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Terpenoids are widely used as medicines, flavors, and biofuels. However, the use of these natural products is
largely restricted by their low abundance in native plants. Fortunately, heterologous biosynthesis of terpenoids
in microorganisms offers an alternative and sustainable approach for efficient production. Various genome-editing
technologies have been developed for microbial strain construction. Clustered regularly interspaced short palin-
dromic repeats (CRISPR)-CRISPR associated protein 9 (Cas9) is the most commonly used system owing to its

outstanding efficiency and convenience in genome editing. In this review, the basic principles of CRISPR-Cas9
systems are briefly introduced and their applications in engineering bacteria for the production of plant-derived
terpenoids are summarized. The aim of this review is to provide an overview of the current developments of
CRISPR-Cas9-based genome-editing technologies in bacterial engineering, concluding with perspectives on the
challenges and opportunities of these technologies.

1. Introduction

Terpenoids, predominantly isolated from plants, are valuable natural
treasures and have been widely used as flavors, fragrances, and pharma-
ceuticals [1]. However, the applications of terpenoids, such as the an-
ticancer agent paclitaxel, antimalarial agent artemisinin, and the sugar
substitute steviol, are severely impeded by their low abundance in plants
[2,3]. In this respect, heterologous biosynthesis in different microor-
ganisms and plants offers an alternative and sustainable approach to
producing these highly valued products. Notably, microorganisms have
distinct advantages over plants, such as faster growth and lower costs,
as exemplified by the prokaryotic microorganisms Escherichia coli [4],
Bacillus subtilis [5], and Corynebacterium glutamicum [6], as well as the
eukaryotic microorganisms Saccharomyces cerevisiae [71, Pichia pastoris
[81, and Yarrowia lipolytica [9]. Eukaryotic microorganisms have mul-
tiple organelles that facilitate compartmentalized biosynthesis and ex-
hibit high tolerance to harsh industrial conditions [10-12]. Nonetheless,

eukaryotic microorganisms face several insurmountable challenges in-
cluding relatively slow growth, few selection markers, and easy contam-
ination. As prokaryotic microorganisms are uncomplicated cells with a
simple design, they possess many obvious advantages, including fast
growth, diverse genetic tools, and simple maintenance, which enable
their extensive application in metabolic engineering [13,14].
Reconstruction of the biosynthetic pathways of target compounds
in heterologous cells is the most critical step in establishing an effi-
cient chassis. Generally, plasmid expression is a common strategy for
reconstruction and optimization; however, genes expressed in plasmids
are prone to instability [15]. Concomitantly, the high-frequency use
of antibiotics accelerates the antibiotic resistance crisis and increases
experimental costs [16]. Therefore, the integration of genes into the
genome is a more stable approach for gene expression and results in a
lower growth burden. To integrate biosynthetic pathways into microbial
genomes, various genome-editing tools have been developed such as ho-
mologous recombination (HR) [17], zinc finger nucleases (ZFNs) [18],
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and transcription activator-like effector nucleases (TALENs) [19]. Un-
fortunately, problems such as high cost and time consumption restrict
their application, as reviewed elsewhere [20,21]. Clustered regularly
interspaced short palindromic repeats (CRISPR)-CRISPR associated pro-
tein 9 (Cas9) system has emerged with outstanding efficiency and con-
venience in genome editing and has become the predominant tool for
various genetic modifications [22-24]. In this review, we briefly intro-
duce the principle of the CRISPR-Cas9 system and provide an overview
of its development and application in bacterial engineering for the pro-
duction of diverse terpenoids. Additionally, challenges and perspectives
regarding CRISPR-Cas9 systems for bacterial engineering are discussed.

2. The principles of CRISPR-Cas9 systems

Initially, CRISPR-Cas systems were identified as adaptive immune
systems in prokaryotes. The immune response consists of three stages:
(i) adaptation, which involves the incorporation of a spacer into the host
genome, (ii) expression and maturation, which involves CRISPR RNA
(crRNA) transcription and processing, and (iii) interference, in which
the target genetic element is destroyed by crRNA-Cas protein effector
complexes [25-27]. Based on the differences in Cas protein composi-
tion and sequence divergence among the effector complexes, CRISPR-
Cas systems are classified into two classes (Class 1 and Class 2) and six
types (type I-VI) (reviewed in [28,29]). In addition, a candidate type
VII system has been proposed [30]. The CRISPR-Cas9 system is a type
II adaptive immunity system and the most widely applied CRISPR-Cas
system for genetic modifications because of its simplicity and high effi-
ciency [31-33].

