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Abstract

Synthetic biology is described as a new field of biotechnology that models itself on engineering
sciences. However, this view of synthetic biology as an engineering field has received criticism, and
both biologists and philosophers have argued for a more nuanced and heterogeneous understanding
of the field. This paper elaborates the heterogeneity of synthetic biology by clarifying the role of
design and the variability of design methodologies in synthetic biology. I focus on two prominent
design methodologies: rational design and directed evolution. Rational design resembles the design
methodology of traditional engineering sciences. However, it is often replaced and complemented
by the more biologically-inspired method of directed evolution, which models itself on natural
evolution. These two approaches take philosophically different stances to the design of biological
systems. Rational design aims to make biological systems more machine-like, whereas directed
evolution utilizes variation and emergent features of living systems. I provide an analysis of the
methodological basis of these design approaches, and highlight important methodological
differences between them. By analyzing the respective benefits and limitations of these approaches,
I argue against the engineering-dominated conception of synthetic biology and its “methodological
monism,” where the rational design approach is taken as the default design methodology.
Alternative design methodologies, like directed evolution, should be considered as complementary,
not competitive, to rational design.
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1 Introduction

Synthetic biology is framed as a project that aims to make biotechnology more like engineering.
According to this approach, biological systems should be treated and constructed using the same
principles as artificial devices in the engineering sciences (Cambray, Mutalik, and Arkin 2011). The
rise of synthetic biology is partially explained by the recent development of biotechnology, which
has led to the discovery and characterization of numerous molecular parts. The availability and

utilization of these parts has become a central methodological principle in the engineering-



dominated account of synthetic biology and in its design approach. An example of this engineering
ethos can be seen, for example, in the Strategic Vision of the European Research Network of
Synthetic Biology, which considers synthetic biology a “way of looking at living systems, not as
complex objects to be thoroughly understood, but as sources of amazing building blocks that can be
retrieved from their natural context, reshaped, standardized to fit a given specification and used for

a purpose different from their original raison d’étre.” (ERASynBio 2014, 2).

The application of these engineering principles to biological systems has led synthetic biologists to
emphasize the importance of design work and to systematize their design methodology. The most
prominent of these design approaches is rational design, a component-focused approach that
resembles the design methodology of traditional engineering sciences, such as mechanical and
electrical engineering (Giese et al. 2013; Heinemann and Panke 2006). Rational design aligns with
the engineering-dominated account of synthetic biology, whose proponents argue that biologists
should “start thinking of designing biological parts in a forward engineering manner” (Heinemann
and Panke 2009, 392). Consequently, they consider the novelty of synthetic biology to be based on
the application of rational design, and argue that in the future rational design should be the primary

design methodology of synthetic biology (Agapakis 2014; Bujara and Panke 2010).

Subsequently, most philosophical literature approaches synthetic biology as an engineering
discipline and rational design as its central methodology. This simplification allows one to draw an
analogy between biological and man-made systems, and to bring the philosophical discussion
concerning technical artifacts to the domain of synthetic biology. Following this analogy,
philosophers have discussed, for example, its connections to mechanistic philosophy (Holm 2015)
or the application of machine metaphors to biology (Boudry and Pigliucci 2013). As
philosophically practical as this simplification is, it unfortunately gives a narrow view of synthetic
biology. Despite this vision and similar engineering-inspired definitions, synthetic biology is a more

heterogeneous discipline. Like many emerging fields in biology, synthetic biology encompasses



several different methods and researchers from multiple disciplines, including both basic and
applied research (Knuuttila and Loettgers 2013a), and its methods have been applied from gene
circuits to protocell creation, and from DNA editing to whole-genome engineering (O’Malley et al.

2007).

I aim to elaborate the heterogeneity of synthetic biology by examining the limits of rational design
and the principles on how design approaches are applied. Though often a useful and powerful
methodology, rational design fails in some cases due to the complexity and context-sensitivity of
living systems, and thus alternative design methodologies are widely used in synthetic biology. One
of these alternative design approaches is directed evolution, which utilizes more biologically-
inspired design principles. Directed evolution models itself on natural and artificial evolution, and
aims to improve and modify systems by guiding them to evolve in a certain direction. Directed
evolution and similar evolutionary approaches have received less attention in philosophical
literature than rational design methods. Furthermore, directed evolution is sometimes represented
(e.g., (Bujara and Panke 2010; O’Malley 2011)), not as an independent design approach, but as
another form of tinkering and kludging that allows synthetic biologists to produce desired

functionality when rational design fails.

