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Abstract

DNA synthesis technology has progressed to the point that it is now practical
to synthesize entire genomes. Quite a variety of methods have been devel-
oped, first to synthesize single genes but ultimately to massively edit or write
from scratch entire genomes. Synthetic genomes can essentially be clones of
native sequences, but this approach does not teach usmuch new biology.The
ability to endow genomes with novel properties offers special promise for ad-
dressing questions not easily approachable with conventional gene-at-a-time
methods. These include questions about evolution and about how genomes
are fundamentally wired informationally,metabolically, and genetically. The
techniques and technologies relating to how to design, build, and deliver big
DNA at the genome scale are reviewed here. A fuller understanding of these
principles may someday lead to the ability to truly design genomes from
scratch.
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INTRODUCTION

DNA is the carrier of genetic information for all living organisms. In the 1950s, researchers de-
termined the structure of DNA and described the flow of genetic information, now commonly
known as the central dogma of molecular biology; since then, the study of genetics has greatly
accelerated. While proteins and RNAs direct virtually all cellular activities, it is the DNA that
provides the template for RNA transcription and coding information for protein translation and
enables transmission of genetic information across generations. Thus, studying how DNA works
in different organisms represents one way to probe the nature of life.

The ability to read DNA sequence was first established in the 1970s, and sequencing through-
put scaled up massively with the emergence of next-generation sequencing technologies. Approx-
imately 15,000 species in the tree of life were completely or partially sequenced as of April 2018
(1). It is now feasible to determine the sequence of some genomes in a matter of hours. The next
great challenge is to decipher with base-pair resolution how genome sequences work to enable all
aspects of cellular function and life.

Studies have been conducted from many perspectives to address the basic questions about
genome function. From the synthetic biology perspective, an important demonstration of under-
standing something is to build it from scratch, as famously stated on Richard Feynman’s black-
board. Chemical synthesis of genes and genomes started in the 1970s, when researchers built a
77-base-pair (bp) yeast tRNA gene (2). Technology advances in oligonucleotide synthesis, DNA
assembly, and genome delivery have revolutionized the field of synthetic genomics. In the past
two decades, not only have more synthetic genomes been completed but the size and complexity
of synthetic genome projects have increased (Figure 1). In this review, we highlight progress in
recent synthetic genome projects through the lens of the design-build-test-learn paradigm and
discuss the current status and potential future directions of this field.

DESIGN OF SYNTHETIC GENOMES

Like drawing the blueprint of a building prior to construction, designing a synthetic genome is
the first task of genome synthesis, and it is a major task that requires major consideration.Genome
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Escherichia coli
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 ~11.35 Mb 100×
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~0.58 Mb

100×
Mycoplasma 

mycoides
~1.08 Mb

100×

ФX174
~5.38 kb
10,000×

Poliovirus
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Chr. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 X Y22

Figure 1

An illustration of six de novo genome synthesis projects and the wild-type human genome (not to scale). Poliovirus complementary
DNA is presented by a light green line showing single-stranded linear DNA; synthetic ϕX174 is presented by a brown ring showing
single-stranded circular DNA; syntheticMycoplasma genitalium,Mycoplasma mycoides, and Escherichia coli genomes are presented by red,
yellow, and green dashed circles showing double-stranded circular DNAs; the human and yeast chromosomes are denoted by two
connected bars that represent chromosome arms consisting of double-stranded linear DNA. The 10,000× and 100× labels represent
scale-up factors required to match the indicated human genome size. Abbreviations: Chr., chromosome; kb, kilobase; Mb, megabase.
Figure adapted with permission from Reference 148.

designs have to match the capability of genome synthesis or genome engineering to ensure suc-
cessful completion. Historically, with the growing capability of genome synthesis, researchers de-
signed genomes from simple to complex. In general, previous genome designs have fallen into four
categories, as described below. Here we specify some studies that represent each design category.

Distinguishing Synthetic and Native Genomes

Among early genome synthesis studies, designing a sequence nearly identical to the wild type was
prioritized to minimize chances of failure (2). Here, distinguishing the synthetic product from its
natural counterpart is an important issue, and several different strategies have been documented.
Cello et al. (3) altered a total of 27 nucleotides in designing a synthetic poliovirus genome sequence
[∼7.5 kilobases (kb)] to introduce detectable changes by restriction digestion and sequencing.
Gibson et al. (4) inserted five watermarks, 48–143-bp sequences used to encode tracking informa-
tion into DNA, at intergenic positions that were known to tolerate transposon insertion. Smith
et al. (5) used an entirely different approach and designed a ϕX174 bacteriophage genome se-
quence that matched a published reference sequence for which they did not have physical DNA
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as a template (6). In all cases, the goal of the design was to make a minimal number of changes to a
known, functional genome sequence in the hopes that the synthetic version would function in cells.
This minimized the risk that the cost and effort of assembling these genomes would be wasted
as a consequence of the designed sequence not working upon delivery to host cells. The projects
were also important demonstrations that the nucleotide sequence was sufficient for function,with-
out the need for unobserved chemical modifications or undetected additional vital components,
perhaps serving as the ultimate death knell to vitalism.

Refactoring Native Genomes

A more aggressive strategy for synthetic genome design is termed refactoring and is particularly
notable in viral and other compact genomes that have been evolutionarily selected for small size,
a process sometimes referred to as streamlining. For example, the genome of T7 bacteriophage
was partially redesigned to define one or more genetic elements as individual parts, which other-
wise overlap with one another in the wild-type genome (7). The main advantage to disentangling
genetic elements into stand-alone parts is that different modules can be assembled and tested
individually to dissect their specific functionalities. Since the design maintains the same genetic
features as the native genome, the refactored T7 genome should ideally maintain properties sim-
ilar to those of the wild type while being easier to manipulate (7). The refactoring approach
also has important applications for genetic pathway design to obtain better-controlled systems
(8, 9).

Reducing Redundancy in Native Genomes

Are all DNA elements in a genome necessary? We would hypothesize the answer to be no, as
some DNA elements are clearly redundant and others, such as transposable elements, can have
deleterious effects in the short term, even though they may provide a strong selective advantage
to a species in terms of adaptability in the long term (10). Additionally, cells may not need some
genetic features when grown under stress-free or nutrient-rich conditions.Escherichia coli, a model
organism for basic research and industrial applications, has been used to test these hypotheses.
Researchers across laboratories reduced the size of theE. coli genome by 7% to 29.7%using a series
of different designs (11–14), and the multiple-deletion series strains generated by Blattner’s group
were commercialized by Scarab Genomics. Claims were made regarding improved fitness and
performance under certain conditions. But in some cases, the smaller synthetic genomes resulted
in impaired strain fitness (14). One important outcome of this work was a test of gene essentiality
in the E. coli genome,which was mapped in 1997 (15).Nevertheless, these E. coli genome reduction
studies verified the hypothesis that native genomes could be simplified by following considered
genome reduction designs.

