A

F

, T, D, G} [ {S} [ {�1, �2} (2)

these labels indicate:

1. A

c

: cell-cell adhesion protein. If present in a given
cell, it will allow it to adhere to another cell also
expressing it.

2. A

F

: adhesion molecule allowing the cell expressing
it to attach to the walls of the system.

3. T : transport protein allowing cooperating to occur
between cells expressing it. If present, the amount
of mass is shared and averaged between the two
cooperating cells.

4. S: stress response. This is a gene that, if active,
can interact with others when the cell mass goes
below a viability threshold.

5. G: gas vacuoles can be formed if this trait is acti-
vated, allowing cell buoyancy to develop.

6. D: apoptosis

Chimera 2: evolving gene regulatory 
networks and development. 
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Evolution of animal regeneration:
re-emergence of a field
Alexandra E. Bely and Kevin G. Nyberg

Biology Department, University of Maryland, College Park, MD 20742, USA

Regeneration, the replacement of lost body parts, is
widespread yet highly variable among animals. Explain-
ing this variation remains a major challenge in biology.
Great strides have been made in understanding the
phylogenetic distribution, ecological context and devel-
opmental basis of regeneration, and these new data are
yielding novel insights into why and how regeneration
evolves. Here, we review the phylogenetic distribution
of regeneration and discuss how the origin, maintenance
and loss of regeneration can each be driven by distinct
factors. As the complexity of factors affecting regener-
ation evolution is increasingly appreciated, and as expli-
citly evolutionary studies of regeneration become more
common, the coming years promise exciting progress in
revealing the underlying mechanisms that have shaped
animal regeneration.

A long-standing problem
The ability to replace lost body parts varies widely among
animals for reasons that have long perplexed biologists.
Beginning with the earliest experimental studies of regen-
eration (see Glossary) during the 1700s, such as Abraham
Trembley’s work documenting the extensive regeneration
properties of Hydra, it has been clear that animals vary
substantially in their ability to regenerate lost body parts
[1]. Whereas some animals, such as many cnidarians and
flatworms, can regenerate an entire individual from a
small body fragment, others, such as birds, nematodes
and leeches, are largely or completely incapable of regen-
erating any structure [2,3]. Regeneration can vary even
among parts of the same organism. Many lizards, for
example, can easily replace a tail but not a limb [4] and
many annelid worms can regenerate a tail but not a head
[5]. Key questions regarding the evolution of regeneration
have been debated for more than a century [6–10]. Is
regeneration an adaptive trait? Is it merely a by-product
of normal development? Do all structures capable of regen-
erating share certain properties? There has been a long-
standing desire to identify a single cause for regeneration
variation. However, as we discuss here, it is increasingly
evident that regeneration is shaped by a multiplicity of
ecological and evolutionary factors.

Advances are currently being made in regeneration
biology, most notably in understanding the developmental
basis and functional ecology of regeneration. Although
most regeneration research is not explicitly evolutionary,
these new data are collectively beginning to shed light on
the questions of why and how regeneration evolves. Here,

we provide an overview of regeneration ability across
animals and discuss recent literature that is providing
new insights into the origin, maintenance and loss of
animal regeneration.

What is regeneration?
Simply, regeneration is the restoration of a lost body part,
although the term has been applied to a broad range of
processes. Regeneration can occur at multiple levels of
biological organization (Figure 1), can be triggered by a
variety of insults, can occur at different parts of the life
cycle, can proceed via a diversity of developmental pro-
cesses and can produce structures of variable fidelity
relative to the original. Some phenomena referred to as
‘regeneration’ might have arisen independently and thus
not even be homologous. These issues complicate any
attempt to examine the evolutionary history of regener-
ation and necessitate the clear definition of specific pro-
cesses under consideration.

Here, we focus specifically on regeneration at the whole-
organism level, namely, structure or whole-body regener-
ation. Regeneration at this level has a clear ecological
context, as animals in the wild can lose body parts to
predators or other natural traumas. We consider regener-
ation following either amputation or autotomy, occurring
during any post-embryonic part of the life-cycle, occurring
by any developmental mechanism (either epimorphosis or
morphallaxis), and producing structures that are identical
or largely similar to the original.

