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Accurate, economical and high-throughput gene and
genome synthesis is essential to the development of
synthetic biology and biotechnology. New large-scale
gene synthesis methods harnessing the power of DNA
microchips have recently been demonstrated. Yet, the
technology is still compromised by a high occurrence of
errors in the synthesized products. These errors still
require substantial effort to correct. To solve this bottleneck, novel approaches based on new chemistry, enzymology or next generation sequencing have emerged.
This review discusses these new trends and promising
strategies of error filtration, correction and prevention in
de novo gene and genome synthesis. Continued innovation in error correction technologies will enable affordable and large-scale gene and genome synthesis in the
near future.
Gene synthesis
With the rise of synthetic biology, the era of creating new
functional genes, genetic networks and whole genomes is
upon us. Heralding the dawn of this new era are the rapid
technological breakthroughs allowing for on-demand synthesis of DNA of any sequence or length. Recent breakthroughs have resulted in synthesis and assembly of an
entire bacterial genome and creation of a new cell controlled
by this transplanted synthetic genome [1]. The demand for
synthetic genes and genomes will probably continue to
increase as the scope of their applications expands.
Gene synthesis is typically accomplished by enzymatic
assembly of chemically synthesized overlapping oligonucleotides that span the entire length of the gene construct
(reviewed in [2,3]). The resulting products unavoidably
contain errors such as deletions, insertions, or base substitutions, due largely to mistakes in chemical oligonucleotide synthesis and to a lesser extent, to the subsequent
enzymatic gene assembly processes. Cloning and sequencing of multiple clones is normally required to identify the
clones with the correct sequence. Improvement in fidelity
of gene synthesis is essential to continued progress in the
development of this technology, because a substantial
fraction of the overall cost of gene synthesis goes to cloning
and sequencing, which is required for selecting and confirming a correct sequence.
Nature has evolved sophisticated error-correction mechanisms to ensure that DNA replication proceeds with high
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fidelity [4]. The error rates in prokaryotic and eukaryotic
replication machineries range from 10–7 to 10–8 owing to
various proofreading and mismatch repair mechanisms
[5,6]. By contrast, the current gene synthesis process
has a typical error rate of 10–2 to 10–3, or 1–10 errors/
kbp synthesized [7–10].
Given an error rate (R), the probability of a synthetic
DNA sequence being error-free, (1 – R)N, decreases exponentially as its length (N) increases. The number of clones
that need to be sequenced in order to have 95% confidence
of obtaining one perfect clone, Ln(1 – 0.95)/Ln[1 – (1 – R)N],
can be dramatically reduced with a 10-fold reduction in
error rate [8]. The presence of a variety of error types and
error sources from the series of DNA synthesis and gene
assembly steps allows establishment of error-control procedures at multiple levels. This article reviews the current
methods for error filtration, correction and prevention. We
also discuss new developments and new directions that
may potentially enable error-free synthesis for oligonucleotides, genes, and genomes in the near future.
Error removal from synthetic oligonucleotides
The dominant source of errors in synthetic DNA comes
from chemical synthesis of oligonucleotides. Standard solid-phase oligonucleotide synthesis uses the classical phosphoramidite chemistry [11,12], which adds each nucleotide
monomers to the 50 -end of the elongating DNA chain in a
four-step cycle. (i) Deprotection: an acid is used to remove
the protecting demethoxytrityl (DMT) group from the 50 end of the growing oligonucleotide chain and generate a
reactive 50 -OH group. (ii) Coupling: the 50 -OH group generated from the deprotection step reacts with an activated
monomer created by adding the desired phosphoramidite
and an appropriate activator (i.e. tetrazole) simultaneously. Tetrazole, a weak acid, protonates the trivalent phosphorus on the 30 -end of the monomer. This results in slow
displacement of the secondary amine and formation of a
highly reactive tetrazolide that then immediately couples
with the OH group. (iii) Capping: uncoupled 50 -OH groups
are blocked by an acylating capping reagent, which is
delivered along with a nucleophilic catalyst, to minimize
deletion products. (iv) Oxidation: the unstable phosphite
triester internucleotide linkages are oxidized to a more
stable pentavalent phosphotriester [13].
