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Abstract Synthetic biology is an engineering approach

that seeks to design and construct new biological parts,

devices and systems, as well as to re-design existing

components. However, rationally designed synthetic cir-

cuits may not work as expected due to the context-depen-

dence of biological parts. Darwinian selection, the main

mechanism through which evolution works, is a major

force in creating biodiversity and may be a powerful tool

for synthetic biology. This article reviews selection-based

techniques and proposes strict Darwinian selection as an

alternative approach for the identification and character-

ization of parts. Additionally, a strategy for fine-tuning of

relatively complex circuits by coupling them to a master

standard circuit is discussed.

Keywords Darwinian selection � Directed evolution �
Synthetic biology

Natural selection is the blind watchmaker, blind

because it does not see ahead, does not plan conse-

quences, has no purpose in view. Yet the living

results of natural selection overwhelmingly impress

us with the appearance of design as if by a master

watchmaker, impress us with the illusion of design

and planning

Richard Dawkins, The blind watchmaker

Under changing conditions of life, there is no logical

impossibility in the acquirement of any conceivable

degree of perfection through natural selection

Charles Darwin, On the origin of the species

Synthetic biology: features and tools

Synthetic Biology (SB) is more an approach than a disci-

pline; a framework that includes bio-engineering, systems

biology, metabolic engineering and many other disciplines,

encompassing the design and construction of new biolog-

ical parts, devices and systems, as well as the re-design of

existing components. SB has also been defined for its

potential to embrace the emerging field of designing,

synthesizing and evolving new genomes or biomimetic

systems. The fundamental principle behind SB is that,

analogous to artificial objects, any biological system can be

considered as a combination of individual functional ele-

ments (de Lorenzo and Danchin 2008). SB approaches are

based on three main principles: part-by-part construction of

functional elements or biological parts, standardization of

these particular parts, and abstraction of the complex

underlying information (e.g. the particular DNA sequence).

SB has a very short history; less than a decade in fact.

However, the novelty of the discipline is in contrast with

the relative antiquity of the tools it uses. In fact, the idea of

living organisms as cellular robots might be new, but the

techniques used to select, re-design and combine biological

parts, in addition to automated sequencing, are standard

biotechnological protocols. Unfortunately, experience

demonstrates that often rational robot-like, part-by-part

approaches simply do not work. For example, Chan et al.

(2005) reported that bacteriophages re-designed in order to
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behave in a more ‘logical’ way, in fact made smaller lysis

plaques than their wild-type precursors and might even

evolve to get rid of the man-made components. Unlike

robots, all living beings tend to perpetuate reproductively

over time. Unfortunately, unlike robots, genetically engi-

neered organisms are prone to die. Mutations, changes in

the environment and interactions with cellular components

thus make synthetic components context-dependent. This

means that they might work in one context but not in

others. The ultimate factor responsible for this disparity

between theory and practice is natural selection.

Creating diversity, selecting fitness

The identification, characterization and optimization of

biological parts to be used in SB are often carried out by

selection-based approaches. Many screenings aimed at

identifying sequences that are suitable as parts for SB

combine a method to create a library with high genetic

diversity with a Darwinian selection step. Alper et al.

(2005) quantitatively characterized a promoter library by

muting a constitutive promoter through error-prone PCR

and constructing a library with the mutant sequences

cloned upstream of a GFP gene. The authors carried out a

‘‘pick and test’’ screening of the resulting library in E. coli

on the basis of the fluorescence of the clones, and an

additional ‘‘dead or alive’’ confirmation of the constitutive

nature of the promoters was performed by cloning them

upstream of a chloramphenicol acetyltransferase (cat) gene

with chloramphenicol as the selection agent.

In another work, Alper et al. (2006) reported a very

interesting approach based on what the authors call global

transcription machinery engineering (gTME) on yeast. This

is an error-prone PCR-based method in which mutations of

a key protein regulating the global transcriptome are pro-

duced and a library with the mutants, exhibiting a wide

range of diversity at the transcriptional level, is screened.

The cited work carried out selection in a medium with high

ethanol and glucose concentrations, allowing only tolerant

clones to survive. Following this approach, the authors

were able to identify several mutants with enhanced etha-

nol and glucose tolerance, one of which was analysed in

detail and found to exhibit differential expression of hun-

dreds of genes compared to the wild type.

These works focused on the selection of particular

genetic variants for useful purposes. However, it has to be

noted that differences in biological fitness on a particular

trait depend, particularly in microorganisms, not only on

genetic variations in terms of homology but also on the

copy number. Thus, copy number manipulation has been

proposed as a potentially powerful strategy to engineer

microorganisms displaying new phenotypes: Christ and

Chin (2008) reported that evgA gene amplification

allowed E. coli to survive at extreme and otherwise lethal

temperatures.

