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For more than 50 years, those engineering genetic material have pursued increasingly challenging targets. During that time, the
tools and resources available to the genetic engineer have grown to encompass new extremes of both scale and precision, opening
up new opportunities in genome engineering. Today, our capacity to generate larger de novo assemblies of DNA is increasing at

a rapid pace (with concomitant decreases in manufacturing cost). We are also witnessing potent demonstrations of the power of
merging randomness and selection with engineering approaches targeting large numbers of specific sites within genomes. These
developments promise genetic engineering with unprecedented levels of design originality and offer new avenues to expand both
our understanding of the biological world and the diversity of applications for societal benefit.

Our capacity to understand and employ living systems has been inti-
mately enmeshed with our ability to manipulate and test the instructive
molecules. The ancient manipulation and testing of billion-base-pair
DNA systems is evident in the diversity of dog breeds (spanning 3
logs in mass) and agricultural species relative to their wild ancestors.
Moving in the direction of specific genetic control, the awesome power
of merging chemistry with biology in the 1960s was evident in the use
of synthetic oligonucleotides (oligos) to elucidate the fundamentals of
the genetic code!? and in the 1970s to produce the first synthetic gene?
and first synthetic gene functionally tested in vivo*.

Since that time, benchmarks in the capacity to synthesize, manipu-
late and analyze DNA constructs have been achieved at exponential
scales, in a manner reminiscent of Moore’s Law® for improvement
in integrated circuit density. Figure 1 displays milestones in the de
novo synthesis of DNA, from the first dinucleotide, dTdT, reported
in 1955 by Michelson and Todd®, to the recent construction of a
compact microbial genome (Mycoplasma genitalium; 582,970 bp)”.
Figure 2 charts the improvement over time in the efficiency of DNA
sequencing (in base pairs per dollar) as well as synthesis—both oligos
and double-stranded DNA—trends that have also been noted for
their exponential behavior®~12. The tendency of some of these trends
to increase in rate has been called the ‘law of accelerating returns’,
emphasizing that this acceleration can go beyond even normal expo-
nential growth!? (inflected upward on a log-linear graph).

Nevertheless, a paradoxical gap exists between our ability to synthesize
and our ability to design valuable novel constructs. We can now produce
oligos at 100 kbp/dollar and sequence DNA at 1 Mbp/dollar, but final
gene-length DNA constructs are 2 bp/dollar. Getting a novel DNA con-
struct to work as intended is a nontrivial process. Even modest deviations
from natural genes cannot be taken for granted as functional, and must be
tested thoroughly; much more so for de novo designs (in contrast, consider
that combinatorial libraries of oligos can be constructed at 104 bp/dol-
lar!!, although the density of these pools for a given function can be low).
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Figure 1 Milestones in the sizes of de novo synthesized DNA. Length

is nucleotides (nt) for oligos before 1970, base pairs (bp) for double-
stranded DNA from 1970 on. In vitro biochemical processing steps
enabled the leap from oligos to genes, and in vivo processing steps
(multiple cycles of cloning, sequencing and assembly) made possible the
leap from genes to genomes. Future extensions of these tiers may include
complex microbial communities or tissue organization. Data for this
graph can be found in Supplementary Table 1.

Thus, although specific design techniques are improving, we expect that
two of biology’s special tools—variation and selection—will maintain an
important role in the engineer’s repertoire.

In discussing the idea of genome engineering, we apply this working
definition: extensive and intentional genetic modification of a replicat-
ing system for a specific purpose. We leave the terms ‘extensive’ and
‘replicating system’ purposefully broad. On a practical level, we include
work on viruses and bacteriophage, such as factoring a phage genome
into many separate parts, and reorganizing and testing the new com-
binations!2. More examples are given in Figure 3. We exclude smaller
replicative units, such as viroids (as small as 220 nucleotides (nt) in
length). The tools and research interests of genome engineering also
overlap those of genome-scale engineering. For this latter term, we refer
to engineering of genetic systems on a similar scale (e.g., hundreds of
genetic components or more) but not integrated into a single replicat-
ing (typically cellular) system. Examples of genome-scale engineering
include producing and characterizing hundreds of different versions
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Figure 2 Efficiency trends in synthesis and sequencing over the past 30 years
(base pairs per dollar). Double-stranded DNA synthesis (‘gene synthesis’) while
improving rapidly, seems to lag behind the other two trends. The accelerated
improvement in sequencing and oligo synthesis this past decade has been
predicated on new miniaturization technologies (next-generation sequencing
and microarray synthesis, respectively) to where the critical events take place
on surface features measured in um?2. These transitions in technology are
noted by a change to a darker line color. Commercial gene synthesis relies on
both oligo synthesis (building blocks) and sequencing (verification and error
control) but has yet to take effective advantage of these miniaturized formats.
Some proofs of principle have been demonstrated41:51.113, Data for this graph
are detailed in Supplementary Table 2.

of a gene in vitro, or saturating a genome with single-gene knockouts
(thousands of separate strains each with one modification)!>14.

Genetic engineering as applied over the past several decades has most
often employed small numbers of specific components (e.g., a single pro-
moter and ribosome binding site coupled to a protein-encoding gene).
Over the past decade, advanced designs have been engineered using larger
numbers of components and with more complex interdependencies
between them (see ref. 15). Several examples discussed below refer to cur-
rent work at these scales (e.g., a dozen components), which in turn point
the way toward future designs that may approach the genome scale.

Thus, genome engineering is genetic engineering applied to genomes
(or at least large portions thereof). The tools used for this purpose are
often those developed for smaller-scale genetic engineering, and applied
in high-throughput fashion. In addition, genome engineering requires
new technology specifically suited to that scale. For example, de ovo con-
struction of DNA molecules of up to a few thousand base pairs has relied
on organic chemical and biochemical procedures. To generate an entire
microbial genome, however, requires new methods for combining those
smaller synthetic pieces (as detailed in ref. 7).

Genome engineering is in its infancy. The new techniques that have
enabled initial work are modest compared with the needs for more
tools at all stages: design, DNA construction and manipulation, imple-
mentation and testing, and debugging. Similarly, although potential
applications are enticing, they are largely unproven at this point in
time. As we discuss both these ideas and current progress, we begin with
the motivations for expanding current gene and gene systems work to
the genome scale, along with some goals that can only be achieved by
dramatic engineering (or reengineering) of genomes.

Motivations for genome engineering

What are the factors that will continue driving DNA engineering toward
increasingly larger and more complex designs? There is interplay between
motivating applications and the technical advances, which enable larger
scales while reducing costs. The pursuit of challenging goals leads to new
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technology and the availability of that new technology encourages more
ambitious pursuits. So why do we build genetic systems? Put another way,
if you could design and build a genome, what would you want to make?