Although regeneration has sometimes been equated
with other developmental phenomena, such as growth,

Review

Glossary

Amputation: an externally induced injury that severs a body part from the rest
of the animal.
Autotomy: self-amputation, or the severing of a body part at a predictable
breakage plane. Autotomy typically occurs at a weak body connection, and
often occurs entirely or largely under control of the animal. It typically results in
a more limited wound than does regular amputation and is considered to be an
adaptation to frequent tissue loss. Autotomy can be, but is not necessarily,
followed by regeneration.
Blastema: a mass of undifferentiated cells that forms at a wound site and
ultimately gives rise to the regenerated body part. The blastema arises through
proliferation of undifferentiated cells, either dedifferentiated cells or stem cells.
Epimorphosis: a mechanism of regeneration involving cell proliferation and
the formation of a blastema, from which the replaced structure originates.
Morphallaxis: a mechanism of regeneration involving no (or limited) cell
proliferation. New structures are formed from remodeled existing tissue rather
than from new cells.
Regeneration: the replacement of a body part lost through traumatic injury
(either amputation or autotomy). Regeneration can occur at multiple
hierarchical levels, including cellular, tissue, internal organ, structure and
whole-body regeneration. It can occur through epimorphosis, morphallaxis or
a combination of the two.
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0169-5347/$ – see front matter ! 2009 Elsevier Ltd. All rights reserved. doi:10.1016/j.tree.2009.08.005 Available online 30 September 2009 161

Wnt activation in nail epithelium couples nail growth to digit regeneration
.Takeo, M et al. Nature. 2013 Jul 11;499: 228-232.
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Generation of germline-competent
induced pluripotent stem cells
Keisuke Okita1, Tomoko Ichisaka1,2 & Shinya Yamanaka1,2

We have previously shown that pluripotent stem cells can be induced from mouse fibroblasts by retroviral introduction of
Oct3/4 (also called Pou5f1), Sox2, c-Myc and Klf4, and subsequent selection for Fbx15 (also called Fbxo15) expression. These
induced pluripotent stem (iPS) cells (hereafter called Fbx15 iPS cells) are similar to embryonic stem (ES) cells in morphology,
proliferation and teratoma formation; however, they are different with regards to gene expression and DNA methylation
patterns, and fail to produce adult chimaeras. Here we show that selection for Nanog expression results in
germline-competent iPS cells with increased ES-cell-like gene expression and DNA methylation patterns compared with
Fbx15 iPS cells. The four transgenes (Oct3/4, Sox2, c-myc and Klf4) were strongly silenced in Nanog iPS cells. We obtained
adult chimaeras from seven Nanog iPS cell clones, with one clone being transmitted through the germ line to the next
generation. Approximately 20% of the offspring developed tumours attributable to reactivation of the c-myc transgene.
Thus, iPS cells competent for germline chimaeras can be obtained from fibroblasts, but retroviral introduction of c-Myc
should be avoided for clinical application.

Although ES cells are promising donor sources in cell transplantation
therapies1, they face immune rejection after transplantation and
there are ethical issues regarding the usage of human embryos.
These concerns may be overcome if pluripotent stem cells can be
directly derived from patients’ somatic cells2. We have previously
shown that iPS cells can be generated from mouse fibroblasts by
retrovirus-mediated introduction of four transcription factors
(Oct3/4 (refs 3, 4), Sox2 (ref. 5), c-Myc (ref. 6) and Klf4 (ref. 7))
and by selection for Fbx15 expression8. Fbx15 iPS cells, however, have
different gene expression and DNA methylation patterns compared
with ES cells and do not contribute to adult chimaeras. We proposed
that the incomplete reprogramming might be due to the selection for
Fbx15 expression, and that by using better selection markers, we
might be able to generate more ES-cell-like iPS cells. We decided to
use Nanog as a candidate of such markers.

Although both Fbx15 and Nanog are targets of Oct3/4 and Sox2
(refs 9–11), Nanog is more tightly associated with pluripotency. In
contrast to Fbx15-null mice and ES cells that barely show abnormal
phenotypes9, disruption of Nanog in mice results in loss of the plur-
ipotent epiblast12. Nanog-null ES cells can be established, but they
tend to differentiate spontaneously12. Forced expression of Nanog
renders ES cells independent of leukaemia inhibitory factor (LIF)
for self-renewal12,13 and confers increased reprogramming efficiency
after fusion with somatic cells14. These results prompted us to pro-
pose that if we use Nanog as a selection marker, we might be able to
obtain iPS cells displaying a greater similarity to ES cells.

Generation of Nanog iPS cells

To establish a selection system for Nanog expression, we began by
isolating a bacterial artificial chromosome (BAC, ,200 kilobases)
containing the mouse Nanog gene in its centre. By using recombi-
neering technology15,16, we inserted a green fluorescent protein
(GFP)-internal ribosome entry site (IRES)-puromycin resistance
gene (Puror) cassette into the 59 untranslated region (UTR; Fig. 1a).
ES cells that had stably incorporated the modified BAC were positive

for GFP, but became negative when differentiation was induced (not
shown). By introducing these ES cells into blastocysts, we obtained
chimaeric mice and then transgenic mice containing the Nanog-
GFP-IRES-Puror reporter construct. In transgenic mouse blastocysts,
GFP was specifically observed in the inner cell mass (Fig. 1b). In
9.5 days post coitum (d.p.c.) embryos, only migrating primordial
germ cells (PGCs) showed GFP signal. In 13.5 d.p.c. embryos, GFP
was specifically detected in the genital ridges of both sexes. After
removing the brain, visceral tissues and genital ridges, we isolated
mouse embryonic fibroblasts (MEFs) from 13.5 d.p.c. male embryos.
Flow cytometry analyses showed that these MEFs did not contain
GFP-positive cells, whereas ,1% of cells isolated from genital ridges
showed GFP signals (Fig. 1c).