In Sections 2 and 3, I present a systematic analysis of the requirements, benefits and limitations of
both rational design and directed evolution design approaches. This paper has three objectives.
First, by giving a systematic review of two different design approaches, I offer a more nuanced
view of the current design methodologies of synthetic biology. This subsequent comparison of
rational design and directed evolution design approaches is given in Table 1. It provides a summary
of these design approaches and their methodological bases. It also identifies the important
methodological differences between them, which I will detail in the later sections of this paper.
Second, I argue against the framing of the role of directed evolution merely as supplementing

rational design and allowing it to overcome some of its current technical limitations. In reality,



directed evolution is a systematic design approach that is both common in the actual practice of
synthetic biology (e.g., (Haseltine and Arnold 2007; Packer and Liu 2015; Romero and Arnold
2009)) and, as I show in this paper, methodologically distinct from rational design. And finally, by
analyzing the respective benefits and limitations of these approaches, I argue against the
engineering-dominated conception of synthetic biology and its “methodological monism,” where
the rational design approach is taken as the default design methodology. Alternative design
methodologies, like directed evolution, should be considered to be complementary, not competitive

or merely supplementary, to rational design.



Design principles

“Role model”

Design tasks

Requirements

Benefits

Limitations

Living systems

Approach to natural
evolution

Rational Design

Hierarchical bottom-up system
construction from standardized parts
to more complex devices and systems.
Reductionistic heuristics.

Models itself after mature engineering
sciences and their design
methodology.

Decoupling. Standardization.
Hierarchy (“parts make devices and
devices make systems”).

Prior structural knowledge.
Availability of well-characterized
(standardized) parts and modules.
Computational modeling tools to
guide device construction.

Relative simplicity and tractability of
design tasks and methods.
Theoretically easy to design complex
and novel functions. Potentially very
powerful design approach.

Sufficient structural knowledge and
mechanistic detail not available.
Context-sensitivity. Change in
functionality due to evolution.
Mechanization as a heuristic goal.
Simplification of systems and
suppression of variation.

Seen as destructive: loss of systems
functionality due to evolutionary
change.

Directed Evolution

Deliberate mutations are induced to target
(library generation). Mutants with desired
phenotypes are selected for further iterations.

Models itself after natural evolution and
selective breeding.

Choice of mutational target and selective
pressures. Definition of selection/screening
criteria.

Ability to select and screen desired phenotypes.
Incremental pathway of beneficial mutations to
desired behavior.

Not limited to a certain level of hierarchy.
Allows system improvement in the absence of
mechanistic detail. Environmental tuning of
non-functional systems.

Decrease in mechanistic understanding and
tractability. Combinatorial complexity. Difficulty
to screen for independent properties. Increase
of non-modularity.

Utilization of variation, self-organization and
“emergent” properties of biological systems.

Seen as (potentially) constructive: system
improvement through variation and selection.

Table 1. Comparison of rational design and directed evolution design approaches.

2 Rational design

Synthetic biology is often defined through its novel approach of modeling itself on the engineering

sciences. Subsequently, synthetic biology has borrowed methodological principles and terms from

fields like mechanical, electric and software engineering. These fields are taken to exemplify the

methods of “traditional” or “classical” engineering (Heinemann and Panke 2009; Kroes 2012). One

such idea of classical engineering, which synthetic biologists aim to adapt, is the higher focus on



design and on distinguishing design process as an autonomous task, separate from the fabrication
(cf. (Houkes and Vermaas 2010; Kroes 2012)). In previous biotechnology and molecular biology,
design work was tied to wet lab work with no clear division between design and fabrication.
However, the attempts to make biotechnology more similar to engineering have led synthetic
biologists to distinguish design as an autonomous phase (Cambray, Mutalik, and Arkin 2011;
Heinemann and Panke 2006). In synthetic biology, the development of design tools such as the use
of computer-assisted design and the standardization of components should allow design to be
separated as both a methodologically and cognitively distinct task, and allow a higher division of

labor between design and wet lab experimental work (Roosth 2017).

Similar to engineering, synthetic biologists have proceeded to systematize their design methodology
and develop distinct approaches to achieve reliable bioengineering of organisms with desirable
traits. A systematic design approach should define the methods, heuristics and performance criteria
that the engineer uses to solve design problems and to assess the success of the design (Kroes
2012). Subsequently, rational design is seen to follow the engineering ideals of synthetic biology by
emphasizing the decomposability of its systems and their hierarchical and modular nature. Its
prevalence has led some writers (e.g., Lewens 2013) to define textbook synthetic biology through

its method of applying rational design methods to living systems.

Rational design can be described as the idea that with sufficiently well-developed methods, tools
and systems, synthetic biologists should be able model and predict how modifications of the system
should affect its behavior (Cambray, Mutalik, and Arkin 2011). In practice, rational design is a
parts-based approach that constructs novel systems bottom-up using well-characterized parts. This
means that ideally, synthetic biologists should be able to manipulate the system by manipulating its
parts. Its three major principles are (1) decoupling of design tasks, (2) the use of standardized

modular parts, and (3) hierarchical organization (Endy 2005; Heinemann and Panke 2006).



