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Abstract

Microbial cell factories (MCFs) convert low-cost carbon sources into valuable compounds. The 

CRISPR/Cas9 system has revolutionized MCF construction as a remarkable genome editing 

tool with unprecedented programmability. Recently, the CRISPR toolbox has been significantly 

expanded through the exploration of new CRISPR systems, the engineering of Cas effectors, 

and the incorporation of other effectors, enabling multi-level regulation and gene editing free of 

double-strand breaks. This expanded CRISPR toolbox powerfully promotes MCF construction by 

facilitating pathway construction, enzyme engineering, flux redistribution, and metabolic burden 

control. We summarize different CRISPR tool designs and their applications in MCF construction 

for gene editing, transcriptional regulation, and enzyme modulation. Finally, we also discuss future 

perspectives for the development and application of the CRISPR toolbox.
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An expanded CRISPR toolbox expands microbial cell factory construction

Microbial cell factories (MCFs) are widely used to produce valuable compounds from 

low-cost carbon sources, offering a cost-effective and sustainable route for chemical 

production [1–5]. To achieve high performance, MCFs need to be robust and productive, 

which requires high strain stability, efficient biosynthesis pathways, optimized metabolic 

flux distribution and minimized metabolic burdens [6,7]. However, the existing cellular 

metabolism and regulation network of microbes have been evolved over numerous years to 

ensure growth and survival, rather than chemical production [8]. As a result, the desired 
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high-performance MCFs often require complicated and laborious engineering, especially in 

microbial genomes.

The emergence of technologies derived from CRISPR-Cas (see Glossary) revolutionized 

the field of metabolic engineering by providing an unprecedentedly programmable, efficient, 

low-cost and precise genome editing tool [9–11]. The CRISPR toolbox has been robustly 

enriched in recent years. Advanced CRISPR gene editing systems, including CRISPR base 

editors, CRISPR prime editors, and EvolvR, have been developed, which can perform 

different kinds of in vivo mutagenesis without double-strand breaks (DSBs) [12–17]. 

Meanwhile, more CRISPR regulation toolkits have been established by sgRNA or Cas 

engineering, enabling more precise and tunable expression control. Additionally, CRISPR-

mediated synthetic metabolons have been successfully created, expanding the CRISPR 

toolbox to protein-level regulation [18].

These CRISPR technologies can vastly improve complicated MCF engineering. Efficient 

CRISPR-mediated gene disruption or repression has accelerated the identification of new 

valuable genes. Applications of multiplexed gene editing have substantially contributed 

to pathway reprogramming and enzyme engineering. In addition, controllable and tunable 

regulation systems are particularly suitable to overcome the challenges in metabolic burden 
and metabolic flux rewiring for higher production. Here, we summarize the design of 

different CRISPR toolkits and comprehensively review and discuss their implementation in 

gene editing, transcriptional regulation, and enzyme modulation for the purpose of MCF 

construction (Figure 1, Key Figure). We also provide future perspectives on the development 

and application of the CRISPR toolbox.

Gene editing

CRISPR-mediated homology directed repair (HDR) has been extensively utilized 

for efficient, markerless and multiplexed gene knock-in, knock-out and substitution, 

thereby facilitating gene discovery, pathway construction, and enzyme engineering. Recent 

development of CRISPR base editing, CRISPR prime editing, and EvolvR systems have 

further expanded the CRISPR gene editing toolbox. These advanced tools enable efficient in 
vivo mutagenesis without the need of DSBs and DNA donors and have started to showcase 

their applicability in MCF construction (Box 1). Each CRISPR editing system has unique 

advantages and limitations, and it is important to choose the most appropriate tool for the 

specific application (Table 1).

Gene knock-in and knock-out

Although plasmid systems are commonly used in MCF construction to assemble and 

construct synthetic pathways for the ease of manipulation, chromosomal integration of the 

finalized pathways generates optimal high producers with less genetic variation, releases the 

limitation on DNA size, and reduces the metabolic burden for plasmid maintenance [19,20].

CRISPR-mediated HDR can efficiently insert a large DNA fragment into a precise 

genome locus by one single step and therefore has been broadly used to integrate large 

size biosynthesis pathways to generate stable MCFs (Figure 2A), exemplified by the 
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chromosomal integration of 10 kb isobutanol synthesis pathway [21], and 12 kb lycopene 

synthetic pathway into Escherichia coli [22], with the latter achieved a 4.4-fold higher yield 

compared to the plasmid-based strain. Moreover, the multiplexing feature of CRISPR HDR 

enables simultaneous integration of multiple genes into different loci. As demonstrated in 

constructing a β-carotene producing Saccharomyces cerevisiae, three DNA donors with 

pathway genes of 6.6 kb, 5.8 kb, and 5.1 kb were integrated to their respective genome 

sites with 84% efficiency [23]. CRISPR knock-in has also been successfully implemented in 

non-model microorganisms, resulting in microbial chassis that are especially advantageous 

for producing complicated natural products. As a typical example, the integration of extra 

copies of the endogenous mevalonate pathway and other critical genes in Aspergillus oryzae 
created an optimized chassis for high production of pharmaceutically important terpenoids 

[24].

