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High molecular weight DNA assembly in vivo for synthetic biology
applications
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Abstract

DNA assembly is the key technology of the emerging interdisciplinary field of synthetic biology.
While the assembly of smaller DNA fragments is usually performed in vitro, high molecular
weight DNA molecules are assembled in vivo via homologous recombination in the host cell.
Escherichia coli, Bacillus subtilis and Saccharomyces cerevisiae are the main hosts used for DNA
assembly in vivo. Progress in DNA assembly over the last few years has paved the way for the
construction of whole genomes. This review provides an update on recent synthetic biology
advances with particular emphasis on high molecular weight DNA assembly in vivo in E. coli,
B. subtilis and S. cerevisiae. Special attention is paid to the assembly of whole genomes, such as
those of the first synthetic cell, synthetic yeast and minimal genomes.
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Introduction

The emerging interdisciplinary field of synthetic biology aims

to build novel biological systems and devices or to re-design

existing biological systems for useful purposes. DNA assem-

bly is among the key synthetic biology technologies. A

number of novel DNA assembly methods developed in the

last few years have paved the way for the engineering of

high molecular weight DNA molecules, including whole

genomes.[1–11]

Whole genome engineering and assembly is a multistep

process. Shorter DNA fragments are usually assembled with

in vitro methods, such as Gibson isothermal assembly,[12]

SLIC: sequence and ligase independent cloning,[13] CPEC:

circular polymerase extension cloning,[5] SLiCE: seamless

ligation cloning extract,[6] OGAB: ordered gene assembly in

Bacillus subtilis,[14–17] and LCR: ligase cycling reac-

tion.[18] SLIC combines in vitro homologous recombination

with single-strand annealing to assemble DNA fragments.

SLIC is very efficient even at low DNA concentrations,

particularly when utilizing RecA-catalysed homologous

recombination.[13] Gibson isothermal assembly utilizes a

cocktail of three enzymes, namely T5 exonuclease, Phusion

DNA polymerase and Taq ligase to assemble multiple

overlapping DNA molecules in a single-step isothermal

reaction.[12] CPEC has been used for the high-throughput

cloning of complex combinatorial DNA libraries recently.

Unlike Gibson isothermal assembly, CPEC requires only a

single enzyme, Phusion DNA polymerase, for a single-step

DNA assembly in vitro in a vector of choice.[5,19] SLiCE is

very cost-effective as it utilizes bacterial cell extracts for

DNA assembly in vitro.[6] Both standard laboratory strains

and strains with properties enhanced by genetic modification

can be used as the source of the cell extract in SLiCE.[6]

OGAB utilizes the plasmid transformation system of B.

subtilis and ligation by T4 DNA ligase in the presence of

150 mM NaCl and 10% polyethylene glycol for DNA

assembly.[14] Unlike previous methods, OGAB does not

require circular ligation products but needs tandem repeat

ligation products. OGAB permits assembly of multiple DNA

fragments with very high efficiency and fidelity.[14,17] The

degree of variability in the molar concentration of DNA

fragments to be assembled was identified as the main cause

affecting the DNA assembly efficiency in OGAB.[17] A

modified OGAB method utilizing an equimolar DNA mixture

has been used successfully for one-step assembly of over

50 DNA fragments recently.[17]

Short DNA fragment assembly is critical for virtually all

synthetic biology (and increasingly for molecular biology in

general). As high molecular weight DNA molecules are

difficult to handle in vitro, they are usually assembled in vivo

by homologous recombination in the host cell. The Gram-

negative bacterium Escherichia coli, the Gram-positive
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bacterium Bacillus subtilis and yeast Saccharomyces cerevi-

siae are the most frequently used synthetic biology ‘‘work-

horses’’ and hosts for DNA assembly in vivo.[20–25]

A number of genomes have been assembled to date, including

the entire 583 kb, 1.08 Mb, and 3.5 Mb genomes of

Mycoplasma genitalium, Mycoplasma mycoides[26,27] and

Synechocystis PCC6803 [28], respectively. The M. mycoides

genome assembly led to the construction of the first cell

(dubbed ‘‘Synthia’’), controlled solely by a chemically

synthesized genome. Furthermore, the genome assembly of

a eukaryote, the yeast S. cerevisiae, is currently under-

way.[29–34] Recent advances in DNA assembly also have

implications for the bottom-up assembly of minimal genomes.