Besides error-prone PCR, there are also non-recombi-

nant alternatives to the rapid production of genetic variants.

For example, DNA shuffling is known to mimic evolu-

tionary processes. Whole genome shuffling, a process

combining multi-parental crossing obtained by DNA

shuffling with standard breeding has been successfully

implemented in bacteria (Zhang et al. 2002). This method

has been found to be faster than sequential random muta-

genesis and screening for the production of improved

organisms.

Protein engineering and directed evolution

The linkage between genotype and phenotype is the basis

of selection-based evolution, and it is also the basis of

protein engineering approaches for identification and

characterization of gene products. Persson et al. (2008)

combined random mutagenesis and phage display selection

strategies of various stringencies, which gave a consider-

able increase in apparent affinities for several of the

selected populations. Phage display has also been com-

bined with proteolysis selection in order to generate novel

proteins with stable folds (Riechmann and Winter 2000).

Ribosome display (Hanes and Plückthun 1997) and in vitro

compartmentalization (Tawfik and Griffiths 1998) can be

also used to evolve proteins for their binding interactions.

For example, an approach has been developed aimed at

mimicking natural selection (fitter genes having more

‘‘offspring’’) by coupling the amplification of a gene to the

formation of product by the enzyme it encodes (Kelly and

Griffiths 2007). All these works suggest that directed

evolution strategies could successfully complement in vitro

selection.

Improving the fittest: adaptive evolution

Adaptation is the evolutionary process whereby an organ-

ism becomes better able to live in its habitat. An experi-

mental strategy based on adaptive evolution has been

developed as a tool for improving genetic circuits. The

experimental procedure basically involves maintaining

exponential growth by daily passage of cultures into fresh

medium under the selection pressure. It has been reported

that this simple strategy can be used to achieve in silico

predicted biological functions. For example, Ibarra et al.

(2002) showed that placing E. coli under growth selection

pressure by using glycerol as the sole carbon source led to

an increase in the growth rate from a sub-optimal to the

2 M. Porcar

123



optimal rate predicted from a whole-cell in silico model.

The compatibility of selection-based approaches with in

silico design was also reported by Fong et al. (2005a), who

used an integrative in silico ? adaptive evolution approach

in order to select for lactic acid production in E. coli. The

authors succeeded in constructing highly productive strains

based on the computationally predicted designs, and the

production of lactic acid was further increased after adap-

tive evolution was carried out, mainly because growth rate

was coupled to lactate secretion rate.

Adaptive evolution approaches such as those cited

above often use adaptation as a final improvement step,

with the main source of genetic variants being achieved by

muting an in silico design and further selection imple-

mented to perfect the fitness of the design. However,

adaptive evolution might be used as a simple and rapid tool

for the selection of desired phenotypes (Fong et al. 2005b).

Although the mechanism underlying this fast adaptation is

not fully understood, it is known that compensatory gene

expression changes occur as part of the initial adaptive

response followed by further positive selection of benefi-

cial gene expression changes.

Learning from Darwin: further simple selection

approaches

It is well known that Darwin compiled a huge amount of

data on biological diversity and adaptations during the

Beagle’s voyage, and also during his fieldwork in the

United Kingdom. However, the strength of Darwin’s

argument lies mainly in artificial, rather than natural,

selection. The origin of the species by means of natural

selection (Darwin 1859) is, in fact, full of dozens of

examples of artificial selection of cattle and crops, and the

power of artificial selection to produce biological diversity

was described in detail 9 years later in a book dedicated

to the topic (Darwin 1868). The mechanism behind both

natural and artificial selection is the same: the fittest (with

respect to the environment in natural selection and with

respect to human requirements for artificial selection)

survive. Domestication confirms the tremendous power of

selection in order to fix genetic variants and produce phe-

notypic traits that are mainly (but not only) quantitative

and often astoundingly distant from those of the original

natural population they originated from. A classic example

is the dairy cow, many breeds of which can produce

10,000 l of milk or more per cow every year.

The simple mechanism of natural and artificial selection

has only been partially mimicked in SB, which often uses

a directed evolution approach. By this approach, natural

intraspecific variation is substituted by random muta-

tions and selection is usually performed on the basis of

screenings for a desired trait (e.g. enzymatic activity).

Often, hundreds of bacterial colonies are individually

picked from the pool of mutants, the desired trait analysed

and clones are selected or discarded depending on the

existence and/or intensity of the desired trait.