The CRISPR-Cas9 system used for genome editing consists of a guide
RNA (gRNA) for target-specific recognition and a Cas9 protein to intro-
duce double-stranded DNA breaks (DSBs) [34-38] (Fig. 1A). gRNA is a
short synthetic RNA composed of a scaffold sequence for Cas9 binding
and a 20 nt sequence for target sequence recognition [29,32]. gRNA can
direct Cas9 to the genome where a protospacer adjacent motif (PAM) is
located immediately downstream of the target site. The Cas9 protein,
another fundamental component of the CRISPR-Cas9 system, has RNA-
dependent endonuclease activity that introduces DSBs into the genome
[39]. DSBs are mainly repaired by two endogenous cellular DNA re-
pair pathways: non-homologous end joining (NHEJ) and HR [39,40]
(Fig. 1A). Notably, the PAM sequence varies among different Cas9 pro-
teins, and the canonical PAM sequence (i.e., NGG) is associated with
the widely used Cas9 nuclease from Streptococcus pyogenes (SpCas9)
[41,42]. In addition to genome editing, the CRISPR-Cas9 system has
been modified to regulate gene expression at the transcriptional level.
For instance, deactivated Cas9 (dCas9) generated by introducing point
mutations (i.e. H840A and D10A) loses nuclease activity yet retains the
ability for sequence-specific DNA binding. The dCas9 protein in com-
plex with gRNA has been used alone to perform CRISPR interference
(CRISPRI). Specifically, it targets the promoter to block the binding of
RNA polymerase (RNAP), or the coding sequence region to block the
elongation of RNAP (Fig. 1B-C). Alternatively, the fusion of dCas9 with
a transcriptional repressor can also be used for CRISPRi [43] (Fig. 1D).
In contrast, dCas9 fused with a transcriptional activator can perform
CRISPR activation (CRISPRa) [44] (Fig. 1E).

3. The development of CRISPR-Cas9-based genome-editing
technologies in bacteria

3.1. InE. coli

Among all types of bacteria, E. coli is the most widely investigated
in terms of its application in synthetic biology, owing to its simple ge-
netic background, fast growth and low cost, which constitutes a model
organism for developing CRISPR-Cas9-based genome-editing technolo-
gies [45-47]. Considerable progress has been made in the application
of CRISPR-Cas9 systems in E. coli (Fig. 2). Sapranauskas et al. found
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that the heterologous CRISPR-Cas9 system could be functionally trans-
planted into E. coli to provide immunity against relevant plasmids and
phages [48]. Jiang et al. were the first to successfully generate precise
site-directed mutations in the E. coli genome using a dual RNA and Cas9-
based CRISPR system [49]. Subsequently, researchers managed to delete
or insert intact genes in E. coli using the CRISPR-Cas9 system [4,50,51].
For example, Jiang et al. developed a two-plasmid-based CRISPR-Cas9
system, in combination with an effective phage-encoded A-red recombi-
nation system to accomplish both gene insertion and deletion in E. coli
[50]. Furthermore, as mentioned above, researchers have repurposed
CRISPR systems for CRISPRi and CRISPRa to repress and activate target
gene expression in E. coli using dCas9 [52]. Cas9 nickase (nCas9) was
generated by introducing a D10A mutation that could only cut a single
strand of DNA. With nCas9, base-editing and prime-editing technologies
have been established that can directly introduce point mutations into
cellular DNA without inducing DSBs [53,54]. Despite great progress,
many shortcomings of CRISPR-Cas9-based editing technologies remain,
such as low efficiency in editing long DNA sequences, huge difficulty in
multiplex genome editing, and restricted applications in certain strains.

3.1.1. Editing long DNA sequences

Researchers have made intensive efforts to engineer large DNA frag-
ments in E. coli. Li et al. accomplished the deletion of genomic sequences
of up to 12 kb using double-stranded donor DNA as an editing template
with more than 90% efficiency, which was higher than that of single-
stranded DNA (less than 20% efficiency) [4]. This increased efficiency
can be attributed to decreased mismatch repair correction during ho-
mologous recombination. Specifically, using single-stranded donor DNA
for CRISPR editing introduces a change near the DNA replication fork,
which triggers mismatch repair correction [55]. In contrast, double-
stranded donor DNA is less likely to cause these errors, thus achiev-
ing higher efficiency [4]. By introducing a mutation in the upstream
homology arm, Bassalo et al. inactivated the targeted PAM sequence;
thus, Cas9 did not cut the same site repeatedly, which enabled single-
step 10 kb metabolic pathway insertion [56]. Wang et al. developed
the REXER (replicon excision for enhanced genome engineering through
programmed recombination) by combining the CRISPR-Cas9 and A-red
recombination systems, enabling the efficient replacement of genomic
DNA with long synthetic DNA (> 100 kb) in E. coli [57].

3.1.2. Multiplex genome editing

CRISPR-Cas9-based technologies have also been established to edit
multiple loci simultaneously with minimal labor and time in E. coli
[4,58,59]. For example, Liu et al. developed a genome-editing system
coupling CRISPR-Cas9 with A-red recombination to achieve rapid two-
gene modification at once. The efficiency of the double-locus point mu-
tation reached 88.0%, whereas the double-locus deletion/insertion effi-
ciency was only 38.7% [58]. Li et al. developed a CRISPR-Cas9 system
comprising only a single plasmid that could express multiple gRNAs tar-
geting distinct loci. Using this system, they introduced codon replace-
ments in three genes simultaneously with a 23.0% editing efficiency
[4]. Feng et al. used a CRISPR-Cas9 assisted multiplex genome editing
(CMGE) technique to express multiple gRNAs together, realizing a four-
locus modification with a 31.7% editing efficiency [59].

