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Deciphering gene function is fundamental to engineering of microbiology. The clustered regularly interspaced
short palindromic repeats (CRISPR) system has been adapted for gene repression across a range of hosts, creating
a versatile tool called CRISPR interference (CRISPRi) that enables genome-scale analysis of gene function. This
approach has yielded significant advances in the design of genome-scale CRISPRi libraries, as well as in applica-
tions of CRISPRIi screening in medical and industrial microbiology. This review provides an overview of the recent
progress made in pooled and arrayed CRISPRi screening in microorganisms and highlights representative studies

that have employed this method. Additionally, the challenges associated with CRISPRi screening are discussed,
and potential solutions for optimizing this strategy are proposed.

1. CRISPRi: a CRISPR-derived tool for repression of gene
expression

The clustered regularly interspaced short palindromic repeats
(CRISPR) system, which was initially identified as a bacterial antivi-
ral defense system, has been widely adopted for genome editing in
various organisms. This method typically involves using the CRISPR-
associated protein (Cas) in combination with a guide RNA (gRNA) to
induce double-strand breaks (DSBs) in the target gene. These DSBs can
then be repaired by the cell through homology-directed repair (HDR)
or non-homologous end joining (NHEJ), resulting in the deletion or dis-
ruption of the target gene, or the insertion of a DNA fragment of interest
[38]. By introducing specific mutations to eliminate the DNA cleavage
activity of Cas, the CRISPR system can also be repurposed to repress gene
expression, a process known as CRISPR interference (CRISPRi) [66].

Over time, with sufficient interest, various types of CRISPRi systems
have been developed, including DNA-targeting systems like CRISPR-
dCas9 and CRISPR-dCasl2a, and RNA-targeting systems like CRISPR-
Cas13. The most commonly used system is the class 2 type II-A CRISPR-
Cas system, with the Streptococcus pyogenes CRISPR-Cas9 reported in
2012 serving as a representative example (Fig. 1a). Cas9 is an endonu-
clease that can cut both strands of DNA with blunt cleavage, with the
RuvC and HNH domains responsible for generating the DSBs [35]. In,
Qi et al. introduced amino acid substitutions in the RuvC (D10A) and
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HNH (H840A) domains to generate a nuclease-deficient Cas9 mutant
(dCas9) that retains its ability to bind to target DNA when guided by
a gRNA. The CRISPR-dCas9 system can therefore block transcription
initiation or elongation, enabling effective repression of gene expres-
sion in prokaryotes [66]. In eukaryotes, the fusion of dCas9 with a
transcriptional repressor domain is required for effective gene silencing
[28].

The class 2 type V-A CRISPR-Cas system is also a popular choice due
to its unique features including staggered cleavage. The Francisella novi-
cida CRISPR-Cas12a (also known as Cpfl) was reported in 2015 as a rep-
resentative of this system (Fig. 1b). Unlike Cas9, Cas12a possesses both
DNase and RNase activities, which allow it to process CRISPR RNA (cr-
RNA) arrays into mature gRNAs by itself [109]. Casl12a lacks the HNH
domain but contains the RuvC domain and a putative novel nuclease
domain (Nuc) [102]. To obtain dCasl2a variants with loss of cleavage
activity against both strands of target DNA but intact RNase activity, cer-
tain mutations of the RvuC and Nuc domains (such as D917A or E1006A
for F. novicida Cas12a) were used [109]. CRISPR-dCas12a has been a
promising tool for multiplex gene repression due to the convenience of
designing and processing multiple gRNAs from a signal crRNA array
[112].

While single-effector class 2 CRISPR-Cas systems have been the most
commonly used, multi-subunit class 1 systems comprise about 90% of
all identified systems [55]. The engineering of the multi-subunit RNA-
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Fig. 1. Different forms of CRISPRi systems. (a) Class 2 type II dCas9-based CRISPRi for transcriptional blocking. (b) Class 2 type V dCasl2a-based CRISPRi for
transcriptional blocking. (c) Class 1 type I Cascade-based CRISPRIi for transcriptional blocking. (d) Class 2 type VI Cas13-based CRISPRi for mRNA cleavage.

guided complex, such as excluding the Cas3 nuclease component, al-
lows class 1 CRISPR-Cas systems to be used for transcriptional inhibi-
tion (Fig. 1c). The CRISPRi technologies have been successfully demon-
strated in both the native microbial hosts and mammalian cells in 2019
[65].

Not all the CRISPR-Cas systems target DNA. Recent studies have
shown that the class 2 type VI CRISPR-Cas systems, such as Casl3a
from Leptotrichia wadei [1], Cas13b from Bergeyella zoohelcum [79], and
Cas13d from Ruminococcus flavefaciens [39], are RNA-guided and RNA-
targeting nucleases. Cas13 has dual RNase activities and can process
crRNA arrays into mature gRNAs and cleave target RNAs. This unique
feature of Cas13 has been utilized for developing CRISPRi technologies
by degrading target mRNA (Fig. 1d).