This review sums up the latest synthetic biology advances,

with particular emphasis on high molecular weight DNA

assembly in vivo in E. coli, B. subtilis and S. cerevisiae.

Special attention is paid to the assembly of whole genomes,

including those of ‘‘Synthia’’, ‘‘Synthetic Yeast 2.0’’ and

minimal genomes.

BASIC and PaperClip: the latest in vitro DNA
assembly techniques

Short DNA fragments are usually assembled with in vitro

techniques that are crucial for virtually all synthetic biology.

A number of in vitro DNA assembly methods have been

developed recently.[1,2,4–6,12] In addition to Gibson iso-

thermal assembly, SLIC, CPEC, SLiCE, OGAB, and LCR,

recently developed methods for short DNA fragments

assembly include Golden Gate,[35,36] MASTER: methyla-

tion-assisted tailorable ends rational method,[37] Golden

Braid,[38] MODAL: modular overlap directed assembly with

linkers,[39] and MoClo,[40] which have been reviewed

elsewhere.[41] The Golden Gate and MASTER methods

rely on type II restriction enzymes and MspJI endonuclease,

respectively. In addition, MASTER requires PCR amplifica-

tion of the DNA fragments. Due to these requirements,

Golden Gate and MASTER are not the most suitable methods

for high molecular weight DNA assembly.[37] Golden Braid

and MoClo are improvements of the traditional Golden Gate

method for standardized assembly of higher molecular weight

DNA molecules.[38,40] Allowing assembly of larger, multi-

gene pathways, Golden Braid and MoClo are still not used for

the construction of whole genomes. For excellent summaries

of the above techniques, see the following reviews.[3,41]

The latest in vitro DNA assembly methods not reviewed

elsewhere include BASIC: biopart assembly standard for

idempotent cloning[7] and PaperClip. [8] BASIC and

PaperClip were developed to address the main limitations

of the previous techniques, such as reliance on PCR and

homology between the ends of neighboring parts in Gibson

isothermal assembly,[12] SLIC,[13] CPEC,[5] and

SLiCE.[6] Furthermore, methods such as Golden

Gate,[35,36] Golden Braid,[38] and MoClo [40] rely on

digestion with restriction endonucleases and cloning into

specific vectors. [8] BASIC relies on digestion of parts

with type II S restriction endonucleases, followed by

ligation to oligonucleotide linkers with long single strand

overhangs which regulate the order in which the individual

DNA fragments assemble into a final construct.[7] In the

initial step of BASIC, linkers are attached onto each end of

the DNA fragment/parts by type II restriction endonucle-

ase-mediated digestion and ligation. Unligated linkers are

removed and DNA fragments harboring linkers are

assembled into a final construct.[7] BASIC is highly

accurate with confirmed accuracy of nearly 100% for four

part assemblies and above 90% for seven part assemblies.

The main advantages of BASIC over other methods

includes utilization of standard reusable parts, idempotent

cloning, automatability, size independence and parallel

assembly.[7] PaperClip is an extremely flexible DNA

assembly method that allows multi-part DNA assembly

from existing libraries cloned into virtually any plasmid.[8]

PaperClip only requires design of four reusable short

oligonucleotides, dubbed ‘‘Clips’’, for each DNA fragment/

part to determine the order in which the DNA fragments

are assembled into a final construct.[8] PaperClip is a very

efficient method that does not rely on digestion with

restriction endonucleases. DNA fragments in PaperClip can

be assembled by various methods, including PCR and

recombination using cell extracts. Furthermore, while other

methods using bridging oligonucleotides for multipart DNA

assemblies, such as LCR,[18] usually require synthesis of

new oligonucleotides for each assembly, ‘‘Clips’’ in

PaperClip can be reused in any assembly utilizing that

particular DNA part.[8] It was shown that the assembly of

six DNA parts in any order can be accomplished in several

hours with PaperClip.[8]

In vivo DNA assembly in yeast

Homologous recombination is the homology-based transfer

of genetic information between two DNA fragments.[42]

Due to its high rate of homologous recombination, S.