3.1.3. Expanding the scope of strains

Efforts have been made to expand the scope of E. coli strains that
can be edited using CRISPR-Cas9-based technologies. Among these,
E. coli BL21 is a popular chassis for the production of natural prod-
ucts. However, genetic modification is difficult to achieve due to the
leaky expression of gRNA, which causes plasmid curing and hampers
CRISPR-Cas9-based genome editing [50]. To overcome this problem,
the promoter driving gRNA expression was either replaced or removed
directly to avoid leaky expression, leading to efficient genome edit-
ing in E. coli BL21 [60,61]. Rubin et al. developed DNA-editing all-
in-one RNA-guided CRISPR-Cas transposase (DART) systems to edit
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Fig. 1. Schematic diagram of CRISPR-Cas9-based technologies. (A) CRISPR-Cas9-mediated genome editing. Cas9 protein forms complex with gRNA, which will
recognize the target site of genomic DNA, creating a double-stranded DNA break (DSB) upstream of the PAM sequence. The DSB can be repaired by HR or NHEJ,
where HR introduces precise genome editing including gene insertion, replacement, and deletion, while NHEJ results in small insertion and deletion into the
genome. (B) dCas9 based CRISPRi binding to promoter. The dCas9/gRNA complex targets the promoter of the target gene, and sterically blocks the binding of RNA
polymerase (RNAP). (C) dCas9 based CRISPRi binding to coding sequence region. The dCas9/gRNA complex targets the coding sequence of the target gene, and
blocks the elongation of RNAP by physical collision. (D) CRISPRi-mediated genetic interference. A fusion of dCas9 with a transcription repressor can be used to
down-regulate transcription. (E) CRISPRa-mediated genetic activation. A fusion of dCas9 with a transcription activator can be used to upregulate transcription.
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Fig. 2. Timeline of key developments of CRISPR-Cas9-based technologies in E. coli.

specific E. coli subspecies in complex microbial communities. This
method overcomes the limitations of traditional genome-editing sys-
tems by enabling genome editing without the isolation of individual
species [62].

3.2. In other bacteria

In addition to E. coli, other bacteria can be genetically modified us-
ing CRISPR-Cas9-based technologies for the production of natural prod-
ucts, including Streptococcus pneumoniae [49], Tatumella citrea [50], B.
subtilis [63-65], Streptomyces coelicolor [66], Saccharopolyspora erythraea
[671, C. glutamicum [68], and others. The CRISPRi system has been ap-
plied to Methylorubrum extorquens [69] and C. glutamicum [70], and
the CRISPRa system has been applied to B. subtilis and Pseudomonas
putida [71,72].

Garcia-Moyano et al. developed a plasmid-based CRISPR-Cas9 sys-
tem using high-throughput fragment exchange cloning techniques,
which enabled precise gene integration in B. subtilis [65]. Westbrook
et al. directly integrated the cas9 gene and gRNA transcription cassette
into the B. subtilis genome, which realized the chromosomal expres-
sion of cas9 and ensured gRNA stability. This versatile toolkit enables
point mutations, gene insertions, and multiplex editing with high effi-
ciency and is further extended to CRISPRIi for transcriptional modulation
[63]. In C. glutamicum, Yao et al. constructed a single-plasmid CRISPR-
Cas9 system, in which all elements including the cas9 gene, gRNA,
and homologous arms, were designed in one temperature-sensitive
plasmid. Using this system, the genome-editing efficiency reached
95.7% [68].

4. The application of CRISPR-Cas9-based technologies in
engineering bacteria for the production of terpenoids

Terpenoids represent the largest family of natural products with wide
pharmaceutical and industrial applications; however, limited resources
severely hinder their use [73]. Nowadays, microbial production of ter-
penoids in bacteria, especially in E. coli, provides a promising alterna-
tive for the large-scale acquisition of these valuable compounds [4].
The reconstruction of the biosynthetic pathways of target compounds
in heterologous cells is critical for efficient biosynthesis. The CRISPR-
Cas9 system is robust for the reconstruction and optimization of biosyn-

thetic pathways. Here, we review the recent progress in the heterologous
biosynthesis of diverse terpenoids in bacteria using CRISPR-Cas9-based
technologies (Table 1).

4.1. Reconstruction and optimization of terpenoid biosynthetic pathways
via CRISPR-Cas9-based technologies

4.1.1. Biosynthetic pathways of diverse terpenoids

The biosynthesis of plant-derived terpenoid compounds can be di-
vided into three modules: central, upstream, and downstream path-
ways. The central pathway plays a pivotal role in metabolic regulation
by generating essential precursors such as pyruvate, glyceraldehyde-3-
phosphate (G3P), and acetyl-CoA to synthesize target compounds [73].
Two parallel upstream pathways, methylerythritol phosphate (MEP) and
mevalonate (MVA) provide universal precursors: isopentenyl diphos-
phate (IPP) and dimethylallyl diphosphate (DMAPP). The MEP pathway
starts with pyruvate and G3P, whereas the MVA pathway utilizes acetyl-
CoA [73]. The downstream pathway is specialized for distinct target
compounds regarding genes involved and generates various terpenoids,
including monoterpenoids (C;,), sesquiterpenoids (C;5), diterpenoids
(Cyg), triterpenoids (Czp), and tetraterpenoids (C4g) (Fig. 3) [74,75].