2. Development of CRISPRi technologies in microorganisms

Because CRISPRI is easily programmed, it has become a popular tool
for studying gene function and engineering microbial physiology and
metabolism, particularly in medically and industrially relevant microor-
ganisms (Table 1). Escherichia coli is a commonly used model microor-
ganism for the design and test of various types of CRISPRi systems.
In, Qi et al. first demonstrated that the class 2 type II-A dCas9-gRNA
complex from S. pyogenes can effectively silence transcription initiation
and elongation in an inducible and reversible manner in E. coli. Gene
expression was repressed was by 10- to 300-fold by gRNAs targeting
the non-template DNA strand, while those targeting the template DNA
strand showed little repressive effect. Double gene repression was also
demonstrated by expressing two independent gRNAs with distinct com-
plementary regions to two reporter genes. CRISPRi-mediated gene si-
lencing was found to be highly specific without detectable off-target
effects [66]. Since the initial success of dCas9-based CRISPRIi, various
types of CRISPRi systems, both class 1 and class 2, have been demon-
strated in E. coli. E. coli has a native class 1 type I-E CRISPR-Cas sys-
tem consisting of two protein elements for DNA targeting: a multimeric
complex of five different Cas proteins responsible for processing crRNA
arrays and binding target DNA (designated as Cascade) and a nuclease
responsible for cleaving target DNA (designated as Cas3) [5]. In 2015,
two research groups repurposed the endogenous CRISPR-Cas system for
programmable gene repression independently by deleting the chromoso-
mal cas3 copy and expressing Cascade and crRNA arrays. These systems

proved effective in reducing the mRNA levels of target genes, with re-
ductions ranging from 11-fold to 2200-fold [54,67]. In 2016, the class 2
type V-A CRISPR-dCas12a from F. novicida was used as a CRISPRi screen-
ing tool to identify the functional protospacer-adjacent motifs (PAMs)
that are essential for DNA target recognition [42]. Later, Zhang et al.
utilized the CRISPR-dCas12a system from Acidaminococcus sp. for mul-
tiplex gene regulation, which was able to repress up to six genes simulta-
neously by expressing a crRNA array with six spacers [112]. In addition
to these DNA-targeting CRISPRi systems that inhibit transcription, sev-
eral RNA-targeting CRISPRi systems have been developed that directly
cleave and degrade mRNA. These systems include the class1 typeIIl-E
Cas7-11 from Desulfonema ishimotonii [61], the class 2 type VI-A Cas13a
from L. wadei [1], the class 2 type VI-B Cas13b from B. zoohelcum [79],
and the class 2 type VI-D Cas13d from R. flavefaciens [39]. Researchers
have also tested these RNA-targeting CRISPRi systems in E. coli. How-
ever, while the Cas13d from R. flavefaciens has shown efficient RNA
interference against target mRNAs in E. coli, it has also been observed
to cause growth retardation. This may be due to the collateral cleavage
activity of Cas13d toward bystander RNAs [111].

According to recent data, CRISPRi systems are now available for
over 80 bacterial species across eight bacterial phyla, as well as nu-
merous fungi and archaea [7,53,72,82]. This powerful technology has
been applied successfully in a variety of industrially relevant microor-
ganisms such as Saccharomyces cerevisiae [16,28], Corynebacterium glu-
tamicum [17,44], Bacillus subtilis [97], B. methanolicus [73], and Strep-
tomyces [86] for metabolic engineering of biosynthesis. In pathogenic
microorganisms like Mycobacterium tuberculosis [15], Staphylococcus au-
reus [12], S. pneumoniae [3], and Listeria monocytogenes [64], CRISPRi
can be used to identify genetic factors responsible for drug resistance
and discover novel drug targets [14,90].

