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Abstract 

Cluster ed r egularl y interspaced short palindr omic r e peats (CRISPR) has r ev olutionized the field of genome editing. To circumv ent 
the permanent modifications made by traditional CRISPR techniques and facilitate the study of both essential and nonessential 
genes, CRISPR interfer ence (CRISPRi) w as dev eloped. This gene-silencing technique employs a deacti v ated Cas effector pr otein and a 
guide RN A to bloc k tr anscription initiation or elongation. Continuous improvements and a better understanding of the mechanism of 
CRISPRi have expanded its scope, facilitating genome-wide high-throughput screens to investigate the genetic basis of phenotypes. 
Additionally, emerging CRISPR-based alternatives have further expanded the possibilities for genetic screening. This re vie w delves 
into the mechanism of CRISPRi, compares it with other high-throughput gene-perturbation techniques, and highlights its superior 
capacities for studying complex microbial traits. We also explore the evolution of CRISPRi, emphasizing enhancements that have in- 
creased its capabilities, including multiplexing, inducibility, titr atability, predictable knoc kdo wn efficac y, and adaptability to nonmodel 
microorganisms. Bey ond CRISPRi, w e discuss CRISPR acti v ation, RNA-targeting CRISPR systems, and single-n ucleotide r esolution per- 
turbation techniques for their potential in genome-wide high-throughput screens in microorganisms. Collectively, this re vie w gives 
a compr ehensi v e ov erview of the general workflow of a genome-wide CRISPRi screen, with an extensi v e discussion of strengths and 

weaknesses, futur e dir ections, and potential alternati v es. 

Ke yw ords: CRISPR/Cas; CRISPR interference; genome-wide screens; genotype–phenotype; complex microbial traits 
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Introduction 

Micr oor ganisms hav e de v eloped complex tr aits that facilitate 
adaptation to different environments and interactions with vari- 
ous species. A microbial trait can be defined as a phenotypic char- 
acteristic, including physiology , morphology , or behaviour, and is 
determined by genetic loci. Often, tr aits ar e contr olled by m ul- 
tiple genetic loci, resulting in complex genetic interaction net- 
works . Moreo ver, en vironmental conditions and interactions with 

other species can modify traits, contributing to increased com- 
plexity (Martiny et al. 2015 ). Such trait modifications can occur 
when micr oor ganisms modify their DNA or alter their expres- 
sion le v els thr ough (post-)tr anscriptional or (post-)tr anslational 
changes . T hese effects can radically alter phenotypes, for exam- 
ple by adapting the growth rate, shifting metabolic processes to 
matc h c hanging envir onmental conditions, or by pr oviding r esis- 
tance against certain stressors (Tanwar et al. 2014 , Nguyen et al.
2020 , Lu et al. 2023 ). Ne v ertheless, the tr ansient natur e of some 
phenotypes can render certain traits even more complex to study.
A w ell-kno wn transient phenotype is tolerance, which can emerge 
thr ough phenotypic switc hing in the absence of genetic changes.
For example, micr oor ganisms can shield themselv es a gainst un- 
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avourable conditions by tempor aril y adopting a metabolically 
nactiv e state, r esulting in the formation of spores or persister
ells (Wells-Bennik et al. 2016 , Balaban et al. 2019 , Bollen et al.
023 ). To investigate the entry and exit from this metabolically
nactive state, it is important to consider temporal regulation of
ene expr ession. Furthermor e , en vir onmental factors ar e also im-
ortant. For example, tolerance is influenced by nutrient avail- 
bility, as exemplified by triggered sporulation upon entering sta- 
ionary phase (Serra et al. 2014 ) or by the incr eased pr esence of
ersister cells during stationary phase compared to exponential 
hase (K er en et al. 2004 ). Additionall y, species inter actions influ-
nce traits . For example , tolerance of Staphylococcus aureus to an-
ibiotics is increased in the presence of Pseudomonas aeruginosa 
Orazi and O’Toole 2017 ). In short, microbial traits can be time-,
nvir onment-, and inter action-dependent, r endering the study of
nderlying genetics inherently complex. 

Although advances in several high-throughput screening 
ethods hav e tr emendousl y facilitated the inv estigation of

enotype–phenotype relationships, deciphering the genetics be- 
ind complex microbial traits remains challenging. Important im- 
ediments in man y high-thr oughput genetic screening methods 
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nclude: (i) the lack of a reversible system, (ii) the limitation to
onessential genes, (iii) the labour-intensive nature of develop-

ng genome-wide libraries, and (iv) the challenge of constructing
ana geable-sized libr aries to study phenotypes under bottlenec k

onditions, for example in in vivo studies. This shows the need for
n optimized high-throughput genome-wide screening platform
oping with these limitations. 