4.1.2. Reconstructing terpenoid biosynthetic pathways

The basic principle of engineering microorganisms for terpenoid pro-
duction is to enhance the expression of biosynthetic pathway genes
and suppress the expression of competitive pathway genes, which can
decrease by-products and redistribute flux to target compounds. The
CRISPR-Cas9 system has been used to tune the central pathway to boost
the levels of related precursors in E. coli. For instance, Shukal et al.
achieved increased levels of acetyl-CoA by knocking out the competi-
tive branch pathway gene LdhA using the CRISPR-Cas9 system, leading
to improved terpenoid production [61]. Li et al. improved the concen-
trations of both pyruvate and G3P by overexpressing GalP and knock-
ing out PtsHlcrr using the CRISPR-Cas9 system, thus providing a more
efficient strain for terpenoid production [4]. Therefore, modifying the
central pathway is an effective strategy for optimizing the biosynthesis
of terpenoid compounds.

Similarly, both the MEP and MVA pathways were individually op-
timized to afford a larger supply of IPP and DMAPP via CRISPR-Cas9-
based technologies in bacteria. Given that prokaryotes inherently pos-



Table 1

The applications of CRISPR-Cas9-based technologies and other strategies in engineering bacteria for the heterologous production of terpenoids.

Over-expressed Increased
Strain Compound Integrated genes genes Deleted genes Repressed genes Gene origin Other strategies® Titer fold® Reference
B. subtilis amorphadiene GFP-ADS, FPPS / / HepS*, UppS Plant / 116 mg/L 1.4-fold [84]
B. subtilis amorphadiene GFP-ADS, FPPS / / / Plant Overexpress MEP 416 mg/L 20.0-fold [85]
pathway genes in
plasmid; Optimize the
medium.
E. coli DH1 bisabolene HMGS, HMGR, MK, / / / Plant and / 435 ug/L 5.0-fold [76]
PMK, PMD, IDI, microorganism
FPPS, AgBIS
E. coli MG1655 steviol GGPPS, CPS, KS DXS, DXR, IDI GdhA* / Microorganism / 38 mg/L 2.5-fold [77]
E. coli BL21 (DE3) crocin CCD, ALD / / / Plant and / 4 mg/L 3.6-fold [78]
microorganism
C. glutamicum squalene SQs DXS, IDI / GapA*, GdhA*, Microorganism High-throughput 106 mg/L 5.0-fold [70]
GGPPS* fermentation; Culture
condition optimization.
E. coli BL21 (DE3) lycopene / / AdhE*, LdhA*, PfiB*, / Microorganism / 135 mg/L 3.0-fold [61]
PoxB* or AckA-Pta*
E. coli BL21 (DE3) lycopene / / / AAS, HMGS, HMGR, Microorganism / 71 mg/L 8.0-fold [83]
MK, PMK, PMD, IDI
E. coli W3110 lycopene GGPPS, Crtl, CrtE, DXS, DXR, IDI / / Microorganism / 9Img/g 4.4-fold [79]
CrtB
E. coli MG1655 p-carotene FPPS, GGPPS, CrtB, DXS, CMK, HDR, IDI, PtsHIcrr / Microorganism / 2g/L 28.0-fold [4]
Crtl, Galp
E. coli ATCC 8739 p-carotene Almgs / / / Microorganism / 37 mg/L 1.4-fold [92]
E.coli ATCC 8739 zeaxanthin CrtZ / / / Microorganism / 451 pg/L 1.3-fold [93]
E.coli ATCC 8739 astaxanthin CrtW, CrtZ / / / Microorganism / 410 pg/L 1.3-fold [93]

Note:
* Host genes.

a Strategies unrelated to CRISPR-Cas9-based technologies.
b “Increased fold” means the increased fold of titers compared with the control.
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Fig. 3. Schematic diagram of the central, upstream,
and downstream pathways of terpenoid biosynthesis.
All genes marked with blue were upregulated in E.
coli; all genes marked with red were downregulated
in E. coli. The arrows with solid line represent the
single-step reaction, and the ones with dotted line
represent the multi-step reaction. Terpenoid compounds
through biosynthesis described in this review are shown
in blue. The crossed arrows represent the deletion of
genes. GalP, galactose permease; PtsHIcrr, phospho-
enolpyruvate; PTS: carbohydrate phosphotransferase;
GapA, glyeraldehyde-3-phosphate dehydrogenase; AdhE,
alcohol dehydrogenase; LdhA, lactate dehydrogenase;
PoxB, pyruvate oxidase; Pta, phosphate acetyltrans-
ferase; AckA, acetate kinase; PflB, pyruvate-formate
lyase; GdhA, glutamate dehydrogenase; GItA, cit-
rate synthase; DXS, 1-deoxy-p-xylulose-5-phosphate
synthase; DXR, 1-deoxy-p-xylulose-5-phosphate reduc-
toisomerase; MCT, 2-C-methyl-j-erythritol-4-phosphate

cytidyltransferase; CMK,  4-(cytidine-5’-diphospho)-
2-C-methyl-j-erythritol kinase; MCS, 2-C-methyl-;-
erythritol-2,4-cyclodiphosphate ~ synthase; HDS, 4-

hydroxy-3-methylbut-2-enyl-diphosphate synthase; HDR,
4-hydroxy-3-methylbut-2-enyl-diphosphate ~ reductase;
AAS, acetyl-CoA thiolase; HMGS, HMG-CoA synthase;
HMGR, HMG-CoA reductase; MK, mevalonate kinase;
PMK, phosphomevalonate kinase; PMD, diphospho-
mevalonate decarboxylase; IDI, isopentenyl diphosphate
isomerase; GPPS, GPP synthase; FPPS, FPP synthase;
GGPPS, GGPP synthase; CrtB, phytoene synthase; Crtl,
phytoene desaturase; CrtY, lycopene cyclase; CrtZ,
3,3’-hydroxylase; CrtW, 4,4’-oxygenase; CCD, carotenoid-
cleaving dioxygenase; ALD, aldehyde dehydrogenase;
ADS, amorphadiene synthase; BIS, bisabolene synthase;
SQS, squalene synthase; CPS, ent-copalyl diphosphate
synthase; KS, ent-kaurene synthase; KO, ent-kaurene
oxidase; KAH, kaurenoic acid 13-hydroxylase.