Next, we introduced the four previously described factors (Oct3/4,
Sox2, Klf4 and the c-Myc mutant c-Myc(T58A)) into Nanog-GFP-
IRES-Puror MEFs cultured on SNL feeder cells with the use of retro-
viral vectors. Three, five, or seven days after retroviral infection, we
started puromycin selection in ES cell medium. GFP-positive cells first
became apparent ,7 days after infection. Twelve days after infection,
a few hundred colonies appeared, regardless of the timing of puromy-
cin selection (Fig. 2a). By contrast, no colonies emerged from MEFs
transfected with mock DNA. Among puromycin-resistant colonies,
,5% were positive for GFP (Fig. 2b). When the puromycin selection
was started at 7 days after infection, we obtained the most GFP-
positive colonies. Because we used the GFP-IRES-Puror cassette, it
is unclear why we obtained GFP-negative colonies. With increased
concentrations of puromycin, we obtained fewer GFP-negative col-
onies (Fig. 2c). With any combination of three of the four factors, we
did not obtain any GFP-positive colonies (Supplementary Fig. 1).

By continuing cultivation of these GFP-positive colonies, we
obtained cells that were morphologically indistinguishable from ES
cells (Fig. 2d). These cells also demonstrated ES-like proliferation,
with slightly longer doubling times than that of ES cells (Fig. 3a).
Subcutaneous transplantation of these cells into nude mice resulted
in tumours that consisted of various tissues of all three germ layers,

1Department of Stem Cell Biology, Institute for Frontier Medical Sciences, Kyoto University, Kyoto 606-8507, Japan. 2CREST, Japan Science and Technology Agency, Kawaguchi 332-
0012, Japan.
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Cerebral organoids model human brain
development and microcephaly
Madeline A. Lancaster1, Magdalena Renner1, Carol-Anne Martin2, Daniel Wenzel1, Louise S. Bicknell2, Matthew E. Hurles3,
Tessa Homfray4, Josef M. Penninger1, Andrew P. Jackson2 & Juergen A. Knoblich1

The complexity of the human brain has made it difficult to study many brain disorders in model organisms, highlighting
the need for an in vitro model of human brain development. Here we have developed a human pluripotent stem
cell-derived three-dimensional organoid culture system, termed cerebral organoids, that develop various discrete,
although interdependent, brain regions. These include a cerebral cortex containing progenitor populations that organize
and produce mature cortical neuron subtypes. Furthermore, cerebral organoids are shown to recapitulate features of
human cortical development, namely characteristic progenitor zone organization with abundant outer radial glial stem
cells. Finally, we use RNA interference and patient-specific induced pluripotent stem cells to model microcephaly, a
disorder that has been difficult to recapitulate in mice. We demonstrate premature neuronal differentiation in patient
organoids, a defect that could help to explain the disease phenotype. Together, these data show that three-dimensional
organoids can recapitulate development and disease even in this most complex human tissue.

Mammalian brain development begins with the expansion of the neuro-
epithelium to generate radial glial stem cells (RGs)1. These RGs divide at
the apical surface within the ventricular zone (VZ) to generate neurons
and intermediate progenitors. Intermediate progenitors populate the
adjacent subventricular zone (SVZ), whereas neurons migrate through
the intermediate zone to populate specific layers within the cortical plate.
In humans, the organization of progenitor zones is markedly more
elaborate; the SVZ is split by an inner fibre layer (IFL) into an inner
SVZ and an outer SVZ (OSVZ)2. The OSVZ represents an entirely
separate progenitor layer populated by intermediate progenitors and
a unique stem cell subset termed outer radial glia (oRG)3,4, which are
only present to a limited degree in rodents5. Both the IFL and OSVZ are
completely absent in mice6. These key differences allow for the striking
expansion in neuronal output and brain size seen in humans7,8.

Primary microcephaly is a neurodevelopmental disorder in which
brain size is markedly reduced9. Autosomal-recessive mutations have
been identified in several genes, all of which encode proteins localizing
to the mitotic spindle apparatus10. Heretofore, primary microcephaly
pathogenesis has primarily been examined in mouse models. However,
mouse mutants for several of the known genes11–14 have failed to recapi-
tulate the severely reduced brain size seen in human patients.