3. Genome-scale CRISPRi screening in microorganisms

CRISPRI is a highly efficient gene repression tool that is compatible
with a wide range of microbial hosts. Programming the tool is easy as the
target-coding region of the gRNA is comprised of only ~20 nucleotides.
This feature enables the synthesis of massive oligonucleotides using mi-
croarray technology and facilitates monitoring of the gRNA as a bar-
code with next-generation sequencing (NGS) [92]. As a result, CRISPRi
has been readily adopted for constructing genome-scale gRNA libraries
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Table 1
Development of CRISPRi technology across representative medically and industrially relevant microorganisms.
Superkingdoms Orders Species Effector Refs.
Eukaryota Eurotiomycetes Saccharomyces cerevisiae Class 2 type II-A, dCas9 from Streptococcus pyogenes [108]
Class 2 type V-A, dCas12a from Acidaminococcus sp., Lachnospiraceae [106]
bacterium, and Moraxella bovoculi
Saccharomycetes Yarrowia lipolytica Class 2 type II-A, dCas9 from Streptococcus pyogenes [74]
Class 2 type V-A, dCas12a from Francisella novicida [110]
Aspergillus niger Class 2 type II-A, dCas9 from Streptococcus pyogenes [46]
Bacteria Clostridia Clostridium sp. Class 2 type II-A, dCas9 from Streptococcus pyogenes [95]
Class 2 type V-A, dCas12a from Francisella novicida [36]
Gammaproteobacteria E. coli Class 1 type I-E, native Cas complexes from E. coli [54]
Class 1 type III-E, Cas7-11 from Desulfonema ishimotonii [61]
Class 2 type II-A, dCas9 from Streptococcus pyogenes [66]
Class 2 type V-A, dCas12a from Francisella novicida [42]
Class 2 type V-A, dCas12a from Acidaminococcus sp. [112]
Class 2 type V-A, dCas12a from Eubacterium eligens [37]
Class 2 type V-A, dCas12a from Lachnospiraceae bacterium [57]
Class 2 type VI-A, Cas13a from Leptotrichia shahii [2]
Class 2 type VI-A, Casl3a from Leptotrichia wadei [1]
Class 2 type VI-B, Cas13b from Bergeyella zoohelcum [79]
Class 2 type VI-D, Cas13d from Eubacterium siraeum and Ruminococcus sp. [103]
Class 2 type VI-D, Cas13d from Ruminococcus flavefaciens [111]
Klebsiella pneumoniae Class 2 type II-A, dCas9 from Streptococcus pyogenes [91]
Shewanella oneidensis Class 2 type II-A, dCas9 from Streptococcus pyogenes [91
Class 2 type V-A, dCas12a from Acidaminococcus sp. [43]
Pseudomonas sp. Class 2 type II-A, dCas9 from Streptococcus pasteurianus [85]
Vibrio alginolyticus Class 2 type II-A, dCas9 from Streptococcus pyogenes [84]
Vibrio natriegens Class 2 type II-A, dCas9 from Streptococcus pyogenes [40]
Alphaproteobacteria Zymomonas mobilis Class 1 type I-F, native Cas complexes from Z. mobilis [114]
Cyanophyceae Synechococcus elongatus Class 2 type II-A, dCas9 from Streptococcus pyogenes [33]
Class 2 type V-A, dCas12a from Francisella novicida [13]
Anabaena sp. Class 2 type II-A, dCas9 from Streptococcus pyogenes [31]
Synechocystis sp. Class 2 type II-A, dCas9 from Streptococcus pyogenes [104]
Class 2 type V-A, dCas12a from Francisella novicida [49]
Bacilli Streptococcus mutans Class 2 type II-A, native dCas9 from Streptococcus mutans and dCas9 from [771
Streptococcus pyogenes
Streptococcus pneumoniae Class 2 type II-A, dCas9 from Streptococcus pyogenes [51]
Staphylococus aureus Class 2 type II-A, dCas9 from Streptococcus pyogenes [113]
Bacillus subtilis Class 2 type II-A, dCas9 from Streptococcus pyogenes [97]
Class 2 type V-A, dCas12a from Francisella novicida [100]
Actinomycetes Mycobacterium tuberculosis Class 2 type II-A, dCas9 from Streptococcus pyogenes [15]
Class 2 type II-A, dCas9 from Streptococcus thermophilus [69]
Class 2 type V-A, dCas12a from Francisella novicida [24]
Mycobacterium smegmatis Class 2 type II-A, dCas9 from Streptococcus pyogenes [15,101]
Class 2 type II-A, dCas9 from Streptococcus thermophilus [69]
Class 2 type V-A, dCas12a from Francisella novicida [24]
Streptomyces coelicolor Class 2 type II-A, dCas9 from Streptococcus pyogenes [86]
Corynebacterium glutamicum Class 2 type II-A, dCas9 from Streptococcus pyogenes [17]
Class 2 type V-A, dCas12a from Francisella novicida [44]

for investigating genotype-phenotype associations at a genome level.
Genome-scale libraries can be categorized into pooled and arrayed li-
braries, depending on their organization form (Fig. 2). Genome-scale
CRISPRi screening, based on both pooled and arrayed libraries, has been
successfully implemented in a few microorganisms with industrial and
medical importance for functional genomics research (Table 2). Because
of the simplicity and efficiency of the CRISPRi system based on the S.
pyogenes class 2 type II-A dCas9, all the reported genome-scale CRISPRi
libraries have utilized this system.

3.1. Pooled CRISPRI screening

Pooled CRISPRI screening offers a powerful tool for investigating
the connection between genotype and a specific phenotype in a highly
efficient and parallel manner. With the aid of sophisticated gRNA
design algorithms and chip-based DNA synthesis technologies, it is
now possible to create thousands of oligonucleotides targeting most,
if not all, genes in the host genome, facilitating the construction of
a genome-scale CRISPRi library [8]. The synthesized oligonucleotides
are then pooled and integrated into a plasmid for gRNA expression,

followed by transformation into the desired strain to identify genes
for essentiality, tolerance, biosynthesis, or other phenotypes of interest
(Fig. 2a).

3.1.1. E. coli

CRISPR-based functional genomics screening, which has been well-
established in mammalian cells, was first tested in E. coli as a microbial
model [75,92]. The success of CRISPRi screening depends heavily on
the design of the gRNA pool. To investigate the rules of pooled gRNA
library design, like the gRNA position in open reading frame (ORF)
where CRISPRi maximally represses gene expression and the minimal
gRNA number per gene to maintain reliable hit gene calling, Wang et al.
performed a screening test with over 2000 gRNAs targeting 44 genes
with known phenotypes. Through exploration of the rules governing
pooled gRNA library design, the data from this test were used to de-
velop an algorithm for the design of a comprehensive pooled CRISPRi
library (55,671 gRNAs), covering 98.6% of 4140 protein-coding genes
and 79.8% of 178 non-coding RNAs (ncRNAs) genes. This library was
used to identify essential, auxotrophic, and chemical tolerance-related
genes [92]. In comparison to transposon mutant libraries, which typ-
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Fig. 2. CRISPRI screening in the pooled (a) and arrayed (b) forms.

ically cover only 80% of protein-coding genes with more densely dis-
tributed insertions near the origin of replication [26,98], the CRISPRi
method demonstrated higher genome coverage and better distribution
uniformity, providing substantial benefits for microbial functional ge-
nomics research. Cui et al. also investigated the gRNA design rules
of dCas9-based CRISPRI in E. coli [18], and designed a pooled library
with ~92,000 unique gRNAs targeting random positions throughout the
genome of E. coli, with only the simple requirement of an “NGG” PAM.
The screening and sequencing data of gRNAs targeting essential genes
revealed different effects of target strand, orientation, polar effect, dis-
tance to the stop codon, and relative position inside the gene on the
efficiency of CRISPRi. A machine-learning approach revealed that gR-
NAs sharing specific 5-nucleotide seed sequences were highly toxic to
cells, particularly at high dCas9 concentrations. Moreover, a 9-nt match
to the seed sequence was sufficient to produce off-target effects. This
information provides important design rules for the safe use of dCas9 in
E. coli [18]. This pooled CRISPRi library was then used to identify es-
sential genes in E. coli during growth in rich medium and genes required
by phages to kill their host [71].

