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ARTICLE INFO ABSTRACT

Industrial biotechnology is reliant on native pathway engineering or foreign pathway introduction for efficient
biosynthesis of target products. Chromosomal integration, with intrinsic genetic stability, is an indispensable
step for reliable expression of homologous or heterologous genes and pathways in large-scale and long-term
fermentation. With advances in synthetic biology and CRISPR-based genome editing approaches, a wide variety
of novel enabling technologies have been developed for single-step, markerless, multi-locus genomic integration
of large biochemical pathways, which significantly facilitate microbial overproduction of chemicals, pharma-
ceuticals and other value-added biomolecules. Notably, the newly discovered homology-mediated end joining
strategy could be widely applicable for high-efficiency genomic integration in a number of homologous re-
combination-deficient microbes. In this review, we explore the fundamental principles and characteristics of
genomic integration, and highlight the development and applications of targeted integration approaches in the
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three representative industrial microbial systems, including Escherichia coli, actinomycetes and yeasts.

1. Introduction

High-yield production of industrially important chemicals and
pharmaceuticals is reliant on native pathway engineering or foreign
pathway introduction (Lee and Kim, 2015; Nielsen and Keasling, 2016).
Microbial production of manifold compounds is a promising and re-
newable strategy for replacing traditional petrochemical production
processes (Cho et al., 2015), achieving rapid industrial-scale production
of phytochemicals (Li et al., 2018a) as well as advancing genome
mining of novel bioactive natural products (Rutledge and Challis,
2015). The development of synthetic biology (Cameron et al., 2014),
combined with continued progress in metabolic engineering and system
biology (Lee and Kim, 2015; Nielsen and Keasling, 2016), has led to
increased feasibility to produce heterologous compounds not only
nature's chemical repertoire in industrial microbial systems (Cho et al.,
2015; Kotopka et al., 2018; Zhang et al., 2016b).

Generally, two distinct strategies, namely, plasmid-based systems
and chromosomal integration, are employed for expression of metabolic
genes/pathways. The use of engineered plasmids is a ubiquitous and
indispensable method for expression and analysis of functional genes/
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pathways due to the ease of manipulation and regulated expression
with wide dynamic ranges. However, there are inherent and prominent
problems associated with artificial plasmid-based systems, including
genetic instability, limited cloning sizes and the need for selection
pressure for plasmid maintenance (Carrier et al., 1998; Da Silva and
Srikrishnan, 2012; Zhang et al., 1996). In particular, plasmid genetic
instability, including segregation instability, structural instability and
allele segregation, leads to cell-to-cell variations in protein concentra-
tion, thus generating high- and low-performance variants in a culture
(Tyo et al., 2009). These drawbacks significantly affect the endeavors to
enhance the titer, rate and yield (TRY) of target products, particularly
during large-scale and long-term industrial fermentation. Therefore,
integration of metabolic genes and pathways into host chromosomes is
a preferable approach over plasmid-based expression. On one hand,
chromosome-based genetic constructs can be stably maintained in the
absence of antibiotics or other selective agents and exhibit consistent
gene expression strengths at the single-cell level due to the absence of
copy number and segregation variations (Xiao et al., 2016). On the
other hand, the metabolic burden of multi-copy plasmid maintenance is
also absent, and thus the use of chromosomally integrated genes/
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pathways will likely lead to microbial overproduction of target products
(Santos et al., 2013; Tyo et al., 2009).

In the last ten years, synthetic biology has provided a large variety
of methodologies for low-cost gene synthesis and large pathway as-
sembly (Juhas and Ajioka, 2017; Kosuri and Church, 2014; Ma et al.,
2012). Meanwhile, adaptation of the CRISPR-Cas systems for genome
editing applications has revolutionized modern industrial bio-
technology (Choi and Lee, 2016; Donohoue et al., 2018; Jakociunas
et al., 2016). Via rapid and programmed introduction of double-strand
breaks (DSBs), which greatly increase the rate of homologous re-
combination (HR) (Barrangou and Doudna, 2016; Hille et al., 2018),
CRISPR-Cas-mediated genetic engineering efficiently eliminates the
need for plasmids to introduce foreign DNA into cells and significantly
advances multi-copy integration of target genes/pathways (Li et al.,
2017a; Liu et al., 2017; Ou et al., 2018).

In this review, we present a comprehensive overview of the basic
principles and common strategies for genomic integration of genes and
pathways in three important prokaryotic and eukaryotic microbial
systems. Several representative applications are also discussed to de-
monstrate the advantages of gene/pathway integration.

2. Mechanisms and characteristics of chromosomal integration of
genes and pathways

2.1. Efficient transformation: the premise of DNA integration

Transformation is a kind of genetic events that a cell directly up-
takes and incorporates exogenous DNA materials (e.g., plasmids and
linearized DNA molecules) from its surroundings through cell mem-
branes, which holds great importance in synthetic biology and meta-
bolic engineering. For transformation to take place, the recipient bac-
teria or fungi should be in a state of competence, which might occur in
nature or be artificially induced. However, a large number of microbial
species do not naturally possess the ability to take up DNA (Domingues
et al,, 2012; Johnston et al., 2014). Therefore, a wide variety of
transformation approaches, including chemical transformation, elec-
troporation, conjugation, spheroplast transformation and LiAc/ssDNA/
PEG transformation, have been developed, and the efficiency of each
method has been continually improved over the past three decades.
Interested readers could refer to the detailed reviews of DNA transfor-
mation methods in different bacteria and fungi (Gietz and Woods, 2001;
Kawai et al., 2010; Kieser et al., 2000; Yoshida and Sato, 2009). No-
tably, restriction-modification systems of recipient cells, which can
degrade foreign DNA, are the primary genetic barriers to transforma-
tion and should be carefully considered (Oliveira et al., 2014; Vasu and
Nagaraja, 2013). For instance, proper methylation of exogenous DNA
prior to genetic transformation may efficiently overcome the host re-
striction barrier and thus improve the probability of successful trans-
formation in a number of solvent-producing clostridia (Mermelstein
and Papoutsakis, 1993; Yang et al., 2016; Zhang et al., 2012).

2.2. Principles of genomic integration of foreign DNA constructs

2.2.1. Homologous recombination (HR)-mediated DNA integration

HR is an intrinsic biochemical pathway that enables DNA exchange
between two regions of identical sequences and contributes to im-
portant cellular processes, including DSB repair and horizontal gene
transfer (Cromie et al., 2001; Sung and Klein, 2006). Generally, DNA
duplexes with 3’-ended single stranded tails are firstly yielded through
end resection. Then, DSB repair happens at Holiday junctions after gap-
repair DNA synthesis and ligation. HR occurs naturally across all the
three domains of life as well as virus, and is very powerful tool in ge-
netic engineering. Genomic integration of foreign DNA (several kb) was
first described in Saccharomyces cerevisiae by homology-directed repair
(HDR) more than three decades ago (Fig. 1A) (Orr-Weaver et al., 1981;
Scherer and Davis, 1979). However, following the introduction of
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homology templates, gene incorporation at desired loci occurs at very
low rates of 1 in every 10° to 10° strains (Smithies et al., 1985; Thomas
et al., 1986). Additionally, the efficiency of HDR-mediated integration
often decreases rapidly when large metabolic pathways are introduced
or multiple DNA constructs are simultaneously inserted (Lee and Da
Silva, 1997; Yamada et al., 2010). To promote integration of foreign
genes/pathways, researchers have adopted several strategies:

