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Abstract. CRISPR - Cas9 as the third generation of gene editing techniques, widely exists in
prokaryotes, and has been widely applied to clinical and pharmaceutical fields. This article reviews
the discovery, immune defense process and mechanism of CRISPR-Cas9 and summarizes its
application in microbial cells. Advances include achieving gene editing in E. coli, improving defense
against phages, and stabilizing chemical production; It is used to modify the characteristics of lactic
acid bacteria and precise genome editing in algae; In terms of viruses, it can be used to treat HIV-1
infection, hemoglobinopathy, etc. Research gaps include less research on the effect of optimal length
and selective markers of donor DNA homologous arms on efficiency in bacterial gene editing and
insufficient evaluation of potential off-target effects and long-term effects of CRISPR/Cas9 systems
in algae. This paper mainly analyzed the application of CRISPR-Cas9 in bacteria, lactic acid bacteria,
algae, and viruses, and obtained corresponding research results. It provides a theoretical basis and
a new idea for the research in the field of microbiology, but there are still some problems to be solved,
and future research can focus on optimizing the system, reducing the off-target rate, and improving
the editing efficiency.
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1. Introduction

The CRISPR-Cas9(clustered regular interspaced short palindromic repeat-associated protein 9)
system, as a third-generation gene editing technology, is widespread in prokaryotes, it is used in the
acquired immune defense system lower than the invasion of exogenous genetic materials and has
been widely used in clinical and pharmaceutical fields. The field has developed rapidly under the
broad wave of research on CRISPR-Cas9. This paper reviews the recent literature on the discovery
of CRISPR-Cas9, immune defense process and mechanism of action, and summarizes the research
progress of its application in microbial cells combined with microbial engineering.

The CRISPR-Cas9 consists of a complex composed of tracrRNA, crRNA and Cas9 proteins to
recognize PAM sequences and perform the cutting function, and the PAM sequences of CRISPR-
Cas9 from different microbial sources are different [1]. On the bacterial side, the researchers used
CRISPR cas9 technology to edit the genes of E. coli, and precise gene editing is critical to
understanding its metabolic pathways and physiological functions. At the same time, the technology
has also been used to modify lactic acid bacteria so that we can more precisely explore the function
of their active ingredients, such as the mechanism of action of exopolysaccharides (EPS) in antiviral
infection [2]. In algae research, CRISPR cas9 technology helps to optimize the nutrient composition
of algae, gain insight into the biology of microalgae, and tap its potential for biological production
and biotechnology applications. In addition, for the study of viruses, CRISPR cas9 technology can be
used to edit the viral genome, inhibit viral infection and reactivation opens new ways. The
combination of CRISPR cas9 and microbial engineering has important research significance.

When it comes to bacterial gene editing using CRISPR gene editing, there is relatively little research
on the optimal length of the homologous arm of donor DNA and the effect of selected markers on the
efficiency of gene editing [3]. More research is also needed to assess the potential off-target effects
CRISPR/Cas9 systems may cause in Marine algae and the long-term effects on algal ecosystems [4].
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In this paper, the application of CRISPR cas9 technology in bacteria, algae and viruses will be
discussed in detail. In the future, combined with the big data of microbiome, continue to delve deeper
into CRISPR/Cas systems of different microbial sources and other novel gene editing tools. Existing
CRISPR/Cas9 systems are optimized and upgraded to reduce off-target rates, improve editing
efficiency, and expand CRISPR/Cas9 applications.