The most frequent type of errors in oligonucleotide
synthesis happens when a new phosphoramidite monomer
fails to couple to the elongating chain, which results in a
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typical step-wise coupling efficiency of 98.5–99.5% [14–16].
Uncoupled chains will be terminated from growth by acetylation and result in truncated oligonucleotides. However,
failures in acetylation or deprotection do happen with a
frequency as high as 0.5% per position, which leads to
deletion errors in the final synthetic DNA. Insertions also
occur when DMT is cleaved by excess activator and can
reach 0.4% per base [15].
Post-synthesis, the purity of the synthesized oligonucleotide pool can be improved by size exclusion purification
using HPLC [17] or PAGE [15]. Hydrophobic purification
cartridges can also be used for purification of the oligonucleotide pool before the hydrophobic DMT blocking group is
removed (trityl-on). Full-length oligonucleotides with a
hydrophobic DMT terminus can be readily separated from
prematurely terminated sequences lacking the blocking
group. With these methods, >90% of the impurities (mostly
insertions/deletions and truncations) can be eliminated
before assembly and, as a result, the error rate in the final
product can be reduced by several fold [18–20]. Although
such methods are relatively laborious, the effort can be
justified if gene-construction oligos of the same length are
pooled and purified together [19]. The drawback of size
exclusion purification methods is that they are generally
ineffective against base substitutions or single-base insertions/deletions, especially for long oligos. In fact, singlebase deletions are the most frequently observed error type
in assembled DNA constructs [8] and they cannot be
removed effectively by size exclusion purification methods.
Besides post-synthesis purification, a fundamental approach to increase the accuracy of chemical DNA synthesis
is to develop more efficient synthesis chemistry. Along this
line, an alternative two-step DNA synthesis method utilizes
a peroxy anion as the nucleophile to remove simultaneously
a 50 -carbonate and oxidize the internucleotide phosphite
trimester [21]. The removal of the 50 -protecting group with
peroxy anion under mildly basic conditions is considered
essentially irreversible and quantitative, and therefore has
the potential to eliminate depurination and reduce mutation frequencies completely in cloned, synthetic DNA. To
date, there has been no report on the widespread use of the
new two-step DNA synthesis method. Whether it will become the next new standard remains unclear.
Error removal from chip-synthesized oligo pools
Oligonucleotide pools synthesized from microarrays have
recently been used as an economical source for large-scale
gene synthesis. However, oligos synthesized on planar
surfaces tend to be more prone to errors. Depurination
of purine bases seems to be of major concern [22]. As a
result of prolonged exposure to deprotecting/detritylation
agents, adenine and guanine bases often undergo degradation by hydrolysis, leaving behind only the ribose sugar
backbone. The presence of the 50 -OH-presenting sugar
allows the oligonucleotide chain to elongate further; however, during the final side-group removal step (typically
using ammonium hydroxide), these apurinic bases are
cleaved and thereby result in truncated products.
DNA synthesis on planar surfaces often uses a modified
version of the four-step phosphoramidite chemistry where
a certain step is gated to provide spatial control of the
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individual oligonucleotides being synthesized. This is typically the coupling step for inkjet printing-based synthesis
(Agilent, Protogene), or the deblocking step for light-based
(LC Sciences, Invitrogen, Affymetrix) and redox reactionbased platforms (Combimatrix, Oxamer). In any case,
truncated products could arise from misalignment of
printed droplets or from partial deblocking as a result of
poor light-source registration and improper sequestering
of redox ions. Erroneous products caused by such ‘edge
effects’ could be mitigated by using patterned substrates
for synthesis [23,24]. Studies using the inkjet chip synthesis platform have demonstrated that the error rate can be
reduced from one error in 200 bases to one in 600 bases
by using patterned silica features on a plastic chip [25].