Decoupling of design tasks relies on the idea that the main design goals can be divided into simpler
sub-problems that are easier to tackle. Ideally, each of these design tasks could be solved semi-
independently in relation to other tasks. Rational design proceeds to achieve this localized and
modular problem-solving through the standardization of components. Standardization is one of the
main methodological principles of the engineering-dominated synthetic biology, as it aims to
characterize and define a set of standardized biological components that can be assembled to more
complex systems with predictable outcomes (Endy 2005). Successful standardization makes
engineering more predictable and effective, as standardized parts are expected to behave in a similar
manner, and make the subsequent modifying and maintenance of the system easier. Rational design
expands this ideal to biotechnology by defining standards for biomolecules. Possible components
can be, for example, DNA promoter regions and regulatory, structural and reporter genes. The
language of a standardized toolbox of parts reveals the engineering aspirations of synthetic biology,
as synthetic biologists talk, for example, of genetic switches and circuits (Purnick and Weiss 2009).
Ideally, with a sufficiently developed toolkit of standardized components, synthetic biologists
should be able to solve a range of more complex biological problems by dividing up the problems
and then solving the sub-problems by using appropriate parts and devices. Standardized
components could be put together to form more complex modules, such as oscillators, switches or
genetic circuits (Andrianantoandro et al. 2006). In turn, these second-level modules should exhibit
hierarchical organization and the ability to be combined with more complex systems, such as full

metabolic or signaling networks.

In properly hierarchical and modular systems, parts make devices, and devices make whole
systems. In these circumstances, the main task in rational design is to carefully specify, choose and
combine the individual components of the system resulting in predictable composite behavior

(Cambray, Mutalik, and Arkin 2011; Haseltine and Arnold 2007). However, this requires many



major features from parts and their interactions, and satisfying these requirements is not simple, as |

will show in the next section.

2.1 The requirements and benefits of rational design

We have established that rational design is a parts-based approach that constructs its systems from
the bottom-up by utilizing well-characterized standardized components. The success of rational
design depends on the availability and performance of its components. Therefore, the question
“What is required for successful rational design?” can be reformulated as “What is required from
the parts in successful rational design?” In principle, the components in proper rational design
should produce the sub-functions that are required to satisfy the defined design tasks. In practice,
this requires several important features from components, such as modularity, predictability and

stability (Cambray, Mutalik, and Arkin 2011).

The most important of these features is modularity. For successful rational design, synthetic
biological system should be composed of relatively independent modules that have definable
functionalities and interfaces in relation to other modules (Haseltine and Arnold 2007). Modularity
is an important feature to reduce complexity and increase system robustness. It makes a system
more easily decomposable and recomposable. In modular systems, parts can be manipulated,
interchanged and reassembled without causing unpredictable changes to system behavior, whereas
in non-modular systems, substitution, rearrangement and manipulation of some parts can affect the
functionality of others (Wimsatt 2007). Non-modular systems are harder to control and predict, as
local changes to one part tend to propagate through the system (Oftedal and Parkkinen 2013). One
should be careful not to think of modularity as a simple dichotomy where the system is either
modular or non-modular. In most systems, modularity comes in degrees and system modularity can

be studied from more than one perspective (Wagner 2005). For example, the system might exhibit



functional modularity without structural modularity in a case where there are discernible relatively

autonomous sub-functions, but there are no spatial separation or physical barriers between them.

This is why the development of standardized parts is one of the main aims of rational design. For
synthetic biology, standardization is based on the idea that a limited toolbox of well-characterized
components could allow a synthetic biologist to design and construct a great range of functionalities
in a number of domains, rather than trying to solve each problem individually. For each part, this
would require the practical ability to construct a part that can be isolated and combined, and a
characterization of the part’s behavior, a definition of the range of its domains of application, and
protocols for connecting parts (Arkin and Fletcher 2006). To achieve the sharing and circulation of
standardized components among the synthetic biology scientific community, this also requires the
creation of databases for the standardized parts, such as the prominent open-source BioBrick
Registry, and organization of database management, such as protocols for the sharing and curation

of data.

Standardized and widely available synthetic components make the design of systems relatively
simpler than previously. In principle, it is easy to understand how rational design can be used to
obtain novel higher-level functions in hierarchically structured systems; the more complex
functionalities are the composite of the lower-level functions and are achieved by combining parts
to sub-modules and sub-modules to higher systems (Haseltine and Arnold 2007). When its
requirements are met, rational design offers a potentially powerful method for the design and
manipulation of biological systems. Furthermore, rational design provides a good template to
understand how the development of synthetic biology proceeds, namely through the
characterization of more efficient, reliable and powerful components that allow the construction of
a higher range of systems. The assumed plug and play functionality of rational design should make
biotechnology more efficient and cost-effective, as synthetic biology laboratories or biotechnology

can bypass earlier steps of development by ordering the required components from suppliers.