Feng et al. devised a counter-selection system to explore the effects of
gRNA-target DNA mismatches on dCas9 binding activity in E. coli [22].
The system coupled binding affinity with cell growth and involved a
sacB (sucrose lethal gene) cassette that was continuously expressed, and
its promoter was modified to include a target DNA for dCas9 binding.
To incorporate single- and double-nucleotide mismatches, two libraries
were constructed from two distinct gRNAs, each with no off-target hit in
E. coli genome. NGS analysis of the counter-selected libraries revealed
that double mismatches resulted in more significant activity loss. The
mismatch-activity landscape was primarily influenced by the thermo-
dynamic properties of base-pairing coupled with strand invasion. This
information was then used to create a predictive tool for gRNA design
in CRISPRI applications in E. coli [22]. As mismatches between gRNAs
and target DNA influence dCas9 binding, introducing mismatches is
an effective approach for tuning CRISPRi-based transcriptional repres-
sion. Hawkins et al. created a comprehensive library of mismatched
gRNAs (3201 elements) targeting the green fluorescent protein (GFP)

gene and assessed their ability to repress transcription in E. coli and
B. subtilis using fluorescence activated cell sorting (FACS) followed by
NGS. [30]. Surprisingly, mismatched gRNAs generated a full range of re-
pression in both bacteria despite their evolutionary distance. The data
were then utilized to develop a species-independent linear model for
designing mismatched gRNAs with a defined relative repression activ-
ity. The study further investigated the expression-fitness relationships
of approximately 300 essential genes in E. coli and B. subtilis using two
mismatched gRNA libraries (>30,000 elements each), predicted to span
the full range of knockdown levels [30].

The high compatibility allows a developed CRISPRi system to func-
tion effectively in most E. coli isolates and closely related Enterobacte-
riaceae species [70]. Rousset et al. constructed an E. coli core genome
library, consisting of 11,629 gRNAs targeting 60-80% of the protein-
coding genes of any E. coli strain and 100% of rRNAs, 75-85% of tRNAs,
and 15-25% of annotated ncRNAs. This library was used to compare the
essentiality of core genes from 18 E. coli isolates with different genetic
backgrounds, revealing substantial variation in essentiality at the strain
level [70].

Pooled CRISPRI libraries require high-throughput screening meth-
ods to be effectively utilized. For studying gene essentiality, auxotro-
phy, and chemical tolerance, the desired phenotype was linked with cell
growth rate and thus growth-based screening methods were employed.
Fluorescence enrichment analysis has also been combined with CRISPRi
for pooled screening. Li et al. constructed a genome-scale gRNA library
comprising 12,238 elements targeting ORFs and non-coding genes to
screen for genes that impaired biomass formation while maintaining or
increasing protein production. They used GFP as a reporter and FACS
to facilitate the discovery of growth switches suitable for decoupling
growth and production in E. coli [45]. Biosensors can transmit the prod-
uct concentration into easily detectable signals including fluorescence.
Wang et al. combined biosensors for p-coumaric acid and butyrate with
a mismatched CRISPRI library targeting 20 genes involved in central
carbon metabolism of E. coli. Target genes and specific gRNA variants
with mismatches that favored the biosynthesis of p-coumaric acid and
butyrate were successfully selected using this method [89].
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Table 2
Genome-scale CRISPRi screening across microorganisms®.

Species Library type Scope Application Refs.
E. coli Pooled >30,000 mismatched gRNAs targeting ~300 Characterize the expression-fitness relationships of [30]
essential genes essential genes