In addition to size exclusion purifications, strategies
using the hybridization–selection principle have been used
to reduce errors in microarray synthesized oligo pools.
Error-containing oligos can be removed by stringent hybridization selections using short complementary oligos
(selection oligos) immobilized on beads [7]. Gene construction oligos with errors form imperfect matches with the
selection oligos and can be washed away under stringent
washing conditions, whereas those without errors can be
retained and enriched. This strategy may be useful for
cleaning up large pools of microarray-derived oligos but
may not be convenient or economical for purifying small
numbers of oligos due to the burden of synthesizing complementary selection oligos for all gene-construction oligos.
Without a separate prepurification step, simply increasing hybridization stringency during gene assembly reaction
helps prevent incorporation of erroneous oligos into the final
assembly products [26]. This is because perfect hybridization among error-free sequences creates better templates for
the polymerase or the ligase used in gene assembly. Ligation-based chain assembly methods tend to benefit more
from this effect because no gap is allowed between oligos.
Polymerase-based cyclic assembly (PCA) methods allow the
use of longer oligos and, as a result, the middle portion of the
oligos are not subject to hybridization selection and tend to
carry over more errors into assembled gene products [7,26–
28]. It takes fewer long oligos to assemble a gene, thus, there
is an advantage of using long oligos provided that the
sequence quality is satisfactory. High quality long oligos
are available from commercial sources such as Integrated
DNA Technologies (‘Ultramers’, as long as 200 bp; Coralville, IA, USA). Agilent Technologies (Santa Clara, CA,
USA) has also recently started producing oligonucleotide
libraries composed of >100 bp sequences synthesized by
their SurePrint microarray platform [22].
The rapid development of next-generation sequencing
(NGS) technology has made it possible to sequence large
pools of oligo sequences at affordable costs. This has triggered the temptation of selecting sequence-verified oligos as
input for gene assembly. A proof-of-concept experiment has
been performed that has demonstrated that the so-called
‘megacloning’ method can reduce error rates by a factor of
500 compared to the starting oligonucleotide pool generated
by microarray [29]. In principle, with future development in
platform automation, millions of oligos can be sequenced
and sorted in a single megacloner run, which will potentially
enable gene construction up to megabases in length [29].
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Error removal from synthetic genes
Despite exhaustive purification, errors that remain in
synthetic oligos will be carried over during the assembly
process and accumulate in downstream gene constructs.
Additional errors may also be introduced by polymerase
elongation or mishybridization among oligos [30]. Selection
of an error-free synthetic gene sequence often requires
expensive and time consuming cloning and sequencing
steps and some good luck. Besides cloning and sequencing,
expression assays or functional screens can also be used to
select desired products against errors that can cause reading frame shift and/or loss of protein functions [19,31–34].
Nevertheless, this method is only selective to proteincoding regions or sequences encoding functional elements
and is not effective for spotting silent or conservative
mutations.
Longer DNA constructs (5–50 kb) are usually assembled
step-wise to achieve desired quality and efficiency. Short
segments (<1 kb) are first synthesized as building blocks,
and their sequences verified individually by cloning and
sequencing before being joined together into longer segments. Considering the error frequencies in starting synthetic oligonucleotides and the efficiency of cloning and
sequencing, many current error-reducing strategies target
this intermediate assembly stage to achieve maximum
error-elimination efficiency through simple, robust and
ideally automatable procedures [35,36].
Most of the current error-removal techniques make use
of DNA mismatch recognition agents. In contrast to mutation detection and correction in vivo [6,37], synthetic DNA
does not have chemical labels to distinguish between the
‘correct’ and the ‘mutant’ strands. Moreover, the PCRmediated assembly process will copy the existing errors
into the complementary strand. Therefore, the likelihood of
errors existing as mismatches in the assembled polynucleotide constructs is very small. It is then necessary to
reassociate randomly the polynucleotides through a denaturation and rehybridization process during which erroneous bases form mismatches with the corresponding correct

Error-rich fragments

bases in the reverse-complementary strand. The bulging
mismatch sites are then recognized and removed by using
mismatch-binding proteins or mismatch-cleavage enzymes
(Figure 1).