Build to understand. The Richard Feynman quote “what I cannot create
I do not understand”! is a favorite among synthetic biologists—and for
good reason. Endy!” has pointed out that for some, synthetic biology is
the pursuit of comprehending biological systems by trying to engineer
them. (And we defer to that reference for greater exposition on the term
‘synthetic biology’.) Much of the history of genetic engineering has been
for the sake of understanding the molecular workings of life, frequently
at the level of small numbers of parts (e.g., putting the coding sequence
for a protein in a new genetic context such as a plasmid for easy manipu-
lation and study). The complexity of such designs is increasing!>!8. For
example, genetic circuits recently have been constructed to produce pat-
tern formation in microbial communities'®—a model system for studying
the basic principles influencing developmental patterns in higher organ-
isms. Furthermore, a central goal of the M. genitalium genome synthesis
has been to produce a construction technology to examine minimal gene
sets required for life0.

Build for production. Living systems produce a staggering array of prod-
ucts tailored to human needs, including foodstuffs, materials and clothing.
Recent years have seen substantial progress in metabolic engineering of
microbes—combining, modifying and tuning many genes from differ-
ent organisms for the sake of producing medicines*' and biofuels??. At
the genome level, there is much interest in engineering a cellular ‘chassis’
for the optimal performance of such metabolic systems, involving large
numbers of modifications to a microbial genome.

Build for protection. Genetic systems have also been designed to harness
microbes as biosensors for various types of threats?>?* and bioreme-
diation?®. Designs are currently in development for systems that allow
microbes to hunt and destroy cancer cells?®?” and instruct one’s own
cells to minimize the risk of septic shock?®, An example of genome-wide
engineering in this area would be the production of organisms with
fundamentally altered codon usage—°‘orthogonal’ genomes incapable
of correctly translating genetic messages from other organisms and vice
versa. At the scale of microbial genomes, this feature could prevent an
engineered laboratory strain from using acquired genes to improve its
fitness (e.g., antibiotic resistance genes) and from donating its specially
engineered features to wild organisms. Plant genomes (e.g., crops) with
this feature would be resistant to many wild pathogens (and uniquely
susceptible to designed ‘watchdog’ pathogens). They would also be inca-
pable of outcrossing with wild strains or conventional crops.

Build to creatively explore. An excellent array of explorations can
be found at the website of the International Genetically Engineered
Machines (iGEM) competition (http://www.igem.org/). These proj-
ects stand out as the accomplishments of interdisciplinary teams of
undergraduates, operating in a time frame (months) conventionally
considered brief for these types of efforts. There are too many intrigu-
ing applications to list here, but they include: (i) programming cells
to communicate their growth state by emitting different odors; (ii)
employing microbes as a photographic print medium; and (iii) many
examples of genetically encoded logic and computation. Although the
individual projects often fall into one or more of the above categories
of understanding, production or protection, the entire undertaking
serves as an experiment in the education and motivation of a new
generation of synthetic biologists. In doing so, the students seize the
opportunity to explore such questions as, How can I program a cell?
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Figure 3 Examples of engineering at the genome scale. (a) Gibson et al.61 constructed the first all-synthetic microbial genome from commercially produced
DNA cassettes. (b) Posfai et al.”® deleted many large segments of the E. coli genome to eliminate unstable DNA elements. (c) Itaya et al.5® transferred the

majority of one (archaeal) genome into another (prokaryote) genome. (d) Chan et al.}2 decomposed the T7 bacteriophage genome into many reconfigurable

modules. (e) Wang et al.38 demonstrated a technique for making large numbers of targeted changes to a genome. (f) Shimizu et al.114 developed a purified

translation system useful for in vitro prototyping of genetic functions without requiring moving genes into living cells. Note that manipulations of large DNA
segments > 100 kilobase pairs in a, b and c relied heavily on in vivo recombination-based techniques.

In partnership with the Registry of Standard Biological Parts>*3° this
work also helps tackle the question of how effectively biological sys-
tems can be engineered with composed, standardized and character-
ized genetic components. Wrestling with these questions is essential if
we are to consider designing genetic systems the size of genomes.
Regardless of purpose, most projects in gene and genome engineering
share a common set of tools and overall organization principles. In consid-
ering the accomplishments, challenges and opportunities of genome engi-
neering, we examine four basic phases of an engineering project, applied
here to genomes and other complex genetic systems: design, construction,
implementation and/or testing and debugging (troubleshooting).

The design of genetic systems

Although Figure 1 emphasizes benchmarks achieved in genetic con-
struct size, an even more significant focus should be on engineered
function. Figure 4 compares the scale of a genetic engineering proj-
ect (x-axis, in base pairs) to the proportion of that scale that was
designed de novo (Fig. 4a) and the number of ‘design units’ manipu-
lated (Fig. 4b). No one or two metrics are expected to unify such a
broad range of designs and investigations. And although a portion
of them can be said to have maximized some metric as a goal (genes
deleted, proportion designed, degree of reorganization or synthesis
scale), many also have no such goal in mind. Degree of difficulty, the
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nature of the specific functions, complexity of new configurations
and number of steps in an assembly hierarchy are certainly among
the terms worthy of consideration.

Nevertheless, we see these projects falling into three broad categories
of genetic design:

1. Design of small protein folds (up to 100% new sequence) and design of
enzymatic activity (modifying scaffolds to 10-20% new sequence).

2. Design of genetic devices using naturally derived parts. These tend to
display little de novo designed sequence; instead, new functions are
derived from new configurations of existing parts. These have been
well reviewed recently!>18,

3. Manipulation of genomes by constructing, deleting and to some
extent reorganizing components. These tend to be proof-of-prin-
ciple reports pushing the limits of scale—often asking, How much
of this can the cell tolerate?—but not of design. This statement is
not a criticism, but an observation that genome engineering is in
its infancy.

Figures 1,2 and 4 together also illustrate an underlying principle: just
as current DNA sequencing capacity dwarfs DNA synthesis capacity,
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Figure 4 Current projects in genetic engineering exhibit a trade-off
between the scale that can be manipulated and the scale at which one
can effectively design. Projects are plotted according to (a) proportion
modified or (b) number of design or assembly units. Symbols for
constructs produced by de novo DNA synthesis are outlined in black.

At the largest scales, the extent of modification has been essentially

the manipulation of large natural DNA segments (synthesis, deletion,
repositioning or cloning). However, the techniques developed to perform
these operations set the stage for unprecedented new engineering efforts.
Data for this graph are given in detail in Supplementary Table 3.

so DNA synthesis dwarfs current capacity for functional design and
debugging. If the scale of available synthesis can be considered the size
of the canvas on which we may paint, the available choices of brushes
and colors are still rather modest.