2. Mechanism

First discovered in bacteria and archaea, the CRISPR/Cas system is an acquired immune system that
uses CRISPR RNA (crRNA) to recognize DNA and Cas nucleases to mediate DNA cleavage to fight
viruses and phages. The system is present in about 40% of sequenced bacteria and nearly 90% of
sequenced archaea genomes. CRISPR loci are composed of conserved repeats, including non-
repeating spacers. Cas nucleases are critical for processing foreign DNA into small fragments. The
system can be divided into types I, Il and 11l according to the sequence and structure of Cas protein.
Type I, dominated by Cas9 protein, recognizes the DNA target sequence containing PAM under the
guidance of guide RNA (gRNA), site-directed cleavage breaks the double strand, and self-repair
through non-homologous end junction (NHEJ) or homologous recombination (HR), resulting in
insertion, deletion, repair, or replacement of mutation sites [5].

CRISPR-Cas9 consists of several components. The Cas9 enzyme is a large (1,368 amino acid) multi
- domain and multifunctional DNA endonuclease, which can cut DNA through its two distinct
nuclease domains (HNH and RuvC). The guide RNA can be either a natural crRNA - TracrRNA or
a synthetic single guide RNA (sgRNA), guiding the Cas9 enzyme to recognize specific DNA
sequences. When Cas9 binds to the guide RNA (crRNA - TracrRNA or sgRNA), it forms an active
DNA monitoring complex. The 20 - nt interval sequence of crRNA confers DNA target specificity,
and tracrRNA plays a key role in Cas9 recruitment. After gRNA binds to Cas9, it drives Cas9 to
change from an inactive conformation to an effective conformation for DNA recognition. The most
significant conformational change occurs at the REC lobe, specifically Hel - 111, which shifts about
65A toward the HNH domain upon sgRNA binding [6]. The Cas9 - guide RNA complex searches for
complementary target DNA sites by recognizing Protospacer adjacent motif (PAM) sequences. PAM
sequences are critical for distinguishing between self and non - self - sequences, and a single mutation
in these sequences may invalidate Cas9 cleavage activity. Cas9 starts the target DNA search process
through three - dimensional collision, first detecting the appropriate PAM sequence, and then
checking the complementarity of flanker DNA and guide RNA. Once a target site with the appropriate
PAM is found, Cas9 triggers local DNA melting at nucleation sites adjacent to PAM, followed by
RNA strands invading DNA strands to form RNA - DNA hybridization and replacement (called R -
loops) [7].

3. Progress in the Application of CRISPR-Cas9 in the Field of Microbiology

3.1.Escherichia Coli

E. coli can be grown and cultured easily and inexpensively in a laboratory setting and is widely used
as a host for gene replication and expression in biological experiments. In 2013, Jiang et al. used the
CRISPR/ CEA s9 system in Streptococcus pyogenes for the first time to achieve genome editing in
E. coli, and the repair rates of cells containing target mutation sites reached 100% and 65%,
respectively [8]. Compared with the first- and second-generation gene editing technologies, ¢ can edit
single or multiple genes in microbial genomes more simply and efficiently. For example, through the
construction of pEcCas/pEcgRNA system, the efficient editing of cadA and maeA genes in
BL21(DE3) strain was successfully achieved, solving the problem that the original pCas/pTargetF
system could not perform gene editing in this strain. The system can also edit non-essential genes of
many E. coli strains, such as BL21 StarTM (DE3), MG1655, DH5a, CGMCC3705, Nissle1917 and
ATCC9637, and the efficiency is close to 100%. In addition, CRISPR-Cas9 was successfully used in
Citrobacter Tuttum (T. citrea DSM13699) to efficiently edit its non-essential genes gdhl, gdh2 and

