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Owing to our limited understanding of the relationship between sequence and function and the interaction between
intracellular pathways and regulatory systems, the rational design of enzyme-coding genes and de novo assembly of a
brand-new artificial genome for a desired functionality or phenotype are difficult to achieve. As an alternative approach,
directed evolution has been widely used to engineer genomes and enzyme-coding genes. In particular, significant
developments toward DNA synthesis, DNA assembly (in vitro or in vivo), recombination-mediated genetic engineering,
and high-throughput screening techniques in the field of synthetic biology have been matured and widely adopted,
enabling rapid semi-rational genome engineering to generate variants with desired properties. In this commentary,
these novel tools and their corresponding applications in the directed evolution of genomes and enzymes are
discussed. Moreover, the strategies for genome engineering and rapid in vitro enzyme evolution are also proposed.

Traditional Approaches for the Directed Evolution
of Genomes and Enzyme-coding Genes

Currently, more than 2000 classes of enzymes that catalyze
various synthetic reactions have been recognized.1 However, in
most cases, the naturally occurring enzymes often lack features
that are necessary for commercial applications because of their
natural, complicated regulation and harsh biocatalytic process
conditions.2 Therefore, natural enzymes always need to be engi-
neered to possess the desirable catalytic properties that are
required for practical applications.3 In this regard, many directed
evolution techniques such as error-prone PCR, site-directed satu-
ration mutagenesis, iterative saturation mutagenesis, and DNA
shuffling have been developed and widely used to optimize many
catalytic parameters including thermostability, activity, substrate
specificity, and enantioselectivity in artificial environments.4,5 In
addition, the construction of robust cell factories for whole-cell
biocatalysis or de novo synthesis of the target products with an
optimized background is also attractive and indispensable. As a
result, many studies to improve the titer of target products or cell
resistance to environments by genome engineering with the above-
mentioned directed evolution techniques have been reported.6 In
particular, the construction of stable synthetic pathways to the
desired end products with multiple genome modifications has
been intensively studied recently.7-9 In contrast, rapid semi-rational
engineering of enzyme-coding genes and genomes with novel

directed evolution and synthetic biology strategies should be pre-
ferred and considered more promising because these strategies
avoid the side effects introduced by random approaches.

Recombineering as a Powerful Tool for Rapid
Engineering of Genomes and Enzyme-coding Genes

Recombination-mediated genetic engineering (recombineer-
ing) emerged as an in vivo technique and has been widely used in
bacterial genome evolution because of its efficiency and simplic-
ity.10 Especially since 2000, linear DNA-mediated integration
with the help of phage recombinases (RecET and l-Red) has been
developed and routinely applied in the genome engineering of
bacteria and Saccharomyces cerevisiae.11,12 Through synergistic
actions with the three l-Red proteins Exo, Bet, and Gam, the
transformed double-stranded linear DNAs (dsDNA) with short
(36–100 bp) homologous arms were digested into intermediates
with a single-stranded sticky end, which promotes efficient homol-
ogous recombination. Subsequently, the integrated antibiotic
resistance gene flanked by the FRT or loxP sites were recognized
and removed by the site-specific recombinases FLP recombinase
(for FRT) or Cre recombinase (for loxP), resulting in the desired
mutant strains.12 Although this method is simple and effective,
multiple fragment deletions or modifications in one strain are
time-consuming. In addition, residual small loxP scars that were
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generated during the elimination of the helper plasmid tend to
trigger unwanted recombinations and result in unexpected pheno-
types. To solve this problem, Zhang et al. developed a modified
sacB-based counterselection method with two steps of homolo-
gous recombination to perform scarless point mutation: gene
knock-out, and gene integration on the chromosome.13 Applying
these recombineering tools (the efficiency with dsDNA is about
0.1%),14 many recombinant strains with engineered genes or reg-
ulatory elements have been constructed for various applica-
tions.8,10 Even so, simple methods for the transformation and
integration of multiple large segments remain undeveloped.