X. Sun, H. Zhang, Y. Jia et al.

sess intact MEP pathways, Li et al. simply integrated extra copies of
four pathway genes (i.e., DXS, CMK, HDR, and IDI) to upregulate gene
expression via CRISPR-Cas9 systems in E. coli MG1655, accomplishing
a 3.0-fold improvement in f-carotene production [4]. In contrast, the
MVA pathway-associated genes, which are not inherently present in
bacteria, are usually integrated exogenously. For instance, genes such
as HMGS, HMGR, MK, PMK, PMD, and IDI were integrated into the E.
coli DH1 genome, enabling a 5.0-fold increase in terpenoid production
[76]. Overall, the genes involved in the MEP and MVA pathways are in-
tegrated into the genomes of engineered bacteria to boost terpenoid pro-
duction, indicating their significant role in improving terpenoid biosyn-
thesis.

In addition, the downstream pathway genes are generally distinct
and non-native to bacteria, and need to be integrated first to reconstruct
the biosynthetic pathways of specific terpenoids. For example, Moon
et al. integrated the ent-kaurene pathway genes (i.e., GGPPS, CPS, and
KS) along with the MEP pathway genes (i.e., DXS, DXR, and IDI) into the
E. coli MG1655 genome, which enables the production of ent-kaurene
in combination with the 5'UTR engineering strategy [77]. Wang et al.
integrated the carotenoid-cleaving dioxygenase gene (CCD) and alde-
hyde dehydrogenase gene (ALD) into a modified zeaxanthin-producing
strain, completing the pathway reconstruction of crocetin [78]. Another
example is the reconstruction of the lycopene pathway in E. coli W3110
by integrating essential pathway genes (i.e., CrtE, CrtB, and Crtl) into
its genome via the CRISPR-Cas9 system, resulting in the heterologous
production of lycopene with an appealing yield [79]. Thus, the integra-
tion of downstream pathway genes is a key step in the reconstruction
of terpenoid biosynthetic pathways. In summary, CRISPR-Cas9-based
genome-editing technologies have enabled the heterologous production
of terpenoids by integrating pathway genes and deleting branch path-
way genes, thereby laying the foundation for the further optimization
of these pathways.

4.1.3. Optimizing the terpenoid biosynthetic pathways

The promoter [80] and coding sequence (CDS) [81] are potential
target sites for genomic modification using the CRISPR-Cas9 system to
regulate target gene expression in bacteria. Promoters can profoundly
impact the level of gene expression by affecting transcription initiation
rates; thus, it is feasible to enhance gene expression using stronger pro-
moters. Alonso-Gutierrez et al. achieved a 5.0-fold increase in terpenoid
production in E. coli DH1 by simply replacing native promoters with
stronger T7 promoters using the CRISPR-Cas9 system [76]. CDS can also
be modified to fine-tune gene expression via codon optimization. As re-
ported, replacement of the native GltA gene with a rare codon containing
GltA caused the downregulation of GItA expression in E. coli, which re-
pressed the transformation of acetyl-CoA to citrate, thus redistributing
the metabolic flux to other downstream compounds of acetyl-CoA origin
[82]. Undoubtedly, all the above-mentioned elements provide many tar-
get sites for modification by CRISPR-Cas9 systems to improve terpenoid
production.

In addition to the CRISPR-Cas9 system, CRISPRi has emerged as a
promising tool for modulating the expression of pathway genes. Kim
et al. tuned the MVA pathway using CRISPRi in E. coli BL21 (DE3),
where the promoters and internal regions of key genes (i.e., AAS, HMGS,
HMGR, MK, PMK, PMD, and IDI) were targeted to interfere with gene
transcription, resulting in an increased lycopene yield [83]. Park et al.
repressed the expression of GapA, GdhA, and GGPPS, which are dis-
tributed in different biosynthetic modules, to achieve combinatorial
gene repression via CRISPRi in C. glutamicum. Correspondingly, squa-
lene yield increased [70]. Thus, CRISPRi has proven to be a powerful
tool for the heterologous production of terpenoids by tuning gene ex-
pression. CRISPRa is also a potential tool for regulating gene expression
and has been used to enhance the mevalonate yield in P. putida [71].
Nonetheless, CRISPRa has not yet been applied to bacterial terpenoid
production although it holds great application potential.
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4.2. Engineering bacteria for the production of diverse terpenoids via
CRISPR-Cas9-based technologies

Plant terpenoids, including amorphadiene, lycopene, p-carotene,
etc., have been investigated thoroughly in terms of their production
in heterologous hosts via CRISPR-Cas9-based technologies. These rep-
resentative examples provide valuable references for the heterologous
biosynthesis of additional terpenoids in microorganisms.