i. Introduction of selection markers. For efficient chromosomal in-
tegration, selection markers, including antibiotic resistance and
auxotrophic markers, have been widely employed in a wide variety
of bacteria and fungi. In particular, increasing antibiotic con-
centrations have also been used to select for high-productivity en-
gineered strains via repeated transformation (Shi et al., 2014).
Therefore, it is very important to develop accessible selection
markers for gene integration, particularly in genetically intractable
microorganisms. However, the use of selection markers could
hamper multi-round integration due to the limited number of
dominant markers. Therefore, markerless integration has long been
the main direction for future research, which will be discussed in
depth in the following section.
Optimization of homology arm (HA) lengths. HA lengths positively
influence the recombination efficiency. For example, 50-bp HAs are
sufficient for gene integration in S. cerevisiae, but > 500-bp HAs
might be required in non-conventional yeasts, such as
Kluyveromyces lactis and Scheffersomyces stipitis (Blazeck et al., 2014;
Horwitz et al., 2015). Therefore, HA lengths should be carefully
considered in different experimental designs and industrial micro-
organisms.
Sequence-specific introduction of DSBs. In general, two types of
endonucleases, namely, meganucleases (or homing endonucleases)
and programmable nucleases, are employed to introduce DSBs at
target loci of interest (Chevalier and Stoddard, 2001; Kim and Kim,
2014). Traditionally, the recognition site of a meganuclease (e.g., I-
Scel) requires prior introduction into the host chromosome. To ad-
dress this limitation, a number of programmable nucleases have
been discovered or developed, such as zinc-finger nucleases (ZFNs),
transcription activator-like effector nucleases (TALENs) and RNA-
guided Cas endonucleases (e.g., the Cas9 protein from Streptococcus
pyogenes and the Cpfl or Casl2a protein from Francisella novicida)
(Gaj et al., 2013). A systematic comparison of these three en-
donuclease systems was recently reviewed and will not be discussed
in detail here (Gaj et al., 2013; Kim and Kim, 2014). Notably, except
for the modest limitation associated with protospacer-adjacent
motif (PAM) requirements, researchers need to only design a single
guide RNA by Watson-Crick base-pairing for cleavage of each
genomic locus of interest with Cas endonucleases. In addition, the
CRISPR/Cas system exerts a negative screening pressure for efficient
genome editing, allowing simple markerless chromosomal integra-
tion without the aid of selection markers. In recent years, CRISPR-
Cas9- or CRISPR-Cpfl-assisted HDR systems have been broadly used
for genomic integration of genes and pathways in a wide variety of
industrial microbial systems, including Escherichia coli, actinomy-
cetes, conventional or non-conventional yeasts and Aspergilli
(Donohoue et al., 2018; Jakociunas et al., 2016; Shi et al., 2017).
iv. Introduction of foreign recombination systems. This technology,
termed recombineering, only requires short homologies of 35-50 bp
and enables the incorporation of DNA constructs in dsDNA or
ssDNA donors in cells (Court et al., 2002). Two different re-
combination systems, including lambda (A) phage recombinases
(Gam, Exo, and Beta) and Rac phage proteins (RedE and RecT), are
often heterologously reconstituted for genomic integration in some
important industrial microbes, such as E. coli (Yu et al., 2000),
Pseudomonas putida (Choi et al., 2018) and Corynebacterium gluta-
micum (Cho et al., 2017). Integration of up to 50-kb DNA fragments
into E. coli has been reported using the A-Red system with the aid of
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Fig. 1. Principles of genomic integration of foreign DNA constructs. (A) Homologous recombination (HR) -mediated DNA integration. (B) Non-homologous end
joining (NHEJ)-mediated random insertion of foreign DNA fragments. (C) (Micro)homology-mediated end joining (MMEJ/HMEJ)-assisted gene integration. (D) Site-
specific recombination (SSR). (E) Transposition-mediated chromosomal random integration of DNA constructs. IR: inverted repeated sequences.

selection markers (Juhas and Ajioka, 2016). In recent years, the
meganuclease (e.g., I-Scel) or CRISPR-Cas9 system has been coupled
with recombineering to increase the scarless integration efficiency
of large DNA constructs (Ou et al., 2018).

2.2.2. Non-homologous end joining (NHEJ)-mediated random insertion of
foreign DNA constructs

In addition to HR, NHEJ is often used to repair DSBs without the
need for homologous templates in all eukaryotes and many prokar-
yotes, which results in stochastic deletion and insertion of nucleotides
and even translocation at the desired loci (Bowater and Doherty, 2006;
Pitcher et al.,, 2007; Shuman and Glickman, 2007). A typical NHEJ
system consists of a specialized DNA ligase (LigD in bacteria and Lig4 in
eukaryotes) and a single-stranded DNA-end-binding protein Ku
(Shuman and Glickman, 2007). NHEJ is typically more efficient than
HR in some important industrial microbes, including Bacillus, fila-
mentous fungi and non-conventional yeasts (Ayora et al., 2011; Jiang
et al., 2013; Wagner and Alper, 2016). Therefore, NHEJ system is also
applied to the multi-locus integration of foreign genes/pathways in
many HR-deficient bacteria or fungi (Fig. 1B) (Cui et al., 2019; Shi
et al., 2017; Yao et al., 2018). Due to random genomic insertion of DNA
segments, NHEJ-based targeted integration can easily enable multi-
variate modular library construction for enhanced biochemical bio-
synthesis of metabolic pathways (Cui et al., 2019). Noteworthy, sup-
pression of the dominant NHEJ system, such as deletion of the
dedicated ku or ligase gene, is used as a common strategy to enhance
HR efficiency and accuracy (Qin et al., 2017; Verbeke et al., 2013).

2.2.3. (Micro)homology-mediated end joining-assisted gene integration
Microhomology-mediated end joining (MMEJ) is an error-prone
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repair of DSBs with the aid of microhomologous sequences (5-25 bp)
internal to the broken ends, resulting in random DNA mutations (Sfeir
and Symington, 2015). However, in the presence of short homologous
sequences (10-40 bp) flanking the genomic target locus, MMEJ could
be used to mediate precise, in-frame integration of exogenous DNA
segments (Fig. 1C) (Nakade et al., 2014). MMEJ-mediated integration
has been widely used in mammalian cells, providing a useful com-
plementary strategy to the HR-based strategy (Nakade et al., 2014).
However, among industrial microorganisms, the only reported MMEJ-
based application is the precise insertion of an exogenous GFP gene in
Aspergillus fumigatus, in which integration of target genes is very chal-
lenging due to the inefficient HR ability (Zhang et al., 2016a). Recently,
a homology-mediated end joining (HMEJ)-based strategy with long HAs
(e.g., ~800bp) was reported to achieve transgene integration in
mammalian cells with an efficiency much greater than that of HR- or
MMEJ-based methods (Yao et al., 2017). Similarly, HMEJ-based scar-
less integration was twice as efficient as HR-based integration in Yar-
rowia lipolytica (Fig. 1C) (Gao et al., 2018). Although the precise DSB
repair mechanism of HMEJ requires further investigation, this newly
discovered pathway harbors longer and more stable HAs, and can
mediate genomic integration with higher accuracy and efficiency than
MMEJ. Therefore, combined with the CRISPR-Cas9 system, HMEJ-
mediated gene/pathway integration is expected to be widely used in
many HR-deficient industrial microorganisms in the future.

2.2.4. Site-specific integration

Site-specific recombination (SSR), a process involving DNA
breakage and reunion, results in integration, excision or inversion of
defined DNA segments (Grindley et al., 2006). There are two evolu-
tionarily  distinct  site-specific recombinases with different
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number of industrial microbes, including E. coli (Bryant et al., 2014),
Bacillus subtilis (Sauer et al., 2016), Lactobacillus lactis (Thompson and
Gasson, 2001), Streptomyces albus (Bilyk et al., 2017) and S. cerevisiae
(Chen and Zhang, 2016; Wu et al., 2017). For instance, GFP expression
levels showed ~300-fold variations depending on its position on the
chromosome, and GFP expression was sometimes completely silenced
at several specific locations in E. coli (Bryant et al., 2014). Additionally,
Luzhetskyy and colleagues demonstrated that the production titers of
the antibiotic aranciamycin varied up to eight-fold when the associated
BGC was introduced into different genomic loci (Bilyk et al., 2017).
From a practical perspective, systematic examination of position effects
will be helpful in guiding the design of integration sites for metabolic
genes or pathways to maximize expression for enhanced biosynthesis.