Making Designer Alterations and Adding Elements to Endow New Functions

Eukaryotic genomes are more complicated than prokaryotic genomes due to their larger size and
greater complexity of genome regulation and architecture. Designing such synthetic genomes
requires deep consideration of many aspects, including basic biology, industrial potential, and
biosafety. The Synthetic Yeast Genome Project (Sc2.0) is the first eukaryotic genome synthesis
project in the world. The ultimate goal of Sc2.0 is to build a synthetic yeast genome that powers
wild-type fitness while increasing genome versatility to probe new biological questions regard-
ing gene content, genome structure–function relationships, and evolution. Therefore, the design
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of Sc2.0 was a notable departure from the goals of previous genome synthesis projects in which
the primary intention was to minimize the number of changes during design. Rather, during the
design of Sc2.0, dramatic changes were made to the known Saccharomyces cerevisiae genome se-
quence to design a genome that can teach us new biology, the overarching theme of the project
(16). First, retrotransposons, subtelomeric repeated sequences, other repeated genes such as COS
and PAU that are presumed to be nonessential, and tRNAgenes were removed or relocated tomin-
imize sources of genome instability. Second, pre-mRNA and pre-tRNA introns were removed to
eventually allow the following questions to be posed: Can all such introns be removed from the
genome? Assuming that is possible, is it then possible to delete all or part of the splicingmachinery
from the genome? Third, stop codon swaps (a modest rewrite of the genetic code) and loxPsym
site insertion [the basis for genome SCRaMbLE (17); see the section titled Insights from Syn-
thetic Genomes] can endow the synthetic genome with new potential functions, allowing future
genome modifications to provide new insights. Restriction site modifications facilitated the as-
sembly of synthetic chromosomes. To distinguish synthetic products from native chromosomes,
a watermarking system called PCRTags introduced synonymous changes into the nucleotide se-
quence within open reading frames to enable a polymerase chain reaction (PCR)-based assay for
synthetic content. The PCRTags facilitate analysis of intermediates in the assembly of synthetic
chromosomes to ensure not only that the synthetic sequences are incorporated but—an equally
important practical consideration—that the native sequences are eliminated. The resulting syn-
thetic genome has an ∼8% size reduction and 1.1 megabases (Mb) of sequence alterations relative
to the native genome (16). The design of Sc2.0 was a critical part of the experiment, and embark-
ing on a systematic redesign makes the assumption that we have sufficient information about the
yeast genome and biology in general to introduce massive changes, for example by deleting entire
classes of genetic elements, but still retain high fitness once the genome is built. Importantly, the
process used to build up the synthetic genome was segmental swapping of 30–60 kb at a time,
which allowed for early tests of risky strategic elements of the design.

All genome synthesis projects to date have started with a known reference sequence and im-
posed some type of redesign, whether minor or major. An important prerequisite is to have an
excellent understanding of the entire sequence of a genome in the form of a complete reference
sequence. Additionally, having an accurate and comprehensive genome annotation is equally if
not more critical and builds on the shoulders of communities that have spent decades dissect-
ing the biology of an organism by more traditional methods. Efforts have been made to identify
the functional elements in different genomes through both computational and experimental ap-
proaches. Experimentally, transposon-based mutagenesis methods (18, 19) and systematic gene
knockouts (20, 21) have been used to identify gene essentiality in both bacteria and yeast. Similar
studies were performed in several other species (22, 23). Computationally, genome comparison
across subspecies is one way to identify gene essentiality. DNA elements that are present in one
subspecies but are absent in other subspecies are more likely to be deletable, at least in stress-free,
nutrient-rich conditions (13).

While genome characterization is important for designing a fully functional genome, even
the most optimized genome design can still miss key unknown features that affect the complex
biological system of a cell. We have termed these design bugs (24). Design bugs become appar-
ent only during the in vivo phase of genome synthesis—for example, synonymous codon sub-
stitution, which affects growth fitness in E. coli (25), or watermark incorporation, which alters
mRNA secondary structure (24) or introduces ectopic transcription binding sites (26) in yeast
(see the section titled Insights from Synthetic Genomes). The mechanisms underlying these bugs
might reveal unappreciated aspects of codon usage bias, translation efficiency, ribosome binding,
or a multitude of other biological unknowns (27–29). As such, debugging, while operationally
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frustrating and difficult, may represent one of the biggest contributions of the Sc2.0 project, as
this is where current assumptions in our understanding of genome biology are challenged and,
hopefully, new insights into biology are obtained.

Perhaps the ultimate alteration of biological systems is to fundamentally expand life’s alpha-
bet by expanding the number of bases from four to more. Important progress in this area has
been made by the Romesberg and Benner groups. The Benner team (30) has recently reported
expanding the alphabet by four, by strictly adhering to the known hydrogen bonding, geometric,
and electrochemical features of natural base pairs to systematically explore otherwise conven-
tional Watson–Crick base-pairing modalities. The resulting hachimoji set of eight nucleotides
[and its precursor system, artificially expanded genetic information system (AEGIS)] is able to
form conventional B-DNA structures in double-stranded DNA, even when the non-GATC bases
are present in runs of contiguous base pairs. DNA and RNA polymerases that can incorporate
the appropriate triphosphates in vitro have been identified, opening the possibility of deploying
this expanded alphabet in vivo. However, the major challenge to such deployment inside living
cells relates to engineering the entire suite of macromolecules required to efficiently import the
synthetic precursors of the required nucleotides and convert them to triphosphates inside living
cells. Impressive in vitro achievements with this system include the demonstration of functional
RNA aptamers containing these nucleotides (30, 31) and the development of a large series of diag-
nostic tests based on PCR that use these orthogonal base pairs to dramatically enhance specificity
(32).

An alternative approach, pioneered by Romesberg and colleagues (33), exploited a pair of
modified nucleotides that interact hydrophobically rather than by hydrogen bonding. Here, too,
engineering of polymerases was required to efficiently incorporate these unnatural bases. This
approach, combined with innovative deployment of a nucleoside triphosphate transporter gene
borrowed from a diatom genome, led to the impressive demonstration of not only the stable and
persistent replication of DNA containing these bases but also their transcription into functional
mRNA and tRNA, culminating in decoding and translation of a codon containing a synthetic
base inside living bacteria (33). The novel base pair has an unusual structure in DNA in which
the bases are slipped relative to each other rather than aligned as in Watson–Crick base pairing.
This limitation means that unlike in the case of hachimoji DNA, it is likely to be difficult to make
functional runs of such nucleotides, as their impact on DNA structure is less likely to permit
proper decoding and stability properties.