The recent accomplishment by Gibson et al.” at the J. Craig Venter
Institute (JCVI; Rockville, MD, USA) illustrates the cutting edge of
the field. The synthesis and assembly of a 582-kb pair M. genitalium
genome exceeded by tenfold the size of any previously published de
novo DNA construct (but did not reduce the cost per base pair). The
extent to which this genome was reengineered, however, was small,
primarily a handful of DNA watermarks—intended to show that the
construct truly is synthetic. And even with these slight changes, getting
the product to function proved challenging. Nevertheless, the choice
of minimal modification seems especially prudent as the JCVI group
seeks to ‘boot’ the genomic software in a fully operational cytoplasm
and debug the ensuing design/assembly process. A failure to run the
genetic operating system at this stage does not distinguish between
problems with design and problems with the general production and
‘booting’ methods (see below). As this assembly technology becomes
more robust, putting such synthetic capacity into the hands of genetic
engineers will generate enticing new opportunities for design.

Standards, parts and design frameworks. In recent years, those in the
synthetic biology community have championed the need for a standard-
ized system of genetic parts, with the hopes of enabling sophisticated
genetic systems design!7-21:31735 A comparison is drawn with progress
made last century in electronic design: standardization of parts, such as
transistors and resistors, allowed mass production, generalized design
and abstraction hierarchies. Such a hierarchy builds from the bottom
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up, so that at each level of abstraction a specialist may take advantage
of foundational work from more fundamental levels. One engineer
may design single parts, the next a device based on such parts and a
third ‘software’ using such devices. Integration of an advanced design
framework based on this idea requires specialists at each level, as well
as generalists broadly versed in the overall design system?.

In the initial stages of synthetic biology, design has been closely
linked to physical assembly. For example with BioBricks—the first
major standard implemented—assembly is kept general and inde-
pendent of specific parts through the use of a restriction-ligation
scheme. Although this places some sequence limits on the part
boundaries and requires keeping the restriction sites themselves out
of the part sequences, the flexible framework has been employed
to great effect. The value of the overall concept is underlined by
the development of at least five alternative assembly standards®’.
The long-term expectation in this area is that increasingly available
DNA synthesis will make some of the current assembly restrictions
unnecessary, and that new or modified standards will develop to take
advantage of these resources.

Designs with standardized genetic parts may involve on the order of
10-20 parts—modest compared with the scale of a genome—but quite
complex compared with most other genetic engineering. It is hoped
that the use of such standards, coupled with vigorous characterization,
will pave the way for new levels of design complexity. As this type of
genetic programming approaches the scale of genomes, cloning con-
texts will of necessity shift from an emphasis on plasmids, to bacterial
and yeast artificial chromosomes, to the primary chromosome(s) of
the strain being engineered.

The interplay of design and randomness. Relative to most other fields
of engineering, genome engineering has two huge potential advan-
tages. One is the preexistence of highly evolved modules, which have
some of the properties of careful design (albeit initially lacking speci-
fication sheets and without guarantees of interoperability or lack of
cross-talk). The second advantage consists of the capacity to harness
present-day (lab-scale) evolution and integrate the targeting of com-
binatorial changes genome-wide®33°.

One general—and powerful—category of genetic engineering
focuses on improving (or in some cases originating) function with-
out a specific genetic design and instead takes a broader approach of
directed evolution. A great body of successful metabolic engineering
has benefited by applying this principle. Directed evolution has also
been applied to the optimization of synthetic gene circuits*’. Future
breakthroughs will probably focus on the ability to design and select
from large collections of semi-synthetic DNA, with major challenges
including the collecting and designing of biosensors*! and developing
more complex selection criteria (e.g., involving cellular counters??).
Biosensing can be implemented using a second cell that requires the
sensed molecule for growth (syntrophy)*!43, Biosensors can also be
obtained from allosteric regulatory proteins and RNA (riboswitches)*4.
These can be evolved in vitro or in vivo to new specificities.

Computer-aided design tools (CAD). Once natural enzymatic and
regulatory modules are adapted, refined and measured, they can be
combined—at the drawing console—with a high degree of abstrac-
tion (ideally with intuitive graphics) while increasingly sophisticated
computational methods handle ‘lower level’ steps. CAD is required at
levels ranging from high-level design and simulation tools for syn-
thetic biology*> down to the detailed layout and sequences of oligos
needed for multiplex assembly of genes or genomes*®~48, The need for
CAD tools spans two extremes of design: first, combinatorial genetic
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modifications that enable genome engineering with functional selec-
tion in metabolic engineering, where exploring all combinations is
feasible (e.g., cis regulation of dozens of genes or more®®); and second,
sequence-based screening, where the number of changes to be made
is too large, selections are lacking or combinations are not needed
(e.g., genome-wide codon conversion in Escherichia coli, where, for
example, all TAG stop codons are to be converted to TAA).

CAD tools are also needed to generate metabolic and signaling
pathways, including processes not yet found in nature. Looking
forward, a key goal will be integrating and automating the various
aspects from protein design*® to compatibility of standards and
intellectual property. Purnick and Weiss'® give a detailed listing of

Box 1 Joining DNA

DNA fragments can be joined in essentially one of four ways:
chemical coupling, ligation, polymerization and recombination.
These are summarized below.

Chemical coupling. Organic

chemical synthesis of oligos proceeds
by stepwise addition of single
nucleotide bases to a growing chain
(Fig. 5). The extensible end of this
base (typically a 5" hydroxyl group) is
protected from further reaction by a
protecting group, which is removed

for the next cycle. The majority of
reaction failures are also terminated by
addition of a capping group to halt further chain extension. This
highly optimized chemistry can provide oligos with an average
stepwise yield of 99% or higher, enabling the production

of oligos up to 200 units in length (and on some occasions
longer83). Phosphoramidite chemistry dominates current
synthetic methods, though alternative chemistries have also
been used to great utility8% and new developments have been
recently reported®®. This stage of DNA synthesis is also distinct
as the only one achieved without a template or complementary
sequence (though sequence-independent ligation of larger
segments for this purpose is conceivable). Instead, the single
nucleotide building blocks are built into specific strings by
choices designated at each step of the serial assembly.

o> 08

Figure 5 Chemical
synthesis of DNA.
Nucleotide bases (purple
circles) are added
sequentially to the

5" end of the growing
chain. Yellow arrowhead
indicates the 3" end.