A r emarkable e volution in r ecent years has been the de-
elopment and implementation of clustered regularly inter-
paced short palindr omic r epeats (CRISPR)-based a ppr oac hes,
ith CRISPR interference (CRISPRi) emerging as an important

ene-silencing technique . T his inno v ativ e tec hnique addr esses
any of the previously mentioned challenges in high-throughput

enetic scr eening a ppr oac hes, ther eby unloc king ne w opportuni-
ies for exploring complex microbial traits. In this review, we will
ompare CRISPRi to currently used high-throughput approaches
nd illustrate why it stands out as a promising tool to study
omplex microbial phenotypes. We will provide a comprehensive
v ervie w of its mechanism and use for genome-wide screening,
iscuss important limitations and how they can be o vercome , and
 e vie w pr omising impr ov ements that hav e enhanced its ca pabili-
ies . Likewise , we discuss other CRISPR-based approaches that are
urr entl y being de v eloped or optimized and that ma y o vercome
ersisting limitations in genome-wide high-throughput screening
r offer complementary strategies for studying the genetic basis
f phenotypes. 

ene-perturba tion tec hniques tha t underly 

igh-throughput genetic screens 

he de v elopment of high-thr oughput genetic scr eens has r e volu-
ionized microbial research and has paved the way for unravelling

icr obial tr aits . T hese methods were designed to gain a better un-
erstanding of genotype–phenotype associations by performing
enome-wide screens in a high-throughput manner. 

ener al w orkflo w of high-throughput genetic 

creens 

or a high-throughput genetic screen, it is essential to develop
 compr ehensiv e libr ary containing numer ous perturbed genes,
deally spanning the entire genome . T hese perturbations are usu-
lly distributed among microbial cells with each individual cell
arbouring only a single gene perturbation. Mutants can either
e cultur ed individuall y or in pools. Depending on the pheno-
ype under study, cells are subjected to a selective pressure of
hich the effect can be assessed through morphology-, viability-

 or growth-based screens. In viability and growth-based screens,
he effect of the pr essur e is studied thr ough v arying abundances
f cells harbouring different perturbations across individual com-
artments for arrayed screens or throughout the population for
ooled screens. By comparing the abundances of cells for each
erturbed gene in this library before and after a ppl ying a selectiv e
r essur e or acr oss differ ent conditions, a genotype–phenotype
ssociation can be established. Pooled screens are favoured for
hole-genome studies as they are less labour-intensive compared

o arrayed screens . Con versely, arra yed screens are more often
sed for morphology-based screens and for validation or follow-
p experiments involving a smaller number of targets (Schuster
t al. 2019 , Cain et al. 2020 , Bock et al. 2022 ). 

pproaches for implementing gene perturbations 

enotypes can be linked to phenotypes by altering (the expression
e v el of) genes and observing the resulting phenotype under spe-
ific conditions. Genes can be perturbed thr ough v arious methods:
i) gene deletion, (ii) gene mutation, (iii) gene silencing, or (iv) gene
v er expr ession, eac h coming with a distinct set of adv anta ges and
imitations (summarized in Table 1 ). 

A commonl y used a ppr oac h to eliminate a gene function is
y deleting the coding region of a gene. Gene deletion libraries
r e gener ated by r eplacing the gene with a marker or by creat-
ng a clean deletion, the latter allowing for r ead-thr ough in oper-
ns (Winzeler et al. 1999 , Baba et al. 2006 ). As these techniques
r e tar geted a ppr oac hes, the genome m ust be annotated and the
onstruction of whole-genome libraries is a labour-intensive and
umbersome process (Winzeler et al. 1999 , Baba et al. 2006 , Gi-
e v er and Nislow 2014 ). Furthermore, gene deletion is an irre-
ersible method that complicates the interpretation of transient
henotypes and does not allow interrogation of the function of
ssential genes (Baba et al. 2006 ). 