cerevisiae is the preferred chassis for the simultaneous

assembly of multiple DNA fragments.[43] In addition to

DNA assembly, homologous recombination in S. cerevisiae

is often used for the integration of foreign DNA into the

chromosome.[44,45]

Homologous recombination in yeast can efficiently join

DNA fragments that have at least 40 bp of overlapping

sequence.[33] An improved method for multi-fragment

DNA assembly in S. cerevisiae utilizes 60 bp synthetic

recombination sequences that are non-homologous with the

yeast genome to enhance reliability, flexibility and accuracy

of the yeast homologous recombination for assembly of

plasmids.[46] The synthetic recombination sequences are

non-homologous with the yeast genome to avoid interfer-

ence and recombination with the host cell genomic DNA.

Separation of the survival elements of the plasmid back-

bone (selection marker and yeast episome) into two DNA

fragments flanked by 60 bp synthetic recombination

sequences led to a 100 fold decrease in the number of

false positive transformants as compared to previous

methods (such as using linearized plasmid backbone).

Using this approach, nine parts were assembled into a

21 kb plasmid with an accuracy of 95%.[46]

An improved DNA assembly method, dubbed RADOM

(rapid assembly of DNA overlapping multifragments), has

been developed recently [47] (Figure 1). RADOM combines
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yeast homologous recombination with blue/white screening in

E. coli, to reduce the time and labor required for screening for

correctly assembled DNA fragments. Blue/white screening is

enabled by disruption of the a-complementation process by

linearization of the plasmid backbone within lacZ�. In

contrast to other yeast assembly methods, plasmids from the

entire population of yeast transformants are extracted and then

transformed into E. coli. Blue/white screening differentiates

between plasmids harboring assembled DNA fragments and

empty vectors, thus allowing rapid screening of the whole

pool of the plasmid-borne DNA assemblies (Figure 1). The

enhanced screening efficiency of RADOM significantly

reduces labor and time required for DNA assembly, particu-

larly in hierarchical assembly projects. RADOM has been

used to assemble a number of 3 kb and 10 kb yeast chromo-

some fragments.[47]

DNA integration into the chromosome is preferable for

metabolic engineering and construction of large enzymatic

pathways.[44] The recently developed CasEMBLR method

allows marker-free integration of DNA fragments into the yeast

chromosome at multiple loci (Figure 2). The efficiency of

chromosomal integration by homologous recombination can

be greatly increased by introducing a double strand break into

the genome.[44,48,49] CasEMBLR exploits the CRISPR/Cas9

system to generate double strand breaks at targeted integration

sites to increase efficiency of homologous recombination-

mediated targeting of DNA fragments into the yeast chromo-

some (Figure 2). Plasmids expressing guide RNAs (gRNAs)

and DNA fragments to be assembled and integrated into the

chromosome with 50 bp overlaps are co-transformed into yeast

harboring a plasmid constitutively expressing Cas9. Cas9

generates double strand breaks at integration sites targeted by

gRNAs and DNA fragments are assembled and integrated into

the yeast chromosome at targeted sites by homologous

recombination. CasEMBLR was used to integrate the 15 part

DNA assembly encoding the carotenoid pathway into three

targeted sites and the 10 part DNA assembly encoding the

tyrosine pathway into two targeted loci.[44]

Furthermore, yeast homologous recombination has

recently been used to assemble conditional shuttle vectors

for yeast chromosomal integration.[50] The autonomous

replication sequence and centromere of the constructed

shuttle vectors are flanked by loxP sites targeted by Cre

site-specific recombinase. In the extrachromosomal form,

shuttle vectors can be used as backbones for yeast homolo-

gous recombination-mediated DNA assembly. Expression of

Figure 1. Rapid assembly of DNA overlapping multifragments
(RADOM) in yeast. The figure shows the key steps of the improved
DNA assembly method exploiting homologous recombination in yeast
and screening in E. coli for rapid DNA assembly. First, DNA fragments
are assembled in yeast. Then, the mixture comprising the assembled
plasmids from the entire yeast population is transformed into E. coli.
Transformants are analyzed by blue-white screening on plates with X-
gal. Blue colonies indicate an empty vector. White colonies are subjected
to colony PCR and sequencing to identify the correctly assembled DNA
fragments.