It is tempting to envisage variations of this strategy

applying strict Darwinian selection, in which a large pool

of natural genetic variants would be selected on the bio-

logical fitness of the variants in a given environment. The

use of naturally occurring DNA sequences would imply a

first round of selection, since wild-type coding sequences

have already been shaped by natural selection. In fact,

natural variants that are selected are a priori superior to

randomly produced mutants, as demonstrated by the suc-

cess of pharmaceutical screenings on natural compounds

to be used as antibiotics, anti-tumorals or for many other

therapeutic applications (Li and Vederas 2009). Ideally, the

initial genetic pool might be genomic, meta-genomic or

even a combination of several meta-genomic DNA librar-

ies, although experimental handling limitations would

define the size of the starting pool. Figure 1 shows four

examples of a strategy based on Darwinian selection

applied to the identification of biological parts to be used in

SB, such as strong promoters (Fig. 1a), protein coding

sequences (1B) and sequences coding for transcription

regulators (1C and 1D).

Interestingly, there are many simple biotechnological

screenings that are very similar to the Darwinian strategy

proposed here for SB. In classical biotechnology, screening

for enzymes and, less frequently, promoters or other reg-

ulatory sequences often follows procedures utilizing the

deleterious effect of a selective medium on the vast

majority of the screened clones. For example, screening for

cellulases is usually carried out on CMC (carboxymethyl-

cellulose)-based media, which results in the selection

of cellulolytic isolates (Yan et al. 2001). A particularly

interesting selection-based strategy is that reported by

Kubota et al. (1991), where E. coli promoters were

screened by cloning hundreds of DNA fragments from a

genomic library upstream of the ampC gene into a pro-

moter-probe plasmid. By selecting with antibiotic so that

only clones with sequences promoting ampC expression

survived, the authors were able to identify and characterize

several naturally occurring strong promoters. This strategy

and the aforementioned screening for cellulases are in fact

two examples of Darwinian selection approaches for SB,

which are shown in Fig. 1a, b, respectively.

Complexity problems and evolutionary solutions

Genetic networks able to integrate multiple inputs in the

generation of cellular responses have been constructed.
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Sayut et al. (2009) developed an AND logic gate displaying

clear, logical responses that could be described using a

mathematical model. However, the analysis of even rela-

tively simple synthetic networks often reveals that there is

a surprisingly large diversity of complex behaviors (Guet

et al. 2002). A common problem when multiple genes are

used in a synthetic circuit is that the expression level of

each gene must be controlled independently. In practice,

certain promoters are known to suffer from cross talk (an

inducer of one of the promoters affects the expression of

the other). This has been reported for the IPTG-inducible

Plac and the arabinose-inducible PBAD promoters, with

IPTG being in fact an inhibitor of PBAD. This problem has

been overcome by applying a directed evolution approach

to screen mutants of the arabinose-binding regulatory

protein AraC in order to construct an arabinose-inducible

system compatible with IPTG (Lee et al. 2007).

The sensitivity of complex circuits to a range of

parameters, from protein and RNA stabilities to culture

temperature, might result in synthetic circuits working

imperfectly. Again, directed evolution can be used to

complement rationally designed circuits, which can be

optimized by screening randomly mutated circuits (Yoko-

bayashi et al. 2002).

Theoretically, any pool of living organisms with genetic

variation and vigorous reproduction is suitable for

Darwinian selection. However, fully selection-based shap-

ing of sophisticated synthetic systems such as oscillators or

computational biological devices (i.e. counters) is difficult

to implement because of their complexity. Genetic circuits

that yield simple ON/OFF outputs can be tuned by spe-

cifically designed selection modules (Yokobayashi and

Arnold 2005). However, selection of oscillatory circuits

would need oscillatory levels of selection pressure, which

might be difficult to implement in liquid cultures. For this

particular case, a possible selection approach could be

implemented whereby (1) individual components of the

circuit are first screened on the basis of their fitness

(Fig. 1), and (2) the complete network is subjected to

further selection through specifically designed selection

modules yielding an oscillatory selection pressure. This

could be achieved by combining the circuit to be tested

with a master circuit exhibiting a standard behavior. The

output of the master circuit would be the selection pressure

aimed at maintaining the behavior of the tested circuit

within certain levels. Figure 2 shows an example of this

proposed approach in which the fitness of an oscillator is

selected by a master circuit through transcriptional acti-

vation/inhibition of a death gene on a third coupling circuit.

Using previously defined robust synthetic circuits as mas-

ter, fine tuning of developing circuits might be achieved.