Collectiv el y r eferr ed to as gene m utations, point m utations
nd insertions or deletions (indels) in the genome can cause ei-
her loss-of-function, gain-of-function, or neutr al effects (Gr eener
t al. 1997 , Trehan et al. 2016 , Cain et al. 2020 ). Gene mutation is
 permanent, irr e v ersible tec hnique by whic h the function of es-
ential genes can be assessed, provided that the mutation does
ot completely inhibit the essential function of the gene product.
epending on the genome annotation, either random or targeted
 ppr oac hes may be emplo y ed (Trehan et al. 2016 , Cain et al. 2020 ,
an Opijnen and Levin 2020 ). A w ell-kno wn nontargeted mutage-
esis strategy makes use of transposons that are randomly inte-
rated into the genome (Cain et al. 2020 , van Opijnen and Levin
020 ). As a random approach does not require a priori genomic in-
ormation, it is less predictable compared to targeted techniques
nd can lead to unwanted perturbations and polar effects (Dong
t al. 2018 , Cain et al. 2020 , van Opijnen and Levin 2020 ). Addition-
ll y, libr aries cr eated by a r andom a ppr oac h ar e typicall y lar ge to
nsur e cov er a ge of the entire genome (Cain et al. 2020 , van Opi-
nen and Levin 2020 ). Alternatively, genome-wide gene mutation
ibraries can be created using a targeted mutagenesis approach,
 w ell-kno wn example of which is CRISPR (Dong et al. 2018 ). The
RISPR technique induces DNA breaks that can undergo repair
ia homologous recombination in the presence of a DNA template
r, in some species, nonhomologous end joining (NHEJ), a process
nown for its err or-pr one natur e, often r esulting in indels (Barran-
ou and Marraffini 2014 , Arro y o-Olarte et al. 2021 ). As CRISPR is
 tar geted a ppr oac h, it circumv ents man y limitations associated
ith r andom m uta genesis. Furthermor e, compar ed to other tar-

eted a ppr oac hes, cr eating a whole-genome libr ary using CRISPR
s often more efficient, making it less time-consuming and thus
ess labour-intensive (Dong et al. 2018 , Cain et al. 2020 , Arro y o-
larte et al. 2021 ). 
Gene silencing is a loss-of-function a ppr oac h that can be

c hie v ed via RNA interference (RNAi), a method for post-
ranscriptional gene expression control. Genome-wide RNAi gene-
ilencing libraries can be created by cloning synthetic or r andoml y
r a gmented genomic or complementary DNA under the control
f a constitutive or inducible promoter (Good and Stach 2011 ,
shchuk et al. 2019 , Chen et al. 2020 ). Using an inducible promoter,
NAi is a r e v ersible method, whic h is adv anta geous for studying
henotypes that are time- or condition-dependent. Furthermore,
s it is a gene-silencing technique, it is possible to assess the func-
ion of essential genes. Ho w e v er, RNAi is associated with polar and
xtensiv e off-tar get effects, leading to false positiv e r esults (Good
nd Stach 2011 , Ishchuk et al. 2019 , Chen et al. 2020 ). 

Gene ov er expr ession is an a ppr oac h to study gain-of-function
ffects. Libraries containing individual or multiple genes down-
tream of an inducible or constitutive promoter, or transposons
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ith outw ar d-facing pr omoters hav e been used for gene over-
xpr ession (Kita gawa et al. 2005 , Ho et al. 2009 , Pr elic h 2012 ,
ong et al. 2018 , Mutalik et al. 2019 , Cain et al. 2020 , He et al.
023 ). Depending on the ov er expr ession tec hnique used, suc h as
loning individual genes downstream of a pr omoter, scr eens us-
ng gene ov er expr ession libr aries can bypass oper on effects. Addi-
ionall y, ov er expr ession libr aries can be used to study the func-
ions of essential genes (Mutalik et al. 2019 ). Ho w e v er, a major
imitation of gene ov er expr ession libr aries is that ov er expr ession

ay result in unnaturally high levels of the gene product, which
ay not reflect physiological conditions and may result in arti-

acts and/or toxicity (Pr elic h 2012 , Mutalik et al. 2019 , Rai et al.
022 ). 

To conclude, de v eloping a whole-genome-tar geting libr ary us-
ng the discussed techniques is often labour-intensive or r equir es
 large library size . Furthermore , many loss-of-function methods
re unsuitable to study the function of essential genes and are ir-
 e v ersible. Finall y, all tec hniques ar e limited by perturbations that
re bypassed by other cellular mec hanisms, suc h as redundant
enes. 

Whereas all methods discussed here ha ve pro vided valuable
nsights into a variety of microbial phenotypes, not all are equally
ell-suited to study complex tr aits. Ideall y, a high-thr oughput
ethod should be a tar geted a ppr oac h that avoids a labour-

ntensiv e libr ary construction pr ocess, while also being r e v ersible
nd capable of investigating the functions of both essential and
onessential genes. A technique that meets these r equir ements

s CRISPRi. 