Error removal using MutS mismatch-binding protein
The MutS protein is part of the bacterial MutHLS
mismatch repair machinery [38]. It detects and binds to
a variety of mispaired bases and small single-strand loops
in vivo. Methods have been developed that use MutS as an
error-removal agent for gene synthesis. In one strategy,
MutS protein from the thermophilic bacteria Thermus
aquaticus was used to filter out directly full-length
heteroduplexes [8]. After denaturation and reannealing,
mismatch containing heteroduplexes are recognized and
bound by the Taq MutS protein, which can be separated
from the unbound homoduplexes (mostly error-free) by a
gel-mobility shift assay (Figure 2a). This method has been
reported to reduce error rate to one error/3.8 kb with one
round of filtration, which represents several folds of improvement from raw synthesis products. Repeating the
procedure one more time reportedly reduces the error rate
to one error/10 kb, which is good enough to ensure finding a
correct sequence with a single round of cloning and sequencing. A major limitation with removing full-length
heteroduplexes is that it requires a substantial fraction
of the sequences to be error-free to survive the MutS
binding filtration.
For error-rich sequences, an alternative MutS-based
error-correction strategy is called ‘consensus shuffling’
[39] (Figure 2b). Reannealed polynucleotide products are
first cleaved by a mixture of restriction endonucleases and
the resulting overlapping short fragments are then subjected to MutS column filtration. Short, mismatch-containing pieces are captured by immobilized Taq MutS, whereas
error-free fragments are eluted and reassembled into fulllength constructs by assembly PCR. Two iterations of
consensus shuffling improve the error rate 3.5–4.3-fold
to one error/3.5 kb [39].
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Figure 1. Summary of general schemes of mismatch-based error correction in synthetic DNA constructs. Assembly products are heat-denatured and then reannealed to
allow correct (blue lines) and mutant (red lines) strands to rehybridize and form mismatches randomly. The mismatches are then removed by various error correction
methods using either mismatch-binding proteins or mismatch-cleaving enzymes to yield products with correct sequences.
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Figure 2. Schematic of error removal strategies using MutS mismatch-binding protein. Assembled gene segments are denatured and reannealed to form heteroduplexes
where errors are revealed as mismatches between correct (blue) and mutant (red) sequences. (a) MutS proteins recognize and bind to mismatch structures. Full-length
heteroduplexes with MutS bound can be separated from homodimers without MutS by gel-shift assay. (b) Consensus shuffling. Reannealed constructs are fragmented by
type IIS restriction endonucleases. Fragments containing mismatches are filtered away by MutS binding column. Error-free fragments that pass through the column are
collected and reassembled into full-length genes by assembly PCR.

Consensus shuffling is a mechanism that resembles
DNA shuffling in which several iterations can be made
until the consensus sequences are concentrated sufficiently
to outnumber other species. Consensus shuffling provides
several advantages over direct MutS filtration of fulllength sequences: (i) it is more effective on longer DNA
constructs in which perfect hybridization after reassortment is rare; (ii) it tolerates more errors in the starting
material; and (iii) the removal of the entire DNA heteroduplex is not necessary. Importantly, fragmentation is
ideally performed with type IIS restriction endonucleases
that cut outside of the recognition sites. In this way,
distinct ends can be generated by the same restriction
endonuclease to minimize nonspecific hybridization of
cut fragments after error filtration. However, despite the
merit of the idea, consensus shuffling requires extraneous
use of endonucleases and the reaction conditions may still
need to be improved to achieve better outcome [39]
Error correction using mismatch-cleaving enzymes
Mismatch-cleaving enzymes here refer to a group of mismatch-specific endonucleases that recognize and cleave at
or near mismatch sites in DNA heteroduplexes. The family
embraces a variety of members including but not limited
to: (i) resolvases, such as phage T4 endonuclease VII [40],
T7 endonuclease I [41] and Escherichia coli endonuclease V
[42]; (ii) mismatch repair endonuclease MutH [38]; and (iii)
single-strand specific nucleases, such as S1 nuclease from
Aspergillus oryzae, P1 nuclease from Penicillium citrinum,
150

mung bean nuclease, and CEL nuclease from celery
[43,44]. The ability of these endonucleases to cleave heteroduplex DNA at the mismatch sites has led to their
extensive applications as probes for mutation and polymorphism detection [43,45–49]. The mismatch-cleaving
activity also makes them very useful in error removal
for gene synthesis and several different assays have been
developed utilizing this activity.