Gene knockout can effectively redirect carbon flux towards the target product by deleting 

competing pathways and saving cellular resources [25]. Both CRISPR-mediated HDR and 

non-homologous end joining (NHEJ) can be recruited for gene deletion (Figure 2A and 

B). Reserachers utilized the multiplxing feature of CRISPR-enabled gene knockout to study 

the sequential and combinational deletion of 5 genes for high mevalonate production, 

resulting in a 41-fold titer increasement in S. cerevisiae [26]. In another study, Dong and 

coworkers deleted 33 native genes and optimized the butanal biosynthesis genes for higher 

butanol production in E. coli. The final strain produced 20 g/L butanol, which is 83% of 

the theoretical yield [27]. This simple and straight strategy has been extensively applied 

in metabolic engineering and contributed to the construction of overproducers for many 

valuable chemicals including polyhydroxyalkanoate [28], free fatty acid [25], β-carotene 

[29], and ergot alkaloids [30].

CRISPR-enabled gene knockout is not only useful for pathway programming, but also for 

studying gene functions and genotype-phenotype associations, providing important guidance 

for MCF construction. For example, Cas9-enabled gene deletion was used to elucidate 

the biosynthetic pathway of complicated nature products such as demethoxyviridin and 

talaromyolides [31–33]. CRISPR base editor can also be used to silent genes by introducing 

premature stop codons (Figure 2C). Without requiring DSBs and DNA donors, this approach 

introduces loss-of-function mutation with simpler process and therefore is more suitable for 

large scale screening [34]. A genome-scale screening by a nCas9-CBE (cytosine base editor) 

was performed in Corynebacterium glutamicum to identify genes related to stress tolerance. 

98.1% of the total genes (3,041) were targeted for genetic perturbations and two genes, purU 
and serA, were identified to be related to the tolerance towards furfural, a toxic compound 

in pretreated lignocellulose inhibiting microbial growth. The engineered strain with purU 
deletion and serA mutation achieved 1.93-fold higher biomass under furfural stress [35]. 

Similar screening was performed across 16,452 perturbations in yeast to study regulators 

controlling protein abundance [36].

Pathway optimization

Modifying the regulation elements, such as promoters, ribosome binding sites (RBS) and 5′ 
untranslated regions (5’ UTR), is a prevalent approach to optimize metabolic pathways and 
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rewire carbon flux for higher production [37,38]. In order to engineer complex cellular 

metabolism, it is often necessary to customize regulatory elements for multiple genes 

(Figure 2). The robust and multiplexing nature of the CRISPR system makes it an ideal 

tool for fulfilling these requirements and simplifying the strain optimization process.

The high efficiency and multiplexing capabilities of CRISPR HDR render it an invaluable 

asset for the multiplex automated genome engineering (MAGE) strategy to rapidly generate 

a large number of strain variants for overproducer screening using synthetic libraries of 

regulatory elements. For instance, Zhu and colleagues employed a regulator pool containing 

6-bp randomized RBS to simultaneously engineer the expression levels of three genes in 

the xylose utilization pathway of E. coli. With 70% editing efficiency, the RBS optimization 

led to a 3-fold increase in xylose utilization [39]. In another study, four RBS sites in the 

isopropanol synthetic pathway of E. coli were optimized using an in silico designed RBS 

library. A total of 256 variants were constructed with 4 different levels of RBS available 

for each gene and the highest productivity was 2.8-fold higher than the control group [40]. 

This method can also be used to modulate competitive pathways to rewire more flux towards 

the final products. As an example, to redirect more flux from glycolysis towards aromatic 

amino acid synthesis, the promoters of PFK1, PFK2, and PYK1 in yeast glycolysis were 

simultaneously targeted for combinatorial engineering [41].

The use of CRISPR base editors eliminates the need for large combinatorial libraries as 

DNA donors and simplifies the optimization process for multigene expression (Figure 2C). 

As a proof-of-concept, Wang and coworkers constructed a “BRTTER” system by recruiting 

a nCas9-CBE to randomly mutate the multi-G/C region of RBS, 5’ untranslated regions, 

and promoters to engineer gene expression [42]. The system can target up to 10 genes 

simultaneously and generate sufficient variants for the screening. Applications included 

improvements of xylose catabolism and lycopene biosynthesis in C. glutamicum, as well as 

optimization of glycerol catabolism in Bacillus subtilis.