4.2.1. Sesquiterpenoids

Sesquiterpenoids derived from the C;5 linear precursor farne-
syl diphosphate (FPP) exhibit versatile pharmacological activities.
(Sesqui)terpenes are non-oxygenated (sesqui)terpenoids, which are hy-
drocarbon skeletons generally produced by terpene synthases. Cur-
rently, the heterologous expression of sesquiterpenoids in bacteria using
CRISPR-Cas9 systems has already been realized for certain compounds,
as described in detail below.

Amorphadiene, the key precursor of the antimalarial agent
artemisinin, is a well-recognized sesquiterpene. Song et al. developed
a single plasmid-based CRISPR-Cas9 system to edit the genome of B.
subtilis, making it capable of heterologously producing amorphadienes
[84]. Specifically, the central pathway was regulated by the introduc-
tion of strong promoters for genes in the Krebs cycle. Green fluorescent
protein (GFP) was fused with amorphadiene synthase (ADS) to improve
its solubility, and the fused GFP-ADS and FPP synthase genes (FPPS)
were integrated into the B. subtilis genome. Additionally, the ADS gene
was mutated to improve protein performance, and the branched path-
way genes (i.e., HepS and UppS) were attenuated to ensure sufficient FPP
supply. All these strategies collaboratively increased amorphadiene pro-
duction from 81 mg/L to 116 mg/L [84]. By episomally overexpressing
key MEP pathway genes and optimizing the medium, the titer of amor-
phadiene was further increased to 416 mg/L [85].

Bisabolene is a sesquiterpene with anti-cancer activity [86]. Alonso-
Gutierrez et al. integrated foreign MVA pathway genes (i.e., HMGS,
HMGR, MK, PMK, PMD, and IDI) and the bisabolene synthase gene (BIS)
into the E. coli DH1 genome, completing the necessary pathway recon-
struction. Additionally, they replaced the native promoters of the MVA
pathway genes with stronger T7 promoters using the CRISPR-Cas9 sys-
tem and achieved a 5.0-fold increase in bisabolene production compared
to that of the original strain [76]. In conclusion, the CRISPR-Cas9 sys-
tem is successfully used to edit genes in all three modules to boost the
heterologous production of sesquiterpenes. Although the titers of the
products are still low, they lay the foundation for future bacterial engi-
neering to produce oxidized sesquiterpenoids.

4.2.2. Diterpenoids

Diterpenoids are a class of compounds derived from the C, linear
precursor geranylgeranyl diphosphate (GGPP). Steviol, the key precur-
sor of the steviol glycosides used as natural sweeteners, is a well-studied
diterpenoid. [87]. Taking the CRISPR-Cas9-based genome-editing tech-
nologies, Moon et al. redesigned and reconstructed the steviol biosyn-
thetic pathway in E. coli MG1655. In particular, they first integrated
the key MEP pathway genes (i.e., DXS, DXR, and IDD) and the ent-
kaurene pathway genes (i.e., GGPPS, CPS, and KS) into the bacterial
genome. In combination with the 5’'UTR engineering strategy, they
achieved a 624 mg/L titer of ent-kaurene [77]. Moreover, the gluta-
mate dehydrogenase-encoding gene GdhA was deleted to increase the
cellular NADPH/NADP* ratio, which presumably favored ent-kaurene
oxidase (KO) and kaurenoic acid 13-hydroxylase (KAH). Ultimately, the
titer of ent-kaurenoic acid increased from 32 mg/L to 41 mg/L, and the
titer of steviol also increased from 5 mg/L to 38 mg/L [77].

Crocetin, an important diterpenoid with anti-apoptotic activity, is
derived from carotenoids. Wang et al. integrated the carotenoid-cleaving
dioxygenase gene CCD and aldehyde dehydrogenase gene ALD into
a modified zeaxanthin-producing strain, completing the biosynthetic
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pathway reconstruction of crocetin. Furthermore, the strength of dif-
ferent promoters in regulating the expression of the integrated CCD and
ALD genes was evaluated, and the highest titer of crocetin (4 mg/L) was
obtained under the control of promoter M1-46 [78]. Although the yield
of crocetin was still low, this research made a useful exploration and
laid the foundation for subsequent production improvements.

Many important diterpenoids have a common diterpene skeleton;
for instance, ent-kaurene is a general precursor of gibberellins. The con-
struction of a strain that generates a diterpene skeleton with high effi-
ciency can ultimately increase the diterpenoid yield. With the discovery
of numerous diterpenoid synthases, it is promising to expand the appli-
cation of CRISPR-Cas9 systems to the synthesis of more diterpenoids in
the near future.

4.2.3. Triterpenoids

Triterpenoids are Cj, terpenoids derived from the common pre-
cursor squalene, which is generated by the condensation of two FPP
molecules by squalene synthase (SQS). Squalene has also become a pop-
ular target for scientists to synthesize [88,89]. The CRISPRi system has
been utilized in C. glutamicum to increase squalene yield. Combinato-
rial metabolic engineering strategies for precursor rebalancing, redox
balancing, and blocking competing pathways for IPP availability were
applied by repressing target genes. In particular, the genes GapA, GdhA,
and GGPPS were down-regulated by CRISPRi, so that the metabolic flux
was redirected to favor the production of squalene. Moreover, the genes
DXS, IDI, and SQS were overexpressed to enhance squalene produc-
tion. Combined with high-throughput fermentation and culture condi-
tion optimization, the highest squalene production reached 105 mg/L,
representing a 5.0-fold increase over that of the parental strain [70].
Squalene, a common precursor of triterpenoids, has attracted increas-
ing attention, and oxidative compounds derived from squalene, such
as amyrin, friedelin, and lupeol, have great application potential ow-
ing to their versatile properties. Efficient heterologous production of
squalene will pave the way for the sustainable production of oxidized
triterpenoids.