2.4. Genetic stability of chromosomal integration

Compared with the plasmid-based systems, chromosomal integra-
tion and expression of foreign genes/pathways are usually highly stable
due to the absence of copy number and segregation variations.
However, chromosome-based expression can be highly unstable in two
cases, namely, transposition-mediated integration and gene duplica-
tion-amplification (GDA). Although transposition can be an attractive
strategy for chromosomal integration of target genes/pathways, trans-
posons, as mobile genetic elements, possess intrinsic genetic instability
(Hayes, 2003). For instance, due to unstable insertion of artificial attB
sites via transposon mutagenesis, an engineered strain of S. albus car-
rying three copies of heterologous pamamycin BGCs exhibited large
fluctuations in antibiotic production (Manderscheid et al., 2016).
Moreover, chromosome-based expression is usually weaker than
plasmid-based expression. Therefore, increasing the copy numbers of
integrated genes/pathways, including via discrete, multi-locus insertion
and GDA, has been an efficient strategy for optimization of the bio-
synthesis of target products. The GDA phenomenon in different mi-
crobial species has been widely described for strain adaptation and
evolution (Andersson and Hughes, 2009; Reams and Roth, 2015). A
variety of approaches for GDA have been developed for genetic en-
gineering, such as RecA-mediated chemically inducible chromosomal
evolution (CIChE) (Tyo et al., 2009), ZouA-RsA/B-based tandem am-
plification (Murakami et al., 2011a) and tyrosine recombinase-medi-
ated chromosomal integration of genes with multiple copies (CIGMC)
(Gu et al., 2015; Yin et al., 2015). However, the tandemly amplified
genes/pathways are gradually lost in the absence of antibiotic selection
due to the occurrence of high-frequency HR events (Zhou et al., 2014).
Therefore, discrete, multi-copy integration of genes/pathways is a
preferable choice for strain improvement in large-scale biotechnolo-
gical application, such as multiplex site-specific genome engineering
(MSGE) in actinomycetes (Li et al., 2017b) and the Di-CRISPR (delta
integration CRISPR-Cas) platform in S. cerevisiae (Shi et al., 2016).

2.5. Detection of gene copy numbers

Some modern methods are capable of detecting copy numbers of
homologous or heterologous genes/pathways integrated into the host
chromosome, including real-time quantitative PCR (qPCR) (Isaksson
et al., 2007), DNA microarrays (Gresham et al., 2008) and next-gen-
eration sequencing (Shendure et al., 2017). Generally, discrete in-
tegration of foreign genes/pathways enables the creation of a unique
join point in the genome, which can be easily detected by routine PCR
amplification and Sanger sequencing. In contrast, qPCR and Southern
hybridization are better choices for rapid determination of gene dosage
with high sensitivity in tandem amplification of target genes/pathways
(Murakami et al., 2011a). Additionally, two newly developed methods,
namely, microarrays and whole-genome sequencing, can be used for
rapidly simultaneous identification of a large number of amplified
genes in a high-throughput manner. Interested readers can refer to the
detailed reviews of the methods used to assess and study DNA
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duplication and amplification (Andersson and Hughes, 2009; Elliott
et al., 2013).

3. Major approaches and applications of genomic integration of
genes and pathways in E. coli

E. coli is one of the best characterized microorganisms on earth and
the most widely used industrial platform for the production of fuels,
chemicals and pharmaceuticals (Pontrelli et al., 2018). In the past two
decades, a large number of genetic manipulation tools, including A-Red,
tyrosine recombinases, multiplex automated genome engineering
(MAGE), the CRISPR-Cas system and sRNA-mediated expression con-
trol, have been developed to efficiently modify the E. coli genome, such
as deletion, replacement, point mutation and integration (Pontrelli
et al., 2018). In particular, chromosomal expression of genes/pathways
is favored in industry for efficient and stable phenotype construction
(Ou et al., 2018). Here, we describe a panel of advanced genomic in-
tegration strategies and related applications for optimizing the ex-
pression of heterologous chemicals and drugs in this important platform
strain.

3.1. Recombineering-mediated gene/pathway integration

3.1.1. A-Red recombineering-mediated integration of large DNA constructs

Genetic engineering by phage recombination systems has been
named “recombineering” and only requires very short homologous se-
quences (< 50 bp) (Court et al., 2002; Murphy, 1998). The A-Red re-
combination system, consisting of three genetic components (Exo, Bet,
and Gam), has been proven to promote HR between the host chromo-
some and foreign PCR fragments (Court et al., 2002). Gam inhibits the
activity of the host RecBCD exonuclease, thus preventing degradation
of foreign linear DNA fragments. Exo, a 5-to-3’ dsDNA-dependent
exonuclease, can degrade dsDNA to reveal a specific ssDNA. Finally, Bet
binds to ssDNA to anneal complementary DNA strands (Court et al.,
2002). A variety of integration strategies with the A-Red recombination
system have been developed, including I-Scel endonuclease-mediated
recombination (Yang et al., 2014b), knock-in/knock-out (KIKO) vector-
assisted integration (Sabri et al., 2013) and pSB1K3(FRTK) vector-
mediated insertion (Juhas et al., 2014). The lacZ gene and the flagellar
genes filT/filK are usually chosen as the integration sites in E. coli
(Juhas and Ajioka, 2016; Juhas et al., 2014; Kuhlman and Cox, 2010),
and the antibiotic-resistant gene flanked by the FLP recombinase target
(FRT) sites has to be flipped out for reutilization (Datsenko and
Wanner, 2000). Notably, with increasing size of the inserted DNA
fragments, the recombineering efficiency gradually decreases (Kuhlman
and Cox, 2010). Generally, with the A-Red recombination system, the
maximum length of DNA fragments integrated into the E. coli genome is
~10kb (Kuhlman and Cox, 2010; Sabri et al., 2013).

In 2016, Juhas and Ajioka have developed a flexible recombinase-
based approach using overlapping DNA fragments and interlaced re-
sistance markers, achieving high-efficiency, iterative integration of
large-size DNA constructs (up to 50kb) in E. coli (Juhas and Ajioka,
2016). In this novel method, two resistance-selection cassettes, namely,
the kanamycin cassette (kan) and chloramphenicol-yellow fluorescent
protein cassette, are used in the plasmids pl4kan and pJScav, respec-
tively. Large DNA constructs are first segmentally cloned into these two
plasmids with the designed homologous sequences and then iteratively
integrated into the genome of E. coli MG1655. As a case study, sucrose
and lactose catabolism pathways (15kb), divided into four DNA frag-
ments (each ~3kb), were integrated into the fliK locus with high effi-
ciency. Furthermore, B. subtilis 168 DNA (50 kb), divided into seven
DNA fragments (each ~6-7 kb), was successfully inserted into two
target sites, namely, filK and cheW (Juhas and Ajioka, 2016).