Protein evolution

Enzymes play a critical role in metabolic pathways, and their limited efficiency often 

hinders final production. Protein engineering can effectively solve this bottleneck problem, 

but rational engineering can be difficult or laborious considering the complexity of protein 

structure [43–45]. Directed evolution provides a powerful alternative strategy, which can 

be significantly assisted by the CRISPR editing technologies that directly and efficiently 

introduce protein mutants into the genome.

CRISPR HDR has been widely used in protein evolution to integrate mutagenesis libraries 

and generate protein variants. Enzymes like the folA encoded dihydrofolate reductase in 

E. coli and ERG12 and ERG21 in S. cerevisiae have been shown to acquire improved or 

enhanced properties using this approach, with the former leading to a 11-fold isoprenoid 

production increase [46,47]. In addition to the recombination method, nCas9 based gene 

editing tools avoiding DSBs were also applied for protein evolution. The EvolvR system, 

designed by Halperin and coworkers, can continuously and efficiently diversify DNA 

in an editing window of ~56 bp after the nick (Figure 2D), and has demonstrated 

multiplexed targeting by simultaneously engineering two proteins related to antibiotic 
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resistances in E. coli [17]. Later, EvolvR was harnessed to engineer a heterologous ornithine 

aminotransferase in E. coli, and the best variant exhibited a 2.85-fold higher catalytic 

efficiency for L-proline synthesis [48]. CRISPR base editor also has been leveraged for 

protein engineering (Figure 2C). Hao and colleagues developed an optimized CBE system 

for protein evolution in B. subtilis, which they applied to improve two proteins related 

to bacitracin resistance including a Sec-translocase complex and a BceB encoding protein 

[49]. However, the limited single type of base transition by a CRISPR base editor might 

restrict their capability in generating diverse protein variants, which might be improved by 

the dual-base editor systems combining ABE and CBE [50]. Another limitation lies in the 

length of editing window. In practice, protein-encoding genes to be engineered are usually 

hundreds or thousands of base pairs in length. The multiplexity of CRISPR targeting and 

iterative editing are surely helpful to expand the mutating window. It is also crucial to 

narrow down the mutating ranges in long protein sequences by structure and mechanism 

analysis.

Transcriptional regulation

In addition to gene editing, CRISPR-Cas can be repurposed for transcriptional gene 

regulation. CRISPR interference (CRISPRi) and activation (CRISPRa) respectively down- 

and up-regulate gene expression by affecting RNA polymerase (RNAP) recruitment [51]. In 

bacteria, dCas9 itself can act as an efficient repressor blocking RNAP, while in eukaryotic 

microbes, an extra repressor domain is required to be fused with dCas9, such as Mxi1, 

UME6, MIG1, TUP1 or relevant variants [29,52,53]. On the other hand, bacterial CRISPRa 

suffers from low efficiency due to its position sensitivity, despite the attempts with multiple 

activators like SoxS and RNAP subunits, while eukaryotic microbial CRISPRa easily 

reaches high efficiency using activators such as VP64, VPR, p65AD and Rta [54–60].

Compared with genetically engineering the regulatory elements, transcriptional regulation 

through CRISPRi and CRISPRa causes no permanent DNA changes and is thus more 

reversible, controllable, and tunable. Given their exceptional features, CRISPRi and 

CRISPRa have become widely employed in designing dynamic regulation circuits to 

maximize the production of MCFs.

CRISPRi

With its ease-of-use and nearly knock-out level repression, CRISPRi has become a popular 

tool for functional screening in addition to gene knock-out [61]. Yao and colleagues 

designed a sgRNA library targeting all the genes in Cyanobacterium synechocystis and 

identified multiple repression targets benefiting L-lactate productivity [62]. Similar genome-

scale screenings were performed to enhance free fatty acid production in E. coli and protein 

titer in C. glutamicum [63,64]. Liu and coworkers used CRISPRi to rapidly screen nearly 

400 transporters in C. glutamicum and identified a novel L-proline exporter Cgl2622. They 

further overexpressed the exporter by chromosomally integrating an extra copy of it with a 

proper promoter via Cas9-mediated knock-in, resulting in a final strain with a high L-proline 

titer of 142.4 g/L [65].
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In addition to the large-scale screening, rational analysis can help narrow down the testing 

range to identify effective repression targets. In a study, researchers focused on the important 

central metabolism was to screen the repression targets for higher flavonoid production in 

E. coli [66]. Combinatorial repression of the identified targets fabF, fumC, fabB, sucC and 

adhE resulted in a 7.2-fold increase of naringenin titer to 421.6 mg/L. Another study used 

a computational minimal cut set approach to predict the repression targets for indigoidine 

production in Pseudomonas putida [67]. Multiplexed CRISPRi targeting of all 14 genes 

led to a stable phenotype of 25.6 g/L titer, 0.22 g/l/h rate, and ~50% maximum theoretical 

yield. For higher isoprenol production, Wang and colleagues analyzed three limiting factors 

including phosphatase activity, precursor acetyl-COA accumulation and isoprenol toxicity, 

to screen for related genes [68]. A final titer of 3.63 g/L reaching 57% of the theoretical 

yield was achieved by the combinatorial repression on yggV and accA in E. coli.