4.2.4. Tetraterpenoids

Tetraterpenoids, derived from the condensation of two GGPP
molecules, are Cy4, terpenoids, which contain a series of bioactive com-
pounds, such as lycopene, f-carotene, and zeaxanthin. Lycopene is uti-
lized as a pigment and food ingredient due to its antioxidant activ-
ity. Shukal et al. modified the central pathway by individually delet-
ing acetyl-CoA-associated genes, including AdhE, LdhA, PfiB, PoxB, and
AckA-Pta in E. coli BL21 (DE3) using the CRISPR-Cas9 system. The re-
sults showed that the LdhA knockout strain increased acetyl-CoA avail-
ability, leading to an improved lycopene yield [61]. Kim et al. success-
fully tuned the MVA pathway using CRISPRi in E. coli BL21 (DE3), in
which key genes (i.e., AAS, HMGS, HMGR, MK, PMK, PMD, and IDI)
were interfered with to minimize their leaky expression at the seed
culture stage, where their metabolites were toxic and hindered bacte-
rial growth. Accordingly, interference was removed during the main
flask culture to restore MVA pathway expression. Using this strategy, ly-
copene production was improved to 71 mg/L, an 8.0-fold increase [83].
In another example, the MEP pathway was modulated to enhance the
precursor supply by introducing an extra copy of rate-limiting enzyme
genes (i.e., DXS, DXR, and IDI) into the E. coli W3110 genome using
CRISPR-Cas9 systems. Additionally, the integration of downstream path-
way genes (i.e., CrtE, CrtB, and Crtl) resulted in an efficient lycopene-
producing strain with a final yield of 9 mg/g [79].

Another attractive tetraterpene p-carotene, the downstream product
of lycopene catalyzed by CrtY, possesses various bioactivities [90]. To
realize its efficient production in microorganisms, Li et al. increased
the intracellular concentrations of pyruvate and G3P by overexpress-
ing GalP and knocking out PtsHIcrr in E. coli MG1655, which signifi-
cantly increased the f-carotene titer by 1.7-fold compared to the orig-
inal strain [4]. To increase the supply of IPP and DMAPP, Li et al. si-
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multaneously overexpressed four MEP pathway genes (i.e., DXS, CMK,
HDR, and IDI), obtaining a 28.0-fold increased titer of g-carotene (2
g/L) compared with the control [4]. As the membrane compartment is
important to accumulate the hydrophobic g-carotene [91], Wu et al. in-
tegrated Almgs encoding monoglucosyldiacylglycerol synthase into the
E. coli ATCC 8739 genome, whose expression was further tuned by us-
ing the optimum promoter M1-37. These modification strategies using
CRISPR-Cas9 systems significantly enhanced the storage capacity of the
cell chassis for g-carotene, promoting the titer of g-carotene from 27
mg/L to 37 mg/L [92]. The above studies prove that CRISPR-Cas9-based
technologies can greatly enhance the yield of g-carotene through inte-
grating relevant key genes.

Other high-value-added tetraterpenoids, such as zeaxanthin (a pig-
ment) and astaxanthin (an antioxidant), have also been synthesized by
microorganisms. Xie et al. developed a novel molecular device for fus-
ing location tags with dCas9 (Cas9-Lag) in E. coli ATCC 8739. Cas9-Lag
localized the CrtZ expression cassette to the membrane, and the zeaxan-
thin titer was increased to 451 ug/L, which was 1.3-fold higher than that
of the control strain. Likewise, by localizing the combined cassette ex-
pressing CrtW and CrtZ via Cas9-Lag, the astaxanthin titer reached 410
ug/L, which was 1.3-fold higher than that of the control strain [93].

In short, CRISPR-Cas9-based technologies have been extensively de-
veloped and applied to tune the metabolic pathways of tetraterpenoids
in bacteria compared to the above-mentioned terpenoids of other types.
The highest titer of g-carotene reached gram scale, however, the yield
of its additionally oxidized products (i.e., zeaxanthin and astaxanthin)
dropped drastically, thereby requiring profound optimization in future
research.

5. Conclusion

Plants provide a treasury of bioactive metabolites such as alkaloids,
phenolic acids, and terpenoids, which have been widely utilized in the
pharmaceutical, industrial, and agricultural industries. Nevertheless, as
represented by terpenoids in this review, these plant-derived compounds
are usually limited in nature and have difficulty meeting market de-
mand. Fortunately, synthetic biology techniques have emerged in a
timely manner, providing an alternative strategy for the sustainable pro-
duction of these low natural content yet high value-added chemicals.
Accordingly, scientists have made tremendous efforts to produce these
compounds heterologously in numerous types of chassis cells, including
bacteria, yeast, and tobacco. Among them, bacteria stand out owing to
their fast growth, low cost, and simple genetic background, and have
attracted significant attention from scientists.