3.1.2. CRISPR-based markerless, multi-locus gene integration
In the past five years, the CRISPR/Cas9 system has become the most
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popular genome editing tool in diverse organisms, including bacteria,
fungi, plants and mammals (Donohoue et al., 2018; Hille et al., 2018;
Hsu et al.,, 2014). Typically, unique recognition sites must be in-
troduced beforehand into genomes via homonuclease I-Scel or tyrosine
recombinase-mediated genetic engineering. However, Cas9 en-
donuclease can directly target any genomic locus adjacent to the PAM
site (NGG) with the aid of synthetic guide RNA (sgRNA), thereby sig-
nificantly reducing the time and labor required for genome modifica-
tion (Hille et al., 2018). In E. coli, the CRISPR-Cas9 system is widely
used in conjunction with the A-Red recombination system for gene/
pathway integration (Fig. 2A). For example, Li and colleagues demon-
strated that the CRISPR-based technique could facilitate precise in-
tegration of DNA fragments as large as 7 kb with > 60% efficiency
(Chung et al., 2017). In another example, researchers were able to
scarlessly insert the 10kb isobutanol biosynthetic pathway into the
genome with a relatively high efficiency of 50% (Bassalo et al., 2016).
As a representative metabolic engineering application, the 1-butanol
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synthetic pathway, consisting of five genes, namely, atoB, hbd, crt, ter,
and adhE2, was successfully inserted into the genome of E. coli, thus
creating a novel butanol cell factory. Notably, these genes were directly
used to replace ethanol, lactate, acetate or succinate synthetic genes,
thus simultaneously blocking the generation of multiple native by-
products. Furthermore, by knockout of 28 other native genes and
adaptive evolution, the vector-free E. coli strain could produce 20 g/L 1-
butanol in batch fermentation without the addition of any antibiotics or
expensive inducers, thus exhibiting great potential for industrial ap-
plication (Dong et al., 2017). In total, the CRISPR-Cas9 genome editing
tool will significantly simplify and accelerate efforts to chromosomally
integrate genes/pathways into E. coli and holds great promise in strain
improvement for large-scale biochemical production (Pontrelli et al.,
2018).
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3.2. CIChE: chemically inducible chromosomal evolution

In E. coli, most HR events depend on the universal bacterial enzyme
RecA (Bell and Kowalczykowski, 2016). RecA can bind to ssDNA,
forming protein-DNA filaments that search other DNA fragments for
recombination. For example, tandem gene amplification can be effi-
ciently achieved by RecA-mediated DNA crossover (Bell and
Kowalczykowski, 2016). Based on this concept, a CIChE method was
developed for high-copy chromosomal expression of recombinant
genes/pathways (Fig. 2B) (Tyo et al.,, 2009). Briefly, the A-Red re-
combination system is used to initially integrate the marker and gene of
interest flanked by the same homologous regions into the host genome.
Then, the host chromosome is subjected to evolution to generate a high
gene copy number by selection pressure, which can be stopped by de-
letion of recA. The copy numbers of heterologous genes/pathways can
be efficiently tuned with antibiotic strength and stabilized by removal
of RecA. The final engineered strains do not require selection pressure
and efficiently avoid genetic instability and metabolic burden. Com-
pared with the plasmid-based systems, by using the CIChE method, the
productivity of the biopolymer poly-3-hydroxybutyrate (PHB) and the
yield of the nutraceutical lycopene increased significantly by 4-fold and
60%, respectively (Tyo et al., 2009).

3.3. SSR-mediated gene integration or tandem amplification

3.3.1. Clonetegration: one-step cloning and integration of multiple DNA
segments

Bacteriophage-derived integrases, including tyrosine and serine re-
combinases, can efficiently promote site-specific recombination be-
tween an attB site in the bacterial chromosome and a cognate attP se-
quence on the plasmid (Fogg et al., 2014; Merrick et al., 2018). In one
example, by using a panel of orthogonal integrases, the “clonetegra-
tion” method was developed for simple, multi-locus integration of
target genes by combining DNA cloning and integration into a one-step
procedure (St-Pierre et al.,, 2013). The one-step integration plasmid,
pOSIP, can be readily modified to generate different variants, including
the serine integrase gene from &C31 or the tyrosine integrase genes
from phage 186, HK022, lambda, #80 and P21. The integration-re-
sistance cassettes flanked by FRT sites are rapidly removed upon in-
ducible expression of the Flp recombinase, thus achieving multi-round
iterative integration of large DNA constructs. Using these orthogonal
modular integrases, up to four expression cassettes (cfp, gfp, rfp and
lacZ) were successively inserted into the corresponding genomic loci,
and two cassettes (gfp and rfp) were chromosomally integrated in a
single step. Clonetegration simplifies assembly and insertion of multiple
DNA fragments, thereby facilitating rapid construction of metabolic
pathways and synthetic networks.

3.3.2. CIGMC: Flp recombinase-mediated chromosomal integration of genes
with multiple copies

In 2015, a reliable and flexible approach for chromosomal in-
tegration of genes with multiple copies (CIGMC) was developed based
on Flp recombinase activity (Fig. 2C) (Gu et al., 2015). Briefly, multiple
FRT sites are introduced beforehand into the genome of E. coli. Then,
expression of the Flp protein is induced to mediate integration of the
plasmid with the narrow-host-range replicon R6K into the FRT sites,
thus achieving multi-locus insertion of target genes. Similar to the
CIChE method, the gene recA is also deleted here to prevent subsequent
recombination of amplified genes. Using this method, multiple copies of
the shikimate kinase gene aroK and serine biosynthetic genes (serA, serB
and serC) were inserted into the chromosome (up to 12 copies) for high-
level production of L-tryptophan and serine, respectively. Although this
iterative integration concept can be used in a variety of bacteria and
fungi, the CIGMC method is laborious and time-consuming due to re-
peated insertion of artificial FRT sites.

736

Biotechnology Advances 37 (2019) 730-745

3.3.3. RAGE: Cre recombinase-assisted genome engineering

In addition to Flp-mediated genomic integration, the Cre-loxP re-
combination system is also widely used to mediate duplication and
amplification of genes/pathways. For example, to integrate large DNA
fragments into the genome of E. coli, Yoshikuni and colleagues devel-
oped a recombinase-assisted genome engineering (RAGE) method using
Cre recombinase and mutated lox site pairings (Fig. 2D) (Santos et al.,
2013). First, the chloramphenicol resistance gene (cat) flanked by loxP
and lox5171 sites is inserted into the bacterial genome in advance using
the standard A-Red recombination system. Then, Cre recombinase ex-
pression is induced to mediate the transfer of a similarly lox-flanked
large metabolic pathway and the kanamycin resistance marker (kan)
into the genome. Finally, removal of kan by Flp recombinase leads to
the generation of markerless integration strains and to iterative genetic
modification. The utility of RAGE was demonstrated via one-step in-
corporation of a 34-kb alginate metabolic pathway and successive in-
tegration of two functional modules for alginate degradation and
ethanol production. Notably, the final engineered strain could effi-
ciently produce ethanol directly from macroalgae at higher titers and
productivities compared to plasmid-based systems over up to 50 gen-
erations (Santos et al., 2013).

4. Multi-copy chromosomal integration of natural product
biosynthetic gene clusters in actinomycetes

Actinomycetes are among the most prominent sources for the dis-
covery of novel bioactive natural products (NPs) associated with a large
number of drugs used in clinical practice, including antibiotics (e.g.,
pristinamycin), anticancer agents (e.g., bleomycin), im-
munosuppressants (e.g., rapamycin) and anthelmintics (e.g., avermec-
tins) (Barka et al., 2016; Newman and Cragg, 2016). Recently, large-
scale actinomycetal genome sequencing efforts have revealed that
~90% of NP BGCs are not expressed or are expressed at low levels
under routine laboratory conditions and are thus regarded as rich
sources for the discovery of novel drug leads (Baltz, 2016; Cimermancic
et al., 2014; Doroghazi et al., 2014). Streptomycetes are the most ex-
tensively studied actinomycetes due to the propensity of these microbes
to produce a large number of bioactive small molecules (Niu, 2017).
Therefore, a variety of genetic modification tools have been developed
for engineering Streptomyces genomes, which could be extended to
other industrial actinomycetes, such as Saccharopolyspora, Actinoplanes
and Amycolatopsis (Baltz, 2016; Deng et al., 2017).