RISPRi is revolutionizing high-throughput 
creening 

ollowing the discovery of CRISPR, different types of CRISPR- 
ased systems were identified in microorganisms, targeting both 

N A and RN A (Makar ov a et al. 2020 ). These CRISPR systems
r ov ed to be versatile genome-editing tools applicable across
ifferent species. Based on CRISPR, a gene-silencing method,
RISPRi, was de v eloped, whic h is curr entl y r e volutionizing the
ene-perturbation era as a programmable repression mechanism 

Qi et al. 2013 , Rousset and Bikard 2020 , Vigouroux and Bikard
020 , Todor et al. 2021 , Bock et al. 2022 , Call and Andr e ws 2022 ,
un et al. 2023 ). Genome-wide CRISPRi screening has many ad-
 anta ges ov er other scr eening platforms: (i) it is a tar geted a p-
r oac h, (ii) it can be used to study essential gene function, (iii) it

s a r e v ersible system that can be selectiv el y activ ated under de-
ired conditions by inducing catalytically dead cas ( dcas ) and/or
uide RN A (gRN A) expr ession, (iv) libr ary sizes can be r elativ el y
mall, (v) libraries can be made at a low cost, rendering the sys-
em highly affordable, and (vi) they can be de v eloped in a high-
hroughput manner. 

he mechanism of CRISPR 

RISPR was initially discovered as a defence mechanism against 
oreign nucleotide sequences in bacteria and archaea and has 
ince been r epur posed as a gene-editing technique (Doudna and
harpentier 2014 ). In nature , CRISPR arra ys comprise alternating
epeat elements and variable sequences, known as CRISPR spac- 
rs, whic h ar e acquir ed fr om inv ading genetic material. These loci
an be transcribed and processed into small CRISPR RNAs (cr-
NAs). Together with CRISPR-associated (Cas) proteins, crRNAs 
nable the targeting and cleavage of homologous sequences in in-
ading genetic materials (Fig. 1 ). This property of natural CRISPR
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Figure 1. Mechanisms of CRISPR/Cas systems. CRISPR/Cas9 induces DNA double-strand breaks (DSBs), repairable through homologous recombination 
or, in some species, alternative repair pathways such as nonhomologous end-joining. CRISPRi causes steric hindrance in prokaryotes, resulting in gene 
r epr ession, while r epr ession in eukaryotes relies on dCas fusions to repressor domains that induce a closed chromatin conformation. Gene 
ov er expr ession or activation via CRISPRa relies on recruitment of RNA polymerase in prokaryotes and of transcription factors and chromatin 
r emodelling mac hinery in eukary otes. CRISPR/Cas13 induces mRN A degr adation, r esulting in gene silencing. CRISPRi and CRISPRa systems can r el y on 
either dCas9 or dCas12 as an effector. Ho w e v er, to simplify the figur e, onl y dCas9-based CRISPRi and CRISPRa platforms are represented. gRNA: guide 
RN A; dsDN A: double-stranded DN A; DSB: double-str and br eak; PAM: pr otospacer-adjacent motif; INDEL: insertion/deletion; dCas9: dead Cas9; PFS: 
protospacer-flanking sequence; and ssRNA: single-stranded RNA. 
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Figure 2. Comparison of CRISPR/Cas effector proteins enabling gene knockdown. Class I CRISPR systems involve multiple Cas effector proteins, while 
class II utilizes a single Cas effector protein for crRNA-target binding and target clea vage . Among them, type III and type VI dir ectl y tar get RNA while 
type II and V recognize DNA. In this figure, only Cas proteins mentioned in this r e vie w ar e shown. Furthermor e, the nuclease-dead v ersion of Cas9 and 
Cas12, dCas9 and dCas12, r espectiv el y, ar e depicted as they are the versions used in CRISPRi/a systems. PAM: protospacer-adjacent motif; ssRNA: 
single-stranded RNA; crRNA: CRISPR RNA; tracrRNA: tr ans-activ ating CRISPR RNA; dsDNA: double-stranded DNA; and PFS: protospacer-flanking 
sequence. 
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systems can be harnessed for pr ogr ammable genome perturba- 
tion by transcribing either a single crRNA or an array of crRNAs 
that target specific sequences of interest (Barrangou and Mar- 
raffini 2014 , Doudna and Charpentier 2014 ). CRISPR/Cas systems 
are classified into two categories: class 1, characterized by mul- 
tiprotein effector complexes, and class 2, which utilizes a sin- 
gle Cas protein for crRNA and target binding, as well as target 
cleav a ge (Makar ov a et al. 2015 ). Within each class, there are three 
types of CRISPR/Cas systems, each distinguished by a signature 
Cas protein. Class 1 includes type I, type III, and type IV, while 
class 2 consists of type II, type V, and type VI systems (Makar ov a 
et al. 2015 , 2020 ). Type II, such as CRISPR/Cas9, and type V sys- 
tems ar e widel y used due to their simple mechanism and DNA- 
tar geting ca pability. Additionall y, the de v elopment of nov el gene- 
editing techniques based on type III and VI hav e incr eased, pri- 
marily for their ability to target RN A (Abudayy eh et al. 2016 , Xu 

et al. 2021a , Colognori et al. 2023 , Wei et al. 2023 ). Hence, our 
r e vie w will focus on these four types: (i) type III, consisting of 
m ultiple Cas pr oteins, (ii) type II, using Cas9, (iii) type V, with 

Cas12 as an effector protein, and (iv) type VI, whic h involv es Cas13 
(Fig. 2 ). 