Ligation. At the heart of nearly all o
synthetic gene-sized construction is
self-assembly by means of programmed
complementary base-pair interactions.
After the specific association of

two or more strands, the next step

in producing larger pieces typically
follows one of two enzymatic courses:
ligation by a DNA ligase (Fig. 6),

or oligo extension by a DNA polymerase (Fig. 7). The first
gene syntheses employed ligation of oligos3:86 and some
newer protocols employ ligases as well®*. Many protocols for
assembling larger constructs also rely on ligation. Some of
these have used short specific overhangs of 2-4 nt generated
by restriction enzymes as the means of association®®, whereas
Gibson et al.” generated long overhangs using the 3’ to 5
exonuclease activity of DNA polymerases.

Figure 6 Ligation. DNA
ligase makes backbone
phosphate bonds (purple)
connect strands of DNA
(yellow).
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current computational tools for design and analysis of genetic net-
works—many of these demonstrate features extensible to the genome
scale, which will require handling hundreds to thousands of design
components. The CLOTHO software platform®® is one example of
an environment meant to be extensible to diverse design needs at
different scales.

The construction of synthetic genetic material

At the simplest synthesis scale for DNA, single oligos are very afford-
able and available commercially on rapid time scales. For a pair of PCR
primers, the time and cost of synthesis are more or less the same as the
time and cost of shipping (frequently, next day shipping). Even so, for

Polymerization. Although polymerases
had been well-studied long before, the
introduction of the polymerase chain
reaction, PCR8’, paved the way for a
new set of gene synthesis protocols88:89
(Fig. 7). Polymerase-based protocols
employ pairs of oligos which anneal and
are extended, each oligo serving as both
primer and template. The typical reaction
is set up to employ a pool of oligos

with several of these pairings occurring
simultaneously in a thermocycled reaction, essentially growing
progressively longer intermediates until the full-length product is
obtained. The many variations on this theme have been well reviewed
elsewhere®0-92, PCR-based overlap-extension methods can be used
to generate fairly large constructs (e.g., 15 kbp by Tian et al.46),
but because the upper limits of long PCR may be ~50 kbp, these
approaches seem unlikely to yield larger genomes by themselves.
This does not exclude the possibility of alternative methods for
genome assembly employing highly processive strand-displacing
polymerases in a nonthermocycled in vitro context.

<. . | I>

Figure 7 DNA joining by
polymerization. Overlapping
pairs of oligos (yellow)

that anneal serve as both
primer and template for
extension (purple) by DNA
polymerase (in direction of
arrows).

Recombination. Recombination methods

have been employed both in vitro and in

vivo for the assembly of DNA constructs

(Fig. 8). A well-known in vitro example is *
the Gateway system (Invitrogen; Carlsbad, @ %
CA, USA), which uses phage A site- ®
specific recombination enzymes for both
cloning and higher order assemblies. The
other common site-specific recombination
system is Cre-/oxP. Homologous
recombination systems have been used
for manipulating quite large pieces of
DNA, including double-stranded linear
replacement®3, double-stranded circle-c
integration®* in E. coli and Bacillus
subtilisS6, and single-stranded-oligo
invasion of replication®®. Although
generally used to manipulate one piece of DNA at a time, Gibson et
al b1 recently demonstrated the simultaneous recombination of 25
linear DNAs ~22 kbp each in yeast. An advantage of homologous
recombination approaches is that no exogenous sequences are
required for targeting, giving the possibility for scar-free assemblies.

Figure 8 DNA joining by
recombination. Two DNA
duplexes (yellow, purple)
are brought together to form
a four-stranded junction.
When resolved across the
dotted line, new hybrid
DNA duplexes result.
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large synthesis projects, these costs can be considerable (e.g., 1 million
base pairs of double-stranded DNA would currently cost $200,000 or
more for the oligos alone before assembly, assuming synthesis at the 10
or 25 nanomole scale).

Gene-scale synthesis is also becoming highly commoditized—com-
mercial synthetic gene providers crossed the ‘buck a base’ threshold ($1
per base pair) some time ago, and are currently near half that price. The
price of such synthetic DNA continues to drop, with trends noted as
comparable to Moore’s Law, dropping a factor of 1.5 per year®~10 (Fig.
2). It seems plausible that in a few (perhaps 3-5) years, commercial
gene synthesis could reach the same level of convenience as for syn-
thetic oligos: a cost and time on par with overnight shipping. When
this condition is met, much of the work currently done to manipulate
DNA in research labs will be outsourced. Instead of cloning into vec-
tors stored in those labs, custom or standard vectors could simply be
resynthesized on demand. To enable this flexible design structure, the
synthesis community may employ intellectual property distributions
comparable to VLSI (very large-scale integration) library licensing in
microchip manufacture?!.

Reaching this tipping point will likely depend on emerging technologies
for highly parallelized and miniaturized synthesis**>1->2, Bypassing or dra-
matically modifying current time- and cost-intensive steps, such as clon-
ing, could also be required. High-quality error correction methods*®->3>*
may also allow some applications to proceed without conventional cloning
and sequencing, or in vitro single-molecule cloning may be adopted™.

The technology of synthesis and assembly. A great variety of specific pro-
tocols exist for generating DNA constructs of different sizes. Although
there are too many individual techniques to discuss in detail here, they
are most easily presented by factoring their particulars as combinations
of a few common core elements, regardless of synthesis scale. The broad
categories of ‘DNA joining), ‘assembly organization’ and ‘error control’
are detailed in Box 1 (Figs. 5-8), Box 2 (Figs. 9-12) and Box 3 (Fig. 13),
respectively. Certain combinations of these elements are especially popu-
lar, but others represent untapped potential, such as chemical coupling
of large constructs.

In addition, the environmental context in which these procedures are
implemented has in many ways defined the limits of synthesis scale. Figure
1 denotes the three tiers of contexts that enable synthesis of increasingly
larger DNA targets. Each builds on the one below: oligo synthesis is per-
formed via organic chemical reactions, oligos are assembled into genes via
biochemical reactions and genomes are produced by manipulating gene
length constructs taking advantage of one or more in vivo processing steps.
It is worth discussing each of these steps in more detail.

The first enabling technology for the assembly of genes was that of
oligo synthesis®>°. An excellent short history of this type of organic
chemistry has been written by Hogrefe?”. Synthetic oligos are the
building blocks for larger pieces of genetic material. Although a large
proportion of oligos are short (~20 nt) and used for processes such as
PCR and DNA sequencing, those used for gene synthesis are longer,
typically 30 nt or more.