Some of these benefits, like simplicity and tractability, arise from the heuristics of the traditional
engineering design paradigm. Philosophers of science have discussed the importance of the
“mechanistic” (Bechtel and Richardson 1993) or “reductionistic” (Wimsatt 2007) heuristics used to
study complex biological systems. Bechtel and Richardson (1993) argue that scientific reasoning
about complex systems proceeds through the process of decomposition and localization. This means
that scientists try to explain the macro-level behavior of the system by first providing a structural
and functional decomposition of the system, and then by localizing the sub-functions to the
system’s component parts. This is very similar to the previously discussed principles of rational
design, where synthetic biologists attempt to decouple the design tasks to sub-tasks that can be
solved by semi-independently using standardized components. Reductionistic heuristics work best
with systems that are nearly decomposable (see (Simon 1996)), that is, when the system behavior is
a composite of the functionalities of its parts. In turn, a system is considered to be integrative if its
behavior depends more on the interactions between its parts than the parts’ intrinsic causal powers.
Integrative systems exhibit more emergent system-level behavior and are less suited to

reductionistic heuristics.

I argue that the success of rational design depends on whether the designed systems follow the
assumptions that reductionistic heuristics make about their objects of study. The heuristics of
decomposition and localization have influenced later discussion on the role of mechanisms in
scientific explanations. For example, Craver (2007) bases his account of mechanisms on similar
schema, where the functioning of higher-level mechanisms usually depends on the intrinsic causal
properties of the lower-level parts. One of the benefits of reductionistic heuristics is that they
increase the relative tractability and predictability of systems by making the previously mentioned
assumptions of their structure and context. In general, these reductionistic heuristics tend to

underestimate the importance of environment and take the system functionality to be mostly

10



context-independent (Wimsatt 2007). As we will see in the next section, this assumption does not

always hold for rationally designed systems.

The success of rational design depends on the availability of well-characterized, modular parts.
Synthetic biologists’ pursuit of modular parts and systems should not, however, be confounded with
the descriptive question on whether natural biological systems are modular or not. As Knuuttila and
Loettgers (2013b) note, the modularity of natural biological systems is not a prerequisite for
synthetic biology, though it would be beneficial for synthetic biologists. Many standardized parts
are modeled on functionally similar natural biological structures, such as gene promoters, inducers
or repressors. However, natural biological systems do not lend themselves automatically to
synthetic biology (Andrianantoandro et al. 2006). Therefore, synthetic biologists either need to
heavily modify natural components or construct completely novel components for standardization.
The aim of these modifications is to increase the insulation of the modules by removing unwanted
interactions and by making functional modules structurally isolated (Guimaraes, Liu, and Arkin
2013). Insulation and well-defined structural boundaries should make modules easier to replace,
remove and recompose. Consequently, Sune Holm (2015) argues that synthetic biologists take the
mechanistic or machine-like nature of biological systems as a heuristic goal, but do not themselves

consider natural biological systems to be similar to man-made artifacts.

This relates to one of the major methodological differences between engineering-dominated rational
design and more biologically-inspired design methods, such as directed evolution: how does one
approach the inherent complexity and variation of biological systems (see Giese et al. 2013)?
Proponents of the rational design approach try to suppress variation by modifying their parts and
systems to be more machine-like. In turn, as I will discuss in Section 3, evolutionary approaches
take the variation, and the “emergent” properties that arise from the system’s integrative structure,

to be a fundamental part of living systems, and aim to utilize them in their design process.

11



2.2 The limitations of rational design

The limitations of rational design become apparent in cases where the requirements of the part-
centered rational design approach are not met, or in cases where reductionistic heuristics fail. I
delineate three types of problem for rational design: lack of mechanistic detail (failure of
understanding), context-sensitivity (failure of standardization), and change in functionality due to

evolution (failure of stability).

As a parts-based approach, rational design requires extensive structural information and
mechanistic details of its components. If the functionalities of the used components or the used
model (e.g. the host bacteria strain) are not known, promiscuous functions might arise and affect the
system behavior. This is not an outside possibility, as in all bacteria there are a great number of
genes with unknown functions. For example, in a recent research on minimal genomes, J. Craig
Venter’s research group were able to create a Mycoplasma strain with a minimal genome of 473
genes (Hutchison et al. 2016). Even in their simplified model, they could not determine the function

of 31% of the genes.

Synthetic biology can quite reliably define a limited toolbox of standardized parts, and use them to
create very simple devices such as detectors, oscillators or reporter circuits. Unfortunately, the next
step of combining well-defined simple devices to more complex multi-functional devices or even
whole systems is exponentially more difficult (Purnick and Weiss 2009). Each standardized part has
a limited domain range where it can be implemented predictably. Synthetic biologists are, therefore,
limited by their ability to predict what effects the component has on system behavior and how this
behavior changes in a new biological context (Blake and Isaacs 2004). Biological systems and
environments are highly variable and are riddled with molecular noise, and susceptible to the
emergence of nonlinear interactions. Knuuttila and Loettgers (2014) argue that the ubiquity of
stochastic noise is one of the major differences between living and engineered systems. It is also

one of the main obstacles for the engineering-dominated synthetic biology and rational design
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approach. In biological systems, even well-characterized components might show unpredictable
behavior or fail to function when they are transferred to a new context. Cardinale and Arkin (2012)
distinguish several potential context changes that might affect the functionality of components and
systems of synthetic biology, including, change of spatial location, host organism, or extracellular

factors, such as temperature or nutrients.