55,671 gRNAs targeting 4140 protein-coding genes Screen for essential, auxotrophic, chemical [92]
as well as 178 RNA-coding genes tolerance-related, and L-tryptophan biosynthesis
genes
~ 92,000 gRNAs targeting random positions in the Reveal design rules of gRNA and identify essential
genome genes as well as those providing phage resistance [18,71]
11,629 gRNAs targeting 60-80% of the Reveal extensive variation in gene essentiality across [70]
protein-coding genes, 100% of rRNAs, 75-85% of strains and conditions
tRNAs, and 15-25% of annotated ncRNAs
Random double mismatch gRNAs targeting 20 genes Combine CRISPRi and biosensors for p-coumaric acid [89]
involved in the central carbon metabolism and butyrate overproduction phenotype screening
12,238 gRNAs targeting 4441 coding sequences and Screen genes for inhibition of growth while allowing [45]
non-coding regions for continued protein production
32,992 gRNAs targeting 4457 genes and gene-like Screen essential genes and explore gRNA design [68]
elements, 7442 promoters and transcription start rules
sites, and 1060 transcription factor binging sites
Screen phage resistance determinants [60]
462,382 gRNAs covering 4498 genes with a single Validate the efficiency of the CRISPR [34]
average gene targeted by 103 spacers adaptation-mediated construction of gRNA libraries
Arrayed 108 genes related to free fatty acid metabolism Identify genes beneficial for free fatty acid yield [21]
56 phosphatase-encoding genes Identify genes impacting terpenoid biosynthesis [93]
80 NADPH-consuming enzyme-encoding genes and Analyze the effects of genes involved in energy [76]
400 ATP-consuming enzyme-encoding genes metabolism on 4-hydroxyphenylacetic acid
biosynthesis
Approximately 500 strains for essential genes Investigate genes involved in morphology [78]
maintenance
Saccharomyces Pooled 37,870 gRNAs targeting all ORFs and RNA genes Combine CRISPRi with CRISPRd and CRISPRa to [48]
cerevisiae draw correlations between genotype and phenotype
61,094 gRNAs targeting all annotated Identify essential genes [56]
protein-coding genes
>51,000 gRNAs targeting essential genes Screen dosage-sensitive genes and genes involved in [58]
the biosynthesis of adenine and arginine
Arrayed 9059 arrayed strains from a pooled library of Identify genes which lead to increased tolerance to
>18,000 gRNAs targeting 1117 essential genes and acetic acid [59,80]
514 genes required for respiratory growth
Corynebacterium Pooled 46,549 gRNAs targeting 99.71% of protein-coding Combine CRISPRi and a microfluidics system for [107]
glutamicum genes and 85.36% of non-coding genes screening genes related to VHH secretion
Arrayed 397 genes encoding membrane transporters Identify the gene encoding an L-proline exporter [50]
74 genes with potential relevance in carotenogenesis Identify genes responsible for improving carotenoid [29]
production
Vibrio natriegens Pooled 13,567 gRNAs targeting predicted protein-coding Identify a minimal set of genes required for rapid [40]
genes growth
V. alginolyticus Pooled Dual-gRNA libraries targeting 35 x 35 dual histidine Decode the interfering impact of histidine kinases on [84]
kinase genes (1225 combinations) and 24 x 24 dual antibiotic resistance and the impact of glycine
glycine-pathway genes (576 combinations) pathway genes on glycine production
Synechocystis sp. Pooled 10,498 gRNAs targeting 3546 ORFs and 1871 Screen for growth advantage, L-lactate tolerance, [105]
non-coding RNA genes and L-lactate production related genes
Bacillus subtilis Pooled >30,000 mismatched gRNAs targeting ~300 Characterize expression-fitness relationships [30]
essential genes between most essential genes
Arrayed 289 known or proposed essential genes Screen essential genes involved in antibiotic [63]
resistance and morphological change
Streptococcus Pooled 1499 gRNAs targeting 98.4% of all annotated Explore bacterial bottlenecks and virulence factors [52]
pneumoniae genetic features
Arrayed 348 essential genes Identify essential genes [51]
Staphylococcus Pooled 129,856 gRNAs targeting all 2666 annotated genes Identify known and novel pathways of [34]
aureus aminoglycoside sensitivity
Mycobacterium Pooled 96,700 gRNAs targeting 98.2% of all annotated Identify highly vulnerable genes in various processes [4]
tuberculosis genes and 1658 non-targeting control gRNAs
Arrayed 294 essential genes Mapping the relationship between genes and cell [20]

morphology

@ The effector used in these studies is the class 2 type II-A dCas9 from Streptococcus pyogenes.

3.1.2. Saccharomyces cerevisiae

CRISPRi technology has been widely used in prokaryotic organisms
such as E. coli, but applying it to eukaryotic organisms like S. cerevisiae
requires special considerations due to differences in transcriptional reg-
ulation, chromatin accessibility, and nucleosome occupancy [27]. To
enhance the efficiency of gene knockdown, Gilbert et al. fused dCas9
with Mxil, a mammalian transcriptional repressor domain known to
interact with the histone deacetylase Sin3 homolog in yeast. The re-
sulting dCas9-Mxil fusion showed a remarkable increase in repression

efficiency from 18-fold with dCas9 alone to 53-fold [28]. In another ap-
proach, Lian et al. developed an orthogonal tri-functional system called
CRISPR-AID by combining CRISPRi with CRISPR activation (CRISPRa, a
method that uses nuclease-deficient Cas protein fused to transcriptional
activation domains for activating gene transcription [11]), and CRISPR
deletion (CRISPRd) [47]. The researchers designed three gRNA libraries
consisting of 37,817, 37,870, and 24,806 unique guide sequences (4-6
top-ranked guide sequences for each gene) for the CRISPRa, CRISPRi,
and CRISPRd libraries, respectively, to develop a genome-scale CRISPR-
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AID system. The approach, named MAGIC, enabled simultaneous up-
regulation, downregulation, and deletion of multiple targets in a single
cell, making it a valuable tool for high-throughput genotype-phenotype
mapping. The tri-functional pooled library proved useful in identifying
genetic determinants of complex phenotypes, particularly those having
synergistic interactions [48].