Type II (Cas9) and certain subtypes of type V (Cas12) need 

RNase III, a non-Cas-related protein, and an additional trans- 
activ ating crRNA (tr acrRNA) molecule to pr ocess the crRNA tr an- 
script into single mature crRNAs . T he crRNA and tracrRNA hy- 
bridize to form a functional gRNA before Cas9 or Cas12 can as- 
sociate with this complex and be guided to target sites via the 
crRNA spacer sequence (Fig. 2 ) (Makar ov a et al. 2020 ). To sim- 
plify the crRN A–tracrRN A complex in CRISPR/Cas9 and subtypes 
of CRISPR/Cas12, both RNAs can be expressed as a single chimeric 
tr anscript, often r eferr ed to as the single-gRNA (Jinek et al. 2012 ).
In type III CRISPR/Cas system, subtypes of CRISPR/Cas12, such as 
as12a, and CRISPR/Cas13 systems, only the crRNA molecule is 
 equir ed to guide the Cas nuclease to the target DNA (Makarova
t al. 2020 ), and thus the crRNA itself constitutes the gRNA (Fig. 2 ).
ince both the crRN A–tracrRN A complex and the crRNA alone
unction to guide Cas proteins to the correct nucleotide sequence,
e will refer to them collectively as gRNAs throughout the text,
ithout differentiation. When designing gRNAs, it is essential 

o consider that the Cas nuclease r equir es a short protospacer-
djacent motif (PAM) bordering the target sequence to bind and
leave the DN A (Bikar d et al. 2013 ). The PAM sequence consists
f a very short nucleotide motif (2–6 nt) and varies between Cas
ffectors (Shah et al. 2013 , Miao et al. 2019 ). Once bound to the
NA, Cas9 induces primarily blunt-end double-stranded breaks 

DSB) using its two endonuclease domains, the HNH domain and
uvC-like domain, that cleave the complementary and noncom- 
lementary str ands, r espectiv el y. In contr ast, Cas12 onl y contains
he RuvC-like domain, which induces sta gger ed-end DBS (Jinek
t al. 2012 , Jeon et al. 2018 , Makar ov a et al. 2020 ). 

 he de velopment of CRISPRi 
he n uclease acti vity of Cas proteins can be inactivated by in-
roducing point mutations in the endonuclease domains, result- 
ng in DNase-dead Cas (dCas) proteins. To deactivate Cas9, mu-
ations are introduced in both the HNH domain and RuvC-like
omain (Table 2 ) (Jinek et al. 2012 , Zhang et al. 2017 ). In con-
rast to Cas9, Cas12a can be deactivated using either one or two
 utations solel y within the RuvC-like domain (Jinek et al. 2012 ,

eenay et al. 2016 , Zhang et al. 2018a ). These mutations abol-
sh the DNA endonuclease activity of the Cas effector but do
ot affect its DNA-binding capacity (Fig. 2 ). dCas has been repur-
osed as a pr ogr ammable RNA-guided tr anscription r egulation
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Table 2. Inactiv ating m utations for Cas-effector pr oteins. 

Protein Species Mutation Reference 

Cas9 Streptococcus pyogenes H840A, D10A Jinek et al. ( 2012 ), Zhang et al. ( 2017 ) 

Cas12a Francisella novicida D917A 

E1006A 

D917A, E1006A 

Zetsche et al. ( 2015 ) 

Lachnospiraceae bacterium D832A 

E925A 

D832A, E925A 

Zhang et al. ( 2018b ) 

Acidaminococcus sp. D908A 

E993A 

D908A, E993A 

Yamano et al. ( 2016 ) 

Moraxella bovoculi D864A Knott et al. ( 2019 ) 
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ystem in bacteria, called CRISPRi (Bikard et al. 2013 , Qi et al. 2013 ,
hang et al. 2017 ). Depending on the gRNA sequence, dCas causes
teric hindrance by either binding to the pr omoter r egion, ther eby
nhibiting transcription initiation, or by binding the open reading
r ame, pr e v enting tr anscription elongation in pr okaryotes (Fig. 1 )
Qi et al. 2013 ). 

