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a b s t r a c t

Derived from the bacterial adaptive immune system, CRISPR technology has revolutionized conventional
genetic engineering methods and unprecedentedly facilitated strain engineering. In this review, we
outline the fundamental CRISPR tools that have been employed for strain optimization. These tools
include CRISPR editing, CRISPR interference, CRISPR activation and protein imaging. To further charac-
terize the CRISPR technology, we present current applications of these tools in microbial systems,
including model- and non-model industrial microorganisms. Specially, we point out the major challenges
of the CRISPR tools when utilized for multiplex genome editing and sophisticated expression regulation.
To address these challenges, we came up with strategies that place emphasis on the amelioration of DNA
repair efficiency through CRISPR-Cas9-assisted recombineering. Lastly, multiple promising research di-
rections were proposed, mainly focusing on CRISPR-based construction of microbial ecosystems toward
high production of desired chemicals.
© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Introduction

One central goal of microbial metabolic engineering and syn-
thetic biology is to overproduce intended metabolites including
green chemicals and fuels. To this end, genome editing and
expression control are performed by recruiting a series of genetic
tools, including RecA-, Red-based homologous recombination, zinc-
finger nucleases (ZFN), transcription activator-like effector nucle-
ases (TALEN) [1], transposon mutagenesis [2], RNA interference
(RNAi) [3] and antisense RNA approaches [4]. Implementation of
these approaches is laborious and time-consuming compared to the
prevailing CRISPR-Cas9 technology. The emergence of CRISPR-Cas9
tools has augmented our ability to sculpt the genome and program
the gene expression of model industrial microorganisms, such as
Saccharomyces cerevisiae [5]and Escherichia coli [6]. However, the
growing interest in othermicroorganisms,whereby genome editing
options remain limited, necessitates further research and develop-
ment of such engineering tools. In this review, we portray a picture
of CRISPR-Cas9-based tools for genome editing and transcription
regulation of bothmodel and non-model microbes. Additionally we
propose strategies for further improvement and expansion of these
tools toward overproduction of desired chemicals.
2. Mechanisms of CRISPR-Cas9 tools

CRISPR (clustered regularly interspaced short palindromic re-
peats) technologywas derived from the immune systems in bacteria
and archaea such as Streptococcus pyogenes [7] and Staphylococcus
epidermidis [8]. For naturally occurring CRISPR systems, invasive
DNA is integrated into a tandem array at the CRISPR locus. This locus
can be transcribed and processed into a CRISPR RNA (crRNA). In type
II CRISPR system, the crRNA constitutes a complex with trans-
activating CRISPR RNA (tracrRNA) and CRISPR-associated protein
Cas9. The crRNA directs Cas9-RNA complex to its target DNA, and
Cas9 causes a double-strand break (DSB). Unlike type II CRISPR
system that needs only Cas9 as endonuclease, the type I and type III
CRISPR systems employ a large complex of Cas proteins for crRNA-
guided targeting [9]. This attribute facilitates genetic engineering
applications. The S. pyogenes tracrRNA and crRNA can be replaced by
a single RNA molecule designated guide RNA (gRNA). To ensure
recognition by Cas9-RNA complex, a protospacer adjacent motif
(PAM) immediately downstream of the gRNA target sequence in the
genome is required. The PAM sequence varies depending on Cas9
protein, and in S. pyogenes, the PAM is NGG.

The S. pyogenes type II prokaryotic CRISPR-Cas adaptive immune
system has been demonstrated to execute RNA-guided site-specific
DNA cleavage [9]. In the CRISPR-Cas9 system, Cas9 is an RNA-
guided double-strand DNA nuclease, and a single guide RNA
(sgRNA) directs Cas9 to trigger specific DSBs. Mutations H840A and
D10A in the HNH and RuvC domains in dCas9, respectively, abolish
cleavage (dCas9) but retain DNA-binding activity. The dCas9 in
conjunction with sgRNA has been developed as gene interference
(CRISPRi) and activation (CRISPRa) tools [10e14] (Fig. 1). To date,
CRISPR-Cas tools have beenwidely applied to edit or regulate genes
in both bacteria such as Lactobacillus reuteri [15], E. coli [16e18],
Streptococcus pneumoniae [17], Bacillus subtilis [19] and Strepto-
myces [20], and fungi such as S. cerevisiae [5,21], Yarrowia lipolytica
[22], Talaromyces atroroseus [23] and Aspergillus niger [24,25].