Generally, two strategies have been used for chromosomal in-
tegration of target genes or BGCs into streptomycetes to generate stable
recombinants, including site-specific integration and HR-based seam-
less insertion. A number of integrative plasmids, such as pSET152 with
the ®C31 integration system and pRT801 with the ®BT1 integration
system, are commonly used for chromosomal expression of target genes
in different streptomycetes (Baltz, 2016). In particular, serine re-
combinase-mediated site-specific integration is highly suitable for
chromosomal insertion of large DNA constructs in actinomycetes, such
as secondary metabolite BGCs (10-100 kb) (Baltz, 2012). In addition,
pSG5-based thermosensitive vectors with broad host ranges, such as
pKC1139, can efficiently mediate foreign gene integration by a double
crossover process (Muth, 2018). With the advent of the CRISRP-Cas9 or
CRISPR-Cpfl genome editing techniques, a number of plasmids derived
from pKC1139, including pCRISPomyces (Cobb et al, 2015),
PCRISPRAO (Huang et al., 2015) and pKCCpfl (Li et al., 2018b), have
been developed for rapid genetic modification in a single step. Inter-
ested readers could refer to the detailed reviews of the genetic en-
gineering of streptomycetes (and other actinomycetes) (Deng et al.,
2017; Tao et al., 2018; Tong et al., 2018). Here, we only focus on du-
plication or amplification of large BGCs for overproduction of bioactive
compounds in actinomycetes.

Generally, industrial production of important drugs or genome
mining of novel bioactive compounds requires enhanced production in
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actinomycetes. In the last two decades, a variety of rational metabolic
engineering strategies have been developed to facilitate target product
biosynthesis in actinomycetes, including optimization of regulatory
networks, increased precursor supply, modification of the transcrip-
tion/translation apparatus and amplification of target BGCs (Olano
et al., 2008; Weber et al., 2015). As a universal engineering strategy,
amplification of natural product BGCs plays an important role in strain
improvement. For example, some antibiotic-overproducing strains
generated via random mutagenesis, such as Streptomyces kanamyceticus
and Streptomyces linolnensis, exhibit tandem amplification of the cor-
responding BGCs (Peschke et al., 1995; Yanai et al., 2006). Further-
more, chromosomal tandem duplication of the tautomycetin (TMC)
gene cluster resulted in a 14-fold increase in TMC productivity in
Streptomyces sp. CK4412 (Nah et al., 2015). Here, we focus on these
innovative strategies for high-order amplification of target BGCs in
streptomycetes.

4.1. ZouA-RsA/B-mediated tandem amplification of target BGCs

Southern hybridization and DNA sequencing indicated that ampli-
fication of a large genomic segment (145 kb) harboring the kanamycin
BGC occasionally exceeded 36 copies in the kanamycin-overproducing
S. kanamyceticus (Yanai et al., 2006). Further functional analysis re-
vealed that tandem amplification of the kanamycin BGC is mediated by
a specific SSR system, which consists of two oriT-like recombination
sites, namely, RsA and RsB, and a ZouA relaxase (Murakami et al.,
2011a; Murakami et al., 2011b). To demonstrate the generality of the
ZouA-RsA/B-mediated amplification system, an amplified DNA unit
(35 kb) including the actinorhodin (ACT) BGC of 22 biosynthetic genes
and a drug resistance marker was constructed in S. coelicolor M145.
After selective enrichment, 4-12 tandem copies of the ACT BGC were
obtained, resulting in a 20-fold increase in ACT production (Fig. 3A)
(Murakami et al., 2011a). Similarly, 3-5 tandem copies of the entire
validamycin A (VAL-A) gene cluster (40 kb) were also obtained using
this amplification system, resulting in a 34% enhancement of VAL-A
production in the industrial strain Streptomyces hygroscopicus 5008
(Zhou et al., 2014). Although the ZouA-RsA/B-mediated system can
efficiently promote tandem amplification of target BGCs, this system
has two obvious limitations that need to be addressed. First, the method
requires the introduction of the ZouA-RsA/B system into both flanks of
the target BGC in advance via two-round conjugal transfer before target
BGC amplification, which is time-consuming and labor-intensive.
Moreover, this prior introduction is very difficult and even impossible
in genetically intractable actinomycetes. Second, the engineered strains
may be genetically unstable in the absence of antibiotic selection due to
tandem amplification of the target BGCs.

4.2. Serine recombinase-mediated discrete, multi-copy integration of target
BGCs

In the last three decades, phage-encoded large serine integrases
have been widely used in genetic engineering of Streptomyces and other
actinomycetes (Baltz, 2012). The integration process involves a single
DNA crossover between the phage attP site and the bacterial attB site,
leading to the generation of two hybrid sites, namely, attl. and attR
(Grindley et al., 2006). To date, at least nine SSR systems have been
identified in actinomycetes, namely, the CBG73463, ®BT1, &C31,
®Joe, PK38-1, R4, SV1, TGl and VWB integration systems, and some of
these systems have been successfully used for strain development via
target BGC amplification (Baltz, 2012; Fogg et al., 2017; Yang et al.,
2014a). For example, Haginaka and coworkers sequentially used #C31
and TGl1 integration systems to triplicate the goadsporin BGC, leading
to a 2.3-fold increase in goadsporin production in Streptomyces sp. TP-
A0584 (Haginaka et al., 2014). However, this method involves repeated
rounds of plasmid construction and conjugal transfer and is limited by
the number of selection markers. To overcome these bottlenecks, two
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innovative strategies were developed for efficient amplification of
target BGCs in actinomycetes, including MSGE and aMSGE (Li et al.,
2017b; Li et al., 2019).

4.2.1. MSGE: multiplex site-specific genome engineering

Typically, there is no or only one active attB site for each bacter-
iophage integrase in many actinomycetes (Baltz, 2012). In theory, prior
introduction of artificial attB sites into the host chromosome will allow
simultaneous, multi-locus insertion of target BGCs in a single step. In
2017, our group developed the MSGE method based on the “one in-
tegrase-multiple attB sites” concept for discrete integration of target
BGCs in actinomycetes (Fig. 3B) (Li et al., 2017b). In this method, the
genomic loci of non-target secondary metabolite BGCs are chosen for
the insertion of artificial attB sites. Using the #C31 and ®BT1 ortho-
gonal integration systems, we successfully achieved five-copy, discrete
genomic integration of the pristinamycin II BGC, resulting in elevated
PII titers of 2.2 and 2 g/L under flask and batch fermentation condi-
tions, respectively (Li et al., 2015; Li et al., 2017b). Then, the method
was extended to construct a panel of heterologous expression super-
hosts with different numbers of ®C31 attB sites based on S. coelicolor
M1146 or M1152. Up to four copies of the BGCs for chloramphenicol or
anti-tumor compound YM-216391 were high-efficiently inserted in a
single step, resulting in significantly increased production titers. Simi-
larly, Myronovskyi et al. developed a series of cluster-free S. albus
heterologous hosts that contain up to four ¢C31 attB sites. The pro-
ductivities of a number of antibiotics, including didesmethylmensa-
carcin, griseorhodin A, aloesaponarin II, didemethoxyaranciamycinone
and cinnamycin, were higher in these superhosts with increasing
numbers of the attB sites (Myronovskyi et al., 2018). We believe, these
reliable and versatile Streptomyces hosts will significantly advance the
discovery of novel drug leads via genome mining as well as combina-
torial biosynthesis research (Baltz, 2016; Li et al., 2017a; Zhang et al.,
2016b).