In practical applications, precise tuning of high level CRISPRi repression is crucial, 

especially when essential genes for cell growth need to be regulated. Various CRISPRi 

regulation strategies have been developed including sgRNA positioning [51,69], expression 

control [70], and spacer sequence shortening or mismatching [51,71] (Figure 3A). More 

recently, a sgRNA scaffold engineering approach was reported, which regulates the 

binding affinity of sgRNA with dCas9 [72]. It has been applied in violacin and lycopene 

biosynthesis, with the latter showing a 2.7-fold improvement. Meanwhile, Cas9 engineering 

enabled a PAM-tuned CRISPRi approach for titratable gene control and led to a 2.6-fold 

increase in 4-hydroxycoumarin production in E. coli [73].

Furthermore, the tunability can cooperate with the multiplexity of CRISPRi to enable 

customized regulation of multiple genes. In a study aimed at redirecting the flux towards 

4-hydroxybutyrate in E. coli, CRISPRi levels on multiple targets were tuned by their 

own sgRNA positions, resulting in different proportions of 4-hydroxybutyrate in the 

final product poly (3-hydroxybutyrate-co-4-hydroxybutyrate) [69]. Another study generated 

sgRNA libraries by a mismatching approach to fine tune the CRISPRi level for 20 genes at 

a full range [74]. With the assistance of biosensor screening, combinatorial knocking down 

two genes (pfkA and ptsI) at their respective optimal level reached over 40% increasement 

of the p-coumaric acid in E. coli to 1308.6 mg/L.

CRISPRa

While the highly efficient eukaryotic CRISPRa has been extensively applied for flux 

redirecting, bacterial CRISPRa has been limited by the sensitivity to the targeting position. 

To optimize the bacterial CRISPRa system, multiple activator domains have been explored, 

including the ω and α subunit of RNA polymerase, SoxS, PspF, AsiA, and related variants 

[55,56,75,76]. Among them, the SoxS is more frequently used and has enabled improved 

production of pinene and 4-hydroxyphenylacetic [77,78]. In addition to activator screening, 

expanding the PAM range of CRISPR is highly demanded so that the most propriate position 

can be targeted to reach the highest activation [73,79,80]. The Cas9 variant SpRY with the 

most expanded PAM range was used to construct a PAM-independent activation system 

[81]. Another Cas9 engineering approach was to connect its original N- and C- termini 

to create new termini that could be fused with the activator. This can locate the activator 
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at different positions within the tertiary structure, resting in different position-dependent 

activation patterns and thus expand the targetable range [55].

Bifunctional regulation

Repression and activation are often both needed to respectively upregulate the pathway 

genes and downregulate the competitive genes to maximize the productivity and minimize 

metabolic burdens. Via proper design, CRISPR systems can be engineered to simultaneously 

implement CRISPRi and CRISPRa (Figure 3B). The simplest method is to design different 

sgRNAs to guide a Cas-activator fusion protein. When the sgRNA targets the appropriate 

site upstream of the TSS of a gene, the fusion protein functions as an activator, while 

targeting downstream of the TSS of a gene turns the protein into a repressor. Many effectors 

including dCas9-ω/α and dCas12a-SoxS have been applied for such bi-functional regulation 

in different microbes [81–83]. Another method for simultaneous CRISPRi and CRISPRa 

was designed by utilizing a MS2 hairpin and its interacting coat protein (MCP) [56]. The 

MS2 hairpin was fused with sgRNA, creating a scRNA that can recruit both dCas9 and 

MCP-SoxS at the target site for gene activation. Meanwhile, the original sgRNA only 

recruits dCas9 to repress the target gene expression [81,84,85]. The third method is to utilize 

orthogonal CRISPR systems. For instance, orthogonal dCas12a and dCas9 were used in 

combination for activation and repression, respectively. In cooperation with the efficiency 

expression of large DNA arrays, this system demonstrated a substantial improvement of 

succinic acid by 45-fold [86].

Autonomous dynamic regulation with CRISPR regulators

CRISPR has proven to be highly compatible with transcription factor-based biosensors. 