2.1. CRISPR-Cas9-mediated genome editing

One main application of CRISPR-Cas9 tools is DNA cleavage
(Fig.1A). Cas9 is directed by a sgRNA to induce precise DNA cleavage
at endogenous genomic loci. Cas9 can also be mutated into a
nicking enzyme to participate in homology-directed repair with
minimal mutagenic activity [26]. Specially, multiple guide se-
quences can be aggregated as a single CRISPR array to enable
simultaneous editing of multiple chromosomal sites [5]. Presum-
ably, this powerful tool accelerates strain evolution. For example,
the mevalonate titer in S. cerevisiae was elevated by 41-fold
compared to the wild-type strain by simultaneously targeting five
chromosomal sites [21], thereby demonstrating the enormous po-
tential of CRISPR-Cas9 technology in strain engineering.

2.2. CRISPR-dCas9-mediated expression control

In addition to DNA cleavage, CRISPR-Cas9 tools exhibit functions
of transcription control, including CRISPRi [10] (Fig.1B) and CRISPRa
(Fig. 1C) [11]. The dCas9-sgRNA complex represses gene expression
when dCas9 binds a promoter or an open reading frame (ORF)
[10,11]. However, this complex activates gene expression when
dCas9 is fused with the omega subunit of RNA polymerase [11].

2.2.1. CRISPRi
The dCas9 lacks endonuclease activity, however, when coex-

pressed with a guide RNA, the resulting dCas9-gRNA complex can
specifically retard RNA polymerase binding, transcriptional elon-
gation, or transcription factor binding (Fig. 1B). It has been proven
that CRISPRi efficiently repressed the expression of targeted genes
in E. coli [10], Synechococcus elongates PCC 7942 [13], and Actino-
mycetes [14]. Compared with CRISPR, CRISPRi is independent of
DNA repair mechanism.

2.2.2. CRISPRa
As aforementioned, transcription is upregulated when dCas9 is

fused with the omega subunit of RNA polymerase and down-
regulated when dCas9 binds to a promoter or an ORF [10,11]
(Fig. 1C). This finding is theoretically consistent with the experi-
mental conclusion of the Voigt group from Massachusetts Institute
of Technology (MIT), where they recognized that RNA polymerase
is actually a controllable “resource allocator” that governs carbon
flux allocation [27]. In accordance with the above findings, years
ago the Stephanopoulos group from MIT proposed an approach
named gTME (global transcription machinery engineering) based
on the binding of a library of RNA polymerase sigma factors to
numerous promoters in the genome [28]. All the above studies
collectively highlight that RNA polymerase is a key regulatory node,
which severely affects global transcription and resource



Fig. 1. CRISPR tools for genome editing, CRISPR interference and CRISPR activation. (A) CRISPR-Cas9-mediated genome editing. Cas9 protein complexes with sgRNA and binds the
target site of genomic DNA, creating a double-strand break (DSB) at 3 or 4 nucleotides upstream of the PAM sequence. DSB is repaired by Non-homologous end joining (NHEJ) or
Homologous recombination (HR). In NHEJ, random insertions and deletions are introduced into the genome. In HR, precise mutations are integrated into the target genomic location
by providing a donor sequence that has homology arms with the DSB site. (B) CRISPR interference. There are two ways to silence gene expression. The dCas9-sgRNA complex targets
the promoter or enhancer sequence to block the RNAP and/or transcription factor, the transcription initiation is inhibited. The dCas9-sgRNA complex targets the gene sequence or its
50 UTR sequence to prevent the transcription elongation. (C) CRISPR activation. Catalytically inactive Cas9 (dCas9) is fused with a transcription factor, which is targeted to upstream
of the target gene and delivers the transcription factor to the promoter, which facilitates the combination of RNA polymerase (RNAP) and transcription factor for enhancing the
transcriptional efficiency.
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distribution. We therefore may conclude that linking the CRISPR-
Cas9 system to RNA polymerase may lead to an occurrence of
novel phenotypes.