Given the dramatic differences between mice and humans, methods
that recapitulate paradigms of human brain development in vitro have
enormous potential. Although considerable progress has been made
for in vitro models of whole-organ development for other systems—such
as intestine15, pituitary16 and retina17,18—a three-dimensional culture
model of the developing brain as a whole has not been established.
Previous studies have modelled certain isolated neural tissues in vitro19–23,
including dorsal cerebral cortical tissue, which could recapitulate many
aspects of early development. However, later events such as the forma-
tion of discrete cortical layers with stereotypical inside-out organiza-
tion as well as human characteristics, such as the presence of oRG cells
and the unique organization of progenitor zones, were not described.

Here we describe a three-dimensional culture system for deriving
brain tissue in vitro. These so-called cerebral organoids develop a variety

of regional identities organized as discrete domains capable of influen-
cing one another. Furthermore, cerebral cortical regions display an organi-
zation similar to the developing human brain at early stages, as well as
the presence of a considerable oRG population. Moreover, cerebral
cortical neurons mature to form various pyramidal identities with
modest spatial separation. Finally, we use patient-derived induced
pluripotent stem (iPS) cells and short hairpin RNA (shRNA) in these
organoids to model CDK5RAP2-dependent pathogenesis of micro-
cephaly, a disorder that has been difficult to model in mice.

Generation of cerebral organoids
Recent progress with in vitro models of various organ systems has
demonstrated the enormous self-organizing capacity for pluripotent
stem cells to form whole tissues15,18. We built upon this concept and
developed a protocol without the use of patterning growth factors,
focusing instead on improving growth conditions and providing the
environment necessary for intrinsic cues to influence development.
We began with a modified approach to generate neuroectoderm from
embryoid bodies24. Neuroectodermal tissues were then maintained in
three-dimensional culture and embedded in droplets of Matrigel to
provide a scaffold for more complex tissue growth. These Matrigel
droplets were then transferred to a spinning bioreactor to enhance
nutrient absorption (Fig. 1a). This method led to rapid development
of brain tissues, which we termed cerebral organoids, requiring only
8–10 days for the appearance of neural identity and 20–30 days for
defined brain regions to form.

Cerebral organoids at early stages (15–20 days) formed large, conti-
nuous neuroepithelia surrounding a fluid-filled cavity reminiscent of
a ventricle with characteristic apical localization of the neural specific
N-cadherin (Fig. 1b). Furthermore, the neuroepithelium was larger and
more continuous than tissues generated using a stationary approach20,
which instead formed an aggregate of several small rosette-like neuro-
epithelia (Fig. 1b and Extended Data Fig. 1a).

Although tissues reached maximal size by 2 months, cerebral orga-
noids formed large (up to 4 mm in diameter), complex heterogeneous

1Institute of Molecular Biotechnology of the Austrian Academy of Science (IMBA), Vienna 1030, Austria. 2MRC Human Genetics Unit, Institute of Genetics and Molecular Medicine, University of Edinburgh,
Edinburgh EH4 2XU, UK. 3Wellcome Trust Sanger Institute, Cambridge CB10 1SA, UK. 4Department of Clinical Genetics, St. George’s University, London SW17 0RE, UK.
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tissues, which could survive indefinitely (currently up to 10 months)
when maintained in a spinning bioreactor. Histological and gross
morphological analysis revealed regions reminiscent of cerebral cortex,
choroid plexus, retina and meninges (Fig. 1c, d and Extended Data Fig. 1b).
Notably, tissues typically reached a size limit, probably because of the
lack of a circulatory system and limitations in oxygen and nutrient
exchange. Consistent with this, extensive cell death was visible in the
core of these tissues (Extended Data Fig. 1c), whereas the various brain
regions developed along the exterior. Furthermore, cerebral organoids
could be reproducibly generated with similar overall morphology and
complexity from both human embryonic stem (ES) cells and iPS cells
(Extended Data Fig. 1d, e).

Cerebral organoids display discrete brain regions
Brain development in vivo exhibits a striking degree of heterogeneity
and regionalization as well as interdependency of various brain regions.
Histological analysis suggested that human cerebral organoids might
similarly display heterogeneous brain regions. To examine this further,
we first tested the efficiency of initial neural induction in these tissues
by performing reverse transcriptase PCR (RT–PCR) for several markers
of pluripotency and neural identity (Extended Data Fig. 2a). As expected,
pluripotency markers OCT4 (also known as POU5F1) and NANOG
diminished during the course of organoid differentiation, whereas
neural identity markers SOX1 and PAX6 were upregulated, indicating
successful neural induction.