Rational design is, however, able to overcome some limitations of context-dependence. One
solution is to describe and define the functional ranges of each standardized component with
enough detail to at least mitigate the effects of some context-dependencies, such as environmental
effects (Giittinger 2013). This should define the environments or hosts where these types of
components are used, or the metabolic requirements of the system. However, all these ways to
overcome context-dependence require higher analysis and better characterization of standardized
components, which is not always possible and in some cases is costly. Therefore, an alternative
solution is “kludging,” tinkering with the system to find a particular solution that provides the
desired functionality (O’Malley 2011). Though typical of practice in molecular biology and
biotechnology, kludging and its ad hoc solutions, however, offer another example how current
synthetic biology diverges from the ideals of engineering-dominated synthetic biology, and its

attempts to separate design from fabrication.!

! Tinkering and kludges should not be seen, however, as a plain disanalogy between synthetic
biology and engineering. Even though systematized and autonomous design can be seen as an
engineering ideal for the engineering-dominated conception of synthetic biology, kludging and
similar ad hoc solutions that prioritize functionality over understanding are common in actual

engineering practice.
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Finally, synthetic devices are susceptible to evolutionary change, just like natural biological
systems. As synthetic systems are primarily implemented in bacteria, they go through hundreds of
generations which inevitably leads to mutational change. Natural evolution is destructive to
synthetic systems, “relentlessly chipping away at painstakingly engineered networks and allowing
the organism to escape control.” (Dougherty and Arnold 2009, 486). Engineered objects of
synthetic biology are especially susceptible to evolutionary change. They are constructed to perform
functions that are primarily beneficial to humans, not to organisms themselves. Therefore, synthetic
organisms might have lower fitness than either wild-type organisms, or some mutant strain that
develops from the synthetic organism. In general, evolution degrades the functionality of synthetic
circuits and non-functional mutants have a tendency to take over a population of synthetic bacteria
as natural selection favors mutants with less metabolic burden (Arkin and Fletcher 2006). Although
in some cases these new functions might be beneficial, they are more often in contradiction with the
design goals and are unwelcomed by researchers. In the most extreme cases, synthetic systems
might evolve new functions that are actually harmful to humans or other organisms, and therefore,

the ability of synthetic devices to go through evolution imposes questions to biosafety.

I have analyzed the limitations of the rational design approach. They are first and foremost the
limitations of their parts, and the limitations of reductionistic approaches in general. However,
living systems do not fulfill the requirements of design easily. The decomposition of organisms and
their complex interconnected molecular interactions to salient functions, and mapping these
functions to relatively simple modules and parts is already a difficult task. This problem is
accentuated for synthetic biologists, who attempt to recompose these modular parts to apply to more
complex systems (Knuuttila and Loettgers 2013b). Several biological components are far from the
machine-like plug and play ideal, as they exhibit overlapping, unintended variation and context-

dependence (Porcar and Peret6 2016).
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As such, rational design is currently best applied in cases where a collection of well-characterized
components exists, the constructs are relatively simple, and the environment can be controlled. The
application of rational design has been most fruitful in domains that exhibit hierarchical architecture
with relatively simple modules and input-output relationships between their parts. One example of
such domains is the design of genetic circuits and regulatory networks, where regulatory and
constitutive genes and their promoters have been combined with simple modules with specified
behavior, such as switches, cascades, circuits, and oscillators (see Elowitz and Leibler 2000;

Purnick and Weiss 2009).

3 Directed evolution

Engineering-dominated synthetic biology is at odds with natural evolution. As I discussed
previously, evolution ruins the good work of the designer by chipping away at the functionality of a
system, leading to a loss of function or to promiscuous functionalities. The inherent tendency of
natural systems to evolve away from engineered behavior hinders the realization of rational design
goals. This unpredictability and stochasticity of evolving biological systems highlights one of the
major disanalogies between them and engineered systems, as engineering presumes a level of
control that is rarely achieved in living systems (Knuuttila and Loettgers 2014). This motivates the
use of reductionistic heuristics and attempts to conceptualize systems as machine-like, thus making

them more suitable for rational design (Holm 2015).

Furthermore, as far as natural evolution can be considered a designer itself, it is unpredictable and
sub-optimal from the perspective of synthetic biology. Natural evolution finds solutions that are
good enough for the purposes in the given environment, but not necessarily the most efficient ones.
Improvement or optimization of natural biological organisms is actually seen as one of the aims of
synthetic biology (see (Endy 2005)). However, the task of improving designs of natural selection

does not entail rejecting some of the ideas of natural selection as a design principle. As discussed
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previously, rational design faces some limitations and cannot achieve the effective design of

systems in all cases.