Figure 2. Cas9-mediated genomic integration of DNA fragments
assembled in yeast. The figure shows the main steps of the
CasEMBLR method for the Cas9-facilitated integration of in vivo
assembled DNA fragments into the S. cerevisiae chromosome at multiple
loci. CasEMBLR uses the CRISPR/Cas9 system to generate double
strand breaks to increase the efficiency of DNA integration into the yeast
chromosome by homologous recombination. DNA fragments with 50 bp
overlaps and plasmids expressing guide RNAs (gRNAs) are co-
transformed into Cas9-expressing S. cerevisiae. DNA fragments are
assembled and integrated into the targeted chromosomal loci by
homologous recombination.
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Cre recombinase initiates excision of the autonomous repli-

cation sequence and centromere-harboring cassette which

leads to integration of the vector into the chromosome at a

targeted locus.[50]

In vivo DNA assembly in B. subtilis

The rod-shaped Gram-positive bacterium B. subtilis is a

frequently used host for a number of biotechnology and

synthetic biology applications.[20,51–53] B. subtilis is natur-

ally competent and readily transformable with extracellular

DNA. Extracellular DNA can be imported into the cytoplasm

of B. subtilis cells in a single stranded form via B. subtilis

transformation machinery. The imported DNA is then

integrated into the B. subtilis chromosome by RecA-mediated

homologous recombination.[54–57] The natural competence

allows utilization of the whole B. subtilis genome as a vector

in the B. subtilis genome (BGM) vector system. [56] BGM is

a novel cloning system allowing stable integration of large

DNA fragments into the B. subtilis chromosome by homolo-

gous recombination. BGM encompasses the entire 4.2 Mb B.

subtilis genome and can support integration of large DNA

fragments.[28,58,59] Up to 3.5 Mb of Synechocystis PCC6803

DNA were stably integrated into BGM by the ‘‘inchworm

method’’, which relies on high quality long (over 100 kb)

DNA templates. The improved ‘‘domino method’’ using

homologous recombination between overlapping sequences

does not require purified long DNA templates and facilitates

stable DNA integration into BGM (Figure 3). Furthermore,

the ‘‘domino method’’ is very flexible as the configuration of

integrated DNA can be easily determined by choosing the

first and last dominos in an assembly. Dominos are prepared

in pBR322-based plasmids and integrated into the GpBR

(genomic pBR322 sequences) locus of BGM by homologous

recombination. Alternative use of two antibiotic selection

markers allows unlimited rounds of domino elongation

(Figure 3). The ‘‘domino method’’ has been used to clone

the 16.3 kb mouse mitochondrial genome and the 134.5 kb

rice chloroplast genome into BGM.[28] The BGM has also

been successfully used for the manipulation and reconstruc-

tion of genomic DNA for mouse transgenesis.[59] Notably,

these studies also revealed difficulty in cloning the ribosomal

RNA gene fragments of foreign genomes into B. subtilis.[28]

To avoid undesirable recombination between homologous

sequences within the BGM vector, an inducible recA expres-

sion BGM vector (iREX) has been developed recently.[56] In

iREX, the endogenous recA was exchanged for a xylose-

inducible recA expression cassette. Homologous recombin-

ation and integration of DNA fragments in iREX is therefore

strictly controlled by xylose in the growth medium.[56] The

BGM vector has many advantages over the alternative tools

for high molecular weight DNA manipulation, such as

bacterial artificial chromosomes (BACs) and yeast artificial

chromosomes (YACs). BACs are easy to manipulate; how-

ever, their integration capacity is considerably smaller than

that of BGM (up to 300 kb). Although YACs can support

integration of larger DNA fragments than BACs (up to 2 Mb)

they are difficult to manipulate and prone to chimerism.[56]

Due to large cloning capacity (over 3 Mb) and established

genome editing strategies, such as DNA insertions, inversions

and deletions,[56,59] BGM is a promising tool for manipulat-

ing high molecular weight DNA. The recently developed

iREX further improves stability of the integrated DNA by

suppressing undesired recombination between DNA frag-

ments containing homologous sequences.[56]

In vivo DNA assembly in E. coli

Like B. subtilis and S. cerevisiae, the Gram-negative bacterium

E. coli is a frequently used chassis for a plethora of

biotechnology and synthetic biology applications.[20,60–63]