825



gdh3. During the experiment, the pEcCas/pEcgRNA system showed the characteristics of simplicity
and high efficiency, such as shortening the experiment time and improving the editing efficiency by
optimizing the plasmid construction and removal process [9]. By constructing a CRISPR/Cas9 system
targeting the T7 phage genome, the defense capability of E. coli BL21 against phages can be improved.
In 2020, researchers successfully improved E. coli BL21's defense against phage infection by
designing different N20 genes targeting the caudate protein gpl12, capsid assembly protein, and 3.8
protein in the T7 phage genome, respectively. Specifically, OD600 of BL21(pcas9, pTgRNA) and
BL21(pcas9, p3gRNA) was significantly higher than that of BL21(pcas9) infected phages, indicating
that CRISPR/Cas9 targeting phage genome can enhance the defense capability of BL21 against phage
infection. And the target site plays a key role. Meanwhile, by transferring the prfp plasmid into a
CRISPR/Cas9 strain induced by a T7 promoter, it was found that the CRISPR/Cas9 defense system
could protect BL21 and increase its protein production during the biological process of phage
infection, although there was still a gap compared to control strains without phage infection. But it
provided the basis for engineering industrial E. coli strains resistant to phage infection [10].

Using CRISPR-Cas9, stable strains can be integrated to produce the desired chemicals. In 2020, By
constructing plasmid pCas that incorporate -Red and CRISPR/Cas9 systems used to generate double-
strand breaks (DBS) at universal N20PAM during Escherichia coli genome editing, the researchers
assisted in -Red facilitated homologous dependent recombination (HDR). To remove redundant
sequences. When genome editing is performed, the plasmid pRC-1S5, which contains large synthetic
pathways and gRNA recognition regions, is first inserted into the E. coli W3110 genome through -
Red-promoted HDR, and then the CRISPR/Cas9 system in pCas is used to generate DBS at N20PAM.
Homologous recombination is achieved through in-RED mediated deletion of the lag chain in the
replication fork, and the redundant sequences including 1S5 sequence, chloramphenicol labeling and
R6K are finally deleted. This process allows the large synthetic pathway to be more efficiently
integrated into the E. coli genome, providing strong support for stable chemical production [11].
CRISPR-Cas9 can also enable phage defense and elimination by targeting the phage genome and
inducing DNA breaks, and a study has constructed a CRISPR-Cas9-based mobile Anti-phage system
(MCBAS) for phage defense in E. coli. The results show that MCBAS can effectively clear the DNA
of MKR phages infected with E. coli. For example, both pGM1 and pGM2 can effectively block the
replication of MKR phages in the body, and pGM2 has a more significant effect, ultimately reducing
the infection rate of E. coli to about 0.2%. In addition, MCBAS can also prevent the infection of
MKR phage to E. coli, such as the infection rate of pGM2 at all time points is less than 1%, while the
infection rate of pGML1 increases in the later period. It provides an effective means to protect
Escherichia coli from bacteriophage infection [12]. In summary, the application of CRISPR-Cas9 in
E. coli can enhance editing efficiency by constructing specific systems, such as pEcCas/pEcgRNA
system, CRISPR/Cas9 system targeting T7 phage genome, and binding -Red and CRISPR/Cas9
systems. Its main application areas include gene editing, such as achieving efficient editing of cadA
and maeA genes and editing of non-essential genes; Improve the defense ability to phage and enhance
the resistance ability to phage infection; Achieve stable chemical production and integrate large
synthetic pathways into the genome more efficiently by optimizing plasmid construction and removal
processes.

3.2.Lactic Acid Bacteria

Relevant studies have shown that lactic acid bacteria have good resistance to harsh environments,
which reveals the great potential of lactic acid bacteria as cell factories for biorefining and production
of bioactive substances [13]. At the same time, lactic acid bacteria and their metabolites have been
proven to have beneficial effects on the host, which can play a role in regulating intestinal flora,
improving the gastrointestinal environment and lowering cholesterol. However, the bioengineering
technology of lactic acid bacteria applied in the biomedical field is not perfect, and lagging genome
editing technology has always hindered the transformation of lactic acid bacteria at the genetic level.
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In the application of probiotics, the molecular mechanisms by which probiotics and LAB interact
with the host are not well understood, resulting in no approved health claims for probiotics in the
European Union. The combination of genome editing, and omics studies helps to gain insight into the
function of probiotics, and it is hoped that genome editing can be used to create genetically modified
or modified probiotics in the future. Compared with traditional genome editing based on integrating
plasmids, CRISPR-Cas9 technology achieves gene insertion or deletion through two cross-events,
but the process of screening integrators and removing integrators is time-consuming. Recombinant
engineering can directly integrate linear single - or double-stranded DNA oligonucleotides into the
genome but requires identifying phage-derived proteins for each new strain and optimizing the system.
CRISPR-Cas9 technology can be used as a powerful anti-selection tool to improve editing efficiency,
but there are challenges in the application of bacteria, such as strict control of activity, strains specific
differences, and possible toxicity. In addition, reengineering methods and CRISPR are established
[14].