BUILDING SYNTHETIC GENOMES FROM SCRATCH

Synthetic genomes are built from the bottom up using single-stranded oligonucleotides as start-
ing material. Over the past two decades, automating and miniaturizing oligonucleotide synthe-
sis has enabled significant cost reduction to meet the increased demand of the DNA synthesis
market. However, synthesizing oligonucleotides longer than 200 nucleotides with high fidelity
is still challenging due to the repetitive yield problem, which results in part from imperfect nu-
cleotide chemical purity and chemical damage occurring during synthesis: even if each chemical
step is 99% effective, only 13% of 200-mer molecules will be correct. Therefore, to produce
longer DNA sequences to specification, single-stranded oligos are stitched together via a variety
of methods into longer double-stranded DNA pieces, and the larger constructs are eventually as-
sembled to genome size. In some cases, the synthetic DNA needs to be built in a different host to
achieve higher assembly efficiency. In these cases, technologies for genome transplantation may
be needed. This section reviews the methods of oligonucleotide synthesis, genome assembly, and
genome delivery, discussing the strengths and weaknesses of each method.
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Oligonucleotide Synthesis

After discovering the structure of DNA in the 1950s, researchers started trying to chemically join
deoxyribonucleotides in vitro.The synthesis of dithymidine dinucleotide pioneered the field of in
vitro DNA synthesis (34). In the 1980s, synthetic phosphoramidite chemistry was developed and
subsequently automated and has since been used for more than 30 years (35). High-throughput
and automated oligo synthesis technologies result in higher oligonucleotide production per day,
particularly when they use microarrays that allow tens of thousands of oligos to be made in parallel
in a pooled format (36). However, given the low yield and high error rates of array-based DNA
synthesis, some obstacles had to be overcome for widespread use (37). Details of oligonucleotide
synthesis methods have been reviewed elsewhere (38, 39).

Due to technical barriers, the chemical synthesis approach is unable to infinitely increase prod-
uct length with high fidelity, making it challenging to meet the growing demand for DNA synthe-
sis of products that can encode pathways or even of single genes. Also, hazardous organic solvents
are used during synthesis. In contrast, enzyme-based single-stranded DNA synthesis methods
have the potential to polymerize oligonucleotides faster and more accurately. Among all known
DNA and RNA synthesis enzymes, terminal deoxynucleotidyl transferase (TdT) is dedicated to
DNA synthesis in a template-independent manner, since it uses single-stranded DNA as an ini-
tiator and polymerizes nucleotides by adding deoxynucleotide triphosphates (dNTPs) stepwise
to the 3′-OH group of the initiator, unlike other polymerases, which obligatorily use a double-
stranded primer–template DNA complex. TdT is a member of the X family of DNA polymerases
and works mostly in vertebrate immune systems to introduce a diversity of antigen receptors dur-
ing replication because of its low fidelity (40). Bollum (41, 42) first isolated and characterized
TdT in the 1960s. Studies show that TdT can incorporate multiple fluorescent nucleotides and
catalyze DNA polymerization up to 8 kb on a surface (43), indicating that it has great potential
for chip-based DNA synthesis. It is also capable of incorporating various nucleotide derivatives
to endow more functionalities to DNA (44), such as nuclease resistance (45). Currently there are
still many barriers to commercializing TdT for DNA synthesis, one of which is its template in-
dependence, which leads to random incorporation of nucleotides. Thus, dNTPs must be added
one at a time and at very high purity. Efforts from both academic institutions and companies may
lead to the development of efficient and effective enzymatic DNA synthesis technologies in the
future.

Synthetic Genome Assembly

Typically, a gene or functional unit consists of hundreds to thousands of base pairs, a length scale
well outside the range of oligonucleotide synthesis—not to mention chromosomes or genomes.
Researchers have developed various protocols to assemble multiple oligos into designed se-
quences. Early gene synthesis relied on short oligonucleotides and T4 polynucleotide ligase. Fol-
lowing the chemical synthesis of two 12-mers, a 77-mer yeast alanine tRNA gene was synthesized
by joining 17 segments varying in length from 5 to 20 nucleotides (2). Later approaches, which
relied on DNA polymerases, include polymerase chain assembly (PCA) and PCR, which could
assemble several kilobases of DNA from tens to hundreds of overlapped oligos in single-step as-
sembly (46). By applying PCA and conventional cloning, Cello et al. (3) hierarchically built the
synthetic genome of poliovirus. Methodological optimizations such as oligonucleotide gel pu-
rification and 55°C ligation prior to PCA have dramatically increased the assembly length and
efficiency of PCA (5). Non-PCA-based gene synthesis methods have also emerged and have been
reviewed elsewhere (47). Notably, synthetic DNA fragments can be directly assembled in yeast
using overlapping oligonucleotides (48). A large number of biotechnology companies have taken
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Table 1 Price filtering rules and the reasons for them in gene synthesis

Sequence feature Effect on price Reason(s)
Length Longer → more expensive PCR efficiency declines with length; mispriming

increases with number of oligos; errors accumulate
with length

Global GC or AT content More extreme → more expensive Extremes of base composition reduce information
content of DNA, leading to mispriming

Homopolymers/copolymers Longer → more expensive Polymerase slippage leads to expansion/contraction
of runs

Repeats in sequence More/longer repeats → more expensive Repeats lead to misassembly

over the work of joining oligos into gene-sized parts (at the time of writing, the length limit for
commercial synthesis is typically less than 5 kb) using column- ormicroarray-synthesized oligonu-
cleotides as building blocks. PCA-based methods often include an intrinsic error-correction step
that employs nucleases that recognize and cut unpaired or improperly paired sequences; the action
of these nucleases can weed out molecules that are mismatched due to errors in the underlying
oligonucleotides.Themost common type of error, a single-base deletion, greatly distorts theDNA
helix, making it relatively easy to recognize and cut. A challenge is that these nucleases are mostly
temperature sensitive so that including them in each cycle of the PCR is not practical, but adding
them as often as possible should provide the highest degree of error correction.The oligo-to-gene
synthesis procedures also involve subsequent validation by sequencing; if some parts fail to pass
sequence verification, additional postsynthesis error-correction steps may be needed to produce
final desired sequences, and the resulting price ranges from $0.10 to $0.15 per base pair in 2019
for finished cloned sequences. However, commercial prices for finished cloned sequences are typ-
ically subject to filtering rules that eliminate from consideration sequences that are difficult to
synthesize, difficult to amplify, or even just difficult to sequence verify, such as molecules with ex-
tensive runs of homopolymers (e.g., An) or homocopolymers (e.g., [AT]n), other direct repeats, or
global or local extremes of AT or GC content. Special (i.e., higher) prices typically apply to such
sequences and can raise the price of synthesis dramatically. Typical filtering rules and their effects
on price are summarized in Table 1. Note that all of these sequence features are very commonly
found in biological genomes, substantially increasing the price of de novo synthesis of native-like
sequences.

Importantly, pooled oligonucleotide synthesis has the potential to radically decrease synthe-
sis costs, but despite this, the challenges of converting these pools to cloned, (ideally) error-free
DNAs have not yet resulted in precipitous price drops in the overall cost of gene-sized pieces that
are as dramatic as the superexponential price drops that occurred in the development of DNA
sequencing technology.

Alternatively, handing this labor-intensive gene synthesis work to undergraduate students—
for example, the build-a-genome courses at Johns Hopkins University (49) and Tianjin Univer-
sity (50)—represent an approach to teach synthetic biology students practical gene and genome
synthesis knowledge and to move synthetic genome projects forward in parallel.