The addition of an in vitro biochemical step was a crucial advance for
the report of the first synthetic gene in 1970 by Khorana and cowork-
ers’. The authors used the newly characterized enzyme T4 ligase to link
oligos of 8 to 20 nt in length, generating the structural gene for a 77-bp
yeast alanine tRNA. Such processes have been used to assemble products
up to several thousand base pairs in length®®. The synthetic product
at this stage may variably be referred to as a gene, a synthon, a chunk, a
cluster, a cassette, a segment or a part. Though these definitions overlap,
they are not all equivalent. In this context, the term ‘gene’ often refers to
a protein reading frame, possibly with additions relating to transcription
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and translation. A part connotes function, and may be as small as, for
example, a promoter, or as large as a complex genetic device assembled
from several smaller parts (as per discussion of standardized parts above).
The other terms are more general and may include multiple genes or a
fraction of one. Regardless of name, these constructs are generally pieces
of double-stranded DNA, assembled from two or more oligos. The con-
struction process is very often referred to as gene synthesis.

The first synthetic genome reported was that of poliovirus, published
in 2002 (ref. 60). An important aspect of that synthesis was the use of
processing in living systems. Though the final destination of synthetic
genes before that time was also typically an in vivo context, the distinction
made in the top tier of Figure 1 is for processes for which in vivo handling
was a crucial and fundamental intermediate assembly step. Thus Cello et
al.®0 first synthesized subsets of the full-length viral genome and cloned
these separately into plasmids, which were subsequently used to transform
living cells. The resulting clones were sequenced and perfect clones were
selected, where possible. In the absence of a perfect clone for a given seg-
ment, site-directed mutagenesis was performed to repair the DNA. Once
error-free clones were obtained, propagating these and larger assemblies
in vivo ensured a minimal rate of introduction of new errors, a strategy
used in all the large assemblies discussed here.

More recent methods have relied on DNA recombination to perform
assembly of very large segments of DNA in vivo, with yeast proving espe-
cially apt for this purpose. The JCVI team assembling the M. genitalium
genome employed native recombination mechanisms to produce their
full-length product, demonstrating that more laborious in vitro handling
was unnecessary at some earlier steps®!. There also exists potential to take
advantage of organisms with more extensive recombination capacity, such
as Deinococcus radiodurans, which can reassemble its own genome after
extreme fragmentation®?.

As increasingly larger syntheses are attempted, the fragility of long
(genome-length) DNA strands is expected to become a more challeng-
ing issue. Using cells to perform not only assembly and amplification
but also DNA transfer is likely to become routine for assemblies a mil-
lion base pairs and larger. Immediate opportunities are apparent in
conjugative transfer of DNA between bacterial cells®> and yeast mating
and recombination®493,

Figure 14 displays two recent examples of large-scale DNA con-
struction, characterized by choices of assembly technology. In addition
to specific choices for joining, organization and error control (Boxes
1-3), a degree of parallelization and tuning are inherent in most of
these processes, although emphasized more in some than in others.
The different stages can be considered essentially modular—methods
applied at one stage (e.g., oligo synthesis) need not be tightly coupled
to the next (e.g., gene synthesis). Some approaches are better suited to
specific stages, but not necessarily limited to them. For example, oligo
synthesis chemistry is fairly standardized around serial condensation
of phosphoramidite monomers in organic solvents. Gibson et al.”
have noted that the large-scale assembly method they pioneered need
not be limited to applications of de novo synthesis but should perform
equally well for DNA extracted directly from natural sources. This
is true for many of the methods detailed here. Similarly, techniques
that have been applied to the large-scale manipulation of extracted
natural DNA!2:6466.67 are also worth considering for genome-scale
DNA construction. The largest such construct so far is the 10 Mbp
minichromosome of Kuroiwa and coworkers®®,

Automation. A central feature of efficient synthetic DNA produc-
tion is automation and scale-up. DNA synthesis companies gener-
ally employ fluid-handling robots and moderately high density (96-,
384- or 1,536-well) plate formats common to the biotech industry.
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These approaches are sufficient for high-throughput production on
the order of megabase pairs per month. A detailed example of a pro-
duction pipeline has been published by Hellinga and coworkers®®.
Another approach to high-throughput DNA production is microfluidic
processing. Specific advantages to this approach include the following:
first, minimization of reagent and consumable use; second, less depen-
dence on expensive robotics; and third, direct coupling to high-density
microarray-fabricated sources of oligo building blocks. Regarding this
last advantage, we note the potential represented by high-density arrays
that contain more genetic information—as oligos—in a few square cen-
timeters (many megabase pairs) than any commercial gene synthesis
provider currently assembles in one month. Early reports using such
oligos for gene synthesis have removed oligos from array surfaces and
manipulated them in macroscopic volumes (e.g., 10-20 pl), frequently
requiring parallel amplification of all oligos in a pool*®>!. Microfluidic
devices present a unique opportunity to instead confine these oligos in
small volumes, obtaining useful nanomolar concentrations from less than

Box 2 Assembly organization

REVIEW

femtomolar oligo yields®2. Spatially separating the large numbers of array
oligos into many small compartments (nanoliters) for parallel syntheses
is also expected to reduce the complexity of diverse oligo pools (several
thousand sequences or more) to manageable levels. Applications for this
purpose are currently still in their early stages®2. Such devices have been
forecast as a principal enabling technology for dramatically pushing down
future consumer costs’’. Other avenues will exploit growing libraries of
prefabricated parts or genomes requiring merely hundreds of changes
as enabled by the multiplex automated genome engineering (MAGE)

approach from our groups®,

Implementation—'booting’ a designed genetic system

After construction or extreme modification of a genome, another spe-
cial challenge remains: the DNA software must be ‘booted’ Booting
refers to the pulling oneself up by one’s bootstraps, or more recently
‘booting’ a computer, wherein the software is loaded into ‘blank’ com-
puter hardware’!. How is one to get an entire genome running? One

Several different organizational schemes are available for assembling pieces of DNA into larger fragments. These can be categorized
in assembly in series, by hierarchy, in parallel or by pooling. These are described below.

Serial. This simply refers to adding one 3
unit at each stage of a synthetic process 1 2
(Fig. 9). Organic chemical syntheses of «J

oligos intrinsically use this approach: Figure 9 DNA assembly
the choice of nucleotide added (A, C, in series. Single subunits
G or T) at each stage determines how (whether single nucleotides
specific sequences are constructed or large DNA cassettes)

are added one at a time

in the absence of any DNA template. -
sequentially.

Serial assembly has been employed at
every scale of DNA assembly, including
the large-scale cloning of one genome (3.5 Mbp) into another species
of cell®®. One advantage of serial processes is control%¢. Even in
cases where higher throughput methods may be preferred, serial
construction can prove the fall-back option for difficult projects, such
as the synthesis of low-complexity or repeat-intensive sequences.