3. Applications of CRISPR-Cas9 tools

3.1. Knockout of competing pathways

As mentioned above, one fundamental goal of strain engineer-
ing is to increase the production of desired chemicals. In order to
divert metabolic flux to desired pathways, competing pathways
should be eliminated or attenuated. Deletion of competing path-
ways conventionally relies on RecA- or Red-dependent recombin-
eering methods. The knocking down of pathways is completed by
RNAi for eukaryotic cells [29] or antisense RNA approach for both
eukaryotes and prokaryotes [4]. CRISPR-Cas9 technology out-
performs RecA- and Red-based recombineering methods in
knocking out pathways mainly due to simplicity: one easily engi-
neered gRNA is employed to target a gene sequence, and Cas9 is
already expressed in the cells.

3.2. Knockdown of competing pathways

For mechanisms fundamental to knocking down genes, CRISPRi
is completely different from RNAi. RNAi acts on mRNA via a double-
strand RNA; in contrast, CRISPRi acts on DNA by blocking tran-
scription initiation or elongation depending onwhether a promoter
or open reading frame is targeted [11] (Fig. 1B). Moreover, CRISPRi
can be easily applied in microbes lacking the non-homologous end
joining (NHEJ) pathway or for which no efficient homologous
recombination (HR) approach is available. Lastly, CRISPRi can be an
important tool for functional identification of key genes [9].

3.3. CRISPR-Cas9-mediated integration of signaling pathways

Biosynthesis of desired metabolites relies on multiple factors,
including substrate provision, availability of energy and cofactors,
as well as signal transduction. Of the factors affecting fermentation,
signal transduction remains elusive. Rewiring of signaling path-
ways represents a frontier in metabolic engineering and synthetic
biology [30]. Integration of the signaling pathways was inspired by
a recent research done concerning CRISPR-Cas9-based ‘signal
conductors’ that govern the transcription of endogenous genes in
response to external or internal stimuli [31]. Therefore, we antici-
pate that CRISPR-based reprogramming of cellular signaling path-
ways is a promising alternative to strain improvement.

3.4. Enhancing cell tolerance to metabolites stress

Accumulation of desired metabolites leads to byproducts
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formation, metabolites inhibition, and slow cell growth. Strategies
for mitigating these outcomes include blocking competing path-
ways, in situ recovery of metabolites, and adjustment of the pH
value of fermentation broth to alleviate cell tolerance. It has been
shown that a panel of regulators confer cell tolerance [32e35], and
metabolic engineering of these regulators significantly improve
cell tolerance [34,35]. From the viewpoint of genetics, cell toler-
ance is ascribed to quantitative trait loci (QTLs); thus, multiplex
CRISPR editing or gene regulation of QTLs may ameliorate cell
tolerance. For example, based on high-resolution QTL mapping, a
total of 17 QTLs that differentiate hydrolysate tolerance between
an industrially related and a laboratory strain were identified.
Guided by this “genetic blueprint”, multikilobase loci were
replaced using a dual-guide Cas9-based method, and a strain with
superior hydrolysate tolerance than reference strain was engi-
neered [36].

3.5. Dynamic control of fermentation process and cell fate

Considering that metabolites buildup generally impedes cell
growth, dynamic control of fermentation process is often required.
Moving forward, the fermentation process is divided into two
phases: biomass accumulation and metabolite formation. Briefly,
the CRISPR-Cas9 system is linked to regulatory genes or sensors,
and the engineered strain responds tometabolite stress at a defined
time point. As of today, programmable temperature-, light- and
chemical-inducible Cas9 have been engineered [37e39], and these
studies provide solid basis for dynamic control of the fermentation
process.

Research has shown that cell size affects metabolite production.
Cell size depends on a myriad factors including nutrient conditions
and cell division [40]. The Chen group from Tsinghua University
reported that E. coli was enlarged by overexpression of the sulA
gene, resulting in the formation of filamentary E. coli that man-
ifested larger internal space for polyhydroxyalkanoates accumula-
tion compared with rod shape E. coli. Consequently, more poly(3-
hydroxybutyrate) was produced compared with its reference
strain [41]. The Smolke group from Stanford University announced
that yeast cell fate can be switched by handling different sets of
regulators [42]. Furthermore, the binding of CRISPR/dCas9 to any
position within origin or replication blocks the initiation of repli-
cation, and altering the temperature from 37 to 42 �C releases the
CRISPR/dCas9 replication inhibition. This method of controlling the
bacterial cell cycle is useful for automatous control of DNA-
replication and cell size [43]. Overall, the above studies pave the
way for automatous control of cell fate.