To test for early brain regionalization in whole organoids, we per-
formed RT–PCR for forebrain (FOXG1 and SIX3) and hindbrain
(KROX20 (also known as EGR2) and ISL1) markers (Fig. 2a), reveal-
ing the presence of both populations within the tissue. However, as
tissue development proceeded, forebrain markers remained highly
expressed whereas hindbrain markers decreased, reminiscent of the

developmental expansion of forebrain tissue during human brain
development25.

In order to test whether cells with these brain region identities deve-
loped as discrete regions within the organoids, as gross morphology
would suggest, or were randomly interspersed within the tissue, we
performed immunohistochemical staining for markers of forebrain,
midbrain and hindbrain identities during early development of these
tissues (16 days; Fig. 2b and Extended Data Fig. 2b). PAX6 expression
revealed several regions of forebrain identity, and OTX1 and OTX2
expression marked forebrain/midbrain identity. These regions were
located adjacent to regions that lacked these markers but that were
positive for hindbrain markers GBX2, KROX20 and PAX2, which was
reminiscent of the early mid–hindbrain boundary, suggesting similar
regional communication and probably mutual repression.

In vivo brain development involves increasing refinement of regional
specification. Therefore, we examined further-developed cerebral orga-
noid tissues for regional subspecification. We performed staining for
the forebrain marker FOXG1 (Fig. 2c), which labelled regions display-
ing typical cerebral cortical morphology. Many of these regions were
also positive for EMX1 (Fig. 2d), indicating dorsal cortical identity. We
also tested for further subregionalization by staining for cortical lobe
markers, namely AUTS2, a marker of prefrontal cortex26 (Fig. 2e); TSHZ2,
a marker of the occipital lobe26 (Extended Data Fig. 2c); and LMO4,
a marker of frontal and occipital lobes but absent in parietal lobes26

(Extended Data Fig. 2c). These markers could be seen in neurons label-
ling distinct regions of dorsal cortex, suggesting subspecification of
cortical lobes.
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Figure 1 | Description of cerebral organoid culture system. a, Schematic
of the culture system described in detail in Methods. Example images of each
stage are shown. bFGF, basic fibroblast growth factor; hES, human embryonic
stem cell; hPSCs, human pluripotent stem cells; RA, retinoic acid.
b, Neuroepithelial tissues generated using this approach (left) exhibited large
fluid-filled cavities and typical apical localization of the neural N-cadherin
(arrow). These tissues were larger and more continuous than tissues grown in
stationary suspension without Matrigel (right). c, Sectioning and
immunohistochemistry revealed complex morphology with heterogeneous
regions containing neural progenitors (SOX2, red) and neurons (TUJ1, green)
(arrow). d, Low-magnification bright-field images revealing fluid-filled cavities
reminiscent of ventricles (white arrow) and retina tissue, as indicated by retinal
pigmented epithelium (black arrow). Scale bars, 200mm.
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Figure 2 | Human cerebral organoids recapitulate various brain region
identities. a, RT–PCR for forebrain markers (FOXG1 and SIX3) and hindbrain
markers (KROX20 and ISL1) at 12, 16 and 20 days of differentiation. Human
fetal brain complementary DNA was used as positive control.
b, Immunohistochemistry in serial sections for the forebrain marker PAX6
(red, left) and the hindbrain markers KROX20 (green, left) and PAX2 (red,
right) at 16 days of differentiation. Note the juxtaposition reminiscent of the
mid–hindbrain boundary (arrows). DAPI (49,6-diamidino-2-phenylindole)
marks nuclei (blue). c–i, Staining for various brain region identities: forebrain,
FOXG1 (c); dorsal cortex, EMX1 (d); prefrontal cortex (note the discrete
boundary, arrow), AUTS2 (e); hippocampus, NRP2, FZD9, PROX1 (f); ventral
forebrain, NKX2-1 (g) and choroid plexus, TTR (i). g, Staining for adjacent
ventral (arrow) and dorsal (PAX6, arrowhead) forebrain and for calretinin
(green) in a serial section revealing cortical interneurons in the ventral region
(arrow). Calretinin interneurons within dorsal cortex (h) exhibit typical
morphology of tangential migration (arrows). j, Haematoxylin and eosin
staining of retinal tissue exhibiting stereotypical layering: retinal pigment
epithelium (RPE), outer nuclear layer (ONL) and inner nuclear layer (INL).
Scale bars, 100mm.
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Cerebral organoids model human brain
development and microcephaly
Madeline A. Lancaster1, Magdalena Renner1, Carol-Anne Martin2, Daniel Wenzel1, Louise S. Bicknell2, Matthew E. Hurles3,
Tessa Homfray4, Josef M. Penninger1, Andrew P. Jackson2 & Juergen A. Knoblich1