To simplify the operation and improve the recombination effi-
ciency, short and synthesized single-stranded DNA (ssDNA) oligo-
nucleotides for genome engineering (Fig. 1A) have been
demonstrated to have high efficiencies in Saccharomyces cerevisiae 15

andmany bacteria including Escherichia coli.16,17 Accordingly, several
recombineering strategies depending on ssDNA (with only 35 bases
of homology) including multiplex automated genome engineering
(MAGE),18 conjugative assembly genome engineering and MAGE
Oligo Design Tool9 have been established and applied for precise

manipulation and rapid evolution of chromosomes (Fig. 1A). In light
of high-throughput screening (HTS) strategies, variant cells with
desirable phenotypes can be generated and isolated after several
repeated rounds of recombination. As a proof of concept,Wang et al.
successfully optimized the 1-deoxy-D-xylulose-5-phosphate pathway
to improve lycopene accumulation, transforming and integrating 90-
mer oligos that were designed to target the ribosome-binding sites of
20 genes and 4 genes.18 Similarly, Isaacs et al. replaced all 314 TAG
stop codons with TAA codons in E. coli strains.9 To improve the
insertion efficiency of short oligonucleotides (>10 bases), Wang
et al. proposed a co-selection strategy and combinatorially inserted
multiple T7 promoters simultaneously into 12 genomic operons,
enabling the rapid optimization of the biosynthesis of aromatic
amino acid derivatives.19 Moreover, by applying over 110 MAGE
cycles, they simultaneously inserted hexa-histidine sequences into 38
essential genes that encode the complete translation machinery and
realized its in vitro co-purification.20 Although MAGE-related tech-
niques are efficient and easy to perform, their application is restricted
by the development of high-throughput methodologies to screen
mutants with desired phenotypes.

Figure 1. Schematic overview of multiplex genome engineering and DNA-assembly methods. (A) Recombineering with synthetic double-stranded or
single-stranded DNA fragments. Short segments containing different mutation sites were designed and synthesized. After multiple rounds of transforma-
tion and recombination, the variants with desired phenotypes were isolated by high-throughput screening methods. (B) Illustration of the Gibson, ligase
cycling reaction, and yeast-dependent DNA-assembly methods.

www.tandfonline.com 137Bioengineered



More recently, the clustered, regularly interspaced, short pal-
indromic repeats (CRISPR)-Cas9 (endonuclease)-mediated
genome-editing technology, which depends on specific homolo-
gous recombination and nuclease-specific cleavage, has been
developed and applied in genome engineering.21,22 To simplify
the CRISPR process and broaden its applications, the small guide
RNA, a hybrid of the trans-activating crRNA and the precursor
CRISPR RNA, was constructed and employed in genome editing
such as gene inactivation, precise mutations, and insertions.22,23

In addition, the CRISPR-Cas9 system was also engineered to
down-regulate gene expression at the transcriptional level by
inactivating the Cas9 nuclease,23 demonstrating its versatile
applications in genome engineering. Consequently, constructing
an optimized biosynthesis pathway at the genome level by apply-
ing these bioengineering tools is a promising and attractive
option for the near future (Fig. 2).

Rapid Assembly Tools Enable Rapid Evolution of
Genes and Genomes

DNA assembly is one of the most important foundational
technologies for rapid prototyping of metabolic pathways or
genetic circuits of interest.24 Especially today, the rapid develop-
ment of synthetic biology25 and metabolic engineering26 require
efficient, flexible, and faithful DNA assembly approaches because
of the low capacity of traditional restriction, digestion, and liga-
tion methods. In fact, modular and combinatorial assemblies of
various genetic segments, particularly the assembly of large DNA
fragments without scars by restriction, digestion, and ligation
methods are extremely difficult.24,27 As a result, several in vitro
methods, such as circular polymerase extension cloning,28

sequence and ligation-independent cloning,29 Gibson assembly
method,30 Ligase Cycling Reaction (LCR),31 and in vivo meth-
ods including DNA assembly with homologous recombination

in Saccharomyces cerevisiae (DNA assembler-yeast)27,32 have been
developed recently. The Gibson assembly method is the most
well-known method, and involves the generation of single-
stranded complementary overhangs by T5 exonuclease and cova-
lent joining by fusion DNA polymerase and Taq DNA ligase.30