Lian et al. developed CRISPR systems that are expressed constitu-
tively in S. cerevisiae. However, targeting dosage-sensitive genes such as
essential genes resulted in cells with lower fitness once they were trans-
formed. To overcome this issue, Momen-Roknabadi et al. developed an
anhydrotetracycline-inducible CRISPRi system and carefully designed
>51,000 gRNAs (6 to 12 gRNAs per gene) that considered the position
upstream of the transcription start site and chromatin accessibility us-
ing the method described by Smith et al. [81]. This library accurately
identified haploinsufficient genes, as well as enzymatic and regulatory
genes involved in adenine and arginine biosynthesis. They also devel-
oped a random forest model to explore gRNA optimization factors, rec-
ommending rules such as gRNA location, sequence features, and nucleo-
some occupancy [58]. Similarly, McGlincy et al. presented a comprehen-
sive CRISPRI library consisting of 61,094 gRNAs (most genes having 10
distinct guides) based on empirical design rules. They conducted pooled
screening in S. cerevisiae to further refine CRISPRi design rules for yeast
[56].

3.1.3. Corynebacterium glutamicum

C. glutamicum is a Gram-positive soil bacterium and a popular indus-
trial workhorse for amino acid as well as bulk and fine chemical pro-
duction [99]. Recently, researchers have utilized C. glutamicum as a host
for recombinant protein production [41]. To identify the genetic factors
responsible for increased recombinant protein production, Yu et al. de-
veloped a CRISPRI library comprising 46,549 gRNAs designed to target
99.71% of protein-coding genes and 85.36% of non-coding genes. in
C. glutamicum. To screen this library, the researchers employed a high-
throughput microfluidics platform, capable of converting secreted pro-
tein titers into fluorescence signals via an enzyme-independent label-
ing method within picoliter droplets. The CRISPRi-microfluidics plat-
form was then utilized to screen over 34 million single colonies from
the CRISPRI library for improved production of the therapeutic protein
VHH. This screening led to the identification of numerous beneficial tar-
gets, including previously unknown genes involved in transmembrane
transport, amino acid metabolism, and redox regulation [107].

3.1.4. Vibrio sp

The Vibrio genus is a rapidly growing bacterial group, that is be-
coming an increasingly popular host in the field of industrial biotech-
nology [96]. Despite its potential, the functional genomics research of
Vibrio lags behind that of more commly used organisms such as E. coli
and C. glutamicum. Nevertheless, the high growth rate of Vibrio makes
it an attractive research subject. In order to indentfy the minimum set
of genes that are essential for rapid growth, Lee et al. constructed a
pooled genome-scale CRISPRI library that contained 13,567 unique gR-
NAs covering 4565 genes (99.7% of predicted protein-coding genes) of
V. natriegens type strain ATCC 14,048. Through two repeated experi-
ments, they identified 587 overlapping genes as “core genes” that are
necessary for rapid growth in rich media, 96% of which are located on
the larger chromosome 1. Additionally, they discovered that growth-
neutral duplicates of the core genes are mainly found on chromosome
2. This work provided an important foundation for studying and ma-
nipulating the biology of V. natriegens [40]. Furthermore, Peng et al.
isolated three Vibrio strains FA1, FA2, and FA3 that grow even faster
and have higher biomass than V. natriegens ATCC 14,048 in minimal
media [62]. The same group developed a CRISPR-dCas9-based multiple
gene knockdown method in V. alginolyticus FA2 and created two small
dual-gRNA libraries targeting 35 x 35 dual histidine kinase genes (1225
combinations) and 24 x 24 dual glycine-pathway genes (576 combina-
tions), respectively. The dual-CRISPRi platform was used to decipher the
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interfering effect of histidine kinases on antibiotic resistance and that of
glycine pathway genes on glycine production [84].

3.1.5. Cyanobacteria

Cyanobacteria have emerged as promising microbial cell factories
for the carbon-negative production of chemicals due to their ability to
utilize solar energy and carbon dioxide directly as energy and carbon
resources, respectively [83]. In order to enhance the industrial proper-
ties of cyanobacteria, Yao et al. created a genome-scale CRISPRi library
consisting of 10,498 gRNAs for repressing 3546 ORFs and 1871 ncRNAs
in Synechocystis sp. PCC 6803, a model cyanobacterium. The first screen-
ing of genes focused on those related to photoautotrophic growth and
L-lactate tolerance. The library was then transformed into a Synechocys-
tis strain that produces L-lactate. To screen the library for the secreted
L-lactate product, droplet encapsulation and microfluidics were used in
combination with a fluorescent L-lactate assay. Clones with gRNAs that
targeted nutrient assimilation, central carbon metabolism, and cyclic
electron flow showed significant enrichment [105].

3.1.6. Streptococcus pneumoniae

S. pneumonia is a well-known pathogen that poses a significant threat
to human health. It is responsible for a range of invasive diseases in-
cluding pneumonia, meningitis, and acute otitis media, and can have
more severe consequences when combined with influenza A virus su-
perinfection [52]. In a recent study, Liu et al. established a doxycycline-
inducible CRISPRi system for S. pneumonia which allowed for genome-
wide fitness testing in a single sequencing step. This system, known as
CRISPRi-seq, enabled the investigation of bacterial bottlenecks, an im-
portant aspect of pathogenesis imposed by the host during disease pro-
gression. A concise CRISPRI library comprising 1499 gRNAs was con-
structed to target 2111 of the 2146 genetic elements of S. pneumoniae
D39V, facilitating gene function study at the operon level. The study
revealed several previously recognized virulence factors and identified
new factors involved in S. pneumonia pathogenesis [52]. Moreover, the
authors summarized a convenient protocol for the design and applica-
tion of CRISPRi-seq in S. pneumonia, which includes a pipeline for gRNA
library design, workflows for pooled library construction, growth assay
and sequencing, a read analysis Python tool, and instructions for fitness
quantification [19].