Hierarchical. These schemes provide a

| | |
potent balance of throughput and control. \Y \*
L L

Pieces of DNA are joined in multiple

stages, frequently combining in pairs at

each stage (Fig. 10). For example, eight \\L/I
pieces joined as pairs produces four — —
larger assemblies; joining these as pairs ~ Figure 10 Hierarchical DNA
produces two even larger assemblies, assembly. Segments are

joined together in subsets,
producing successively larger
constructs at each stage.

and combining these yields the final
construct. Employing this hierarchy
requires three stages of assembly
compared with seven stages for a serial approach. The advantage
grows considerably at larger scales (more pieces) as N pieces can be
combined with on the order of log, NV stages (versus N-1 for a serial
approach). An increase in size by a factor of ten requires only a few
more stages. A version of this strategy was employed in the initial

M. genitalium genome synthesis, with combinations of two to four
DNA segments at each stage’. (See below, however for a pooled
version.) Another advantage of hierarchical assembly strategies is that
the intermediates produced can be helpful for debugging problems

in complex designs. This challenge is also expected to become
increasingly difficult at the longer synthesis scales.
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Parallel. It is important to recognize
a degree of parallelization inherent
to some steps of a large-scale DNA
construction effort (Fig. 11). All the
oligos synthesized for producing a
gene or a genome are expected to be .

- . assembly in parallel.
produced in parallel. The same is true Most large synthesis
for assembling several DNA cassettes projects require some
on the way to a multigene construct. degree of parallel
Microarrays are an exceptional example  processing.
of parallelizing the serial process of
oligo synthesis. Oligo microarrays can
be synthesized in situ, typically on a few
cm? of surface, with complexities as high as over one million
different specific oligo sequences.

_ll)

Figure 11 DNA

Pooling. Performing several joining
reactions in the same mixture has proven

||
extremely advantageous to improving the -
efficiency of DNA construction (Fig. 12). l
At the level of gene synthesis, both ligase- — —_—

based and polymerase-based assemblies Fi )

. . igure 12 Pooling
are often performed with pools of oligos. approaches. Multiple
See Khorana et al.85 as well as Dillon and  pNA segments are
Rosend9 for early examples. One gene joined in a single
synthesis protocol, thermodynamically reaction.
balanced inside-out (TBIO), combines
advantages of both serial and pooled
strategies®’: oligos to make a DNA segment are combined in
one pool and extended via a thermocycled polymerase reaction,
but the arrangement of oligos allows only incremental growth
of the product at each step. Pooled assembly reactions have
been performed with groups of >200 oligos to produce a 5.3-
kbp phage genome®?, and a pool of ~600 oligos has been used
to assemble 21 separate genes that were later hierarchically
combined to yield a 15-kbp product#®. Pools can also be used
in vivo38:61,
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Box 3 Error control

Errors in synthetic DNA at any length scale need to be considered
carefully. Even an error rate as low as 1 in 10,000 bp®3 can be a
major concern if the product of interest is of that scale (10%) or
larger. Two major types of mistakes are worth considering: failure
to assemble (global error) and mutations in an assembled product
(local error). However, far more detailed information is available
on the latter. Although there are many options, error control is not
explicitly required at every stage. For example, some single-gene
syntheses may simply sequence a small number of clones of the
gene product to find one that has no errors.

Select. When it can be arranged, selection for function or
viability can dramatically reduce errors in the surviving clones.
Several examples have shown utility for single genes®8, gene
systems (e.g., plasmids®899) and a small phage genome>°.

A more general form of this concept involves fusing synthetic
open-reading frames (protein-encoding or not) in-frame to

a downstream selectable gene®9:100, Most deletions in the
synthetic genes should then give rise to frameshifts so that

the host cell does not produce the downstream gene it needs

to survive. As deletions (especially point deletions) can be the
most common defect in chemically synthesized DNA®3.69,101
and are generally the most deleterious to function, this approach
can improve the quality of a construct substantially when the
desired product is a single protein reading frame. Beyond this are
selections for proper folding (Fig. 13, 1) and solubility!02.103,

Tune. Most stages of DNA construction rely on some degree of
optimization to minimize the opportunities for flawed pieces to
occur. Examples of tuning include the extensive optimization that
has accompanied commercial oligo synthesis (average stepwise
yields in excess of 99%), use of stringent annealing temperatures

to favor joining of oligos without mismatches®* and selecting

the most high-fidelity polymerases for amplification. Because
commercial oligo manufacture has generally been optimized for
other applications, tuning this organic synthesis specifically for

the purpose of gene synthesis is desirable. For example, oligos

from some providers lead to single-base deletions as the primary
error®3:101 "whereas others lead mainly to point substitutions104.
Selection of such parameters as reagent concentrations and reaction
times are likely to lead to these differences. All oligo syntheses are
influenced by the degree to which undesired trace water is present
during coupling reactions, as well as the age of the phosphoramidite
reagents. Cerrina and coworkers195 have demonstrated the utility of
optimizing /n situ oligo synthesis in microarrays specifically for the
purpose of gene synthesis.

Repair. This category includes all manner of approaches that modify
a DNA site containing an error (Fig. 13, 2). One such example
used enzymes that cut at the site of an error (in the form of a DNA
mismatch) coupled to exonuclease activity to degrade the defective
sequence, and subsequent resynthesis by polymerases!96. Many
applications have used information from DNA sequencing to fix
flawed clones through site-directed mutagenesis®9:107. Note that
in the former case no specific knowledge of the errors is involved,
whereas in the latter it is an absolute requirement. There are a
number of in vivo repair pathways that have not yet been adapted
for synthetic DNA production. Thus, we might expect to see more
applications of this type in the near future.

1158

AAATTCTTCT

Figure 13 Error control. Two copies of a DNA assembly (green and yellow
strands) are shown. One copy contains an error, such as a single-base
substitution or indel (shown as a red diamond). Approaches to reduce the
prevalence of such error-containing DNA include (1) selecting for clones
that encode properly folded proteins that, for example, fluoresce, (2) DNA
repair via nuclease excision and polymerase resynthesis or site-directed
mutagenesis, (3) purification to remove defective DNA or (4) sequencing
to identify error-free clones.

Purify. This category refers to methods for removing undesired
species from the set of DNA molecules (Fig. 13, 3). Purification
of oligos can be performed before gene synthesis to improve
either the reliability of the process. Purification to remove
defective oligos also has the potential to reduce mutations in the
final assembled gene. Because one of the most common errors
observed is a single-base deletion, purification of an oligo of
length N must be stringent enough to remove defective oligos of
length N — 1. Hybridization-based purification of oligos has also
demonstrated a dramatic improvement in error rate*6. At the
level of gene-sized pieces of DNA, the use of mismatch binding
proteins has proved effective for separation of mismatched
(error-containing) species®3:108, Cleavage of mismatch duplexes
has also been accomplished with endonucleases, followed by
electrophoretic separation09 or selective degradation®*. This
latter method possesses the additional advantage of all-fluid
handling steps (in vitro biochemistry) without the need for
additional separations.