Depending on the size and DNA content of the final assembly product, both in vitro and
in vivo assembly methods have been used to assemble larger DNA from <5-kb building blocks
(Figure 2). Among those in vitroDNA assemblymethods,BioBricks and BglBricks are suitable for
sequential assembly of several gene parts (51–53).However, the 8- or 6-bp scars generated at every
junction are highly undesirable. Golden Gate/MoClo assembly was developed as a seamless way
to ligate double-stranded DNA sequences in a defined order using type IIS restriction enzymes
(54–56). This method has been demonstrated for highly efficient assembly of yeast transcription
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a  In vitro assembly

b  In vivo assembly

Oligonucleotide assembly

Transformation-associated recombination
CEN/ARS Marker

CEN/ARS Marker

PCA

SLIC

Golden Gate assembly

Gibson assembly

DNA polymerase

T4 DNA polymerase

Type IIS RE, DNA ligase

T5 exonuclease, DNA polymerase, Taq ligase

NNNN

NNNN
NNNN

NNNN
NNNN

NNNN...
NNNN

NNNN...

Figure 2

DNA assembly methods. (a) Four in vitro assembly methods. Polymerase cycling assembly (PCA) uses multiple oligonucleotides that
share overlaps with adjacent ones as starting material. The oligonucleotides are annealed and joined during polymerase cycling, which
is followed by regular PCR using two primers at each end to abundantly amplify the completely assembled product. Sequence- and
ligation-independent cloning (SLIC) uses T4 DNA polymerase to digest pooled double-stranded linear DNA fragments that contain
20 base pairs or more of overlap to generate overhangs. DNA fragments with compatible overhangs are incubated with or without
RecA to be linked together. The Golden Gate assembly method relies on two adapters that contain type IIS restriction enzyme (RE)
sites on both sides of the double-stranded DNA fragments. The adapters are carefully designed to produce unique four-base-pair
overhangs, which are compatible with the adjacent ones to make sure all digested fragments can be ligated in a defined order by T4
DNA ligase. The colored triangles represent double-stranded type IIS RE sites. Rightward triangles generate a top-strand overhang;
leftward triangles generate a bottom-strand overhang. Overhangs are shown as NNNN. Gibson assembly also requires overlapping
sequences between two adjacent double-stranded DNA fragments. The heat-labile T5 exonuclease is used to chew back one strand of
the overlapping sequence in the early phase of the reaction. Adjacent pairs of DNA fragments are joined by annealing. DNA
polymerase is used to fill in gaps, and Taq DNA ligase is used to seal the nicks. (b) Two in vivo assembly methods. Overlapping
oligonucleotides with overlaps as short as 20 base pairs can be assembled into an acceptor vector in yeast. Overlapping double-stranded
DNA fragments sharing overlaps by as short as 40 base pairs can be readily assembled in yeast via homologous recombination.
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units (57) and for exogenous pathway assemblies that are up to six transcription units (58). The
aforementioned restriction-enzyme-based assembly methods rely heavily on the sequence of the
individual parts and more specifically on the presence and/or absence of the sites for efficient
implementation. For example, the internal presence of a type IIS site used for Golden Gate as-
sembly could cripple assembly efficiency if not appropriately accounted for. Another widely used
in vitro assembly method relies on terminal sequence homology of adjacent parts, like a host of
precursor methods such as sequence- and ligation-independent cloning. Gibson et al. (4) first de-
veloped this in vitro recombination method while cloning the synthetic Mycoplasma genitalium
genome. This method requires three enzymes to sequentially chew back, anneal, and fill in to
seamlessly join overlapping fragments. Further improvement of this method by using an isother-
mal (50°C) reaction consisting of heat-labile 5′ exonuclease, high-fidelity DNA polymerase, and
TaqDNA ligase to increase the efficiency and the maximal size of assembly makes it a simple and
robust cloning method (59). The Gibson assembly method has been commercialized and is widely
used to make constructs in the tens of kilobases, with one publication providing evidence of a
∼900-kb assembly starting from very large pieces (59). The number of parts for Gibson assem-
bly in a single step must be limited to maintain high efficiency (4, 60), meaning that, in practice,
multiple intermediate steps may be required if the final DNA assembly product is large. Another
limitation relative to restriction-enzyme-based parts strategies is that PCR introduces errors, and
moreover, primers must be designed and ordered before DNA assembly can begin. Finally, not all
primer pairs work in PCR, whereas restriction digests are much more reliable.

The budding yeast S. cerevisiae was first developed as a host for molecular cloning in the late
1970s and early 1980s (61–63). The ability of the organism to carry out general homologous re-
combination (HR) in mitotic cells at very high frequencies made it a natural and powerful crucible
for DNA assembly reactions. Studies in the 1990s demonstrated that human genomic fragments
hundreds of kilobases in size could be isolated by using transformation-associated recombina-
tion technology (64–66), an extrapolation of earlier classic work exploiting yeast HR (62, 63).
This series of studies defined yeast as a preferred platform for large DNA cloning. Additionally,
yeast can efficiently join multiple overlapping fragments via HR. For example, Gibson et al. (67)
demonstrated that 25 pieces of ∼24-kb fragments can be assembled in yeast in one step by HR
with overlaps as short as 80 bp. Gibson et al. (68) also assembled 10 pieces of 1-, 10-, or 100-kb
fragments using yeast HR with high accuracy. By introducing orthogonal sequences as adapters,
Mitchell et al. (69) designed a method called versatile genetic assembly system (VEGAS) to simul-
taneously assemble and test genetic pathways in yeast. Yeast is also capable of assembling Sc2.0
genome fragments, which are highly similar to its own genome (70–72). For example, sets of four
∼750-bpDNAbuilding blocks were assembled into∼2- to 4-kbminichunks, and fourminichunks
with one building block of overlap were subsequently assembled into larger chunks in yeast by us-
ing HR. In addition to yeast,Bacillus subtilis has been used as a DNA assembly host. Itaya et al. (73)
integrated the whole genome of Synechocystis PCC6803 (3.5 Mb) into the B. subtilis genome via an
HR-based approach, generating a 7.7-Mb composite genome.Using a modified B. subtilis genome
(BGM) as a cloning vector, Itaya et al. (74) developed a more practical cloning protocol, called the
domino method, that allows smaller contiguous DNAs from either commercial synthesis or PCR
to integrate into BGM in a defined order.The cloned DNA in BGM can be transferred to another
plasmid backbone in a practical way, broadening the scope of this method.

Until now, many synthetic genomes have been assembled by using combinatorial genome
assembly tools. For example, restriction cloning and ligation methods were used for virus and
bacteriophage synthetic genome assembly (2, 3). Gibson assembly and yeast HR-based assembly
were used to assemble several bacterial genomes and subassemblies thereof, includingMycoplasma
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genitalium (4), Mycoplasma pneumoniae (75), Mycoplasma mycoides (68), Caulobacter ethensis-2.0
(C. eth-2.0) (76), and E. coli (77), as well as eukaryotic chromosomes of S. cerevisiae (24, 26, 50,
71, 78, 79) and Phaeodactylum tricornutum (80). A recent study showed the synthesis of a ∼4-Mb
E. coli genome with 61 codons, which set a new record for synthetic genome size in May 2019
(77). Together, the above-described genome assembly methods have proven powerful enough for
us to build chromosomes and genomes designed in silico that are several megabases in size.