Integrating intact biosynthetic pathways of target compounds into
bacterial hosts is essential for achieving heterologous biosynthesis.
Among the available genome-editing systems, newly emerged CRISPR-
Cas9-based genome-editing technologies have rapidly become the dom-
inant tools for microbial genome editing because of their simplicity and
efficiency [94]. As briefly overviewed here, current CRISPR-Cas9 sys-
tems allow the efficient insertion and deletion of large DNA fragments
of over 10 kb at the chromosomal level, making it theoretically opera-
ble to integrate exogenous target genes into bacterial genomes. Besides,
CRISPR-Cas9 systems have also been developed to tune the expression
of target genes. Notably, CRISPRi and CRISPRa were used to repress
and activate gene expression, respectively, which enabled the exquisite
control of relevant genes and greatly improved the yield of target com-
pounds [95]. To our knowledge, the progress of CRISPRa lags behind
that of CRISPRi, owing to the paucity of effective transcriptional activa-
tors [96], which remains to be further elucidated.

In this review, we focus on the current progress in the application of
CRISPR-Cas9-based genome-editing technologies in engineering bacte-
ria for the heterologous production of plant-derived terpenoids. Using
representative examples, we have introduced how CRISPR-Cas9-based
technologies have been adopted to reconstruct and optimize the biosyn-
thetic pathways of each terpenoid product by interfering with all three
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biosynthetic modules (i.e., the central, upstream, and downstream path-
ways). Many research groups have obtained genetically stable bacterial
strains that afford satisfactory yield of various terpenoids, ranging from
sesquiterpenoids to tetraterpenoids.

6. Discussion and future perspectives

Although considerable progress has been made in the application of
CRISPR-Cas9 systems in bacteria, numerous challenges and problems
associated with CRISPR-Cas9 systems need to be addressed to achieve
heterologous biosynthesis of these valued compounds on an industrial
scale. First, bacterial strains are intrinsically unique and exhibit distinct
features when chromosomally edited; thus, low efficiency or even to-
tal failure of regular CRISPR-Cas9 systems is often observed for certain
strains. To solve this problem, a more robust and generalized editing
platform is required that ideally possesses the following advantages:
minimal off-target genome editing, reduced toxicity of Cas9 proteins
to bacterial hosts, and improved homologous recombination efficiency.

A series of studies have been conducted and significant progress has
been made. First, off-target effects can be reduced by replacing reg-
ular gRNAs with RNA-DNA hybrids, with the latter exhibiting higher
specificity than the former [97]. Alternatively, nCas9 was developed to
cut one DNA strand, and two gRNAs for directing two copies of nCas9
were used to decrease off-target effects [98]. To reduce Cas9 toxicity,
the expression of cas9 has been strictly regulated [99], and endoge-
nous CRISPR systems have been identified and engineered to ensure
the successful implementation of CRISPR systems in bacteria [100]. As
reported, a series of endogenous CRISPR systems have been found and
applied in E. coli [101,102], Clostridium tyrobutyricum [103], Clostrid-
ium pasteurianum [104], Lactobacillus crispatus [105], Zymomonas mobilis
[106], and others [107,108]. To improve the efficiency of DSB repair in
bacteria, the A-red system was coupled with the CRISPR-Cas9 system
[56], while increasing the length of the homologous sequence is also a
viable strategy to enhance recombination efficiency.

Although solutions to existing issues are emerging, CRISPR-Cas9 sys-
tems have a number of challenges that require further research. Most
current CRISPR-Cas9 systems can simultaneously target only a single
site. Reconstructing a biosynthetic pathway usually involves editing
bulky genes; thus, it is time-consuming to obtain recombinant strains.
Many studies have focused on modifying CRISPR-Cas9 systems to edit
multiple loci simultaneously [4,58,59], however, the current efficiency
of multiplex editing remains far from satisfactory and can be improved
by expressing multiple gRNAs under an appropriate promoter [109].
Furthermore, prokaryotic bacteria require systematic optimization to
cope with the demands of operating such intricate metabolic pathways.
For instance, cytochrome P450 (CYP450) is essential for generating oxy-
genated terpenoids, yet no CYP450 genes have been integrated into
bacteria via the CRISPR-Cas9 system, which can otherwise exert bio-
catalytic activity episomally in bacteria [110]. With improvements of
current CRISPR-Cas9-based genome-editing technologies, problems are
expected to be solved.

Notably, CRISPR-Cas9 systems have undergone continuous devel-
opment for new applications. The CRISPR-nCas9 mediated DNA base
editing and prime editing enable precise nucleotide substitutions with-
out inducing DSBs, as reviewed elsewhere [111]. Meanwhile, the artifi-
cial intelligence-aided protein engineering efforts have created enzymes
with high efficiency, providing fundamental elements for the biosyn-
thesis of natural products. High-throughput sequencing technology pro-
motes a deeper systematic understanding of various hosts. All these ad-
vances make it conceivable that a longer list of natural products, be-
yond the terpenoids described here, can be heterologously produced
via a synthetic biology approach in a larger variety of microbial hosts.
We can even imagine that rapidly emerging automation technologies
will eventually realize labor-free heterologous production of all desired
chemicals, thus solving the long-lasting contradiction of short supply
and growing demand.
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