3.1.7. Mycobacteria

M. tuberculosis is a serious human pathogen, causing tuberculosis, a
leading cause of death due to infectious diseases. To develop effective
therapeutic strategies, it is crucial to understand how this bacterium
causes tuberculosis and evades antibiotics. Recent research by Rock
et al. investigated the efficiency and toxicity of the canonical S. pyo-
genes Cas9-based CRISPRi in M. tuberculosis. Their findings showed poor
knockdown efficiency and proteotoxicity of this canonical CRISPRi sys-
tem in this pathogen. The research team tested eleven diverse Cas9 or-
thologues and identified a highly efficient CRISPRi system based on the
dCas9 from S. thermophilus (dCas9g,;), which achieved 20- to 100-fold
repression of gene expression [69]. Building on these findings, Bosch
et al. used dCas9gy,; to create a genome-scale CRISPRi library that could
be used to quantify gene vulnerability in M. tuberculosis. They used two
different strategies to achieve predictable and titratable repression of
gene expression. The first involved using non-canonical PAMs recog-
nized by dCas9gy,;, and the second involved varying the length of the
gRNA targeting sequence. The final library consisted of 96,700 gRNAs
targeting 98.2% of all annotated genes and 1658 non-targeting control
gRNAs. By conducting pooled CRISPRi screening in two M. tuberculo-
sis strains, the researchers identified highly vulnerable and invulnera-
ble genes involved in various processes. This provided novel targets for
drug discovery and potential explanations of failed drug discovery ef-
forts, respectively. Using this method, they were able to identify about
93% of essential genes as vulnerable genes. The team also performed the
same experiment in the model bacterium M. smegmatis, which yielded
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broadly consistent results with published datasets. Based on these re-
sults, development of new drugs acting on the vulnerability genes may
be undertaken [4].

3.2. Arrayed CRISPRI screening

In contrast to a pooled library, in which all the strains are mixed to-
gether, an arrayed library consists of individual strains that are created
and validated through sequencing (Fig. 2b). However, constructing a
genome-scale arrayed library is a more expensive process that typically
requires the use of automation and high-throughput equipment, such as
a biofoundry [32]. As aresult, a complete arrayed CRISPRIi library cover-
ing all annotated genes has yet to be developed for any microorganism.
However, arrayed CRISPRI libraries targeting a subset of genes, such
as all the essential genes, biosynthesis genes, and transport genes, have
been created for several medically and industrially important microor-
ganisms, providing valuable resources for biological research (Table 2).

3.2.1. Essential genes

Essential genes are a set of genes that are critical for the survival
of cells. The study of essential genes and interrelationships is impor-
tant for comprehending how cell metabolism functions and developing
effective treatments for infections. CRISPRI is a suitable method for per-
turbing and interrogating essential genes as their deletion is lethal to
cells. Researchers can use CRISPRi to repress essential genes and in-
terpret slowed growth as an indicator of a gene’s essential function.
In a study by Peters et al., every essential gene in the Gram-positive
model bacterium B. subtilis was repressed using a xylose-inducible and
titratable CRISPRi framework. They constructed a comprehensive ar-
rayed CRISPRI library covering 289 known or proposed essential genes,
and chemical-genomic analysis was used to define essential gene pheno-
types by measuring colony size with various chemicals in culture. This
approach led to the discovery of new drug targets such as the unde-
caprenyl pyrophosphate synthetase gene uppS, which acts as a target
of the antimicrobial MAC-0,170,636. The arrayed CRISPRIi library also
facilitated the establishment of a functional network of essential gene
processes. High-throughput microscopy was used to analyze the mor-
phology of CRISPRI strains, characterizing the effects of essential gene
expression on cell morphology [63]. Additional studies have constructed
arrayed CRISPRI libraries for essential genes in other bacteria such as S.
pneumoniae (348 genes) [51], M. smegmatis (294 genes) [20], and E. coli
(372 genes) [78]. These libraries were utilized to investigate the roles
of essential genes in controlling cell growth, antibiotic resistance, and
cell morphology.

In order to reduce the cost of constructing arrayed libraries, Smith
et al. developed an affordable method called Recombinase Directed In-
dexing (REDI) that enables the production of arrayed strain collections
using pooled gRNA libraries [80]. Initially, REDI integrates a pooled
gRNA library into the yeast genome by transformation and homolo-
gous recombination. Transformants are then arrayed into 1536 formats
and mated with another 1536 unique barcoder strains. Through Cre-lox-
mediated site-specific recombination in diploids, the gRNA and barcode
are linked. Subsequently, barcode-gRNA fragments are amplified by PCR
and subjected to NGS. The plate position of gRNA transformants can
be easily identified from the sequencing data as the barcode assigned
to each barcoder strain is known. Transformants of interest are con-
solidated into new plates for subsequent phenotype tests. The authors
designed over 18,000 gRNAs targeting 1117 essential genes and 514
genes required for respiratory growth of S. cerevisiae. Using NGS of ap-
proximately 58,300 tagged transformants, REDI produced 9059 strains
containing a unique sequence-verified gRNA [80]. Thereafter, Mukher-
jee et al. used a high-throughput and high-resolution method called the
Scan-o-matic system to screen target genes involved in acetate tolerance
from the arrayed CRISPRI library consisting of more than 9000 strains.
This system assesses growth curves on solid medium [59].
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3.2.2. Genes for bioproduction