4.2.2. aMSGE: multi-locus integration by orthologous modular SSR systems

Although the MSGE method is highly suitable for the development
of high-efficient expression hosts for the discovery of novel therapeutic
compounds in actinomycetes, there remain some obvious limitations.
On the one hand, repeated introduction of foreign attB sites is labor-
intensive and time-consuming, even with the use of CRISPR-based
genome editing tools. On the other hand, it is very difficult and even
impossible to introduce artificial attB sites into the genomes of geneti-
cally intractable actinomycetes. To address these bottlenecks, an ad-
vanced MSGE method (aMSGE) was developed based on the innovative
“multiple integrase-multiple attB sites” concept (Fig. 3C) (Li et al.,
2019). In contrast to MSGE, this updated method takes advantage of
native attB sites of different compatible SSR systems in the actinomy-
cetal genome. Accordingly, a plug-and-play amplification toolkit con-
sisting of 27 modular plasmids with single- or multi-integration mod-
ules was designed and developed. The procedure for BGC amplification
takes only ~2 days for in vitro plasmid construction and ~18 days for
the development of high-yield engineered strains (e.g., growth period is
~6days). As a representative application, the 5-oxomilbemycin BGC
was rapidly integrated into the parental strain with three extra copies
using aMSGE, leading to a significant increase in production titers of 5-
oxomilbemycin (from 2.23 to 6.37g/L) (Li et al., 2019). Notably,
compared with previously reported amplification methods, genetic
modifications in host genomes are not required for aMSGE before multi-
copy integration of target BGCs. This advantage will considerably
simplify and accelerate efforts to optimize NP biosynthesis and will be
applicable to genetically intractable actinomycetes. Additionally, given
that SSR systems are widely distributed in a variety of prokaryotic
microbes (Fogg et al., 2014; Stark, 2017), this novel methodology can
be extended to other industrial strains to improve the activities of
biosynthetic pathways for commercial applications.
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Fig. 3. Three major strategies for the amplification
of natural product BGCs in actinomycetes. (A) ZouA-
RsA/B-mediated site-specific recombination. This
approach facilitates tandem BGC amplification. acc
(3)IV and aphlil represent apramycin and kanamycin
resistance genes, respectively. (B) Multiplex site-
specific genome engineering (MSGE) for multi-copy
integration of target BGCs. This method is based on
the “one integrase-multiple attB sites” concept. The
blue and blank triangles represent the native and
artificial ®C31 attB sites, respectively. oriT re-
presents the element of conjugal transfer. SSR: site-
specific recombination. (C) Advanced multiplex site-
specific genome engineering (aMSGE) for multi-
locus chromosomal integration of target BGCs. This
method is based on the “multiple integrases-multiple
attB sites” concept. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)
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5. Novel technologies and applications of genomic integration of
genes and pathways in yeasts

Yeasts have been widely used in industrial biotechnology to produce
biofuels, chemicals, pharmaceuticals and food additives (Liu et al.,
2013). As unicellular eukaryotes, yeasts possess some key advantages
compared to bacteria. For example, there are a number of organelles,
such as mitochondria, peroxisomes, ER, the Golgi and vacuoles, for
compartmentalization of metabolic pathways in different yeast species
(Hammer and Avalos, 2017). In addition to the two well-known yeasts,
baker's yeast (or S. cerevisiae) and fission yeast (or Schizosaccharomyces
pombe), > 2000 yeasts have been discovered and characterized to date
(Radecka et al., 2015). Some important non-conventional yeasts, such
as Y. lipolytica and Pichia pastoris, are increasingly been used for in-
dustrial applications. For instance, the methylotrophic yeasts P. pastoris
and Hansenula polymorphas have been widely used for heterologous
protein production (Wagner and Alper, 2016). In current basic and
biotechnological research, multiple rounds of genetic manipulation are
required for efficient and stable production of chemicals and pharma-
ceuticals in yeasts. Here, we reviewed a panel of newly developed ap-
proaches for genomic integration of genes/pathways and discussed the
relevant metabolic engineering applications in conventional and non-
conventional yeasts.

|
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5.1. S. cerevisiae: a powerful host for production of biofuels and
pharmaceuticals

S. cerevisiae, as a platform microorganism for molecular biology and
metabolic engineering, offers a large number of advantages, including
high-efficiency HR ability, genetic tractability and fermentation ro-
bustness (Hong and Nielsen, 2012). Because of its generally recognized
as safe (GRAS) status, S. cerevisiae has been widely used for the pro-
duction of food, pharmaceuticals, biofuels and other value-added che-
micals. These features have led to increasing and extensive research for
the development of advanced genome engineering tools for both fun-
damental studies and biotechnological applications (Lian et al., 2018).
In particular, high-efficiency integration of exogenous DNA with short
(~50 bp) HAs can be easily achieved based on HDR (the preferred DSB
repair pathway) in S. cerevisiae. In the past six years, the CRISPR-Cas
system combined with HDR has become a revolutionary and versatile
strategy for genome editing in S. cerevisiae (Raschmanova et al., 2018).
Currently, a series of different approaches based on the CRISPR-Cas
system have been developed for marker-free, multi-locus integration of
large biochemical pathways, significantly advancing the development
of high-efficient yeast cell factories (Jakociunas et al., 2016; Liu et al.,
2017).

5.1.1. Multi-locus integration without assembly

5.1.1.1. Di-CRISPR: native delta repeat sequences as integrated
sites. Although generation of DSBs using the CRISPR-Cas system can
increase HR efficiency, most previous studies have only focused on
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Fig. 4. Novel technologies for chromosomal integration of genes and pathways in S. cerevisiae. (A) Di-CRISPR (delta integration CRISPR-Cas) for multi-locus in-
tegration of large biochemical pathways by using the native repeated delta sequences as integrated sites. (B) Synthetic DNA landing pads (LPs) as docks for strict
control of copy numbers of integrated genes. (C) DNA assembler for one-step DNA assembly and integration of multiple DNA fragments with the aid of selection
markers. (D) CasEMBLR: CRISPR-mediated marker-free, multi-locus DNA assembly and integration. P1-P3: promoters 1-3, G1-G4: genes 1-4, T1-T3: terminators 1-3.

genomic integration of single genes/pathways (Horwitz et al., 2015;
Mans et al., 2015; Ronda et al.,, 2015). In 2015, a CRISPR-based
method, CRISPRm, was developed to achieve multiplex integration of
metabolic pathways in S. cerevisize. In that study, a muconic acid
biosynthesis pathway (24kb, 11 genes) was integrated into three
genomic loci in a single step. Although less time and labor are
required to realize individual strain designs, the triple integration
efficiency was very low (only 4.2%) (Horwitz et al., 2015).
Subsequently, a high-efficiency, single-step and markerless platform,
Di-CRISPR (delta integration CRISPR-Cas), was developed for multi-
locus chromosomal integration of large metabolic pathways by using
the native repetitive Ty retrotransposon delta sequences as integrated
sites (Shi et al.,, 2016) (Fig. 4A). As an example, a large pathway
responsible for both xylose utilization and (R,R)-2,3-butanediol (BDO)
production (up to 24kb) was high-efficiently introduced into the
chromosome with up to 18 copy numbers in a single step. Owing to
its ease of use and high efficiency, this Di-CRISPR platform will be
invaluable for synthetic biology and genome engineering studies in S.
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cerevisiae.