Researchers have designed many advanced dynamic regulation circuits by coupling 

CRISPR regulation with biosensors, endowing microbes with the intelligence to control their 

metabolic flux in response to changes of internal environment [4,87,88]. In these dynamic 

regulation circuits, biosensors detect various environmental changes acting as inputs, 

whereas CRISPR regulator contributes to the dynamic range, multiplexity, and versatility 

of outputs (Figure 3C). To control metabolic burdens, a dCas9-based negative feedback 

circuit was implemented in E. coli using a native heat stress-related promoter that responds 

to metabolic burdens [89]. Placing sgRNA under the control of this promoter allows the 

regulation on heterologous gene expression to automatically reduce the burdens. Another 

dCas9-based regulation circuit was developed to autonomously balance the flux between 

the flavonoid synthesis pathway and its competitive fatty acid synthesis pathway [90]. 

The sgRNA targeting fatty acid synthesis was placed under fatty acid-inducible promoters, 

enabling negative autoregulation to control the production of fatty acid byproducts and 

resulting in a 74.8% increase in naringenin production in Yarrowia lipolytica.

In addition to metabolite-responsive sensors, quorum sensing (QS) has been used to 

establish pathway-independent dynamic regulation that decouples cell growth and product 

synthesis [91]. By sensing cell density, it allows cell growth to take priority at the early 

phase for sufficient biomass accumulation, and then switches to production mode to 

maximize carbon flux towards the desired products. A QS-based CRISPRi circuit was 

reported to generated tunable and multiplexed repression on the competitive pathways of 
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rapamycin synthesis, which increased the rapamycin titer to the highest reported level of 

1836 mg/L in Streptomyces [92]. Similarly, a stationary phase promoter-controlled CRISPRi 

enabled such growth-to-production switch, contributing to high titer shikimic acid and 

glutaric acid production of respective 21 g/L and 26 g/L in 5-L bioreactor [93].

Furthermore, an autonomous dual-control biosensor-CRISPRi system was constructed in 

B. subtilis for N-acetylglucosamine production [94] (Figure 3C). The biosensor GamR 

responds to a pathway intermediate glucosamine 6-phosphate (GlcN6P). High level GlcN6P 

accumulation triggers GamR to switch on the downstream production pathways and the 

CRISPRi repressing the competitive pathways. The titer of N-acetylglucosamine increased 

from 59.9 g/L to 97.1 g/L in a 15-L fed-batch bioreactor.

Enzyme modulation via synthetic metabolons

Enzymes in metabolic pathways can be tethered together to form complexes termed as 

metabolons, which can increase pathway efficacy and control toxic intermediates by 

decreasing diffusion and transportation time of intermediates.

Lim and coworkers demonstrated CRISPR enabled in vitro programmable enzyme assembly 

to improve catalytic efficiency [95]. In this study, the dCas9s were respectively attached to 

five enzymes catalyzing L-tryptophan to violacein. Each protein complex was separately 

paired with a different sgRNA, which guided the complexes to a DNA scaffold after 

mixing. Both sgRNA and DNA scaffold are programmable, making the assembly highly 

modular. However, this strategy cannot be applied for microbial cell factory construction 

since the attachment between dCas9 and enzymes, and the pairing between the protein 

complexes and sgRNA were all non-specific and cannot be controlled in vivo. In another 

CRISPR dCas9 guided enzyme assembly system by Chen group, two Cas9 orthologs were 

directly fused with enzymes and could specifically interact with their own sgRNA [96]. 

Such specific interaction opens the opportunity for in vivo application. Notably, this system 

was also designed to be dynamically controlled by engineering the sgRNA with using a 

well-developed toehold-mediated strand displacement strategy (TMSD) [97]. In 2022, 

the same group reported the successful in vivo application of CRISPR mediated enzyme 

assembly in E. coli [18] (Figure 4). They further upgraded the system using smaller 

CRISPR-Cas6 and achieved dynamic assembly and disassembly. Different from Cas9, Cas6 

is an endoribonuclease cutting the guide RNA and remains binding to it after cleavage. 

More importantly, Cas6 binds with the hairpin structure at the 3’ end of its guide RNA and 

leaves the 5’ end handle free. The complexes can be directly assembled by the 5’ end RNA 

hybridization, and the hybridization can be similarly interfered by the TMSD strategy to 

achieve dynamic turn-on and turn-off. The CRISPR enabled dynamic metabolons enhanced 

indole-3-acetic acid production by up to 9 folds and demonstrated multimeric enzymes 

cascading in malate production, leading to a 3-fold increase.

Concluding remarks and future perspectives

The CRISPR toolbox has undergone significant expansion with the development of DSB-

free gene editing tools, tunable transcriptional regulation systems, and the application of 
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CRISPR mediated synthetic metabolons for protein-level regulation. For MCF construction, 

the expanded CRISPR toolbox has enabled the engineering of different cellular processes, 

addressing the challenges regarding gene function, pathway reprogramming, and gene 

expression coordination.