However, digestion with T5 exonuclease to generate sticky ends
is difficult to precisely regulate. In addition, the method is com-
paratively complicated. More recently, experiments demon-
strated that the LCR and DNA assembler-yeast methods
(Fig. 1B) have a higher assembly capacity (up to 12 DNA parts)
than the other in vitro methods mentioned above,31 indicating
their great potential to assemble different regulatory and func-
tional fragments.

Since the advent of these assembly methods, many successful
applications have been reported. Impressively, a brand new func-
tional bacterial genome and eukaryotic chromosome have been
successfully assembled using rational design and chemical synthe-
sis.33,34 Through random assembly of a set of constitutive pro-
moters, a silent spectinabilin pathway from Streptomyces orinoci
and a cryptic polycyclic tetramate macrolactams biosynthetic
gene cluster from Streptomyces griseus were respectively discovered
and characterized,35,36 which confirmed the powerful ability of
DNA-assembly methods in the discovery of novel natural prod-
ucts. More recently, using both combinatorial transcriptional
engineering and directed evolution strategies, a library of pro-
moters with varying strengths were assembled with the xylose-uti-
lizing pathway or the cellobiose-utilizing pathway functional
structural genes. As expected, highly efficient heterologous
xylose- and cellobiose-utilizing pathways were generated and iso-
lated with a cell growth–based HTS strategy,37,38 confirming the
practicality of DNA-assembly methods in metabolic engineering.

In the last two decades, although DNA shuffling has been
used as an alternative technique to assemble mutations that were
introduced by random or site-directed mutagenesis methods, the
efficiency is relatively low, and the method requires multiple

rounds, which is time-consuming. Con-
sequently, more efficient directed evolu-
tion techniques are desired to rapidly
engineer target enzymes. Here, we pro-
pose a rapid in vitro evolution method
that depends on rapid and scarless in
vitro DNA assembly tools. As shown in
Figure 3, the target enzyme-encoding
gene is separated into several parts, and
all of the potential mutations are intro-
duced during in vitro amplification with
the designed oligonucleotides or degen-
erate primers. Subsequently, the cloned
variant segments with short homologous
arms are assembled and transformed into
the expression host strains. By applying
an appropriate HTS approach, enzyme
variants with desirable phenotypes can
be rapidly isolated. In particular, this
rapid directed evolution approach will
be applicable to semi-rational and

Figure 2. Combinatorial recombineering to optimize the biosynthesis pathway of interest. To con-
struct a balanced synthetic pathway to the end product, different libraries of pathway functional
genes and regulatory elements—including promoters, intergenic spacers, and ribosome-binding
sites were designed and synthesized. Applying these recombineering tools, all of the above seg-
ments can be combinatorially optimized.
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multiple engineering of the desired enzyme with the help of crys-
tal structure analysis.

Conclusion

With the development of directed evolution, synthetic biol-
ogy, the associated powerful tools,39 and our knowledge on

enzyme functions and genome regula-
tory mechanisms, the creation of novel
enzymes and functional genomes with
targeted properties and phenotypes of
interest will be more efficient and conve-
nient. For instance, by applying the
available strategies, we can rapidly con-
struct or optimize biosynthesis pathways
(Fig. 2). In addition, the direct de novo
synthesis of designed DNA fragments
will be affordable because of decreasing
costs, which will further accelerate the
downstream directed evolution. In
return, directed evolution with these
novel tools enables us to gain more
insight into the complex living systems
composed of proteins, metabolic path-
ways, and regulatory circuits.
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