5.1.1.2. Synthetic DNA landing pads as docks for gene
integration. Although the Di-CRISPR method can mediate multi-copy
integration of large biochemical pathways, the Ty retrotransposon delta
sites are unusually unstable genomic regions for the construction of
engineered strains. In 2018, an alternative tool, “Wicket”, was
developed for high-efficiency integration and rapid optimization of
foreign pathways in S. cerevisiae (Hou et al., 2018). Briefly, a short DNA
cassette, consisting of two 50-bp HAs and a 23-bp CRISPR/Cas9 target
sequence, was simultaneously introduced into multiple designated loci,
such as ADE2, CAN1 and URAS3, to accept exogenous DNA fragments
upon Cas9-mediated excision. To demonstrate the application of
“Wicket”, the entire, preassembled (-carotene biosynthesis pathway,
including the three genes crtE, crtl, and crtYB, were multicopy
integrated into the genome without the need for selective markers in
a single step. In the same study, the three genes from the f-carotene
biosynthesis pathway were also independently integrated with variable
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copy numbers, resulting in a large variety of engineered strains for
enhanced production. Recently, a similar CRISPR-Cas9 integration
system was also developed by introducing a series of synthetic DNA
landing pads (LPs) (Fig. 4B) (Bourgeois et al., 2018). Unlike the
“Wicket” method, orthogonal LP modules with one to four DNA
copies are designated to achieve precise control of gene copy number,
which efficiently expedites pathway engineering campaigns for strain
improvement. As an application case, the production titers of (S)-
norcoclaurine were significantly increased by integrating and selecting
ten norcoclaurine synthase (NCS) orthologs with four gene copies each.

5.1.2. Multi-locus integration and assembly

5.1.2.1. DNA assembler. HR has been widely harnessed for plasmid
construction, library creation and foreign DNA integration in S.
cerevisiae. However, the use of HR for the assembly of large
biochemical pathways in a single step on the yeast chromosome had
not been explored. In 2009, a one-step method, called ‘DNA assembler’,
was developed for in vivo assembly and targeted integration of
multigene biochemical pathways into the genomic delta loci with the
help of a selection marker (Fig. 4C) (Shao et al., 2009). First, the
interlaced overlaps are introduced into each gene expression cassette in
a pathway by PCR amplification. For efficient DNA assembly and
integration, the lengths of all the overlaps are > 40 bp. Second, a helper
integration fragment hisG-ura3-hisG is designed, and the repeated hisG
motifs can be introduced for removal of the inserted gene ura3, thus
recycling the selection marker for multi-round integration. Finally,
multiple expression cassettes and helper fragment are co-transformed
into S. cerevisiae via electroporation, leading to the assembly of the
entire pathway into the chromosome.

Using the DNA assembler method, a three-gene D-xylose utilization
pathway (~9kb) and a five-gene zeaxanthin biosynthesis pathway
(~11kb) could be integrated into the yeast chromosome with a high
efficiency of 80-100%. By extending the overlap length (from 50 to
125-430 bp), the efficiency of one-step DNA assembly and integration
of an eight-gene hybrid pathway (~19 kb) for both D-xylose utilization
and zeaxanthin biosynthesis was also significantly increased to
40-70%. The engineered yeast with the hybrid pathway could grow in
the medium with D-xylose as the sole carbon source and produce
zeaxanthin. In principle, this method may be applied to iteratively in-
tegrate a DNA molecule as large as an entire microbial genome by re-
cycling the ura3 gene using 5-fluororotic acid for counter-selection.
However, marker recycling is also time-consuming and is associated
with genome instability.

5.1.2.2. CasEMBLR. As mentioned above, Cas9-induced DSBs can
significantly facilitate HDR in S. cerevisiae. Notably, Cas9-induced
DSBs exert negative screening pressure for efficient genome
engineering, which enables markerless integration of metabolic
pathways without the aid of selection markers. In 2015, Jay
Keasling's group developed a new method, called CasEMBLR, for
multi-locus chromosomal integration of in vivo-assembled DNA parts
based on the CRISPR-Cas9 system in S. cerevisiae (Jakociunas et al.,
2015) (Fig. 4D). Three genes, namely, URA3, HIS3 and ADE2, were
chosen as the integration sites. To validate its applicability for the
development of yeast cell factories, this method was used to assemble
and integrate a carotenoid biosynthesis pathway from 15 DNA parts
into three targeted genomic loci and construct a tyrosine production
strain with ten parts inserted into two loci in a single step. Notably,
average engineering efficiencies of 30% and 58% were obtained when
the target parts were assembled into three and two loci, respectively,
without any phenotypic selection. Then, the same group characterized
23 Cas9 targeting integration loci in different chromosomes, thereby
expanding the application scope of CasEMBLR for one-step or iterative
integration of a large number of genetic parts (Apel et al., 2017). In the
future, the CasEMBLR method will significantly advance multiplex
genome engineering for enhanced biosynthesis of value-added

740

Biotechnology Advances 37 (2019) 730-745

products.

5.2. Non-conventional yeasts: promising alternative biomanufacturing
platforms

Although the well-characterized model organism S. cerevisiae is
widely used in industrial biotechnology and molecular genetics, other
non-conventional yeasts, such as Y. lipolytica, P. pastoris, K. lactis, S.
stipitis and H. polymorpha, have been also developed as expression hosts
due to their desirable features, including thermotolerance, high levels
of protein secretion and wide substrate scopes (Lobs et al., 2017;
Raschmanova et al., 2018; Wagner and Alper, 2016). However, efficient
metabolic engineering and synthetic biology tools require further de-
velopment in non-conventional yeasts (Markham and Alper, 2018;
Wagner and Alper, 2016). In addition, in contrast to S. cerevisiae, which
exhibits efficient HR ability, non-conventional yeasts usually do not
possess high-efficiency HR machinery (Wagner and Alper, 2016).
Therefore, other DSB repair systems, including NHEJ and MMEJ/HMEJ
systems, should be considered for genomic integration of genes/path-
ways in non-conventional yeasts.

5.2.1. Agrobacterium-mediated transformation (ATMT)-based functional
integration in Rhodosporidium toruloides

The basidiomycetous yeast R. toruloides is an excellent microbial
host for production of carotenoids and lipids (Park et al., 2018; Wu
et al., 2011). For example, this species can accumulate lipids up to 60%
cell dry weight under certain fermentation conditions (Li et al., 2007;
Wu et al., 2011). However, genetic engineering of R. toruloides remains
challenging due to the absence of an efficient transformation method.
Previously, HR-based transformation was tested to integrate several
genes into the host chromosome with large HAs (up to 1300 bp), but no
positive recombinants were obtained (Lin et al., 2014). To address this
limitation, Zhao and colleagues developed an Agrobacterium-mediated
transformation (ATMT) protocol for effective chromosomal integration
of multiple genes in both haploid and diploid R. toruloides strains (Lin
et al., 2014). With the aid of T-DNA, this ATMT method efficiently
mediated random functional integration and expression of resistance
genes, which could be verified by colony PCR, western blotting and
genome walking. Using the ATMT method, a carotenoid biosynthetic
gene, CRTI, was efficiently inserted into the genome to produce red
carotenoid in the non-model yeast species (Sun et al., 2017).