Synthetic Genome Delivery

Synthetic genomes have to be delivered and tested in living systems. Bacteriophage genomes can
be directly introduced into a host as a function of their relatively small genome size and their
ability to self-assemble (3, 5); this is not the case for bacterial and fungal genomes. Two major
strategies have proven useful to deliver larger synthetic genomes: one-step delivery (Figure 3a)
and stepwise substitution (Figure 3b).

One-step delivery.To transplant genomes between bacterial species, Lartigue et al. (81) devel-
oped technologies to isolate intact genomic DNA from Mycoplasma mycoides strain GM12 and
move it into Mycoplasma capricolum recipient cells. Labroussaa et al. (82) used seven bacterial
species as genome donors, with increasing phylogenetic distance from the M. capricolum recipi-
ent, and observed a negative correlation between genome transplantation efficiency and phyloge-
netic distance.However, to our knowledge, bacterial genome transplantation has been successfully
demonstrated only in theMollicutes (the bacterial class to whichMycoplasma spp. belong) and,with
one exception, entirely within the genusMycoplasma (a single instance of transplantation from the
closely related genusMesoplasma was also reported) (82, 83). Lartigue et al. (84) also developed a
strategy to manipulate bacterial genomes in yeast by adding yeast propagationDNA elements into
the wild-type genome ofM. mycoides and delivered such genomic DNA into yeast via spheroplast
transformation. The M. mycoides genome could then be engineered in yeast by using standard
yeast genetic tools. However, transplanting such an engineered genome from yeast back into a
recipient bacterium requires either inactivation of endogenous restriction enzyme systems in the
recipient cells or in vitro methylation of the donor to protect the genome from restriction enzyme
cleavage prior to transplantation (84). Genome delivery from bacterium A to yeast to bacterium B
enables researchers to assemble designer synthetic bacterial genomes directly in yeast from smaller
parts. An example is building the synthetic genome ofM.mycoides, named JCVI-syn1.0, which was
assembled in yeast and then transplanted into M. capricolum (68). Isolating genomes from bacte-
ria or yeast may break the intact genomic DNA through shearing, especially for genomes larger
than 1 Mb. Karas et al. (85) eliminated the genome isolation step by using cell fusion, in which
bacterial genomes up to 1.8 Mb were delivered to yeast cells by membrane fusion between the
bacteria and yeast spheroplasts. Cell fusion is also applicable for delivering DNA from yeast to
mammalian cells. Brown et al. (86) reported that yeast centromeric plasmids could be delivered
into cultured mammalian cell lines in a size-independent manner after optimizing the conditions
of yeast spheroplast and mammalian cell fusion. Human and mouse artificial chromosomes have
the ability to load more DNA than yeast artificial chromosomes, which in turn have higher capac-
ity than bacterial artificial chromosomes (87–89). Human and mouse artificial chromosomes can
also be transferred across different mammalian cell lines by using microcell-mediated chromo-
some transfer technology (90–92). Microcell-mediated chromosome transfer technology opens
a new avenue for mammalian synthetic genomics research, and much technology development
remains to be performed.
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Figure 3

Genome delivery strategies. (a) Illustration of one-step genome delivery. Overlapping DNA fragments, including intermediate
synthetic genome and yeast propagation core elements (blue), are assembled in yeast. The cell walls of yeast cells carrying a synthetic
genome are digested to form spheroplasts, which can be fused with mammalian cells via polyethylene glycol treatment. Alternatively,
the synthetic genome can be isolated from yeast and delivered into bacteria to replace the wild-type bacterial genome. (b) Illustration of
stepwise substitution genome delivery. Intermediate synthetic genome fragments are preassembled using various assembly methods.
Each intermediate fragment encodes one of two selection markers (M1 and M2) near the right end, and adjacent incoming fragments
have different selection markers. Two entry strains are first engineered with a genetic marker (M0) located in different regions of the
native chromosome. Following transformation, synthetic genome fragments are introduced into the host to replace the native
counterpart by endogenous homologous recombination. The correct integrations are identified by selecting transformants with the
M1+M0− or M2+M0− genotypes. Once one strain has the synthetic fragment integrated, eliminating the wild-type counterpart, it can
be used as an entry strain for the next round of synthetic genome fragment integration. Finally, two intermediate synthetic strains
containing different synthetic genome regions and sharing some overlap of synthetic sequences are first mated and then subjected to
meiosis. By selecting the M1+M2− genotype of the offspring, different synthetic genome regions are combined into one strain by
meiotic recombination. Red lines represent double-stranded synthetic DNA fragments or genome, and black lines represent
double-stranded wild-type chromosome.

Stepwise substitution delivery.The stepwise genome substitution method is suitable for large
genome rewriting. This requires high HR efficiency of the host and watermarks for each step of
substitution to enable rapid and inexpensive testing for replacement of wild-type with synthetic
DNA. In the Sc2.0 project, each chromosome is divided into 30–60-kb megachunks, and adjacent
megachunks are assigned one of two auxotrophic markers (URA3 or LEU2) that are positioned
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near the right end of each megachunk to facilitate switching auxotrophies progressively for inte-
gration (SwAP-In) (16). Taking advantage of endogenous HR in yeast, megachunks are iteratively
introduced to overwrite the wild-type counterpart. PCRTags are introduced into most open read-
ing frames during design of the synthetic chromosomes and are used to confirm the presence of
synthetic DNA and the absence of wild-typeDNA after each round of replacement. Similar partial
genome replacement was performed in the bacterium Salmonella typhimurium to generate 1,557
synonymous leucine codon replacements in a 200-kb region (93). The replacement was termed
stepwise integration of rolling circle amplified segments, as rolling circle amplification was used to
generate the synthetic DNA fragments. Gene targeting in E. colimainly relies on λ-Red-mediated
recombination,which allows only short (2–3-kb) DNA integration.To increase the recombination
efficiency, particularly for long (>100-kb) DNA replacement in E. coli,Wang et al. (94) developed
a SwAP-In-like method useful in E. coli called replicon excision for enhanced genome engineer-
ing through programmed recombination (REXER). This system uses CRISPR–Cas9 to release
double-stranded DNA of interest in vivo. Iterative REXER allows genome-wide substitution in
a stepwise manner. The same group used REXER to systematically replace the E. coli genome in
seven starting strains and eventually generated a ∼4-Mb recoded E. coli genome by combining the
seven intermediate strains using conjugation-based assembly (77).