The complexity of the human brain has made it difficult to study many brain disorders in model organisms, highlighting
the need for an in vitro model of human brain development. Here we have developed a human pluripotent stem
cell-derived three-dimensional organoid culture system, termed cerebral organoids, that develop various discrete,
although interdependent, brain regions. These include a cerebral cortex containing progenitor populations that organize
and produce mature cortical neuron subtypes. Furthermore, cerebral organoids are shown to recapitulate features of
human cortical development, namely characteristic progenitor zone organization with abundant outer radial glial stem
cells. Finally, we use RNA interference and patient-specific induced pluripotent stem cells to model microcephaly, a
disorder that has been difficult to recapitulate in mice. We demonstrate premature neuronal differentiation in patient
organoids, a defect that could help to explain the disease phenotype. Together, these data show that three-dimensional
organoids can recapitulate development and disease even in this most complex human tissue.

Mammalian brain development begins with the expansion of the neuro-
epithelium to generate radial glial stem cells (RGs)1. These RGs divide at
the apical surface within the ventricular zone (VZ) to generate neurons
and intermediate progenitors. Intermediate progenitors populate the
adjacent subventricular zone (SVZ), whereas neurons migrate through
the intermediate zone to populate specific layers within the cortical plate.
In humans, the organization of progenitor zones is markedly more
elaborate; the SVZ is split by an inner fibre layer (IFL) into an inner
SVZ and an outer SVZ (OSVZ)2. The OSVZ represents an entirely
separate progenitor layer populated by intermediate progenitors and
a unique stem cell subset termed outer radial glia (oRG)3,4, which are
only present to a limited degree in rodents5. Both the IFL and OSVZ are
completely absent in mice6. These key differences allow for the striking
expansion in neuronal output and brain size seen in humans7,8.

Primary microcephaly is a neurodevelopmental disorder in which
brain size is markedly reduced9. Autosomal-recessive mutations have
been identified in several genes, all of which encode proteins localizing
to the mitotic spindle apparatus10. Heretofore, primary microcephaly
pathogenesis has primarily been examined in mouse models. However,
mouse mutants for several of the known genes11–14 have failed to recapi-
tulate the severely reduced brain size seen in human patients.

Given the dramatic differences between mice and humans, methods
that recapitulate paradigms of human brain development in vitro have
enormous potential. Although considerable progress has been made
for in vitro models of whole-organ development for other systems—such
as intestine15, pituitary16 and retina17,18—a three-dimensional culture
model of the developing brain as a whole has not been established.
Previous studies have modelled certain isolated neural tissues in vitro19–23,
including dorsal cerebral cortical tissue, which could recapitulate many
aspects of early development. However, later events such as the forma-
tion of discrete cortical layers with stereotypical inside-out organiza-
tion as well as human characteristics, such as the presence of oRG cells
and the unique organization of progenitor zones, were not described.

Here we describe a three-dimensional culture system for deriving
brain tissue in vitro. These so-called cerebral organoids develop a variety

of regional identities organized as discrete domains capable of influen-
cing one another. Furthermore, cerebral cortical regions display an organi-
zation similar to the developing human brain at early stages, as well as
the presence of a considerable oRG population. Moreover, cerebral
cortical neurons mature to form various pyramidal identities with
modest spatial separation. Finally, we use patient-derived induced
pluripotent stem (iPS) cells and short hairpin RNA (shRNA) in these
organoids to model CDK5RAP2-dependent pathogenesis of micro-
cephaly, a disorder that has been difficult to model in mice.

Generation of cerebral organoids
Recent progress with in vitro models of various organ systems has
demonstrated the enormous self-organizing capacity for pluripotent
stem cells to form whole tissues15,18. We built upon this concept and
developed a protocol without the use of patterning growth factors,
focusing instead on improving growth conditions and providing the
environment necessary for intrinsic cues to influence development.
We began with a modified approach to generate neuroectoderm from
embryoid bodies24. Neuroectodermal tissues were then maintained in
three-dimensional culture and embedded in droplets of Matrigel to
provide a scaffold for more complex tissue growth. These Matrigel
droplets were then transferred to a spinning bioreactor to enhance
nutrient absorption (Fig. 1a). This method led to rapid development
of brain tissues, which we termed cerebral organoids, requiring only
8–10 days for the appearance of neural identity and 20–30 days for
defined brain regions to form.

Cerebral organoids at early stages (15–20 days) formed large, conti-
nuous neuroepithelia surrounding a fluid-filled cavity reminiscent of
a ventricle with characteristic apical localization of the neural specific
N-cadherin (Fig. 1b). Furthermore, the neuroepithelium was larger and
more continuous than tissues generated using a stationary approach20,
which instead formed an aggregate of several small rosette-like neuro-
epithelia (Fig. 1b and Extended Data Fig. 1a).