CRISPR/Cas9 technology can modify the characteristics of lactic acid bacteria. Through gene editing
technology, Lactobacillus paracasmodium can be transformed into L-lactic acid production strains
with high optical purity, and the significance of different bsh genes in the gall salt resistance of
Lactobacillus plantarum can be determined, to reduce the death of lactobacillus after the formation
of DSBs and create nutrition-deficient lactobacillus. To improve the efficacy of anti-porcine rotavirus
(PoRV) vaccine, improve the efficiency of CRISPR/ Cas9-assisted ssDNA recombination, and
explore the off-target effect and escape mechanism of CRISPR/Cas9 system. Transcriptional
regulation based on dCas9: dCas9 can inhibit the enzyme activity of RuvC and HNH domains of Cas9
nuclease, thereby inhibiting the binding of RNA polymerase to target genes and achieving gene
silencing. CRISPR activation (CRISPRa) and CRISPR interference (CRISPRI) techniques developed
based on the dCas9 principle can be used for transcriptional activation and transcriptional inhibition,
respectively [15].

3.3.Algae

CRISPR/Cas9 technology enables precise editing of algae genomes, providing a new tool for genetic
improvement of algae. Gene knockout has been successfully achieved in some algae, such as multiple
gene knockout in chlamydomonas via the CRISPR/Cas9 system mediated by electroporation [16].
The CRISPR/Cas9 system has been used to edit specific genes in diatoms.

In 2021, a study demonstrated for the first time the feasibility of inducing targeted mutations by
directly introducing CRISPR-Cas9 RNP into brown seaweed cells,[17]. providing an effective
reverse genetics tool for basic and applied studies of Ectocarpus, and the method has the advantages
of high efficiency, strong repeatability, and low frequency of off-target mutations. It is expected to
be applied to other brown seaweed species.

Related studies have shown that when CRISPR-Cas9 gene editing was first performed in
chlamydomonas, the efficiency was low, which may be related to the cytotoxicity of Cas9. Using
hybrid versions of Cas9 and RNP (ribonucleoprotein) delivery methods, the efficiency of Cas9 has
been improved, but there are still some problems, such as the toxicity of Cas9 and low homologous
recombination frequency. In Phaeodactylum tricornutum, the mutation of CpSRP54 gene was
successfully realized by converting the Cas9 and sgRNA modules with optimized coding, and the
mutation frequency was up to 31%. For Thalassiosira pseudonana, a colony with a specific mutation
was successfully obtained by transforming Cas9 and sgRNA by microparticle bombardment, and
efficient HDR (homologous directed repair) was achieved by cotransformation [18].

3.4.Virus

As a class of pathogenic microorganisms, viruses play an important role in it. In-depth study of viral
genes contributes to a better understanding of the pathogenesis of diseases, and viral genome
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engineering also plays an important role in many aspects of virology research, including virus-host
interaction, viral gene function, gene-edited animals, and the development of recombinant vaccines.

For DNA viruses, studies have shown that the CRISPR/Cas9 system can effectively confer resistance
to twin viruses, reduce viral replication, lower viral titers, and reduce disease symptoms. By targeting
conserved non-coding sequences, virus escape can be avoided, providing an effective strategy for
providing potentially long-lasting resistance. For RNA viruses, there are currently no reports of direct
targeting and cutting RNA viruses, but Cas9 can be programmed to cut RNA, which may change in
the future. Resistance to RNA viruses can be created by mutating translation initiation factors in
plants associated with RNA virus infection, such as elF4E and elF(iso)4E. [19].