In a best-case scenario, one-step genome delivery can be faster than stepwise substitution. Un-
fortunately, this strategy is not robust and to date has failed. If the synthetic genome is unable to
support cell viability due to design bugs, extensive debugging processes are necessary to locate the
problematic design elements, figure out the reasons, and fix them. And obviously, if the bug leads
to inviability, this can be very challenging. For example, Hutchison et al. (95) initially designed a
hypothetical minimal genome (HMG) ofM. mycoides that could not support cell viability. When
eighths of the HMGwere incorporated in the context of JCVI-syn1.0 to construct eight semisyn-
thetic genomes, only one of them produced viable cells, consistent with multiple design bugs that
needed to be corrected in the HMG design. Great efforts were taken to reclassify and test gene
essentiality inM. mycoides. Eventually, three more rounds of the design-build-test cycle were per-
formed to massively modify the sequence of HMG, which produced a viable strain supported by
only 473 genes. In contrast, a stepwise substitution is more convenient for debugging. For the
Sc2.0 project, if one megachunk incorporation causes an undesired phenotype, it is relatively easy
to focus on a 30–60-kb synthetic sequence to map the problems. For the E. coli codon compression
whole-genome synthesis project, Fredens et al. (77) replaced a ∼100-kb E. coli segment and then
performed fitness test assays, and it was also relatively easy to pinpoint the problematic sequences
and fix them.

TOP-DOWN GENOME EDITING

De novo genome synthesis can be used to construct designer genomes with as many useful features
as the designer can envision.However, unless the density of changes is extremely high—as in Sc2.0,
in which clusters of edits are positioned every∼400 bp (16)—for larger genomes it is not necessar-
ily cost effective to synthesize the entire genome from scratch. Alternatively,modifying an existing
genome within its host cell offers an option to engineer the whole genome, for example, when
only some changes are needed that may not cluster within one region of the genome. Studies have
elucidated that DNA double-strand breaks boost the efficiency of DNA recombination across dif-
ferent organisms (96–99), leading researchers to discover DNA-targeting reagents to specifically
break the genome and stimulate DNA repair via HR. Genome-editing tools including zinc finger
nucleases, transcription-activator-like effector nucleases, and the widely adopted CRISPR–Cas9
system have been developed for genomemodification in bacteria, fungi, invertebrates, vertebrates,
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and plants. The detailed mechanisms and applications for each genome-targeting tool have been
reviewed elsewhere (100, 101). Recently, CRISPR–Cas9 was used to facilitate chromosome fusion
in yeast to massively change the three-dimensional structure of the genome (102, 103).

Determining how to edit genomes in a high-throughput but precise manner has always been a
challenge. Zinc finger nucleases and transcription-activator-like effector nucleases rely on their
DNA-binding domains to target breaks to specific DNA sequences, but it is difficult to rou-
tinely engineer tens to thousands of those proteins for high-throughput genome modification.
The CRISPR–Cas9 system uses a single guide RNA (sgRNA) to specify the target sequence, and
multiplexing sgRNAs to achieve genome-wide editing is relatively easy. Using a pooled library
containing 73,151 sgRNAs to target 7,114 genes, Wang et al. (104) demonstrated the feasibility
of using high-throughput CRISPR–Cas9 to perform genetic screens in human cell lines. Similarly,
Joung et al. (105) generated an sgRNA library to target 10,504 intergenic long noncoding RNA
transcriptional start sites to identify functional long noncoding RNA loci in human melanoma
cells to explore the non-protein-coding genome. A high-throughput CRISPR interference ex-
periment was performed in erythroleukemia cells to identify regulatory elements and dissect the
network of noncoding variants to human disease (106). By harnessing CRISPR–Cas9 in a porcine
kidney epithelial cell line, Yang et al. (107) disrupted 62 copies of the porcine endogenous retro-
virus pol gene with just two sgRNAs, demonstrating that CRISPR–Cas9 is capable of targeting
multiple near-identical loci without requiring multiple sgRNAs.

The efficiency of HR in E. coli was significantly increased by introducing the bacteriophage λ

Red system, in which β-protein-mediated single-stranded DNA recombination has been widely
used for whole-genome editing. A key study showed that synthetic single-stranded DNAs with
homology arms as short as 30 bp can be incorporated into the lagging strand during DNA repli-
cation (108). To program E. coli cells in a large-scale fashion, Wang et al. (109) optimized a list
of parameters for oligo-mediated allelic replacement and developed multiplex automated genome
engineering (MAGE). By using a prototype device to automate the iterative MAGE procedure,
they showed howMAGE could optimize metabolic flux. To select MAGE-modified cells more ef-
ficiently,Wang and colleagues (110–112) developed the coselectionMAGE strategy by adding se-
lectable markers near the modification region, and they used coselection MAGE for rare arginine
codon replacement in essential genes of E. coli (113). Yeast oligo-mediated genome engineering
is similar to MAGE but is applied in yeast (114, 115). In addition to metabolic flux optimization,
MAGE was also used to replace all 314 TAG stop codons with TAA. Isaacs et al. (116) started the
TAG-to-TAA replacement from 32 strains in parallel, in which each one had 10 or fewer TAG–
TAA swaps. After ensuring that each strain had all designed alterations, they combined strains via
conjugative assembly genome engineering to produce one E. coli strain with all 314 TAG–TAA
changes. Although the TAG codon replacement led to poor fitness, adaptive evolution recov-
ered nearly all the lost fitness after ∼1,100 generations (117). This reserving of the TAG codon
for reassignment to a different function allowed for the subsequent introduction of orthogonal
tRNA/synthetase systems that can incorporate unnatural amino acids at TAG codons strategi-
cally engineered into the genomically recoded E. coli genome, e.g., to provide control of growth
of the organism to the investigator via provision of the unnatural amino acid in what is referred
to generically as a genetically recoded organism (118). Genetic code expansion technologies and
their challenges have been reviewed elsewhere (119, 120).

Bottom-up genome synthesis and top-down genome editing have distinct advantages and
disadvantages. Bottom-up synthesis permits closely spaced designer changes positioned densely
across a synthetic genome. Using a bottom-up synthesis approach, it is more feasible to incor-
porate all the designed elements at once. Also, with extensive DNA sequencing at every step of
genome assembly, the final synthetic genome assembly to be delivered can be highly accurate.
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However, at the time of writing, bottom-up synthesis remains prohibitively expensive for targets
that are a megabase or larger. In addition, certain sequences, such as repeats required for telomeres
and centromeres, can be exceedingly challenging for DNA synthesis and assembly. Some of these
disadvantages are being addressed: As demand increases and oligonucleotide synthesis automa-
tion and miniaturization continue (121), the cost of DNA synthesis and assembly will continue to
drop. Through the use of ligation-based cloning methods, more and more highly repetitive DNA
sequences can be assembled accurately (122, 123).

Top-down genome editing uses site-specific targeting tools to introduce designed changes,
which has the advantage that the genome size of a host is less relevant, provided that host-specific
editing systems have been developed.Top-down genome editing is particularly suited to introduc-
ing a few changes quickly and economically. However, a conspicuous disadvantage of top-down
editing is off-target editing caused by the imperfect specificity of targeting tools. The off-target
probability is further increased by the multiple rounds of editing processes involved in top-down
genome editing. To address the off-target problem, Zhang’s group (124, 125) combined a Cas9
nickase mutant with a pair of guide RNAs to introduce DNA double-strand breaks. Several other
groups fused cytidine or adenine deaminase to different DNA-binding modules including cat-
alytically dead Cas9 (dCas9), Cas9 nickase, zinc finger, and transcription-activator-like effector to
convert C to T or A to G without introducing DNA double-strand breaks (126–129). But this
problem is far from being solved thoroughly right now, and more precise and accurate editing
tools are sorely needed to achieve this goal.