With this strategy, fluctuations in the selection pressure

Promoter Beta-lactamase gene Promoter Cellulase gene

Growth in medium with antibiotic Growth in medium with cellulose as sole carbon source

Promoter Transcription inhibitor Promoter

Promoter Transcription activator Promoter Beta-lactamase gene

Death gene

Growth in medium with antibiotic

A B

C

D

Growth in standard medium

Fig. 1 Strategies based on the proposed Darwinian selection

approach aimed at identifying biological components suitable for

SB, such as strong promoters (a), protein coding sequences such as

cellulases (b) and sequences coding for transcription regulators:

activators (c) and inhibitors (d). Natural (i.e. meta-genomic) DNA

variants are cloned as the components subjected to selection (white

arrows). Dark and light gray arrows correspond to other components.

Suitable media allowing selection of the fittest components are

indicated. Notice than solid, rather than liquid media should be used,

since B-lactamase, as well as some cellulases are secreted and

bystander cells might survive if liquid media was used
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might be more easily achieved than with chemical modi-

fication of the growth medium.

Directed evolution on a higher level of biological

complexity, i.e. multicellular systems, is a particularly

challenging field. Microchemical interface technology has

been proposed as a powerful tool to interface with devel-

oping biological systems thus achieving unprecedented

levels of spatial and temporal control of chemical envi-

ronments (Ismagilov and Maharbiz 2007). Theoretically,

selection pressure could be administered using this tech-

nique and multicellular systems tuned by directed evolu-

tion. However, true Darwinian selection of multicellular

systems would require a vast pool of genetically diverse

multicellular systems (each composed of genetically

identical cells) which would need to be exposed to a range

of selection factors in order to discard imperfectly working

systems. Such a strategy is technically unapproachable.

Additionally, it should be noted that group (multicellular

system) rather than individual (cell) selection should occur.

Selection needs genetic variations to shape, and although a

multicellular system can mute, mutations will certainly

originate and operate at an individual (cell) level, and the

whole system might not be affected. Darwinian selection of

multicellular systems would need beneficial mutations (in

terms of the desired behavior of the circuit) to somehow

extent from individual cells to the whole system, in order

for the new genetic trait to produce a particularly behavior

(phenotype) of the system that would be sensitive to

selection pressure. Today, there are no strategies for Dar-

winian selection of multicellular systems: in SB, the indi-

vidual cell seems to be the threshold of complexity that

Darwinian selection can cope with.

Concluding remarks and future prospects

By comparing the complexity and diversity of natural

organisms with those of man-made biological construc-

tions, it can be concluded that adaptation is the key factor

behind the superiority of the evolutionary process on

rational design. Thus, it seems logical that artificial con-

struction of living circuits relies, at least partially, on

selection processes. Selection-based approaches have

been successfully used in SB, mainly as a complement

of in silico designs. Identification, characterization and

improvement of biological parts can be partially achieved

through selection-based approaches, and directed evolution

has proven a successful strategy to adapt rationally

designed simple circuits to a context-dependent environ-

ment. Fully Darwinian selection strategies (applied on

natural rather than artificially mutated parts and with ‘‘dead

or alive’’ screenings) might also be implemented.

The difficulty of applying true selection to complex

circuits might be partially overcome by using specifically

designed selection modules (Yokobayashi and Arnold

2005) as well as ad hoc master circuits, like the one pro-

posed in this work. However, highly sophisticated biolog-

ical networks as well as multicellular systems are still

recalcitrant to Darwinian selection mainly because of the

difficulties of producing and selecting among a sufficiently

vast pool of genetically diverse systems.

As a final remark, it seems that the growing complexity

of synthetic circuits is linked to a need for powerful evo-

lutionary approaches in order to adapt the circuits and to

improve their performance in a context-dependent envi-

ronment. Such strategies based on selection, that brilliant

P1 death gene P2 death gene

BABA

B

A

Fig. 2 Strategy for directing the evolution of an oscillatory circuit

though a well calibrated master circuit. An oscillatory circuit A (white
line) is subjected to fluctuating selection by a master B oscillator

(thick grey line) through the action of a coupler circuit (shown

below). P1 and P2, promoter sequences. The behavior of circuit A

must be within certain limits marked by the output of B by

transcriptional activation/inhibition of a death gene on the coupling

circuit. When the output of master circuit B decreases, so too should

the output of circuit A, in order to keep the death gene under the

control of P1 inhibited. When the output of master circuit B rises,

high inhibitory levels of A must balance activation of P2 by B
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‘blind engineer’, may prove key to the construction of

complex living systems in the near future.
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