Rational design is, therefore, often complemented or replaced with other design approaches, which
take their inspiration from natural evolution. The most widely used evolutionary design method is
directed evolution, which aims to use random mutations and deliberate selection to guide the
designed system to evolve in a desired direction (Blake and Isaacs 2004). Design through directed
evolution proceeds by iterating between two stages: the library generation and the
selection/screening stage (Marguet et al. 2007). In the first stage, random mutations are induced into
a target sequence (e.g., through error-prone replication, PCR errors or DNA shuffling) to create a
library of mutants that exhibit relevant variation. In the second stage, the generated library is
screened, and one or more mutants, with desired phenotypic differences, are selected for further
iterations. The library-generation and screening/selection cycle is repeated until a desired endpoint
is achieved. As Lewens (2013) notes, this process resembles the artificial selection used in

agriculture and animal husbandry.

Due to its similarity to natural evolution and its reliance on random mutations, directed evolution is
sometimes taken to be inferior to rational design, especially in engineering-dominated conceptions
of synthetic biology. Directed evolution sacrifices some mechanistic understanding and some
tractability of the system to increase functionality. Therefore, some proponents of rational design
frame directed evolution not as an autonomous design approach, but as a way to supplement
rational design by providing kludges to non-functioning rationally designed systems. Bujara and
Panke (2010), for example, consider directed evolution to be an intermediate step to overcome the
current limitations of rational design. For engineering-dominated synthetic biology, directed
evolution is a temporary kludge that allows synthetic biologists to design functional systems until
the methods of rational design and its toolbox of standardized parts are sufficiently well developed.

Subsequently, directed evolution is often considered a less rational form of design, and is described
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as an “irrational” (Lewens 2013, 642) or “semi-rational” (Guimaraes, Liu, and Arkin 2013, 72)

approach, or even “engineering without design” (Marguet et al. 2007, 610).

Behind this juxtaposition between engineering-inspired rational design and biologically-inspired
(irrational) directed evolution lies the previously discussed philosophical question of how synthetic
biology should approach “living” features of biological systems. Whereas rational design tries to
suppress variation and take natural evolution to be first and foremost a destructive force, directed
evolution aims to utilize variation and evolution in its design process (Giese et al. 2013).
Proponents of the engineering-dominated conception of synthetic biology consider that the
application of engineering principles to biology will bring control and simplicity to inherently
complex and non-modular biological systems (see (Andrianantoandro et al. 2006; Endy 2005)). In
turn, a few critics have argued that this “mechanization” of living systems “would actually destroy
the essential characteristics of living matter” (Schmidt 2015, 21) or at least downplay the
importance of properties like self-organization and variation in biological systems (Oftedal and
Parkkinen 2013). However, these appeals to the indispensable emergent properties of living systems
have been accused of promoting vitalism, whereas synthetic biology must “shatter the notion that
biological systems are fundamentally special in some way that prevents them from being rationally

engineered” (Agapakis and Silver 2009, 711).

In this section, I will discuss the methods and application of directed evolution more thoroughly. As
I proceed to argue, directed evolution is more than just an efficient way of tinkering. It is a
systematic design approach that has its own benefits, limitations, and suitable domains of

application in contrast to rational design.

3.1 The requirements and benefits of directed evolution

Directed evolution requires a different conceptualization of the design task in comparison to the

rational design approach. Unlike rational design, directed evolution does not proceed from parts and
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their sub-functions to a system with a composite function. Rather, in directed evolution the
designer’s main tasks are the choice of the mutational target, the choice of appropriate screening
and selective pressures, and to decide when the system has evolved to a desired endpoint. Directed
evolution does not construct systems de novo, but requires some kind of a starting point where the
manipulations and modifications are made. This idea of modifying existing structures rather than
constructing them bottom-up shows why directed evolution is well suited to complement other
design approaches. A commonly used starting point and mutational target is a non-functional
system originally designed by rational design (O’Malley 2011). Therefore, directed evolution offers
a more systematic method for tinkering with non-functional systems and finding the necessary

kludges.

Methodologically, the application of directed evolution requires the ability to induce mutations, and
to screen and select the produced phenotypes. Induced, mutations need to be detected and this
requires mutations to be non-neutral, i.e. that they cause differences in phenotype, and that there are
methods to detect these differences (Cambray, Mutalik, and Arkin 2011). Usually, this detection is
done by selecting appropriate screening or selection methods. With screening, suitable organisms
are analyzed and chosen for further iterations individually. The use of selection method, in turn,
permits all organisms to be tested simultaneously, and those that do not exhibit the desired behavior
are weeded out (Jickel, Kast, and Hilvert 2008). Selection allows the synthetic biologist to discount
a large set of unfruitful mutations, but it is also more experimentally demanding than just screening
individual mutations. Both of these methods, however, require the designer to define the criteria for

assessing success in each design cycle, and to determine when the desired endpoint is reached.