5.2.2. HR-mediated markerless integration in Y. lipolytica, K. lactis and
other non-model yeast species

Distinct from S. cerevisiae, the oleochemical-producing yeast Y. li-
polytica typically requires 0.5-1-kb HAs to allow low integration effi-
ciency with the use of selective markers (Markham and Alper, 2018).
Recently, with the advent of CRISPR-Cas9 technology, a CRISPR-based
HR strategy has been demonstrated for targeted multi-locus integration
without the need for marker recovery in Y. lipolytica (Schwartz et al.,
2017b). To identify accessible integration sites without impairing cell
growth, a set of genomic loci was screened. The insertion efficiency of a
GFP expression cassette reached 40-60% but varied across different
inserted loci. Meanwhile, except for the MFE1 integration site, the GFP
expression levels were similar when integrated into the other four sites.
Furthermore, a semisynthetic lycopene biosynthesis pathway con-
taining four genes was successfully integrated into different genomic
loci via a single transformation. To further increase integration effi-
ciency, the same group developed a CRISPR interference (CRISPRi)
system to repress the expression of ku70 and ku80, and a high rate of
HR was achieved (up to 90%) (Schwartz et al., 2017a). In a second
industrially relevant yeast, K. lactis, a large muconic acid biosynthetic
pathway comprising six genes (totally 24 kb) was separately integrated
into three different loci in a single step based on the CRISPRm method
(Horwitz et al., 2015). Unfortunately, triple integration efficiency was
very low (only 2.1%), and the engineered strain could not produce
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muconic acid. Until now, on the basis of CRISPR-Cas9 system, HDR-
mediated gene markerless integration has also established in other
important non-conventional yeasts, such as Kluyveromyces marxianus
(Cernak et al., 2018), Ogataea polymorpha (Wang et al., 2018a), P.
pastoris (Weninger et al., 2018), and S. stipitis (Cao et al., 2018).

5.2.3. Homology-independent random insertion in Y. lipolytica

In addition to HR-mediated genomic integration, the inherent NHEJ
pathway could be used to integrate DNA into Y. lipolytica. For instance,
Hou and colleagues demonstrated that multiple (up to three) and large
fragments (up to 12.5 kb) could be tandemly integrated in a single step
without HAs in an NHEJ-dependent manner (Cui et al., 2019). In par-
ticular, the expression levels of integrated genes varied due to different
locations and copy numbers, facilitating rapid construction of modular
libraries for pathway optimization. In one example, a (3-carotene bio-
synthetic pathway consisting of three functional modules was rapidly
introduced into Y. lipolytica, leading to a nearly 27-fold increase in [3-
carotene titers (Cui et al., 2019).

5.2.4. HMEJ-mediated in-frame integration of exogenous genes in Y.
lipolytica

Although CRISPR-based HDR offers precise integration of target
DNA, the efficiency of this process is relatively low in Y. lipolytica.
Recently, a new DSB repair pathway, HMEJ, was exploited for targeted
integration of transgenes in animal cells, particularly non-dividing cells
(Yao et al., 2017). Briefly, the CRISPR-Cas9 system was used to induce
site-specific cleavage in the genome as well as a template donor vector
with sgRNA target sequences flanking 800-bp HAs. HMEJ harbors
longer and perhaps more stable homologous regions with higher knock-
in efficiencies in cultured cells and animal embryos than MMEJ. Fur-
thermore, the HMEJ-based method also exhibited a 6-15-fold higher
insert efficiency than the HR-based strategy. Subsequently, this in-
novative strategy was extended for complete gene knockout and in-
tegration in Y. lipolytica (Gao et al., 2018). A 1-kb HA with two identical
sgRNA target sequences flanking the HA was designed in the HMEJ
donor plasmid. Similarly, a higher integration efficiency (~37.5%) was
obtained using the HMEJ-based method than by using the HR-based
method. Although the precise mechanism of HMEJ-mediated DSB re-
pair requires further investigation, HMEJ-mediated targeted integration
could be widely used in many HR-deficient industrial bacteria and
fungi.

6. Concluding remarks

In modern society, engineering microbial cell factories for over-
production of value-added compounds is a promising approach to
overcome a wide variety of challenges in the food, pharmaceutical, and
biochemical industries (Lee and Kim, 2015; Li et al., 2018a; Nielsen and
Keasling, 2016). Over the last three decades, the inherent genetic in-
stability of plasmid-based expression has led researchers to develop a
series of powerful genomic integration approaches for pathway opti-
mization and efficient microbial biosynthesis of target products (Liu
et al., 2017; Ou et al., 2018; Yamamoto and Gerbi, 2018). This review
aimed to provide an inspiring insight into recent advances and appli-
cations in the strategies and approaches for the genomic integration of
genes/pathways in representative industrial microbes (Table 2).

With the advent of CRISPR-Cas genome editing technology, mar-
kerless, multi-locus integration of large metabolic pathways has become
increasingly feasible on the basis of traditional HR in E. coli and S.
cerevisiae, further promoting the use of these two model strains as
preferred microbial cell classiss for the production of complex phar-
maceuticals and chemicals (Donohoue et al., 2018; Pontrelli et al.,
2018; Raschmanova et al., 2018). Notably, with the aid of different
numbers of orthogonal synthetic LPs, precise control of gene copy
number in the chromosome will possibly achieve the most optimized
metabolic flux balance in specific pathways (Bourgeois et al., 2018; Hou
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et al., 2018). In the meantime, the ability to generate DSBs at almost
any site of interest by using the programmable Cas nucleases provides
an opportunity for NHEJ- or MMEJ/HMEJ-mediated gene integration in
genetically intractable or HR-deficient industrial microbes, such as non-
conventional yeasts and filamentous fungi (Raschmanova et al., 2018;
Shi et al., 2017). In particular, this novel HMEJ pathway combined with
the CRIPSR-Cas system may offer broad applications in targeted
pathway integration in some important non-model microbes that suffer
from low HR efficiency (Gao et al., 2018; Yao et al., 2017). In addition,
the SSR concept has been continuously applied to the development of
advanced multiplex integration approaches in E. coli and actinomy-
cetes. Notably, by the newly developed MSGE or aMSGE methods,
multi-copy integration of large natural product BGCs (~20-100 kb)
could be easily achieved in a single step, which will significantly ad-
vance genome mining of novel bioactive small molecules and the
construction of high-yield industrial actinomycetes (Li et al., 2017b; Li
et al., 2019; Zhang et al., 2016Db).

However, most studies on the development of approaches for mul-
ticopy integration of large DNA constructs have only focused on model
microbes, including E. coli, Streptomyces and S. cerevisiae. Although the
programmable CRISPR-Cas system has been adapted for targeted gene
integration in other important industrial microbes, such as Clostridia
species (Xue et al., 2017), Lactobacilli (Hidalgo-Cantabrana et al.,
2017), Corynebacteria (Wang et al., 2018b), non-conventional yeasts
(Raschmanova et al., 2018) and filamentous fungi (Shi et al., 2017), the
insertion sizes and copy numbers of foreign DNA constructs remain
limited. Given that SSR is very suitable for genomic integration of large
DNA constructs (Grindley et al., 2006; Merrick et al., 2018), the MSGE
methodology, in which multiple orthogonal artificial attB sites are in-
troduced beforehand into the host chromosome, could be possibly be
used to engineer large pathways for improved biochemical synthesis in
many non-model industrial strains (Li et al., 2017b; Myronovskyi et al.,
2018). For instance, our group recently adapted the innovative meth-
odology into the gas-fermenting Clostridium ljungdahlii for chromosome-
based stable expression of the whole heterologous butyrate biosynthetic
pathway (8.5kb), which efficiently overcomes the deficiency of cur-
rently available synthetic biology approaches in the genomic integra-
tion of large DNA constructs in the industrially important anaerobe
(Huang et al., 2019).

Finally, although chromosomal integration of foreign DNA con-
structs will efficiently overcome the obstacle of plasmid-based systems
for the biosynthesis of target products, increased copy numbers of
chromosomally integrated genes/pathways may lead to severe meta-
bolic burden and growth defects (Li et al., 2017b; Li et al., 2019).
Therefore, an integrated approach, including promoter engineering,
precursor engineering, amplification of biosynthetic genes and dynamic
control of metabolic pathways, should be combinatorially applicable to
microbial strain improvement (Cho et al., 2015; Lee and Kim, 2015;
Nielsen and Keasling, 2016). Nevertheless, the strategies for targeted
genomic integration highlighted herein and continued advances in this
area will play increasingly important roles in industrial biotechnology
for large-scale production of value-added products.
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