Although tissues reached maximal size by 2 months, cerebral orga-
noids formed large (up to 4 mm in diameter), complex heterogeneous

1Institute of Molecular Biotechnology of the Austrian Academy of Science (IMBA), Vienna 1030, Austria. 2MRC Human Genetics Unit, Institute of Genetics and Molecular Medicine, University of Edinburgh,
Edinburgh EH4 2XU, UK. 3Wellcome Trust Sanger Institute, Cambridge CB10 1SA, UK. 4Department of Clinical Genetics, St. George’s University, London SW17 0RE, UK.

0 0 M O N T H 2 0 1 3 | V O L 0 0 0 | N A T U R E | 1

Macmillan Publishers Limited. All rights reserved©2013

tissues, which could survive indefinitely (currently up to 10 months)
when maintained in a spinning bioreactor. Histological and gross
morphological analysis revealed regions reminiscent of cerebral cortex,
choroid plexus, retina and meninges (Fig. 1c, d and Extended Data Fig. 1b).
Notably, tissues typically reached a size limit, probably because of the
lack of a circulatory system and limitations in oxygen and nutrient
exchange. Consistent with this, extensive cell death was visible in the
core of these tissues (Extended Data Fig. 1c), whereas the various brain
regions developed along the exterior. Furthermore, cerebral organoids
could be reproducibly generated with similar overall morphology and
complexity from both human embryonic stem (ES) cells and iPS cells
(Extended Data Fig. 1d, e).

Cerebral organoids display discrete brain regions
Brain development in vivo exhibits a striking degree of heterogeneity
and regionalization as well as interdependency of various brain regions.
Histological analysis suggested that human cerebral organoids might
similarly display heterogeneous brain regions. To examine this further,
we first tested the efficiency of initial neural induction in these tissues
by performing reverse transcriptase PCR (RT–PCR) for several markers
of pluripotency and neural identity (Extended Data Fig. 2a). As expected,
pluripotency markers OCT4 (also known as POU5F1) and NANOG
diminished during the course of organoid differentiation, whereas
neural identity markers SOX1 and PAX6 were upregulated, indicating
successful neural induction.

To test for early brain regionalization in whole organoids, we per-
formed RT–PCR for forebrain (FOXG1 and SIX3) and hindbrain
(KROX20 (also known as EGR2) and ISL1) markers (Fig. 2a), reveal-
ing the presence of both populations within the tissue. However, as
tissue development proceeded, forebrain markers remained highly
expressed whereas hindbrain markers decreased, reminiscent of the

developmental expansion of forebrain tissue during human brain
development25.

In order to test whether cells with these brain region identities deve-
loped as discrete regions within the organoids, as gross morphology
would suggest, or were randomly interspersed within the tissue, we
performed immunohistochemical staining for markers of forebrain,
midbrain and hindbrain identities during early development of these
tissues (16 days; Fig. 2b and Extended Data Fig. 2b). PAX6 expression
revealed several regions of forebrain identity, and OTX1 and OTX2
expression marked forebrain/midbrain identity. These regions were
located adjacent to regions that lacked these markers but that were
positive for hindbrain markers GBX2, KROX20 and PAX2, which was
reminiscent of the early mid–hindbrain boundary, suggesting similar
regional communication and probably mutual repression.

In vivo brain development involves increasing refinement of regional
specification. Therefore, we examined further-developed cerebral orga-
noid tissues for regional subspecification. We performed staining for
the forebrain marker FOXG1 (Fig. 2c), which labelled regions display-
ing typical cerebral cortical morphology. Many of these regions were
also positive for EMX1 (Fig. 2d), indicating dorsal cortical identity. We
also tested for further subregionalization by staining for cortical lobe
markers, namely AUTS2, a marker of prefrontal cortex26 (Fig. 2e); TSHZ2,
a marker of the occipital lobe26 (Extended Data Fig. 2c); and LMO4,
a marker of frontal and occipital lobes but absent in parietal lobes26