However, unlike yeast and the naturally transformable bacteria,

such as B. subtilis, E. coli is not readily transformable with

linear DNA fragments.[64] Linear dsDNA in E. coli is

degraded by the ATP-dependent exonuclease, RecBCD.[65]

The Red recombinase system of the bacteriophage lambda,

which mediates homologous recombination between linear and

circular DNA molecules, is frequently used for DNA integra-

tion into E. coli. The lambda Red recombinase system utilizes

three proteins, namely Gam, Beta and Exo. Exo is a 50-30

exonuclease that binds to dsDNA ends and generates 30 ssDNA

overhangs by digesting 50 DNA ends. Beta binds to the

Figure 3. DNA assembly by the ‘‘domino method’’ in the BGM vector.
The figure depicts the key steps of the ‘‘domino method’’ for DNA
assembly in the B. subtilis genome (BGM) vector. Domino clones are
prepared in pBR322-based plasmids pCISP401(cat) and pCISP402(erm),
which are identical, with the exception of the antibiotic selection
markers. The first domino (domino A) harboring chloramphenicol
resistance marker (cat) integrates into GpBR (genomic pBR322
sequences) locus of BGM by homologous recombination at the two
halves of the pBR322 sequences, thus replacing the tetracycline
resistance gene (tet). The second domino (domino B) harboring
erythromycin resistance marker (erm) integrates downstream of
domino A. Alternative use of cat and erm permits unlimited elongation
with additional dominos.[28]
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ssDNA overhangs generated by Exo and facilitates their

annealing to the complementary ssDNA in the cell.[65] The

Gam protein inhibits exonuclease RecBCD binding to dsDNA

ends.[64,66]

The Rac prophage was recently used for large DNA

assembly in E. coli.[67] The RecET recombination system of

the Rac prophage is functionally analogous to the Red system

of the bacteriophage lambda (RecE and RecT are analogous

to Exo and Beta, respectively). The truncated version of

RecE, consisting of just the C terminus starting at residue 588

in combination with RecT has been previously used for

recombineering in E. coli between linear and circular DNA

molecules.[68] A recent study revealed that full length RecE

along with RecT, mediates efficient homologous recombin-

ation between two linear DNA molecules.[67] This analysis

also showed that the lambda Red system is more suitable for

recombination between linear and circular DNA molecules,

while the Rac RecET system is more suited for recombination

between two linear DNA molecules. The Rac prophage-borne

RecE/RecT system was used to clone ten megasynthetase

gene clusters from Photorabdus luminescens that varied in

size from 10 to 52 kb into E. coli expression vectors.[67]

DNA integration into the E. coli chromosome has many

advantages over maintenance on plasmids.[69] A number of

lambda Red recombinase-based methods for E. coli chromo-

somal integration have been developed recently. This includes

a series of knock-in/knock-out (KIKO) vectors for lambda

Red recombinase-mediated integration at well-defined loci,

namely arsB, lacZ, and rsbA-rsbR encoding an arsenite

transporter, b-galactosidase and a ribose metabolism operon,

respectively.[70] Lambda Red recombinase mediates hom-

ologous recombination between two KIKO-borne homolo-

gous insertion sequences flanking a multiple cloning site and

an antibiotic resistance marker removable by flippase-

mediated recombination. KIKO-vectors were used to inte-

grate 5.4 kb, 7.3 kb and 11.3 kb DNA fragments into the

E. coli chromosome.[70]

Another recently developed method combines lambda

Red-mediated homologous recombination and bacteriophage

u80 Int-mediated site-specific recombination.[71–73] DNA

fragments with the removable antibiotic resistance marker

flanked by I-SceI endonuclease target sites are introduced into

specialized CRIM (conditional-replication, integration and

modular) vectors harboring an attP site.[71] Integration is

targetted into an artificial attB site previously introduced into

the chromosome by lambda Red- mediated homologous

recombination.[71] This method was used to integrate an 8 kb

DNA fragment into the E. coli chromosome.[71]

The recently constructed plasmid pSB1K3(FRTK) can

easily accept virtually any genetic circuit for E. coli chromo-

somal integration. First, the DNA fragment is cloned into

pSB1K3(FRTK) next to the kanamycin resistance cassette

flanked by Flippase recombinase target (FRT) sites and

amplified with sequences homologous to the target loci on

the E. coli chromosome.[74] Next, the IPTG-inducible lambda

Red recombinase system on plasmid pKM208 mediates DNA

integration into the E. coli chromosome. Finally, plasmid

pCP20-borne Flp recombinase ‘‘flips out’’ the kanamycin

resistance cassette from the chromosome. Integration of

synthetic genetic circuits into the E. coli chromosome can

mitigate against many problems associated with their intro-

duction on plasmids, such as variable copy numbers, higher

metabolic burden and required antibiotic selection pressure.