However, the CRISPR toolbox still faces inherent limitations, including off-target effects, 

PAM limitations, and metabolic burdens. An attractive direction for further advancement 

is the exploration of new CRISPR systems (see Outstanding Questions). The emergence 

of miniature CRISPR systems with smaller nucleases provides an opportunity to develop 

improved CRISPR toolkits with higher fidelity, distinct PAM preferences, and reduced 

metabolic burdens. For example, CRISPR-Cas12f systems, with effectors ranging from 

400 to 700 amino acids and a preference for T- or C-rich PAMs, have been utilized for 

gene editing and regulation, demonstrating advantages such as easier delivery and lower 

off-targeting effects [98–101]. Recent studies have revealed even smaller miniature systems, 

including TnpB and IscB, with sizes below 400 amino acids [102,103]. We anticipate more 

comprehensive investigation and exploitation of these systems in the future. Moreover, 

engineering the Cas effector has consistently proven to be a highly effective approach 

to relax the PAM requirement and minimize off-targeting. Notable examples include the 

engineered PAMless variant SpRY, high-fidelity Cas9 HF1, as well as the xCas9 and HiFi-

Sc++ variants with both broader PAM ranges and enhanced fidelities [80,104–106].

The CRISPR prime editor has not yet been implemented in MCF construction. This tool 

can perform more types of gene editing than EvolvR and base editor and has been used for 

introducing saturated mutagenesis for the herbicide resistance in plants [107]. We expect 

that the advancements of CRISPR prime editor reported in mammalian and plant cells, such 

as efficient multiplex editing and separable RTs, can be achieved in microbial systems to 

further promote MCF construction [108–110].

Furthermore, it is also necessary to promote the use of CRISPR tools in non-model 

microbes, which possess unique advantages for gene mining, substrate consumption or 

environmental tolerances [33,111–113]. One potential challenge lies in the unclear or 

unsupportive native DNA repair machinery, which requires thorough investigation or 

engineering [114]. Considering the wide distribution of CRISPR systems in bacteria and 

archaea, the identification and engineering of endogenous CRISPR systems are important to 

avoid any crosstalk pitfalls and ensure successful implementation of CRISPR technologies 

in non-model microorganisms [115]. Additionally, the existence and possible interference of 

anti-CRISPR proteins in some microbes should also be taken into consideration [116].
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Glossary

CRISPR-Cas
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an adaptive immune system in bacteria using RNA-guided nucleases to target and cut 

foreign genetic elements

CRISPR-Cas9
a Class 2, Type II CRISPR-Cas system. Cas9 is a RNA-guided endonuclease that cleave 

off the target DNA with an recognizable PAM and generate blunt DSBs. The guide RNA 

(gRNA) is a crRNA-tracrRNA duplex, with crRNA containing a sequence complementary 

to the target DNA and tracrRNA providing the binding scaffold for the endonuclease Cas 9 

protein

CRISPR-Cas12a
also known as Cpf1, a Class 2, Type V CRISPR-Cas system. Cas12a is an crRNA-guided 

endonuclease that cleaves off the target DNA with an recognizable PAM and generates 

staggered DNA DSBs

CRISPR activation (CRISPRa)
equip the dCas effectors with trancriptional activators to enhace RNA polymerase 

recruiment and upregulate the expression of genes of interest

CRISPR-mediated homology directed repair (HDR)
the repair of DSBs induced by CRISPR-Cas systems through homologous recombination 

using a DNA template

CRISPR inteference (CRISPRi)
use dCas effectors or dCas-transcriptional repressor fusion protein to phsically repress RNA 

polymerase recruitment and downregulate the expressio of genes of interest

CRISPR NHEJ
repairing the DSBs generated by CRISPR-Cas through non-homologous end joining, which 

directly ligases the break ends

dCas9
endonuclease activity-deactivated Cas9

Dynamic regulation
dynamically control gene expression as response to external signals and endogenous 

changes

Metabolic burden
physiological stress on a cell due to the consumption of energy and resources caused by 

heterologous gene expression

Metabolon
A complex formed by tethering enzymes that catalyze sequential metabolic pathways, 

allowing for efficient substrate channeling and coordinated regulation

nCas9
endonuclease activity-partially deactivated Cas9 that only cleave one DNA strand
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Protospacer adjacent motif (PAM)
a short specific sequence following the target DNA sequence that is essential for cleavage by 

Cas nuclease

sgRNA
a synthetic RNA molecure fusing the crRNA and the scaffold tracrRNA

Spacer
the sequence in gRNA or sgRNA complementary to the target DNA

Toehold-mediated strand displacement strategy (TMSD)
a molecular tool to exchange one strand of nucleic acid complex with another strand
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Box 1.