(Extended Data Fig. 2c). These markers could be seen in neurons label-
ling distinct regions of dorsal cortex, suggesting subspecification of
cortical lobes.
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Figure 1 | Description of cerebral organoid culture system. a, Schematic
of the culture system described in detail in Methods. Example images of each
stage are shown. bFGF, basic fibroblast growth factor; hES, human embryonic
stem cell; hPSCs, human pluripotent stem cells; RA, retinoic acid.
b, Neuroepithelial tissues generated using this approach (left) exhibited large
fluid-filled cavities and typical apical localization of the neural N-cadherin
(arrow). These tissues were larger and more continuous than tissues grown in
stationary suspension without Matrigel (right). c, Sectioning and
immunohistochemistry revealed complex morphology with heterogeneous
regions containing neural progenitors (SOX2, red) and neurons (TUJ1, green)
(arrow). d, Low-magnification bright-field images revealing fluid-filled cavities
reminiscent of ventricles (white arrow) and retina tissue, as indicated by retinal
pigmented epithelium (black arrow). Scale bars, 200mm.
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Figure 2 | Human cerebral organoids recapitulate various brain region
identities. a, RT–PCR for forebrain markers (FOXG1 and SIX3) and hindbrain
markers (KROX20 and ISL1) at 12, 16 and 20 days of differentiation. Human
fetal brain complementary DNA was used as positive control.
b, Immunohistochemistry in serial sections for the forebrain marker PAX6
(red, left) and the hindbrain markers KROX20 (green, left) and PAX2 (red,
right) at 16 days of differentiation. Note the juxtaposition reminiscent of the
mid–hindbrain boundary (arrows). DAPI (49,6-diamidino-2-phenylindole)
marks nuclei (blue). c–i, Staining for various brain region identities: forebrain,
FOXG1 (c); dorsal cortex, EMX1 (d); prefrontal cortex (note the discrete
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morphology of tangential migration (arrows). j, Haematoxylin and eosin
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Scale bars, 100mm.
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14.2 Foraging and Broken Symmetry 159

Foragers follow the chemical trails left by their fellow ants. The
more pheromone is deposited on a given path, the higher the
probability that ants follow that path and leave further chemical
marks. When the paths have different lengths, ants typically end
up choosing the shortest, thus solving an optimization problem
(Deneubourg et al. 1983, 1987; Millonas 1992; Bonabeau 1996;
Beckers et al. 1993; Deneubourg et al. 1990). But even when the
two bridges are identical, the amplification process can lead to a
choice, thus breaking the symmetry of the system. Here we will
consider this special case.

In this chapter we study two different types of phase transi-
tion phenomena that have been reported from the experimental
analysis of social insects. They illustrate how collective behavior
can allow colonies to make decisions and display self-organization
behavior.

14.2 Foraging and Broken Symmetry

The two-bridges problem can be formalized as follows. Let us
indicate by x1 and x2 the concentrations of trail pheromone in
each branch. These concentrations will be somewhat proportional
to the number of ants exploring each path. The equations for
these quantities will read (Nicolis and Denebourg 1999):

d x1

dt
= µq1 P1(x1, x2) − νx1

d x2

dt
= µq2 P2(x1, x2) − νx2

(14.1)

where µ is the rate of ants entering each branch from the nest,
qi the rate of pheromone deposition in the i − th branch, and
ν the rate of pheromone evaporation. The functions Pi (x1, x2)
introduce the choices made by ants (which bridge is chosen) given
the pheromone concentration. A possible response function is
described by (Beckers et al. 1992; Deneubourg et al. 1990):

Pi (x1, x2) = (xi + K )2

"(x1, x2)
(14.2)
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Figure 14.2. Symmetry breaking in the food search experiment.
When two identical bridges are used, the amplification process
associated to pheromone fields forces the collective to make a choice,
breaking the initial equivalence.

where !(x1, x2) =
∑

j=1,2(x j + K )2 and i = 1, 2. It can be
shown that this model allows interpretation of the minimization
process in terms of a symmetry-breaking bifurcation.

Let us consider first the symmetric case where q1 = q2 = q
and thus the set of equations:

d x1

dt
= µq

(x1 + K )2

!(x1, x2)
− νx1

d x2

dt
= µq

(x2 + K )2

!(x1, x2)
− νx2

(14.3)

This symmetric scenario is not very interesting in terms of
decision making, since there is no better solution. But the exercice
is useful and shows that a choice can be made by amplification of
fluctuations. The same principle pervades the more general case,
to be explored later. It is not difficult to show that one possible
solution to this system is the symmetric fixed point x ∗

1 = x ∗
2 = x ∗

when ants equally distribute themselves over both branches. For
this special case, we have Pi (x1, x2) = P (x ) = µq/2 and thus
a single equation d x/dt = µq/2 − νx that gives a fixed point
x ∗ = µq/(2ν). The second state would correspond to the choice
of one of the branches. Since the total pheromone concentration
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indicate by x1 and x2 the concentrations of trail pheromone in
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to the number of ants exploring each path. The equations for
these quantities will read (Nicolis and Denebourg 1999):
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where µ is the rate of ants entering each branch from the nest,
qi the rate of pheromone deposition in the i − th branch, and
ν the rate of pheromone evaporation. The functions Pi (x1, x2)
introduce the choices made by ants (which bridge is chosen) given
the pheromone concentration. A possible response function is
described by (Beckers et al. 1992; Deneubourg et al. 1990):
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