However, there is only limited information available on the

suitable integration target sites. Ideally, integration target sites

should be well-characterized, conserved, non-essential and

highly expressed. E. coli flagellar genes fulfill all these

criteria. pSB1K3(FRTK) has been used to integrate syn-

thetic genetic circuits into a number of loci in the E. coli

flagellar regions 1, 2, 3a and 3b.[74–76] This led to the

identification and validation of suitable integration targets in

the E. coli flagellar regions, which support high

integration efficiency and expression of integrated genetic

circuits.[74–76]

Genome assembly

Recent advances in DNA assembly have paved the way for the

construction of whole genomes. Almost the entire 3.5 Mb

chromosome of Synechocystis PCC6803 has been assembled

using the B. subtilis genome (BGM) vector.[28] The lambda

Red recombination system was used to assemble a big part

of the Haemophilus influenzae genome in E. coli.[77]

Furthermore, synthetic genomes of mycoplasmas have been

completed recently and the assembly of the first eukaryotic

genome and minimal genomes are currently underway.

‘‘Synthia’’: the first cell controlled by a chemically
synthesized genome

The 583 kb M. genitalium chromosome was the first bacterial

genome assembled entirely from chemically synthesized

DNA fragments.[27] This was followed by the chemical

synthesis and assembly of the entire 1.08 Mb M. mycoides

genome.[26] Activation of the synthetic M. mycoides genome

in the host cell led to the first synthetic cell JCVI-syn1.0,

dubbed ‘‘Synthia’’ (Figure 4).[26] The initial steps of the

M. mycoides genome construction were performed in vitro.

Oligonucleotides were chemically synthesized and 1 kb

overlapping DNA fragments were assembled using Gibson

isothermal assembly.[26] Then, 10 kb and subsequently

100 kb DNA fragments were generated by yeast homologous

recombination. 100 kb DNA fragments were cloned into

BACs and the whole M. mycoides chromosome was

assembled in S. cerevisiae using yeast homologous recom-

bination (Figure 4). The transplantation of the assembled

M. mycoides chromosome into M. capricolum generated cells

controlled solely by the synthetic M. mycoides genome

[26,78] (Figure 4). The transplantation was further improved

by direct transfer of whole genomes from bacteria to yeast by

fusion of bacterial cells with yeast spheroplasts.[79]

Synthetic yeast 2.0

The synthesis of the S. cerevisiae genome (12 Mb in 16

chromosomes) is currently underway in a project dubbed

‘‘Synthetic Yeast 2.0’’ (Sc2.0) [29–32] Sc2.0 is the biggest

ongoing joint synthetic biology project that involves research

groups from a number of institutions worldwide. These are

working simultaneously on the synthesis and assembly of

yeast chromosomes. The assembly of parts of yeast
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chromosomes IX and VI, in addition to the whole of

chromosome III, was published recently.[30,34] The smaller

fragments of the synthetic yeast chromosome III dubbed

‘‘minichunks’’ (2–3 kb) and ‘‘chunks’’ (approximately 8–

10 kb) were assembled in vitro and then integrated into the

native chromosome III using yeast homologous recombin-

ation.[34] This ultimately led to the exchange of the native

chromosome III for its synthetic counterpart. The ‘‘chunks’’

method can be easily modified for use in any naturally

competent bacteria to replace the native chromosome with its

synthetic counterpart. An alternative method utilizes longer

DNA fragments, ‘‘megachunks’’ (30–50 kb) assembled from

the commercially synthesized ‘‘chunks’’ in vitro (Figure 5).