Summary of CRISPR gene editing tools

CRISPR-Cas9 can efficiently generate lethal DSBs in the target chromosome DNA loci 

with adoptable PAMs. In the pioneering work by Jiang and coworkers, phage lambda-red 

recombinase was harnessed to repair the DSBs with designed DNA donors as templates 

and introduce DNA mutations, including deletion, insertion or substitution in Escherichia 
coli [117]. Successful mutation causes PAM elimination or spacer mismatches, so 

repaired chromosome with desired DNA modification can escape from CRISPR cleavage 

while unmodified strains are killed, resulting in highly efficient gene editing [117,118]. 

Similar CRISPR HDR systems have been established in many other industrial microbes, 

with some relying on host native HDR or using recombinase T for higher efficiency 

[119–123].

Recently, the CRISPR gene editing toolbox has expanded by cooperating with other gene 

editing proteins. The new CRISPR tools avoid the lethal DSBs and require no DNA 

template for more efficient gene editing [124,125].

An EvolvR system was constructed by fusing nCas9 with an error-prone DNA 

polymerase. In this system, the fidelity-reduced DNA polymerase is guided by the 

CRISPR system to repair the nCas9-nicked strand and simultaneously introduce random 

mutations [17].

CRISPR base editors were designed by fusing an nCas9 (D10A) with a cytidine 

deaminase or adenosine deaminase, generating respectively CRISPR-guided CBE 

(cytosine base editors) or ABE (adenine base editors). Upon paring between sgRNA and 

the target DNA strand, the PAM-distal sequence on the non-target DNA strand becomes 

accessible to the deaminases, which convert cytosines (C) to uracils (U) or adenosines 

(A) to inosines (I) in this editing window. DNA replication and DNA repair recognizes 

U as thymine (T) and I as guanine (G), so nCas9 cutting the unmutated strand can 

stimulate the nick repairing using the mutated strand as template to promote the complete 

C:G to T:A or A:T to G:C conversion [13,14,126]. Fusing uracil glycosylase inhibitor 

proteins (UGIs) to CBEs efficiently improved its editing efficiency via obstructing the 

removal of U before complete conversion. More recently, C to A conversion in E. coli 
was demonstrated by introducing an uracil-DNA glycosylase into the CBE system, which 

excises the U after deamination and leaves an apurinic/apyrimidinic (AP) site. The AP 

site triggers DNA repair that preferably convert C to A in E. coli [127].

CRISPR guided prime editing is another advanced genome editing tool bypassing DSBs, 

which includes a nCas9 (H840A) fused with reverse transcriptase (RT) and a pegRNA 

consisting of a sgRNA of the CRISPR system, a primer binding site (PBS) to hybridize 

with the nicked DNA strand, and an RT template to introduce mutations [128]. Once 

bound to the target DNA, the active RuvC domain of nCas9 cleaves the non-target strand 

and then the 3’ end of the cleaved strand pairs with PBS, allowing the RT to use the 

designed RT template to extend the 3’ end and introduce desired mutations. For the 

unedited strand, using another simple sgRNA guiding the nCas9-RT complex to cleave it 

can promote its mutation by the DNA repair process using the edited strand as template. 
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Such prime editing system was firstly established in human cells, and later developed 

for the E. coli [129]. More recently, researchers even demonstrated large size deletion 

and insertion by CRISPR guided prime editor, as well as the successful multiplex prime 

editing [108,110]. Additionally, it was revealed that the RT component is separable from 

nCas9, which overcame the challenge of expressing a large fusion protein and facilitated 

the rapid screening of more compact RTs [109].

Although the canonical Cas9 has been widely utilized in developing CRISPR gene 

editing toolkits, the use of CRISPR-Cas12a has also contributed to the expansion of 

the gene editing toolbox. With distinct PAM specificities and simpler gRNA processing, 

Cas12a has been employed to construct gene editing toolkits such as Cas12a-mediated 

HDR and base editor [130]. Moreover, Cas12a-mediated HDR even achieved better 

performance than the Cas9 system in some microbes such as Pichia pastoris and 

Methanococcus maripaludis [123,131,132].
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Outstanding Questions Box

1. What are the potential applications of recently discovered miniature CRISPR 

systems in developing new gene editing and regulation tools?

2. Is it possible to apply CRISPR prime editing in metabolic engineering?

3. Are there other gene editing proteins that can be combined with CRISPR 

systems to optimize current tools or explore new functions?

4. SpRY reached nearly PAMless with higher activity on NRN than NYN PAMs. 

How to develop more robust PAM-independent Cas effectors for the tools 

requiring precise targeting?

5. How to overcome the position sensitivity of bacterial CRISPRa and enhance 

its applicability?

6. Can CRISPR base editors, prime editors, or CRISPRi be successfully used in 

non-model microorganisms that are not amenable to CRISPR-HDR?
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Highlights

The development of CRISPR-base editors, CRISPR-prime editors, and EvolvR has 

enabled more efficient and precise gene editing without relying on double-stranded DNA 

breaks.