Resolvases
T7 endonuclase I was used in an early study: after assembly and amplification of a target DNA, the purified product
was denatured, reannealed and treated with T7 endonuclease I. Afterwards, the pool was run on a gel and the
remaining intact band was excised and extracted, while
the cleaved fragments were discarded [50]. This way of
enriching error-free sequences seems to work for highquality synthetic products where correct sequences outnumber mutants.
The efficacy of various resolvases has been systematically
explored to recognize and cleave single-base mismatches
using a different error-removal assay, which is applicable for
low-quality sequences. Three resolvases, T4 endonuclease
VII, T7 endonuclease I and E. coli endonuclease V were
tested respectively in the process of ligation-based gene
synthesis and functional cloning of bacterial chloramphenicol-acetyltransferase (cat) gene. After treatment with T4
endonuclease VII and E. coli endonuclease V, the fraction of
‘functional clones’ increased over 10-fold, and sequence
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Figure 3. Schematic diagram showing the principal of error removal using
mismatch-cleaving enzymes. The reannealed heteroduplexes are cleaved in both
strands by mismatch-specific enzymes 2–5 bp downstream of the mismatches,
generating stagger ends that are immediately dissociated at the reaction
temperature. The single-stranded overhangs that contain mismatch bases are
degraded by an exonuclease in the reaction mixture. Full-length genes with fewer
errors are recovered by overlap assembly PCR [32].

analysis revealed an over 4-fold reduction of error rate. T7
endonuclease I was not fully characterized in this setting
[32]. Instead of using gel purification, it was demonstrated
that following mismatch-cleavage, an additional 30 to
50 -exonuclease treatment to remove single-stranded overhangs was essential for error removal, either by adding
E. coli exonuclease I or using the intrinsic 30 to 50 -exonuclease activity of proofreading DNA polymerases (Figure 3).
The processed DNA fragments were reassembled into fulllength products by assembly PCR.
Another method, called circular assembly amplification,
combines exonuclease and endonuclease treatments to
improve gene synthesis quality [51]. In this method, the
overlapping and complementary oligonucleotides are first
ligated into circular molecules under stringent conditions.
An exonuclease is added to degrade any uncircularized
polynucleotides. The circular DNA constructs are then
treated with E. coli endonuclease V, which linearizes
and degrades the mismatch-containing circles in concert
with the exonuclease. By using the above three tiers of
selections, the method is able to reduce error rate by at
least 7-fold compared to the conventional PCA protocol
[51].
A problem with phage resolvase-based mismatch cleavage is preferential cleavage of certain types of mismatches.
For instance, T7 endonuclease I has been reported to fail to
achieve quantitative cleavage for selected mispairs [32]. In
addition, the degree of specificity of T4-endonuclease VII
has been found to be highly dependent on the length of the
substrate and the sequence surrounding the mismatch
sites [52,53]. This enzymology limitation is intrinsic to

these resolvases because they naturally function to recognize holiday junctions rather than mismatches in a heteroduplex [54]. Their potency and efficacy of mismatch
cleavage are therefore compromised by both low sensitivity
and high undesired background. Future work to optimize
their substrate specificity or use enzyme combinations may
potentially produce better results.