Megachunks are integrated into the yeast chromosome by

homologous recombination. The assembly of the yeast

chromosome is a multistep iterative process where each

‘‘chunk’’ or ‘‘megachunk’’ is integrated into the chromosome

and exchanged for the native fragment. This generates a

number of hybrid chromosomes composed of a mosaic of

natural and synthetic parts.[33]

Although significantly smaller (273 kb) than the native

chromosome III (317 kb) the synthetic chromosome III is

functional.[34] The difference between the size of the

synthetic and the native chromosome III is the result of a

number of modifications. These include deletion of redundant

parts, such as horizontally acquired genetic elements, and

removal of all tRNA genes. Replacement of TAG stop codons

with TAA stop codons allows incorporation of non-natural

amino acids using the freed TAG codon.[80,81] Furthermore,

34 bp loxP recombination sites introduced downstream of all

known non-essential genes mediate Cre recombinase-induced

genome rearrangements dubbed SCRaMBLE (synthetic

chromosome rearrangement and modification by loxP-

mediated evolution).[30,34] SCRaMBLE allows easy modi-

fications of the synthetic yeast genome by directed evolution.

For instance, addition of amino acids into the growth medium

can result in the deletion of genes required for their

biosynthesis. Furthermore, cultivation in a rich medium

could lead to the deletion of all non-essential genes, thus

generating the first minimal eukaryotic genome.

Minimal genomes

Recent advances in DNA assembly are also important for the

bottom-up construction of genomes composed solely of

essential genes (minimal genomes).[82] Investigation of

essential genes is crucial for understanding the fundamental

principles of life. Essential genes are usually classified into two

groups: ‘‘core’’ and ‘‘accessory’’. The ‘‘core’’ essential genes

are considered to be those that are required for all living

organisms, while the ‘‘accessory’’ essential genes are required

for individual cell types, species or under specific growth

conditions.[83] As the ‘‘accessory’’ essential genes are

Figure 4. Generation of the first cell controlled by the synthetic genome.
The genome of M. mycoides was first designed in silico. The smaller
DNA fragments (up to 10 kb) were synthesized and assembled in vitro.
The larger DNA fragments (100 kb) and the whole M. mycoides genome
(1.08 Mb) were assembled using yeast homologous recombination. The
chemically synthesized and assembled M. mycoides genome was
transplanted into M. capricolum cells. Selective pressure was used to
eliminate the native M. capricolum genome. The resulting JCVI-syn1.0
cell (dubbed ‘‘Synthia’’) was controlled by a chemically synthesized M.
mycoides genome.

Figure 5. Synthetic yeast chromosome assembly. The Figure shows the
key steps of S. cerevisiae chromosome assembly. Chunks (DNA
fragments of approximately 6–10 kb length) are synthesized and
assembled into megachunks (ca. 30–50 kb) in vitro. Megachunks are
then transformed into yeast cells where they integrate into the native
yeast chromosome by homologous recombination. Megachunks carry a
selectable auxotrophic marker, such as leu2 or ura3 that allow selection
for the successful recombinants. The yeast chromosome assembly is
iterative, thus generating a number of hybrid chromosomes composed of
a mosaic of natural and synthetic parts.
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indispensable in specific organisms and environments, they are

promising antimicrobial targets.[83–85] The universally

required ‘‘core’’ essential genes are considered to be the

building bricks of minimal cell factories.[11,20] Unlike the

top-down approach that aims to generate minimal genomes by

deleting non-essential genes, the bottom-up approach aims to

synthesize and assemble minimal genomes from scratch. It is

assumed that ‘‘truly’’ minimal genomes consist of around 300

‘‘core’’ essential genes; however, their exact composition

remains unknown. Furthermore, a number of essential genes

are hypothetical open reading frames with unknown func-

tion.[86–94] The unknown genes constitute 9.8% of general

Pseudomonas aeruginosa essential gene set required for

growth in three primary growth conditions (minimal

medium, sputum, LB medium). Furthermore, unknown genes

constitute 13.4% of highly confirmed P. aeruginosa essential

genes identified as essential in four genome-wide ana-

lyses.[83,92] Identification and an in-depth analysis of essen-

tial genes and their interactions is the prerequisite for

constructing viable minimal genomes. Therefore, at this

time, the top-down minimization of natural genomes, such as

those of E. coli and B. subtilis appears to be more realistic.[20]