Sequence. DNA sequencing is the gold standard for ascertaining
the quality of a synthetic construct (Fig. 13, 4). For single-gene
assemblies, sequencing is often the final stage of picking a winning
clone. For most of the larger syntheses reported”46:60.104 it hag
been expedient to clone and sequence intermediate fragments,
often of length 400-600 bp. One advantage of this size is that with
error rates typical for commercial oligos, an error-free specimen can
be identified after sequencing only a few clones. Also, typical read-
lengths for conventional Sanger sequencing are slightly longer than
this range. Thus, sequencing cloned constructs of this size can be
performed using primers generic to the vector instead of specific to
the construct. Going forward, the integration of second-generation
(high-density microarray) synthesis#6 and sequencing!10 may
require multiplex tagging and/or selective release from oligo
microarrays, as well as in vitro molecular cloning®®:111.112 where
single molecules are amplified by PCR to produce clone-like
isolates, which are then sequenced.
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Kodumal et al. Gibson et al.
Oligo Organic . . Organic . .
synthesis chemistry Chemical Serial Tune chemistry Chemical Serial Tune
Lo e .
'
Gene Biochemistry q 1 Biochemistry  Ligate/ Serial/ Purify/
assembly (in vitro) PRy el SguEED ' (in vitro) polymerize pool sequence
i e e e
Multigene In vitro/ . . In vitro/ f
assembly In vivo Ligate Hierarchy ~ Sequence I In vivo Recombine Pool Sequence I

Figure 14 The general process of assembling large genetic constructs. Two recent examples®!:104 are diagrammed. Three major tiers are shown, indicating
the different stages for 1, the synthesis of oligos; 2, the assembly of oligos into larger double-stranded synthons (usually in the 0.5-5 kbp size range and
frequently a gene); and 3, assembly of these units into larger constructs. Colored boxes correspond to choices made regarding the assembly environment
(gold), joining mode (orange, see Box 1), assembly organization (blue, see Box 2) and error control (green, see Box 3). A dotted line indicates when the
project flow crosses over from commercially provided services—oligos for Kodumal et al.194 and 5-7 kbp cassettes for Gibson et al.61. Thus, for the latter
report, some gene assembly elements likely vary between the three vendors employed. ‘/n vitro/vivo’ refers to the toggling back and forth between cellular

and test tube (aqueous) environments at stages in the processing.

may consider the possibility of creating cellular ‘ghost’ cells, with tran-
scription and translation machinery, but no genome of their own. These
could be generated through cell division mutants, by internal digestion
of the host genomic DNA or by reassembly of membrane and cytoplas-
mic fractions. The synthetic genome could then be transformed into
these cell-like compartments. The JCVI team has reported a related
technique of transforming one type of cell with an extracted donor
genome (with the host genome originally intact, but later selected
against or possibly digested)’?. Nevertheless, because the hardware
environment of living systems is frequently redefined by the resident
genome, the degree of designed modification (Fig. 3a) raises compat-
ibility issues—including codon usage, restriction and/or modification
systems’?, chromosome stability®® and regulatory incompatibilities.
In contrast, booting a synthetic bacteriophage or virus genome poses
much less difficulty—though it is by no means trivial—typically using
the type of cell host the wild-type virus is compatible with, ensuring
fairly optimal compatibility!'26774,

A second approach is to incrementally alter an existing genome
while the cell continues to operate. (This requires genome compat-
ibility from one stage to the next, though not necessarily between
the original and final genome states.) This strategy is a continuum
of ‘traditional’” genetic engineering and much akin to altering an
operating system while a computer is running; it has proven use-
ful in E. coli genome-scale deletion studies’>’°. In some cases, the
incoming genome could stay largely silent during in vivo transfers
and assembly. Having the core set of new transcription, translation
and replication functions under dual, inducible control would allow
them to be switched on and produced first with the host machinery,
later assuming the dominant role in the cell. The two-genome fusion
of Itaya and coworkers®® employed the first part of this strategy,
with the incoming genome segments largely dormant. Such ‘running
patch’ methods are also proving efficient in attempts to reprogram
the genetic code of E. coli, with the goal of enabling nonnatural amino
acid applications and blocking effective horizontal gene transfer (F.J.
Isaacs & P.A.C. et al., unpublished data).

A third approach would be complete breakdown into in vitro modules,
which also permits a radical degree of redesign and debugging’’. Taking
such rebooting to an extreme in terms of degree of modification would
be a mirror-image genome’®, where every stereocenter in every biomol-
ecule would be inverted relative to life as we know it. Such a system would
be incompatible with any existing cytoplasm, and would require true
bootstrapping from a minimal set of biochemical functions (replication,
transcription and translation). Nevertheless, even this grand challenge for
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vitalism and the accidental nature of life’s chirality leans heavily on our
knowledge of working living systems. Constructing a genome entirely
from de novo designs or selections from true random-polymers (ala poly-
nucleotide aptamer libraries) is considerably further off.

Troubleshooting—debugging the bugs

The various approaches shown in Figure 3 also illustrate the dual
robustness and fragility of living systems. Vast amounts of a genome
can be completely deleted without apparent harm to the organism and
even yield improved performance’>7°. At the same time, very modest
changes expected to be functionally invisible can cause reduced fitness®
and single-point mutations can easily be fatal. Whereas a remaining
challenge in genome engineering is to improve our ability to design
more robustly, designs at these scales should also place an emphasis on
planned troubleshooting.

Biological complexity represents a special challenge for genome engi-
neers. Across the different fields of engineering, many kinds of design
may have conflicts between the working parts—components that do
not connect as intended, or which in combination display unexpected
behaviors. But for biological systems especially, the background environ-
ment is still very incompletely understood when contrasted with other
disciplines, such as electronics design. Though a given genome sequence
may be known, the functions of many predicted proteins typically remain
unknown and the relationships between known functions incompletely
mapped. The interactions between a given designed genetic system and its
cellular environment may display both general components (e.g., drains
on cell resources, such as ATP and ribosome translation capacity) and
specific components (e.g., undesired action of a designed DNA-binding
protein on host genes). Various technologies in development have the
potential to reduce this complexity, such as routing protein synthesis for
the engineered system via an orthogonal ribosome”® or running a genetic
circuit in an existing organelle, such as a mitochondrion or engineered
cellular vesicle. Nevertheless, many types of designs will not necessarily
be amenable to such isolation.