In clinical applications, CRISPR-Cas9 can treat HIV-1 infection by disrupting the CCR5 gene.
CRISPR-Cas9 was used to modify patient-derived hematopoietic stem cells and progenitor cells
(HSPCs) to treat sickle cell disease and B-thalassemia, and some patients have achieved good results
[20]. By editing T cells with CRISPR-Cas9, it can inhibit the regulatory genes at certain checkpoints
and promote the anti-tumor response of cytotoxic T cells, and relevant clinical trials have achieved
certain results.

4. Conclusion

This paper mainly summarizes the application progress of CRISPR-Cas9 in the field of microbial
engineering. In bacteria, the technology can be used for gene editing of Escherichia coli, improve its
defense against phages, and achieve stable chemical production; In terms of lactic acid bacteria,
CRISPR-Cas9 technology provides insight into the function of probiotics and can be used to modify
the characteristics of lactic acid bacteria, but there are some challenges in application; In algae, the
technology can realize the precise editing of algae genome; In terms of viruses, CRISPR-Cas9 can be
used to treat HIV-1 infection, hemoglobinopathy, etc., and has different mechanisms of action for
DNA viruses and RNA viruses. These results are of great significance for the in-depth understanding
of the physiological functions and metabolic pathways of microorganisms and the development of
novel microbial products. Through gene editing technology, we can explore the function of
microorganisms more precisely, supporting biological production and biotechnology applications.

However, there are few studies on the effect of the optimal length of the donor DNA homologous
arm and the selection of markers on the gene editing efficiency in bacterial gene editing. In algae
research, there has been insufficient assessment of the potential off-target effects that CRISPR/Cas9
systems can cause and the long-term effects on algal ecosystems. Delivery challenges, off-target
effects, PAM restriction, and immune responses for CRISPR/Cas9 applications in vivo require further
optimization of sgRNA design, improvement of Cas9 protein, and development of new gene-editing
technologies. Future research can further optimize the CRISPR/Cas9 system, which is expected to
treat gene-related diseases by deleting, inserting, regulating, and blocking related genes, and needs to
solve some problems, such as improving the efficiency of gene editing, reducing off-target effects
and immune responses, to advance its clinical application. At the same time, further studies of
CRISPR/Cas systems of different microbial sources and other novel gene editing tools are also needed

References

[1] Deng Ming & Ding Junmei. (2022). Application of CRISPR/Cas9 gene editing technology in microbial cells.
Chinese Journal of Applied & Environmental Biology (03), 787-795. (In Chinese) doi: 10.19675/j.cnki.1006-
687x.2021.01051.

[2] Chen, S, Nai, Z., Qin, Z., Li, G., He, X., Wang, W., ... & Jiang, X. (2023). The extracellular polysaccharide inhibits
porcine epidemic diarrhea virus with extract and gene editing Lacticaseibacillus. Microbial Cell Factories, 22(1),
225.

[3] Chai, R, Guo, J., Geng, Y., Huang, S., Wang, H., Yao, X., ... & Qiu, L. (2024). The Influence of Homologous Arm
Length on Homologous Recombination Gene Editing Efficiency Mediated by SSB/CRISPR-Cas9 in Escherichia
coli. Microorganisms, 12(6), 1102.

828



[4] Nymark, M., Sharma, A. K., Sparstad, T., Bones, A. M., & Winge, P. (2016). A CRISPR/Cas9 system adapted for
gene editing in marine algae. Scientific reports, 6(1), 24951.

[6] Wei, J., & Li, Y. (2023). CRISPR-based gene editing technology and its application in microbial
engineering. Engineering Microbiology, 3(4), 100101.