Arrayed CRISPRI libraries are not only used to interrogate essen-
tial genes, but also to study the functions of genes involved in bio-
production of chemicals and fuels. For example, Wang et al. used an
arrayed CRISPRi library targeting 56 phosphatase-encoding genes of
E. coli to test the hypothesis that phosphatase promiscuity could neg-
atively affect terpenoid biosynthesis by redirecting carbon flux away
from the biosynthetic pathway via unknown catalytic activities on the
phosphorylated intermediates. The arrayed CRISPRi library was con-
structed and transformed into a lycopene overproducing strain. They
found that about half of the tested genes impaired lycopene biosynthe-
sis, providing preliminary evidence for the hypothesis [93]. In another
study, two groups constructed arrayed CRISPRIi libraries targeting 480
genes encoding NADPH/ATP-consuming enzymes and 108 genes related
to free fatty acid metabolism, respectively, to enhance the production
of 4-hydroxyphenylacetic acid and free fatty acids in E. coli. CRISPRi
screening identified several beneficial targets for bioproduction and fur-
ther combinatorial perturbation of the selected genes led to high-titer
producing strains [21,76].

The arrayed CRISPRI libraries for C. glutamicum are important tools
for identifying novel targets for bioproduction. In one study, Gottl et al.
selected 74 genes involved in carotenogenesis, covering enzymes or
regulators in various pathways, such as glycolysis, pentose phosphate
pathway, tricarboxylic acid cycle, and methylerythritol phosphate and
carotenoid biosynthesis. Through CRISPRi screening, they identified 11
genes that impaired and 3 genes that benefited carotenoid biosynthe-
sis upon repression. These findings provide potential targets for rational
metabolic engineering [29]. Transport engineering is a key strategy for
improving bioproduction [6,87], but the transporters for many metabo-
lites are still unknown. In another study, Liu et al. constructed an ar-
rayed CRISPRi library consisting of 397 membrane transporter genes
of C. glutamicum. Using this library, they identified the first L-proline
exporter by evaluating the effects of gene repression on extracellular
L-proline accumulation. This discovery led to the construction of an L-
proline hyperproducing strain and opened the door for investigating the
transport of other molecules of interest [50].

4. Concluding remarks and future perspectives

CRISPRI screening, whether in the pooled or arrayed form, has be-
come a valuable tool for functional genomics research in microorgan-
isms. However, several challenges still exist. One such challenge is the
difficulty of gRNA design for genes with short coding lengths or extreme
GC content due to the PAM requirement and off-target effects of gRNAs.
Consequently, the library may fail to cover all the genes of interest [92].
One potential solution is the use of recently engineered Cas variants with
broad PAM range and high specificity [10,88]. Another challenge is the
difficulty of interrogating the complex connections among genes that
form a network with single-spacer gRNA expression, which is the cur-
rent routine practice for both pooled and arrayed CRISPRi screening.
Developing a genome-scale dual-spacer gRNA library is a major chal-
lenge due to the extremely large library size. For example, constructing
a dual-spacer gRNA library for the E. coli genome, which has over 4000
genes, would require at least 1.6 X 107 elements, making manual con-
struction difficult. Automation by using biofoundry platforms and the
development of new methods for library construction could be helpful in
addressing this challenge. Recently, bacterial cells were repurposed for
the production of highly comprehensive combinatorial gRNA libraries
in vivo, taking advantage of the natural CRISPR adaptation machinery,
[341, which could save human labor for library construction.

Although library construction for the pooled form of CRISPRi li-
brary is considered relatively simple and convenient, it poses challenges
when evaluating phenotypes as it requires a high-throughput screen-
ing method, such as growth- and FACS-based screening. Unfortunately,
this limits the diversity of phenotype testing [23], and biotechnologi-
cally relevant phenotypes may not scale well from microtiter plates to
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fermenters, thereby hampering their characterization. To address this
limitation, CRISPRi screening has been combined with biosensors capa-
ble of translating metabolite concentrations into easily detectable sig-
nals to expand the phenotypes that can be characterized [89,107]. An-
other significant challenge of the pooled method is that since all trans-
formants are pooled, the cells may have different growth conditions,
leading to differences in determined gRNA fitness. For instance, some
cells may be in late logarithmic phase, while others are not, leading
to growth advantages or disadvantages when screening is performed.
Unfortunately, these factors have not been comprehensively considered
in previous studies. Arrayed CRISPRi screening provides a solution to
the above challenges as cell growth conditions can be more finely con-
trolled, and diverse phenotypes can be evaluated for each member of
the library. However, the major challenges of this method are the high
cost and intensive labor input needed for library construction and phe-
notype evaluation of individual members. Fortunately, automation and
high-throughput equipment can minimize the system required for li-
brary construction and evaluation, thereby lowering the overall cost
[94]. Furthermore, the use of high-throughput omics approaches such
as rapid mass spectrometry, which allows the assay of one sample per
second, will largely promote arrayed screening [25].

CRISPRI screening is rapidly gaining popularity and has the poten-
tial to become a powerful strategy for understanding and engineering
of microbiology. Researchers are continuously constructing genome-
scale CRISPRI libraries for more microorganisms, and their applications
are still expanding. Emerging technologies are being developed to ad-
dress the aforementioned challenges with CRISPRi screening. With these
advancements, CRISPRi has tremendous potential to significantly con-
tribute to microbiological research.
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