Just as the value of design and assembly hierarchies has been empha-
sized above, hierarchical debugging strategies will greatly facilitate success-
ful implementation of designed genetic systems. There are two relevant
hierarchies to consider. The first mirrors that used for design. All the sepa-
rate genetic parts of a designed system should be tested singly in parallel,
or in as simple a representation as possible. Where possible, combinations
of simple parts into larger units should be performed along lines of linked
function, so that these combinations can also be tested en route to the
final assembly. Parts assembly strategies such as for BioBricks are intended

1159



'@3 © 2009 Nature America, Inc. All rights reserved.

REVIEW

to facilitate this process. In contrast, an all-or-nothing assembly and test
strategy leaves the designer with little hint as to what went wrong.

The second hierarchy is that of the testing environment. I silico (virtual,
simulation), in vitro and in vivo contexts all have a role to play. Numerical
simulations involving ordinary differential equations have been used to
test many genetic circuit designs. In vitro tests, such as with transcription/
translation mixes, have the potential to quickly profile simple parts and test
devices in the absence of complicating factors from the whole cell. Thus,
failures at this testing level are more likely to reveal fundamental flaws in
the parts themselves. Neither virtual nor in vitro simulation can replace
in vivo testing, as they cannot effectively represent the complexity of the
biological environment. Even so, problems revealed at these earlier testing
stages are likely to indicate real concerns for the in vivo context—and with
the right resources in place will typically be much faster to test. Large-scale,
rapid and cost-effective DNA synthesis will be an enabling technology for
any troubleshooting that involves modifying or making new parts for a
design. Thus, transitions back and forth between the drawing table and
the laboratory can be kept minimal.

Perspectives

We have commented on technological advances that will enhance molecu-
lar engineers’ capacity to design and build at increasingly larger genetic
scales. There are a number of research goals in this area likely to be achieved
in the next several years that merit additional comment.

One of these is all in vitro processing of large-scale syntheses, particu-
larly when coupled to protein synthesis and functional assays—a sharp
departure from the noted trend of increasingly biological processing.
These syntheses may be on scales up to megabase pairs, probably exploit-
ing parallelism rather than stitching DNA fragments together into genome
lengths. One genome-scale application would be synthesizing and testing
hundreds of versions of proteins designed around a specific function, a
scale-up in complexity (and scale-down in time and cost per gene) of
recent work such as that from the Baker group*’. Another use would be
the profiling of many genes for evaluation in constructing in vivo bio-
synthetic pathways. Starting from sequence data, cellulases from 100 or
more organisms could be constructed and compared for performance in
biofuel feedstock production, or enzyme components mixed and matched
to optimize terpenoid production for pharmaceutical biomanufacture. A
third version of these in vitro applications would be to start from DNA
sequences obtained as clinical data (e.g., the entire genetic diversity of a
specific HIV patient’s viral load) and resynthesize the corresponding genes
and proteins to test for compatibility with choices of drug regimens (or
evaluate a new drug). This degree of personalized medicine, coupled with
expected advances in DNA sequencing will be facilitated by microfluidic
integration of oligo synthesis, gene synthesis®?, translation of genes to
proteins and assaying®. The level of integration possible (sequence data
in, assay data out) will also serve to decouple physical sample acquisition
from the experimental molecules, which in turn will be decoupled from
the data’s final destination (that is, the clinician and patient). Centralized
high-performance resources could thus serve a world-wide community
with rapid response on the order of a day.

These forms of in vitro rapid prototyping have potential for evaluat-
ing not just single-gene designs, but also more complex systems—genetic
circuits, metabolic pathways and even genomes. Such approaches will not
represent the complexity such designs will face in their final in vivo set-
tings. Rather, they provide the opportunity to characterize performance
in a defined and adjustable setting (e.g., chemical environment) for single
components and specified combinations of those components.

As the scale of synthesis and assembly continues to grow, new methods
will also be developed to deal with the challenges of large, more fragile,
genome-lengths of DNA. ‘All-biological’ handling of DNA transfer and
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recombination events seems especially likely, such as with bacterial
conjugation, yeast mating and mammalian cell fusions. Furthermore,
although a majority of efforts in genome engineering have focused on
single-celled organisms, emerging tools for large-scale genetic manipu-
lation in higher organisms®®®8! are also expected to prove of great use. It
would not be surprising if the next tier extending the trends of Figure
1 relies on using cellular communities to execute designs that exceed
the complexity of a single genome.

By way of summary, consider the utility of a microorganism with
a reengineered genome that combines the following features: (i)
removal of DNA elements that contribute to genetic instability, such
as insertion sequences’® and phase variation systems; (ii) restructur-
ing of the genetic code to ensure no cross-compatibility with other
organisms®?; (iii) simplification of the genetic code to allow easy
inclusion of new, nonnatural amino acids (F.J. Isaacs & P.A.C. et al.,
unpublished data); (iv) removal of metabolic pathways that drain
the resources of the cell and are not needed in a laboratory or bio-
manufacturing capacity’>; and (v) incorporation of systems that allow
rapid and efficient tuning of genetic components, taking advantage
of directed evolution®®. These properties (and others) would contrib-
ute to the production of a cellular chassis that would be the starting
point for a wide range of genetic programming applications. The
‘genetic isolation’ of a unique genetic code would give a safer context
to perform advanced bioengineering—unable to make use of exog-
enous genes that encode toxicity factors or antibiotic resistance, and
unable to effectively donate its own special genetic features to wild
strains. Increased genetic stability would provide a more consistent
engineering environment, with genetic variation occurring primarily
only where directed. Removal of unneeded components that use up
cellular resources provides the opportunity to direct more of these
resources for producing useful compounds, leading to higher yields.
We expect many different versions (and species) of such reengineered
strains to be of great utility, with some in highly specialized applica-
tion roles, and others serving for broad general use.

We now find ourselves at an intriguing turning point. The current
scale of de novo synthesis and reuse of engineered genetic parts seems to
be leading directly to new modes of design and exploration. At the gene
level, many simple gene modifications, such as cloning and mutagenesis,
are being replaced with automated synthesis, assembly and even charac-
terization. This transition will also allow entry into the field of designers
who need not be experts in traditional DNA manipulation techniques.
Some goals will be accessible only by genome-wide methods, such as the
reformatting of the genetic code by altering tens of thousands of native
codon assignments, chirality or pH/thermal stabilities genome-wide. In
the longer term, the scaling of genome engineering will lead us toward
engineering synthetic ecosystems, multicellular developmental systems
(including human) and general programmable matter.

Note: Supplementary information is available on the Nature Biotechnology website.
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