INSIGHTS FROM SYNTHETIC GENOMES

Constructing synthetic genomes requires careful design,new technology development, and labori-
ous bench work. In turn, synthetic genome projects pay back with opportunities for rich biological
discovery. This section focuses on insights derived from synthetic genomes.

The initial design of the minimal Mycoplasma genome included only essential genes as deter-
mined by previous experiments (95). Fitness measurements led to discoveries of quasi-essential
genes that are crucial for viability of a minimal genome. The Sc2.0 project has identified a series
of bugs that affect cell growth, such as synonymous PCRTag recoding in PRE4 (24),FIP1 (26), and
MMM1 (79) that impaired their expression; a loxPsym site insertion that disrupted the promoter
of the adjacent ATP2 gene (26); and a putative intron deletion of YLR202C that abolished adja-
cent COQ9 gene expression (79). Global elimination of TCG, TCA, and TAG codons in E. coli
showed that recoding of the yceQ and yccY genes altered the 5′ untranslated region of rne, where
its promoter elements are located (77). In the process of building a 57-codon E. coli genome, 55 of
87 synthetic chromosomal segments were tested individually by a complementation experiment.
Codon changes in the yceD gene were found to disrupt the promoter of operon rpmF–accC and
cause a fitness defect (130). Moreover, Venetz et al. (76) evaluated the functionality of the syn-
thetic C. eth-2.0 segments in merodiploid strains and found that 432 of 530 extensively recoded
essential and semiessential genes in C. eth-2.0 were functional. In other words, a high percent-
age of previously predicted genetic features within essential coding sequences, such as alternative
open reading frames and predicted internal transcriptional start sites, actually turned out to be
nonessential for function.

From an applications perspective, synthetic genomes bring many benefits that are otherwise
difficult to obtain. In terms of viruses, by using over- or underrepresented synonymous codons
in the poliovirus capsid coding sequence, the virus could be largely attenuated for vaccine de-
velopment (131, 132). The J. Craig Venter Institute applied their genome assembly technology
to synthesize influenza vaccine viruses, potentially greatly accelerating seasonal influenza vaccine
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production (133). For bacteria, precise genome reduction in E. coli achieved higher electropo-
ration efficiency and higher fidelity for plasmid propagation compared with wild type (13). By
comparing T7 bacteriophage fitness and lysis time in genomically recoded E. coli, Lajoie et al.
(118) concluded that the recoded E. coli strain has increased resistance to T7 bacteriophage after
the deletion of release factor 1. More codon compression studies will further expand the genetic
code and endow E. coli with new biological functions in the near future (77, 130), potentially lead-
ing to complete resistance to natural phages. In terms of yeast, the Sc2.0 design specifies loxPsym
site placement downstream of nonessential genes across the entire genome. Insertion of loxPsym
sites enables whole-genome rearrangement upon Cre activation (16), a technique termed syn-
thetic chromosome rearrangement and modification by loxP-mediated evolution (SCRaMbLE).
Using both linear and circular synthetic chromosome IXR, SCRaMbLE can generate abundant
genome diversity after several hours of Cre induction (134, 135). SCRaMbLE has been developed
for both haploid and heterozygous diploid synthetic yeast strains. SCRaMbLE regulation systems
have been optimized and reconfigured, including light-controlled (136) and galactose-controlled
(137) Cre recombinase combined with a SCRaMbLE indicator (138). These systems have shown
that SCRaMbLE can be used not only to screen yeast strains according to a fitness phenotype,
with high tolerance to temperature, ethanol, caffeine, acetic acid, and xylose (138–140), but also to
select for genomic backgrounds that increase production of useful compounds such as β-carotene,
violacein, and penicillin (140–142). The mechanisms underlying these characteristics have been
dissected through whole-genome sequencing of SCRaMbLEd strains, directing the more pur-
poseful design of genomes for biotech applications. In terms of mammalian cells, genome-wide
disruption of all porcine endogenous retrovirus pol genes generates a genetically modified porcine
kidney epithelial cell line (PK15) that has reduced porcine endogenous retrovirus transmission
from PK15 cells to human HEK293 cells by up to 1,000-fold (107). This work sheds light on
future clinical applications such as organ transplantation from pig to human.

ETHICAL CONSIDERATIONS

Genome synthesis and genome editing provoke substantial ethical considerations, particularly
for edited organisms that may be designed to exist outside the laboratory. A natural progression
exists from editing of agricultural products, to creation of gene drives to modify wild populations
and restore extinct species, to, finally and most controversially, editing leading to humans with
designed genomes.

For agricultural products, CRISPR–Cas9 and similar editing tools can be used to combine
naturally occurring beneficial alleles that would otherwise require extensive breeding programs.
Although the product genome could have been generated naturally, the process itself involves
engineering. This has led to divergent regulation in Europe and the United States. European
courts focus on the process and regulate these as genetically modified organisms (143). In contrast,
the US Department of Agriculture does not consider these to be genetically modified organisms
(144).

Gene drives, which harness CRISPR–Cas9 to spread an engineered change through a wild
population, often with the goal of pathogen control, have generated substantial discussion about
appropriate regulation (145). Several gene drive systems have been tested in large, contained pop-
ulations, and work on mosquitos and rodents is nearing the point at which uncontained tests may
be considered, possibly in isolated ecosystems such as islands (146).

Human genome editing is considered in depth in a joint report by the US National Academies
of Science, Engineering, and Medicine (147). This report separates genome editing into somatic
(nonheritable) and germ line (heritable) and separates types of changes into disease correction

92 Zhang et al.

A
nn

u.
 R

ev
. B

io
ch

em
. 2

02
0.

89
:7

7-
10

1.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

19
3.

20
3.

9.
15

 o
n 

06
/2

3/
20

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



BI89CH04_Boeke ARjats.cls June 2, 2020 8:49

and enhancement. For disease correction by somatic editing, frameworks for gene therapy already
exist. New recommendations for disease correction by germ-line editing are to restrict envisioned
therapies to reversion of strongly penetrant (Mendelian) disease-causing alleles back to the natural
alleles observed in unaffected individuals. For genomic enhancement, the recommendation is to
discuss governance of somatic editing for enhancement, but heritable editing for enhancement
is not to be authorized by any regulatory agency. Challenges in distinguishing between disease
correction and enhancement remain. Also challenging is proponents of genome editing making
public statements that no experiments will be conducted without proper regulatory oversight,
eliding the National Academies recommendation that no such experiments should be considered.

FUTURE DIRECTIONS—WHAT IS NEXT?