3.6. CRISPR/dCas9-mediated protein imaging

Direct visualization of genomic loci facilitates deep under-
standing of the spatial organization of microbial genome and gene
expression. Fluorescence in situ hybridization (FISH) is a conven-
tional method for labeling genetic loci especially repetitive se-
quences. However, FISH involves denaturing dsDNA and
hybridizing fluorescent nucleic acid probes, and thus is time-
consuming and cost-ineffective. The sgRNA/dCas9 complex is an
ideal probe to target genetic loci. In general, dCas9 is fused with
green or yellow fluorescence protein, resulting in multicolor
CRISPR/dCas9 complex that can bind the genetic loci matching
sgRNA [44]. In addition, an array of sgRNA library along with dCas9
allows for labeling of multiple loci. To date, this method has been
developed in diverse microbes such as E. coli [45] and Staphylo-
coccus aureus [46]. Combination of CRISPR imaging and DNA
sequential FISH allows for multiplexed dynamic imaging of
genomic Loci [47]. Given CRISPR imaging technique is effective to
identify repetitive sequences such as isoenzymes, transposon, and
RNAs which substantially affect biosynthesis of desired metabo-
lites, we envision this technique will contribute a lot to strain
engineering.

4. Challenges of CRISPR-Cas9 applications

So far, the applications of CRISPR-Cas9 tools still face limitations.
These setbacks include the lack of methods for generation and
delivery of a sgRNA array, low efficiency of DNA repair in non-
model microorganisms, limited strategies to couple with other
genetic tools, and off-target effects.

4.1. Difficulty in generation and delivery of sgRNA array

Since metabolite production relies heavily on coordinated
expression of multiple genes, a gRNA array is required to simulta-
neously direct Cas9/dCas9 to defined sites for editing, activating or
repressing genes. So far, the multiplex editing efficiency of the
CRISPR-Cas9 system remains to be constrained by the gRNA-
expressing device [48]. To address this, Xie et al. developed a
general strategy and platform for precise processing and efficient
production of numerous gRNAs in vivo from a synthetic poly-
cistronic gene via the endogenous tRNA-processing system [49].
This strategy is shown to significantly enhance CRISPR/Cas9
multiplex editing efficiency and has broad applications for small
RNA expression and genome engineering. Apart from the genera-
tion of the sgRNA library, the delivery of CRISPR-Cas9 to intended
genetic loci is also vital for efficient genome engineering. To address
this concern, Xu et al. harnessed the piggyback transposon as a
method to deliver a gRNA library for in vivo screening [50]. Given
the availability of transposon systems [2], we believe that they
could be feasible vehicles for the navigation of gRNA array in cells.

4.2. Low efficiency of DNA repair system

In eukaryotes, double-strand DNA breaks (DSBs) are repaired by
NHEJ mechanism in an error-prone manner, leading to insertion/
deletion mutations that frequently manifest frame shifts and gene
disruption. In contrast to eukaryotic genomes that all contain NHEJ-
like systems, only a percentage of prokaryotic genomes harbor
NHEJ machinery (Ku/LigD) [51]. In fact, bacteria mainly rely on HR
to repair DNA breaks [52]. Several studies have shown that coupling
recombineering with Cas9 counterselection facilitates genome
editing. These topics involve four aspects: (1) single-strand DNA
recombineering (SSDR); (2) double-strand DNA recombineering
(DSDR); (3) non-recombineering-based homologous recombina-
tion (NrHR); and (4) NHEJ.

(1) Single-Strand DNA Recombineering (SSDR)

The first SSDR-CRISPR-Cas9-based genome editing tool was re-
ported in 2013 [17]. E. coli was transformed with the vector pCas9
for heterologous expression of SpyCas9 and the tracrRNA molecule
in order to edit its genome. E. coli was simultaneously transformed
with a linear ssDNA oligonucleotide for SSDR and with the pCRISPR
vector. The pCRISPR vector harbored a CRISPR arraywith one spacer
that targeted the gene of interest, which lead to a CRISPR-Cas9-
based counterselection against the wild-type genes. This tandem
arrangement of an SSDR system followed by CRISPR-Cas9-based
counterselection constitutes an efficient genome editing tool [17].
A similar tool was developed for Lactobacillus reuteri [15]. This tool
was based on a SpyCas9 and tracrRNA expressing vector and the
strain L. reuteri 6475, which expresses the phage-derived ssDNA-
binding protein RecT required for SSDR. The SpyCas9 and tracrRNA
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expressing strain L. reuteri 6475 were simultaneously transformed
with a CRISPR array expressing vector and ssDNA recombineering
fragments. When no homologous template was supplied, trans-
formation with targeting Cas9 constructs failed to generate trans-
formants, indicating the lethality of using Cas9 [15]. Moreover,
scientists realized that coupling CRISPR-Cas9 system with lambda
Red recombineering allows not only highly efficient recombination
of short single-strand oligonucleotides but also replacement of long
DNA fragment [53].