Starting from single-gene targeting, CRISPRi screens have pro-
ressed to encompass all essential genes in the genome (Peters
t al. 2016 ) and subsequently extended to whole-genome screens
Table 3 ). A whole-genome CRISPRi screen can be performed with
 gRNA library comprising multiple gRNAs per gene for each gene
n the genome, as demonstrated in prokaryotes (Wang et al. 2018a ,
hamad and Lessner 2020 ). In contrast to prokaryotes, eukary-
tes r equir e the fusion of dCas with a nuclear localization signal
o facilitate its localization to the nucleus (McInally et al. 2019 ,
iurkot et al. 2021 ). Additionally, eukaryotes have a more complex

r anscriptional r egulation system, hampering gene silencing via
imple steric hindr ance. Incr eased silencing le v els wer e ac hie v ed
or the model yeast S. cerevisiae by fusing a transcriptional repres-
or domain to dCas (Gilbert et al. 2013 ), which was then used to
erform whole-genome screens in S. cerevisiae (Momen-Roknabadi
t al. 2020 ). 

In addition to the classical mec hanism, alternativ e CRISPRi ap-
r oac hes ar e emer ging. Instead of dCas, a catal yticall y activ e Cas
ffector is able to r epr ess gene expression using gRNAs shortened
elow a certain threshold (Ramesh et al. 2020 , Auradkar et al.
023 ). For Cas9, shortening of gRNAs from the full 20 nt to 14 nt
ediates efficient r epr ession without an y detectable tar get site
 utations (Aur adkar et al. 2023 ). Similarl y, activ e Cas12a fused to
 tr anscriptional r epr essor domain and combined with gRNAs of
6 nt or less (compared to the usual 20–23 nt) efficiently represses
ranscription (Ramesh et al. 2020 ). This approach enables the inte-
ration of both CRISPR and CRISPRi in a single experiment, using
he same Cas effector. 

ener al w orkflo w of a CRISPRi screen 

igh-thr oughput scr eens to corr elate genotypes with phenotypes
an be conducted using CRISPRi. CRISPRi screens consist of four
teps: (i) introduce dcas and the gRNA library into the species of
nterest, (ii) perform a phenotypic assay, (iii) record the read-out,
nd (iv) perform data analysis (Fig. 3 ). 

To perform a CRISPRi screen, a dCas enzyme and a library of
RNAs are required. Determining the appropriate dCas effector,
he number of gRNAs per gene and their sequence depends on
he species and experimental setup (Information Box and Sec-
ion Genome-scale efficacy prediction for improved gRNA library de-
ign ). The dCas enzyme and gRNA library must first be trans-
erred to the microbial cell. There are three options to do so:
ntegrating both dcas and gRNA into the genome (Peters et al.
016 , Dhamad and Lessner 2020 , Silvis et al. 2021 , de Bakker
t al. 2022 ), cloning both components on re plicati ve plasmids
Wang et al. 2018a , Lee et al. 2019 , Momen-Roknabadi et al. 2020 ,
ousset et al. 2021 , Spoto et al. 2022 ), or integrating one into
he genome while cloning the other one into a re plicati ve plas-

id (Liu et al. 2017c , 2021 , Yao et al. 2020 , Miao et al. 2023 ). Ge-
omic integr ation pr ovides a mor e stable system compar ed to a
lasmid-based a ppr oac h and avoids the need for additional selec-
ion markers to maintain the plasmids . Furthermore , the transfer
f the CRISPRi system into the microbial cell can occur either in a
ooled or arrayed manner, utilizing bulk processing or individual
ell manipulation, r espectiv el y (Boc k et al. 2022 , de Bakker et al.
022 ). 

Following insertion of the CRISPRi system in the microbial cell,
 phenotypic assay is performed. Most often, this is done on
ooled CRISPRi libraries by a ppl ying a selection pr essur e, suc h
s using selective media to assess survival in specific conditions
r drug treatment to identify r esistance-r elated genes (Bock et al.
022 , de Bakker et al. 2022 ). In this case, differences in fitness are
 ecorded acr oss the CRISPRi m utants, ultimatel y linking genes to
ncreased or decreased growth in specific conditions. Control con-
itions, such as omitting the applied pressure, should be included
or comparison. Ho w e v er, some assa ys , lik e stud ying morpholog-
cal phenotypes, do not depend on fitness effects (Otten and Sun
020 , Bock et al. 2022 ). In this case , arra yed screens can be con-
idered (Shields et al. 2020 , Silvis et al. 2021 ) or pooled CRISPRi
ibraries can be subjected to fluorescence-activated cell sorting
o sort out phenotypes of inter est (De wac hter et al. 2022 ). Addi-
ionally, depending on the phenotype under study, timing of the
nduction of the CRISPRi system might be important, particularly
or studying transient phenotypes (Bock et al. 2022 ). 