MutHLS
E. coli proteins MutH, MutL and MutS constitute a bacterial mismatch repair mechanism: MutS detects and binds
to mispaired bases and small single-strand loops; MutL
couples the MutH endonuclease to the MutS bound mutant
sites, leading to incision of the unmethylated strand of a
hemimethylated dsDNA. The error-containing staggered
ends are trimmed by a helicase and an exonuclease, and
the resulting gap is filled by a DNA polymerase and a ligase
[5]. MutHLS can be used to remove polymerase-produced
mutant sequences in PCR products [38]. Treating reannealed PCR products with MutHLS allows MutS to bind to
the mismatches and create incisions on both unmethylated
strands at d(GATC) in the vicinity of the mismatch sites.
The cleaved heteroduplexes are then removed by gel electrophoresis. Mismatch removal using E. coli MutHLS
reduces the error rate by one order of magnitude and that
is effective to G–T, A–C, G–G, A–A and small insertion/
deletion mispairs, but less effective for other types of
mismatches [38].
Single-strand specific nucleases
Single-strand specific nucleases are a family of multifunctional enzymes that are present ubiquitously and display a
wide variety of characteristics. Although more than 30
single-strand nucleases have been isolated from various
sources, only a few have been thoroughly characterized.
The most widely used single-strand nucleases are almost
exclusively extracellular glycoproteins, including S1 and
P1 nucleases from fungi, the mung bean nuclease and the
CEL nuclease from plants. These nucleases vary drastically in the degree of specificity towards different types of
mismatches. For instance, S1 and P1 nucleases appear to
be strongly specific to AT-rich regions [54]; S1 nuclease
seems incapable of recognizing single base mismatches
[55]; and quantitative single nucleotide mismatch cleavage
by mung bean nuclease occurs only at pH 6–6.5 [56].
Moreover, contradictory results have been reported regarding the use of S1, P1 and mung bean nucleases in
detecting different types of single nucleotide polymorphism in heteroduplex DNA [56]. The incomplete capability of these single-strand nucleases to identify all possible
types of mismatches greatly discourages their general use
in synthetic gene error correction.
CEL endonuclease is an ortholog of the S1 nucleases
isolated from celery [44,57]. The uniqueness of CEL endonuclease is that it is the first eukaryotic endonuclease
known to cleave DNA with high specificity towards all
types of base mismatches and DNA distortions at neutral
pH. Following the discovery of CEL nuclease, the techniques for high-throughput mutation detection have significantly improved, and CEL has become the most commonly
used enzyme in TILLING (targeting-induced local lesions
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Figure 4. Schematic diagram of error correction strategy using CEL mismatch-specific endonuclease. Multiple CEL error-correction cycles maybe integrated into a gene
synthesis process. Each cycle consists of four steps: (i) reannealing of assembled gene constructs to present erroneous bases as mismatches; (ii) CEL nuclease cleavage on
both strands at the 30 side of the mismatches; (iii) exonuclease trimming of single-stranded mismatch overhangs by added exonuclease or the 30 !50 exonuclease activity of
the proofreading PCR enzyme; and (iv) reassembly and amplification of the processed fragments by assembly PCR. The final products are used for downstream applications
such as cloning and sequencing.

in genomes) [58–61], polymorphism analysis [62,63] and
disease diagnosis [57,62–67].
CEL endonuclease is a mannosyl glycoprotein that
nicks a DNA strand at the 30 -end of the base-substitution
mismatch and DNA distortion. Prolonged incubation and a
high enzyme to substrate ratio facilities double-stranded
cleavage by CEL at opposite phosphodiester bonds 30 to the
mismatch, generating: (i) two single-base 30 overhangs in
the case of base substitutions; or (ii) a short stagger end in
the case of insertion/deletion [44,57]. The commercialization of CEL endonuclease as SurveyorTM nuclease by
Transgenomic, Inc (Omaha, NE, USA) has led to its extensive applications in mutation detection as a simple yet costeffective method, resulting in the discovery of many novel
mutations associated with human genetic disorders, including BRCA1 [44,57,68], EGFR [64], HCDC4 [65], p53
[66], mitochondrial [62,63] and kidney-related [67] genes.
The broad substrate specificity and low undesired activity
of CEL nucleases make them the most promising candidates for error correction in synthetic gene assemblies.