Besides the methodological requirements, directed evolution requires certain features from the
target system. In the simplest form, an incremental pathway of beneficial mutations from the
starting point to the desired behavior has to exist (Dougherty and Arnold 2009). As directed

evolution proceeds through iteration of the library generation and selection/screening cycle, it
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requires detectable incremental changes in functionality. This can be helped by a proper definition
of success criteria in the selection/screening process, possibly guided by mathematical modeling so
that the designer can anticipate what kind of phenotypic changes are seen as beneficial for

achieving the design goals (Blake and Isaacs 2004; Dougherty and Arnold 2009).

Directed evolution has certain benefits that overcome some of the limitations of rational design.
First, directed evolution can be used in multiple levels of biological hierarchy (Marguet et al. 2007).
It does not entail a bottom-up part-based approach to design, where characterization of parts is the
first stage, and higher modules, devices and system can be constructed only through the fabrication
and manipulation of parts. However, application of directed evolution becomes much harder when
the target system is more complex. Currently the threshold of complexity is on the level of
individual cells, and the design of multicellular systems is technically unfeasible (Porcar 2010).
Second, directed evolution does not require as thorough an understanding of the system, the
environment, and their interactions. It is, therefore, well suited to be applied in cases when there is
incomplete knowledge of mechanistic details of the system, or when there are unpredictable
interactions, possibly through emergent phenomena or due to the variability of the environment

(Dougherty and Arnold 2009).

Finally, directed evolution can mitigate the effects of context-sensitivity by tuning the systems to a
given environment. Directed evolution allows synthetic biologists to circumvent the effects of
environmental variation by finding particular solutions for each environment. Multiple iterations of
library generation and screening/selection cycles should allow synthetic biologists to carefully
choose mutants that exhibit better functionality in the given environment. This ability to tune non-
functional systems to achieve desired functionality in novel environments is one of the main

rationales for the use of directed evolution (Haseltine and Arnold 2007).
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In addition to improving non-functional systems, environmental tuning via directed evolution has
been proposed as a biosafety tool (Marliere 2009; Schmidt 2010). An example of this is the
promotion of trophic containment and synthetic auxotrophs (Torres et al. 2016). In these
experiments, bacteria are grown in a culture that includes molecules that do not occur in the natural
food chain. These “alien nutrients” (for example, synthetic coenzymes) form a selective medium,
and bacteria are forced to evolve so that their metabolism adapts to utilize the added nutrients. The
goal of the process is to develop a mutant lineage that requires the exogenous supply of non-natural
nutrients (Marliere 2009). This should prevent bacteria from growing in a natural environment
which lacks the necessary nutrients, and, thus, decreasing the risk of accidental release of GM
bacteria outside the laboratory. Environmental tuning using selective nutrients also highlights one
of the potential trade-offs of directed evolution. Like tinkering and kludging, directed evolution

prioritizes functionality over mechanical understanding and tractability.

3.2 The limitations of directed evolution

Directed evolution is most suited to cases where mutations cause relatively easily discernible
changes in the phenotype. Qualitative changes, such as new metabolic properties, are easier to
detect than quantitative changes. In the case of trophic containment, there is an unambiguous and
effective selection setup that allows scientists to determine the success of the design cycle. Only
mutants with desired metabolic functionality should be able to grow in the culture with added
selective nutrients. However, the application of directed evolution becomes more difficult when the
changes in the phenotype must be scrutinized in each iteration of the library-generation/selection

cycle.

Analogous to the use of artificial selection in agriculture and animal husbandry, some cases and
species are more suited for improvement through directed evolution. For example, the fitness

landscape of the system affects the applicability of directed evolution. First, for directed evolution
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to reach a desired outcome, a pathway of incremental mutations to it from the starting sequence has
to exist (Dougherty and Arnold 2009). In most cases, these mutations must also cause detectable
changes in phenotype that allow synthetic biologists to pick the desired mutants for further
iterations. This is further complicated by the fact that often screening for independent properties is
difficult (Haseltine and Arnold 2007). Second, if the fitness landscape has many peaks, it is hard to
discern whether the designed system is a local or a global maximum (Romero and Arnold 2009).
The latter problem is dependent on the design task, and in many cases synthetic biologists only
require the system to achieve good enough functionality, but not necessarily the best possible
solution. However, the failure to reach an optimal solution is not limited only to directed evolution,
and it is likely that rational design will likewise produce designs that are merely “good enough” and

not the most efficient that could be achieved.

Due to these limitations and requirements on the fitness landscape of the system, one fruitful
application of directed evolution has been in the domain of protein design. The rational design of
novel proteins (such as enzymes) is a highly difficult and computationally demanding task, as it
requires the designer to be able to model how genetic changes in protein coding regions affect the
functional three-dimensional structure of the proteins. Directed evolution allows synthetic biologists
to sample multiple protein variants and choose those with improved functionality without detailed

knowledge of the functional consequences of genotypic change (Jickel, Kast, and Hilvert 2008).