(2) Double-Strand DNA Recombineering (DSDR)

A DSDR-CRISPR-Cas9-based counter selection editing system
was also developed for E. coli [18]. This system relies on a l-Red and
SpyCas9 expressing vector, and a gRNA expressing plasmid. When
dsDNA fragments were used as editing templates, the single gene
deletion efficiency was comparable to the efficiency previously
reported [17]; however, the gene insertion efficiency was low and
proportional to the length of the homologous regions when using
the HR template fragments. In the same study, a variant of this tool
was developed, based on a SpyCas9 and l-Red expressing plasmid,
and a sgRNA expressing plasmid containing a HR template [18]. The
editing tool was used for the simultaneous insertion of two genes
or the deletion of three genes in E. coli and the deletion of two
genes from the chromosome of Tatumella citrea [18]. Even though
this tool was not based on a classic DSDR system, as the provided
editing templates were plasmid-borne and not linear dsDNA frag-
ments, it is interesting that the efficiency of this tool dropped in the
absence of a functional l-Red mechanism.

(3) Non-recombineering-based Homologous Recombination
(NrHR)

Since NHEJ-dependent repair of DNA double-strand breaks
(DSBs) gives rise to unwanted insertions or deletions, DNA-nicking
enzyme (nickase) was employed to generate single-strand breaks
(SSBs) instead of DSBs, which can be repaired by error-free HR
rather thanmutagenic NHEJ. For example, since Cas9-induced DSBs
are lethal to Clostridium cellulolyticum due to weak expression of
NHEJ components, Cas9 nickase, an enzyme causing single-
stranded breaks in duplex DNA, was applied to achieve single-
nick-triggered HR that allows one-step editing at intended
genomic loci [54]. In addition, an NrHR-CRISPR-Cas9 based coun-
terselection editing tool was developed to target insertion se-
quences native to E. coli genome, leading to large chromosomal
deletions [55]. This approach addresses the concern of CRISPR-
Cas9-induced lethal DSBs, and may work efficiently in the genome
editing of prokaryotes that lack well-developed recombineering
systems.
Table 1
CRISPR-assisted recombineering systems.

CRISPR tools Host cells Vectors

Single-strand DNA
recombineering (SSDR)

E. coli; Lactobacillus reuteri pCas9 plasmid c
resistance casse
resistant plasmi

Double-strand DNA
recombineering (DSDR)

E. coli; l-Red and SpyC
expressing plasm

Non-recombineering-based
Homologous Recombination
(NrHR)

Clostridium cellulolyticum Vector pCas9 ex
and vector pGRN

Non-Homologous End
Joining (NHEJ)

Actinomycetales pCRISPRCas9 fo
and pCRISPR-dC
and vector pCRI
scaffold
(4) Non-Homologous End Joining (NHEJ)

Tong et al. developed a CRISPR-Cas9-NHEJ tool in Actino-
mycetales. When no templates for homology-directed repair (HDR)
were present, the site-specific DNA DSBs introduced by Cas9 were
repaired through the error-prone NHEJ pathway. The resulting
deletions were of variable sizes surrounding around the targeted
sequence (Table 1). However, if templates for HDR were supplied at
the same time, precise deletions of the targeted genewere achieved
[56]. Clearly, in all cases, highly efficient DNA repair system is
critical for CRISPR-assisted recombineering.

4.3. Arrangements of CRISPR-Cas system in chromosome or plasmid

Vector-dependent overexpression of key enzymes is a common
strategy for directing carbon flux to desired pathways. However,
this strategy shows its drawbacks by hindering cell growth and
overconsuming cellular resources. Ideally, Cas9 or dCas9 is inserted
into chromosome and subjected to induction expression. By
contrast, sgRNAs should be user-defined since its expression device
is vector-borne or located in the chromosome depending on certain
requirements. For instance, a CRISPR-Cas9 toolkit was developed
for the engineering of Bacillus subtilis by chromosomal expression
of Cas9 and chromosomal transcription of gRNAs using a gRNA
transcription cassette and counterselectable gRNA delivery vectors.
This design avoids the need for multicopy plasmids which can be
unstable and impede cell viability [19].