Recent studies employing on-chip gene synthesis technology have explored the effectiveness of SurveyorTM nuclease in error correction of microchip-synthesized genes
[25,69] (Figure 4). The incorporation of a 60-min digestion
step with SurveyorTM nuclease followed by PCR assembly
with Phusion DNA polymerase was able to reduce the error
rate of the synthetic gene products from one error/526 bp to
one error/3883 bp. Two iterations of enzymatic error cleavage reactions further reduced the error rate to 1 error/
8701 bp, representing an over 16-fold error reduction [69].
Selective sub-pool amplification of chip-synthesized oligonucleotides achieved an error rate of one error/7017 bp
after enzymatic error correction using ErrASE kit, a commercially available CEL-based enzyme cocktail that corrects mistakes in a similar fashion [70].
The combined actions of mismatch cleavage by CEL
nuclease and proofreading by Phusion DNA polymerase
152

makes the procedure particularly robust and suitable
for correcting error-rich synthetic sequences. Reannealing of low-quality synthetic sequences often yields little
error-free duplexes that can survive the mismatchbinding filtration or mismatch cleavage. Rather than
discarding all error-containing heteroduplexes, CEL nuclease makes double-stranded cuts next to the mismatches. The mismatch bases are then chewed away
by the exonuclease activity of the proofreading DNA
polymerase. The resulting error-free fragments are reassembled into full-length gene constructs by assembly
PCR (Figure 4). This method enables error elimination
at the single-base level, while salvaging a majority of the
correct portions of the sequences. More importantly, the
‘inspection–correction–reassemble’ cycle can be iterated
several times until products with desired purity are
obtained.
Minimizing errors in genome synthesis
Identifying and correcting errors in synthetic genomes
appears to be costly and painful due to the length of the
sequences and difficulty of construct assembly. The key
then is to use error-free starting materials (i.e. sequenceconfirmed intermediate sequences) and avoid the introduction of errors during the genome assembly process. Singlestep assembly using yeast homologous recombination
could produce long, high-quality DNA constructs with a
very low error rate (0.054%), comparable to many in vitro
error-removal protocols as discussed previously. A microbial genome >1 Mb has successfully been assembled using
this strategy [1,71]. This technique has also been applied to
rapid assembly of metabolic pathways with multiple parts
[72]. In addition to using overlapping dsDNA fragments as
starting materials, a yeast recombination mechanism has
recently been successfully applied to direct assembly of
single-strand oligonucleotides into double-stranded gene
constructs [73].
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Concluding remarks and perspectives
Over the past half century, de novo chemical DNA synthesis and enzymatic gene and genome assembly techniques
have been continuously improved. The longest published
synthetic DNA has extended from <1 kb to >1 Mb, which
encoded functional genes, genetic pathways, and viral or
bacterial genomes [1,2,74,75]. Nevertheless, the gap between the expanding demand and the capability to deliver
synthetic genes and genomes in an accurate, economical
and high-throughput fashion is still wide. To close the gap,
current efforts in automation and miniaturization of gene
synthesis need seamlessly to incorporate convenient and
effective error-prevention and error-removal strategies.
The methods discussed in this review reflect current thinking and practice in error correction. There is still plenty of
room for improvements and innovations. For example, the
new high-fidelity DNA synthesis chemistry has yet to be
put into general use, which can reduce error generation
from the beginning. The error-correction enzymes can be
further engineered to be more effective in correcting singlebase mutations. The cloning and sequencing process used
to select correct sequences should be eliminated or simplified and automated using advanced NGS technology. Ultimately, what the field is looking for is a simple, effective
and automatable method that ensures maximum quality of
DNA synthesis at minimum cost. Concerted efforts combining more efficient DNA synthesis chemistry, more effective error-correction enzymes, and more powerful NGS
sequencing technology seems to be the way to go. With
continued innovation, this goal is expected to be accomplished in the near future, which will significantly benefit
the synthetic biology and biotechnology fields.
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