Alternatively, both approaches could be combined. The

genomes of mycoplasmas, which are the smallest genomes

among known organisms capable of independent growth in the

laboratory, can be chemically synthesized and assembled using

methods described above and their non-essential genes

deleted.[11] This can be conducted with the recombinase-

mediated cassette exchange (RMCE) system utilizing Cre

recombinase for the replacement of the native DNA fragment

with its synthetic counterpart.[95] RMCE was used to replace a

100 kb native DNA fragment from M. mycoides with its

synthetic counterpart in yeast.[95] Information from genome-

wide transposon mutagenesis studies can lead to prediction and

removal of redundant regions by progressively clustering

deletions using meiotic recombination between bacterial

genomes in yeast (yeast sexual cycling).[96] This method

was used to reduce the original M. mycoides genome by

approximately 10%.[96] To avoid damaging the circular

M. mycoides genomes during cell division, M. mycoides

genomes were linearized prior to deletion of the targeted

regions and then circularized via homologous recombination

in yeast. Transplantation of the circularized genomes into

recipient cells generated viable mycoplasma cells. The reduc-

tion of the original M. mycoides genome by 10% did not

negatively affect growth or viability in a rich medium. This

might be due to the compensatory mutations that accumulated

in the background or the activity of undeleted homologous

genes; however, this will require further investigation.

Conclusions

DNA assembly is the key synthetic biology technology.

Advances in DNA assembly over the last few years have

paved the way for the construction of whole genomes. While

the assembly of smaller DNA fragments is usually performed

in vitro, whole genomes are assembled using homologous

recombination in the host cell. Recently developed tech-

niques, such as BASIC and PaperClip, highlighted in this

review, address some of the limitations of the previous in vitro

assembly techniques, such as reliance on PCR, vectors and

homology between neighboring parts and reusability of

bridging oligonucleotides.[8] However, it is important to

keep in mind that small fragment DNA assembly and DNA

assembly in vivo are often used for distinct purposes.

Although small fragment DNA assembly is, at this time, not

used for assembly of whole genomes, it is critical for virtually

all synthetic biology (and increasingly for molecular biology

in general). Furthermore, recent methods, such as OGAB

utilizing an equimolar DNA mixture can be used for one-step

assembly of unprecedentedly large numbers of DNA frag-

ments.[17] Over 50 DNA fragments were successfully

assembled by this method and the computer simulations

indicate that as many as 100 DNA fragments can be

assembled at once if the concentration fluctuation of DNA

fragments can be kept within 3.3%.[17]

E. coli, B. subtilis and S. cerevisiae are among the most

frequently used hosts for DNA assembly in vivo. A number of

whole genomes have been constructed exploiting homologous

recombination in B. subtilis and S. cerevisiae, and

phage recombinase systems in E. coli, such as lambda Red

system and bacteriophage u80 Int-mediated site-specific

recombination. Bacteriophages can be also used to mobilize

large pre-assembled and integrated DNA fragments. Flanking

DNA fragments with a phage packaging recognition signal

(pac site) [97–99] may speed up the building of large

genomes. Recently developed or improved systems for

manipulation of high molecular weight DNA, such as BGM

vector or iREX described above have many advantages over

the traditional tools, such as BACs and YACs. However, a few

issues remain, such as increasing the efficiency of cloning the

ribosomal RNA gene fragments of foreign genomes into

BGM.[28]

An exciting area of synthetic biology is aimed at the

bottom-up construction of minimal genomes. However,

assembly of viable minimal genomes will require better

understanding of essential genes and their interactions. The

universal minimal genome has not been identified yet and it

appears that the essential gene set depends critically on the

environment the organism is grown in, and issues such as

genome stability, which determine the essentiality of genes.

Recent P. aeruginosa genomic analyses highlight the

evolution of the definition of anffl ‘‘essential’’ gene from

the traditional to the context-dependent.[83,92,100,101]

Furthermore, B. subtilis and E. coli share only approxi-

mately half of their essential genes.[20] Interestingly, a large

proportion of essential genes are hypothetical with unknown

function (as determined, for example, in P. aeruginosa).

[83,92] Better understanding of essential genes and progress

in DNA assembly will aid construction of custom-made

genomes. This in turn will lead to generating well-

characterized cells endowed with properties relevant for

healthcare, biomanufacturing and energy production.
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