4.4. Coupling CRISPR-Cas9 with other genetic tools

CRISPR tools are versatile but will not work well for all genetic
engineering purposes. For instance, the generation of Cas9 relies on
translation machinery and therefore consumes more resources
when compared to RNAi where no translation process is involved.
Clearly, RNAi remains a cost-effective strategy for transcription
control. Additionally, while the Cas9-based gene editing system
relies on repair of DNA breaks in prokaryotic cells, both antisense
RNA and CRISPRi are independent of any DNA repair system. More
interestingly, Lee et al. demonstrated that the gene target repressed
by the CRISPR system can be undone by expressing an antisense
RNA that sequesters a small guide RNA [57]. Hence, the combina-
tion of CRISPR tools with RNAi or antisense RNA approach could be
a clever solution to multidimensional control of gene expression.

4.5. Off-target effects

CRISPR/Cas9 can trigger off-target mutations and chromosomal
rearrangements, which may alter microbial phenotypes. For
rational-design strain engineering, off-target effects are not
Repair mechanisms Ref.

arrying tracrRNA, Cas9 and a
tte, and a pCRISPR kanamycin-
d carrying CRISPR spacers.

Homologous recombination [15,17]

as9 expressing vector and gRNA
id

Homologous recombination [18]

pressing Cas9 nickase (D10A),
A expression guide RNA

Nickase, single-nick-triggered
homologous recombination

[54,55]

r gene deletion or replacement,
as9 for gene expression control;
SPR-sgRNA carrying sgRNA

Non-homologous end joining [56]
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desirable. Given that off-target effects are ascribed mainly to
sgRNA, unique target sequences should be different from any other
sites in the genome by at least three nucleotides in 20-nucleotide
sequences. The Adli group from University of Virginia developed
a web-based tool named CHOP-IT to predict off-targets and to
improve guide-RNA design [58]. The sgRNAs can also be designed
by harnessing online software CRISPRdirect (http://crispr.dbcls.jp/
doc/) [59]. In principle, sgRNA sequence should match transcrip-
tion initiation site especially that in non-template strand [10]. In
addition, sgRNA sequence can be used as a query to search against
genome to avoid targeting homologous sequence. So far, off-target
effects remain the major limitation for CRISPR applications. Thus,
in-depth exploration of the underlying mechanisms are required.

5. Concluding remarks and prospective

The exploitation of CRISPR-Cas9 tools marks a breakthrough for
strain engineering due to their versatility and ease of targeting the
RNA-guided Cas9 to any user-defined DNA sequence. Derived from
the bacterial adaptive immune system, CRISPR-Cas9 has been
repurposed for many functions, including CRISPRi (Fig. 1B), CRISPRa
(Fig. 1C) [10,11] and protein imaging [60]. Presumably, Cas9 cleav-
age, CRISPRa, CRISPRi, or a combination thereof could generate
diverse phenotypes beyond imagination. Likewise, novel applica-
tions of CRISPR-Cas9 tools may emerge owing to ongoing inter-
disciplinary studies. Among numerous applications reported to
date, multiplex pathway engineering may largely facilitate strain
engineering. Towards genome editing and global regulation, a
gRNA array directs Cas9/dCas9 to target multiple chromosomal
sites, and the targeted sites can be visualized due to labeled Cas9/
dCas9 [61]. More surprisingly, the CRISPR-Cas-driven gene flow
may occur across various microbial communities [62]. This CRISPR-
driven ecological engineering is of great attractiveness for all walks
of biologists. Evidently, CRISPR-Cas9 tools allow genetic engineer-
ing at all scales. As the pace of CRISPR study accelerates and grows
in complexity, we envision that microbial genomes could be
completely reprogrammed and partial mutants may overproduce
desired metabolites. In conclusion, the CRISPR technology has
significantly contributed to the disciplines adjacent to metabolic
engineering, including synthetic biology, systems biology, genetics
and ecology, which in turn have advanced strain engineering as
well as bioproduction of chemicals.
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