However, this reveals another challenge to directed evolution, which is the possible combinatorial
complexity that arises from the design process. The number of possible mutational pathways
increases exponentially through multiple cycles of iterations (Romero and Arnold 2009). This can
increase the intractability of the design process and complicate the assessment of the successfulness
of the design. If multiple mutations are needed to reach the peak of a fitness landscape, exploration
of all solutions is not practically possible, although this can be alleviated through modeling

(Frangois and Hakim 2004; Romero and Arnold 2009). Furthermore, a properly developed selection
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setup helps decrease the combinatorial complexity that arises as the byproduct of the directed
evolution design cycle. It allows the synthetic biologist to discount sets of unfruitful mutants in

each iteration of selection.

Finally, design by directed evolution can lead to the increase in the context-sensitivity and the
decrease of the generality of the system. As discussed in the previous section, directed evolution is
used to mitigate the effects of context-sensitivity by environmental tuning (Haseltine and Arnold
2007). Directed evolution does not decrease the context-sensitivity of its systems, but rather, it
allows the synthetic biologist to circumvent those effects by forcing the system to adapt to that
specific environment. Evolutionary methods, such as the use of genetic algorithms, lend some
problem solving to the environment and lead to closer coupling between system and its
environment (Kuorikoski and Péyhonen 2013). This environmental tuning, however, can make a
system more context-sensitive and less likely to work properly in other environments, therefore

decreasing the generality of designed systems to achieve functionality.

Sometimes the increased context-sensitivity of the system can be beneficial. For example, in the
case of trophic containment, the increased context-sensitivity is itself the design goal (Marliere
2009). However, in most cases, context-sensitivity complicates the design work and restricts the
implementation and reuse of synthetic components and systems. Furthermore, evolutionary
methods do not merely increase the coupling between the system and the environment. They might
also increase the coupling between parts of a system, thus increasing its integration and non-
modularity. As discussed in Section [sec:21], this makes targeted interventions more difficult and
decreases the synthetic biologist’s ability to manipulate and control the target, as well as rearrange
or replace its parts. As small changes can propagate through a non-modular system unpredictably,
this also decreases their tractability and scientists’ ability to gain mechanical understanding about
them (Oftedal and Parkkinen 2013). How much evolutionary methods actually cause non-

modularity is, however, an empirical question, and differs from case to case.
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4. Conclusions

Synthetic biology is considered an amalgamation of previous biotechnology and engineering, as it
aims to bring the methods and heuristics of the engineering sciences to help scientists construct and
modify biological systems. Central to this is the design of new biological parts and systems through
rational design. Rational design is a parts-based approach that proceeds to make biological systems
more machine-like through decoupling design tasks and standardizing components. It is currently
the most prominent design approach in synthetic biology. Consequently, proponents of the
engineering-dominated conception of synthetic biology argue that well-developed synthetic biology

should aim to make rational design its default design methodology.

This paper offers a contrary view, opposing the idea of rational design as a one-size-fits-all solution
for design in synthetic biology. Neither should this “methodological monism” be seen as the goal of
synthetic biology. Other design approaches, such as directed evolution, are widely used in actual
research projects in synthetic biology. Rational design and directed evolution have important
differences in their design methodology. I have assessed the respective benefits and limitations of
rational design and directed evolution by providing a systematic analysis of the heuristics and
methodological principles of each approach. Table [tab:1] describes the relative differences of both
rational design and directed evolution design approaches. Rather than arguing for the primacy of

either approach, this analysis shows that each approach has its own domain where it is best applied.

Rational design is best suited for cases where reductionistic heuristics, based on the functional
decomposition of the system, are the most successful, that is, in cases where the behavior of the
system can be described and modeled through the functionalities of its constituent parts. As such,
the application of rational design attempts to suppress biological variation and emergent features of
living systems, as well as the influence of the environment. In turn, directed evolution takes

inherent complexity, noisiness, and biological phenomena to be an indispensable part of living
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systems (Giese et al. 2013). Evolution and biological variation are used as constructive forces in the
design process. Directed evolution has been most successful in cases where the system is primarily
required to achieve a certain functionality or efficiency, and possible differences in the system’s

performance and functionality are possible to discern, and subsequently, to screen and select.

This paper defends a pluralistic view on design in synthetic biology. I have suggested that, rather
than seeing directed evolution as a supplement to, or as an impure form of, rational design, it should
be seen as an alternative design approach that can complement rational design methods.
Furthermore, one should recognize the diversity of design practices in synthetic biology, and
therefore be cautious about defining synthetic biology merely as a project that aims to apply
engineering principles to biology. Too high a focus on possible engineering ideals can be
detrimental, and analyzing synthetic biology through its engineering-dominated conception is, in
part, misleading. The diversity of complementary design approaches should not be seen as a
limitation for synthetic biology, nor should biologically-inspired methods be disregarded as
divergences from the engineering ideals. Rather, the integration of evolution and the utilization of
complex features of living systems, such as self-organization and biological variation, can bring
benefits and allow more powerful methods to design and construct biological devices for human

purposes.
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