To e v aluate the effect of gene silencing on the phenotype, it
s necessary to determine either the abundances of gRNAs for
ooled screens, or the specific gRNA target associated with a com-
artment for arrayed screens. Both the target of the gRNA and its
bundance are determined by amplification of gRNA sequences
ia PCR follo w ed b y short-r ead sequencing (Boc k et al. 2022 , de
akker et al. 2022 ). 

Bioinformatic tools are used for analyzing the sequencing data
nd comparing the selective conditions with control conditions
o identify hit genes (de Bakker et al. 2022 ). A detailed ov ervie w
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F igure 3. General w orkflo w of a CRISPRi scr een. A CRISPRi scr een can be performed either in a pooled, where the gRNAs ar e pooled together, or arr ayed 
format, where the gRNAs are maintained separately, and involves the following steps: (1) Designing and creating gRNAs, (2) constructing a gRNA 

libr ary, (3) intr oducing dcas and gRNAs into the cell, (4) performing a phenotypic scr een, (5) identifying gRNA abundances and their tar get, and (6) 
analysing the results. Quality control of the gRNA and CRISPRi libraries (2 and 3) is performed to ensure sufficient library representation and minimal 
skew in abundance of gRNA sequences before the screen. 

Information bo x: r equir ements for a high-thr oughput CRISPRi scr een 

This information box serves as a guideline for implementing CRISPRi in a new species, detailing factors to take into account. 
1. Genome annotation. Is the genome of the species w ell-annotated? Genomic kno wledge is essential for designing gRNAs. If ge- 

nomic information is lac king, we r ecommend an untar geted a ppr oac h, suc h as random insertional m uta genesis, to cr eate gene- 
perturbation libraries. 

2. Micr oor ganism. What is the domain of the species: bacteria, ar chaea, y east, or protozoa? Since yeasts and protozoa have a nucleus, 
fusion of a nuclear localization signal to dCas is often necessary. Simple dCas r oadbloc k systems ar e not v ery efficient in yeasts, 
but fusion of a transcriptional repressor domain to dCas enhances efficacy. 

3. Endogenous CRISPR system. CRISPR is a defence mechanism against foreign DNA, leading to the presence of endogenous CRISPR 

systems in some prokaryotes. If this is the case, endogenous systems might interfere with CRISPRi, necessitating their deactivation. 
4. dCas. Whic h dCas pr otein should be used? For DNA targeting, dCas9 or dCas12 ar e typicall y used. While dCas9 is better c har acter- 

ized, dCas12a can be less toxic, is more specific and easier to multiplex, and facilitates targeting of T-rich regions and genomes. 
5. gRNA design rules. What factors contribute to designing an ideal gRNA? Key considerations include the positioning on the target, the 

tar get str and, the PAM sequence, and the GC content. In prokaryotes, the gRNA should tar get the gene body or maxim um −400 bp 
upstream of the start codon, with substantially stronger repression closer to the start codon. In yeasts, dCas–repressor fusions 
mediate efficient knockdown in a window between −200 and + 50 bp r elativ e to the TSS. In coding regions, the choice between 

targeting the template or nontemplate strand depends on the specific dCas protein being used. Additionally, each dCas protein 

prefers particular PAM sequences. Finally, the GC-content of gRNAs should not be extreme. 
6. gRN A library. Ho w many gRNAs per gene are needed in a whole-genome screen? Generally, multiple gRNAs per gene (3–10, depend- 

ing on availability of prediction models) are recommended to enhance reliability of hit-calling. Ho w ever, when bottleneck effects 
ar e anticipated, suc h as in infection studies, smaller gRNA libr aries of one to thr ee gRNAs per gene may be necessary. Alterna- 
tiv el y, the scr een can be conducted in m ultiple subpools, eac h tar geting onl y a fr action of all genes but with > 3 gRNAs for gr eater 
r epr oducibility. 

7. Delivery of CRISPRi system. Are CRISPRi components encoded genomically, on a plasmid, or a mixture of both? Chromosomal inte- 
gr ations ar e adv anta geous for r educing leakiness and enhancing stability as onl y one copy of the system is present per cell. Con- 
v ersel y, plasmid-based systems allow greater flexibility, ease of use, and higher abundance , but ma y increase cell-to-cell variability 
due to differences in plasmid copy n umber. Ad ditionally, too high expression of CRISPRi components can be toxic. 