Genome synthesis enables us to understand biological systems and benefit from them as never
before. The growing ability to write DNA motivates studies of biological questions across differ-
ent organisms, including humans. Genome Project-write (GP-write) proposed to understand the
genetic blueprints for genome construction, including in animals, plants, and humans (148). GP-
write hopes to stimulate the rate of progress in technology development in all aspects of genome
writing. In particular, dramatic decreases in the cost of building and testing large genomes are
being sought. In the meantime, de novo genome synthesis relies on thoroughly understanding
the sequence of a genome, and many genome sequences are still underexplored, especially cen-
tromeric and other heterochromatic, repeat-ridden regions of the genomes of multicellular or-
ganisms (149). New DNA sequencing technologies, particularly those exploiting long reads, need
further development to uncover this dark matter of the genome sequence. In addition, to design
more complex genomes, we may ultimately need more information—such as metabolic data, clin-
ical data, genome-wide association study data, chromatin immunoprecipitation sequencing data,
assay for transposase-accessible chromatin sequencing data, and chromatin three-dimensional or-
ganization information—to integrate into design algorithms. A surprising aspect of Sc2.0 has been
that the design successfully ignored these considerations; they may, however, be important for
mammalian chromosome design.

Recently, the GP-write consortium announced as its first target the engineering of a human
cell line that is resistant to natural viruses, referred to as an ultrasafe cell line. By compressing
the genetic code in these cell lines and deleting components such as the specific tRNAs that are
required to decode those eliminated codons, it should be possible to produce cells that resist viruses
due to a lack of the comprehensive translation machinery that is required by all natural viruses.
To survive in such a cell, a virus would need to mutate many of its codons to the compressed code.
Paradoxically, such a virus could be readily synthesized.

Genome synthesis, if done carefully, takes a huge amount of effort and resources. The experi-
ence of the Sc2.0 project has shown that a consortium can be highly effective in building genomes,
with a master design and adoption of individual chromosomes by consortium members to permit
rapid innovation and knowledge sharing.

As we consider the rapid pace of technology development, we also ponder future versions of
synthetic genomes that will allow biologists to probe genome regulation, the limits of genome
change, and how solid (or porous) species boundaries are. Also, we wonder, can the field ulti-
mately deliver on the popular and overarching synthetic biology vision that genome engineers
will someday be able to sit down at a computer, sketch out a vision for a genome in a truly novel
design, and build the genome of an organism truly from scratch to perform a specific biological
or technological function?
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The practical applications of genome writing technology are manifold and have been reviewed
elsewhere (101); they range from biomedicine, to agriculture, to the design of new livingmaterials,
to the transition from the petroleum economy to the bioeconomy. In addition to glamorous de-
extinction projects like the passenger pigeon and the woolly mammoth, genome writing could be
used to restore genetic variation to existing near-extinct populations suffering from population
bottlenecks, such as the black-footed ferret. However, in this review we focus on how synthetic
genomics will help us learn new biology.

Synthetic genomics will deliver much new information on how genomes are wired. The Dark
Matter Project we have launched seeks to employ genome synthesis methods to tackle big, open
questions surrounding the fundamentals of gene regulatory control, not by complete genome syn-
thesis but by the construction of tens to hundreds of assemblons of 100 kb and more that feature
either systematically designed and built variants or combinations of natural variants not readily
available in nature. These can then be delivered specifically to predetermined sites in embryonic
stem cells and other cells (150, 151), opening up the possibility of extensive functional analysis in
multiple cell types or in living mice. Even though this scale permits the analysis of only one or
a few genes at a time when deployed in mammalian cells, we believe it will be fertile ground for
mechanistic discovery that could form the basis for modeling of genome-wide properties. Assem-
blon technology can be deployed to probe interactions among enhancers, insulators, and sites of
binding of other proteins as well as the effects of all of these on expression. By systematic vari-
ation of introns, the importance of splicing can be systematically evaluated. Another important
application is the dissection of genome-wide association study hits, which are mapped locations in
the human genome that underlie genetic disease, sometimes identifying a causal variant but usu-
ally extending over a large haplotype with many candidate variants. These often fall in noncoding
DNA, making it difficult to assign the target gene, since noncoding elements can operate over
distances as large as a megabase in mammals. Finally, the limits of natural genome variation may
become accessible in organismal oddities with unconventional genome structures and features,
like sponges and octopuses (152, 153), if the appropriate gene delivery tools can be developed.

What are the limits to genome change? The Sc2.0 and E. coli genome resynthesis projects are
good examples of this approach. In both cases, there is change to the genetic code, applied on a
massive scale. Certainly, on a scale of deleting and reassigning one, three, or even seven codons, it
seems that life can work. Impressively, a component of the decoding machinery can also be deleted
in at least one case, namely the UAG-specific release factor RF1 in E. coli (154), and can even be
re-engineered to reassign UAG to specify an unnatural amino acid (155, 156).What are the limits
to such genetically recoded organisms? In theory, all 64 codons in the table could be assigned
to as many as 63 amino acids and 1 stop codon, but this seems unlikely because of limits already
encountered in deleting just 3 or 7 codons from the code. Also, an essential tRNA could be deleted
from a synthetic E. coli genome; Fredens et al. (77) were able to delete serT, an essential tRNA gene
decoding the TCA codon, as well as serU, a nonessential tRNA gene decoding the TCG codon,
and the RF1 gene (prfA), because all three corresponding codons were removed in the synthetic
E. coli with 61 codons. E. coli-57, a genome using just 57 sense codons, has been designed but
only partially built, and segments were identified that led to inviability. Similarly, with the Sc2.0
genome, once completed, we will be in a position to ask whether we can remove all introns from
this eukaryotic genome, and if so, whether we can delete part or all of the genes encoding the
machinery that performs splicing. Another series of questions revolves around how much we can
change genome structure.Canwe circularize all the chromosomes by design, as has been donewith
some of the yeast chromosomes (24, 50, 157, 158)? Is it possible to increase chromosome number
by chromosome splitting and still retain stability of a very large set of smaller chromosomes (159)?
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Can we exceed current limits to ploidy through similar tricks of genome engineering (160)? And
finally, what are the limits to expanded alphabets of nucleotides?

A final consideration relates to the real distinction between genome editing and genome writ-
ing. Will we ever be able to really design genomes from scratch—that is, can we ever break away
from editing of existing code? For example, will a future genome designer be able to tap into
a vast database of information on plant physiology, genetics, infectious disease, and metabolism
and design a food crop that combines drought resistance, insect and fungus resistance, and high
nutrition levels by selecting these traits from across 25 or 2,500 different species of plants and
produce a living organism? How would such a designer go about producing the first plant cell
that combined all of these traits? Stepwise acquisition would likely produce inviable intermediate
species and would be intolerably slow. These are just a few of the formidable challenges that make
most biologists intensely skeptical that such a future could ever exist. However, our colleagues
in engineering are equally confident that if enough facts and specifications are known, anything
can be built. This creative tension between biologists and engineers conspires to make synthetic
genomics one of the most exciting scientific fields to be working in at this time.
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