Transcriptional CRISPRi and CRISPRa systems have been developed with higher 

efficiency and tunability, enabling the design of more advanced regulation circuits.

The CRISPR toolbox has been expanded to protein-level regulation by the Cas6-enabled 

dynamic enzyme assembly.

The expanded CRISPR toolbox has comprehensively promoted the engineering of 

various components and cellular processes in microbes, driving the advancement of 

microbial cell factory (MCF) construction.
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Figure 1, Key Figure. 
Overview of the CRISPR toolbox for MCF construction. The CRISPR toolbox consists of 

three types of tools respectively performing gene editing, transcriptional regulation, and 

enzyme assembly. CRISPR gene editing tools include CRISPR-mediated HDR and NHEJ, 

as well as the advanced CRISPR base editor, prime editor and EvolvR. Transcriptional 

regulation tools consist of CRISPRi and CRISPRa, which can be used to design more 

complex regulation circuits. Enzyme assembly has been achieved by a CRISPR mediated 

synthetic metabolon. These tools participate in MCF construction by facilitating stable 

overproducer development, functional screening, expression tuning, dynamic regulation, 

enzyme engineering and pathway reprogramming.
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Figure 2. 
Mechanism and application of the CRISPR gene editing tools. (A) CRISPR-mediated 

HDR is triggered by the DSBs cleaved by Cas effectors. A DNA donor is required for 

the homology directed repair. By providing different DNA donors, CRISPR HDR can 

introduce gene knock-in, knock-out and substitution. It has been extensively used for 

sable overproducer construction, gene function study, pathway reprogramming and enzyme 

evolution. (B) CRISPR NHEJ directly ligases the two ends of DSBs and only performs gene 

knock-out. It has been used in some pathway reprogramming studies. (C) CRISPR base 

editor recruits cytosine deaminase or adenine deaminase to introduce point mutations on 

one strand in a limited editing window. The unmutated strand is usually nicked by nCas9 to 

promote complete mutation on both strands. CRISPR base editor can create premature stop 
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codon to silent a gene and investigate its function. It can also diversify the multiple target 

sequences for pathway reprogramming and enzyme engineering. (D) EvolvR is designed 

by fusing an nCas9 with an error-prone RNA polymerase. After targeting and nicking, 

the error-prone RNA polymerase repairs the nicked strand and simultaneously introduces 

random mutations. The editing window is around 56 bp. Thus, it is mainly applied in 

enzyme engineering. (E) CRISPR prime editor is designed by fusing a reverse transcriptase 

(RT) with nCas9. The primer binding site (PBS, colored in purple) in the pegRNA can 

hybridize with the 3’ end of the nick, and the template sequence (colored in green) is used 

by the RT to repair the nick and introduce mutations.
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Figure 3. 
Schemes for the designs of different transcriptional regulation systems. (A) Approaches to 

tune CRISPRi level. High level CRISPRi repression can be tuned by designing sgRNAs 

to target TSS downstream regions with longer distances, decreasing the sgRNA expression 

level, creating spacer mismatches, shortening spacer length, engineering the sgRNA scaffold 

for less affinity against dCas9, and targeting the less preferred PAMs using the engineered 

Cas9 variants with expanded PAM range. (B) Different bifunctional regulation designs. 

Firstly, Cas9-activator fusion protein activates gene expression when targeted to the proper 

TSS upstream region, and represses gene expression when targeted to the TSS downstream 

region. Secondly, an engineered scRNA with an extra MS2 hairpin structure can guide 

Cas9 and simultaneously recruit the activator fused with MS2 coat protein (MCP), and 
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therefore activate gene expression; on the contrary, the sgRNA-Cas9 complex represses 

gene expression. Thirdly, orthogonal CRISPR systems with no mutual interference can 

be recruited for simultaneous activation and repression. (C) A typical autonomous and 

bifunctional dynamic regulation circuit. Internal stimuli can cause conformational changes 

to the biosensor, releasing it from its corresponding promoter and activating downstream 

gene expression. The expression of dCas9 controlled by the same promoter will also be 

activated, which can be targeted to repress multiple genes. The activated GOI1 is usually 

a heterologous gene in biosynthesis, and repression targets GOI2–4 are endogenous genes 

essential for cell growth and competing fluxes with the biosynthetic pathway.
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Figure 4. 
CRISPR-guided synthetic metabolons. Two enzymes catalyzing sequential reactions are 

connected to orthogonal Cas6s, each of which forms a complex with its specific guide RNA. 

Enzyme assembly can be achieved through RNA hybridization between the 5’ free handles 

of the guide RNAs. This CRISPR-driven enzyme cascading can improve sequential reaction 

efficiency, leading to less accumulation of the intermediate and more final products.
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