[6] Jiang, F., & Doudna, J. A. (2017). CRISPR—Cas9 structures and mechanisms. Annual review of biophysics, 46(1),
505-529.

[7] Redman, M., King, A., Watson, C., & King, D. (2016). What is CRISPR/Cas9. Archives of Disease in Childhood-
Education and Practice, 101(4), 213-215.

[8] Jiang WY, Bikard D, Cox D, Zhang F, Marraffini LA. RNA-guided editing of bacterial genomes using CRISPR-
Cas’s systems [J]. Nat Biotechnol, 2013, 31: 233-239

[9] Li, Q.,Sun,B., Chen,lJ., Zhang, Y., Jiang, Y. U., & Yang, S. (2021). A modified pCas/pTargetF system for CRISPR-
Cas9-assisted genome editing in Escherichia coli. Acta Biochimica et Biophysica Sinica, 53(5), 620-627.

[10] Liu, L., Zhao, D., Ye, L., Zhan, T., **ong, B., Hu, M., ... & Zhang, X. (2020). A programmable CRISPR/Cas9-
based phage defense system for Escherichia coli BL21 (DE3). Microbial cell factories, 19, 1-9.

[11] Su, B., Song, D., & Zhu, H. (2020). Homology-dependent recombination of large synthetic pathways into E. coli
genome via A-Red and CRISPR/Cas9 dependent selection methodology. Microbial Cell Factories, 19, 1-11.

[12] Cao, Z., Ma, Y., Jia, B., & Yuan, Y. J. (2022). Mobile CRISPR-Cas9 based anti-phage system in E. coli. Frontiers
of Chemical Science and Engineering, 16(8), 1281-1289.

[13] PIDKEREN J-P V, BARRANGOU R. Genome editing of Food-Grade lactobacilli to develop therapeutic
probiotics[M]. Bugs as Drugs, 2018:389-408.

[14] B&ner, R. A., Kandasamy, V., Axelsen, A. M., Nielsen, A. T., & Bosma, E. F. (2019). Genome editing of lactic
acid bacteria: opportunities for food, feed, pharma and biotech. FEMS microbiology letters, 366(1), fny291.

[15] Mu, Y., Zhang, C., Li, T., **, F. J.,, Sung, Y. J.,, Oh, H. M., ... & **, L. (2022). Development and applications of
CRISPR/Cas9-based genome editing in Lactobacillus. International Journal of Molecular Sciences, 23(21), 12852.

[16] Wu, Z. Y., Huang, Y. T., Chao, W. C., Ho, S. P., Cheng, J. F., & Liu, P. Y. (2019). Reversal of carbapenem-
resistance in Shewanella algae by CRISPR/Cas9 genome editing. Journal of advanced research, 18, 61-69.

[17] Badis, Y., Scornet, D., Harada, M., Caillard, C., Godfroy, O., Raphalen, M., ... & Cock, J. M. (2021). Targeted
CRISPR - Cas9 - based gene knockouts in the model brown alga Ectocarpus. New Phytologist, 231(5), 2077-2091.

[18] Naduthodi, M. I. S., Barbosa, M. J., & van der Oost, J. (2018). Progress of CRISPR - Cas based genome editing in
photosynthetic microbes. Biotechnology journal, 13(9), 1700591.

[19] Zzaidi, S. S. E. A., Tashkandi, M., Mansoor, S., & Mahfouz, M. M. (2016). Engineering plant immunity: using
CRISPR/Cas9 to generate virus resistance. Frontiers in plant science, 7, 1673.

[20] Khoshandam, M., Soltaninejad, H., Mousazadeh, M., Hamidieh, A. A., & Hosseinkhani, S. (2024). Clinical
applications of the CRISPR/Cas9 genome-editing system: Delivery options and challenges in precision
medicine. Genes & Diseases, 11(1), 268-282.

829