8. Screen. What is the phenotype of interest and is an inducible system required? For studying phenotypes emerging under selective 
conditions, an inducible CRISPRi system is necessary, ac hie v able by r egulating either dCas, gRNA or both thr ough an inducible 
promoter. 
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f bioinformatic tools , e .g. MAGeCK and others , can be found in
 e vie ws of Colic and Hart ( 2021 ) and Zhao et al. ( 2022 ). 

pplications of CRISPRi in microorganisms to 

tudy genotype–phenotype relationships 

ollowing the introduction of dcas and CRISPRi in Escherichia coli
Jinek et al. 2012 , Bikard et al. 2013 , Qi et al. 2013 ), this technique
as been implemented and optimized in various species, includ-

ng bacteria, yeast, arc haea, and pr otozoa. CRISPRi has already
een utilized to target small specific subsets of genes, either for
apping gene functions or for engineering metabolic pathways

n industriall y r ele v ant micr oor ganisms [r e vie w ed b y Call and An-
r e ws ( 2022 ) and Sun et al. ( 2023 )]. In contrast to targeting small
ubsets of genes, CRISPRi can also be used for larger subsets and
enome-wide screens by increasing the number of genes targeted.
hese high-throughput screens have been conducted for bacteria
nd yeast, but not yet for archaea and protozoa. We , here , focus
n examples of high-throughput CRISPRi screens (Table 3 ), while
 efer ences to optimization and small-scale screens can be found
n the r e vie ws by Todor et al. ( 2021 ), Call and Andr e ws ( 2022 ), and
un et al. ( 2023 ). 

Initially, CRISPRi was used to screen for genes influencing
rowth or viability, primarily under standard laboratory condi-
ions, but its applications have since broadened to encompass var-
ous other growth conditions (Peters et al. 2016 , Smith et al. 2017 ,
ousset et al. 2018 , Wang et al. 2018a , Lee et al. 2019 , Momen-
oknabadi et al. 2020 , Shields et al. 2020 , Yao et al. 2020 , Liu et
l. 2021 , McGlincy et al. 2021 , Silvis et al. 2021 , Enright et al. 2023 ,
iao et al. 2023 , Shin et al. 2023 , Otto et al. 2024 ). Additionally,

enes underlying the tightly regulated replication system could
e elucidated using CRISPRi (Camsund et al. 2020 , Gallay et al.
021 ). When opting for an arrayed approach over a pooled ap-
r oac h, v ariation in morphological phenotypes can be studied (Liu
t al. 2017c , Shields et al. 2020 , Silvis et al. 2021 ). 

Furthermore, CRISPRi has been used to unr av el r esistance
ec hanisms a gainst pha ge infection and antibiotics (Peters et al.

016 , Rousset et al. 2018 , Jiang et al. 2020 , Mutalik et al. 2020 ,
e wac hter et al. 2022 , Yan et al. 2022 , Eckartt et al. 2024 ). Addition-
ll y, CRISPRi serv es as a tool to prioritize drug tar gets, specificall y
y identifying genes essential for survival or r epr oduction (Bosc h
t al. 2021 , McNeil et al. 2021 , Zhu et al. 2023 , Ward et al. 2024 ).
or eov er, the mode of action of a drug can be elucidated by cor-

 elating differ ent mor photypes r esulting fr om gene silencing with
hose induced by drug administration (de Wet et al. 2020 ). 

In addition to examining growth in stressful conditions, explor-
ng other survival mechanisms is of significant interest. Microor-
anisms can withstand a variety of harsh environments through
oler ance mec hanisms, whic h wer e uncov er ed by CRISPRi (Wang
t al. 2018a , Gutmann et al. 2021 , Mukherjee et al. 2021 , Spoto et
l. 2022 , Liu et al. 2024a ). 

DNA transfer and uptake are prevalent among microorgan-
sms, serving as a strategy for r a pid ada ptation to new envi-
 onments. Micr oor ganisms tr ansfer integr ativ e and conjugativ e
lements from donor to acceptor cell via conjugation. CRISPRi
creening has revealed host genes that are important for DNA
ransfer (Harden et al. 2022 ). Furthermore, microorganisms can
ctivate and regulate competence, which is a synchronized pro-
ess wher eby m ultiple cells tak e up DNA. Competence acti vation
nd regulation have been studied using CRISPRi (Liu et al. 2017c ,
noops et al. 2022 , Minhas et al. 2023 ). 

In biotec hnology, micr oor ganisms ar e used as cell factories for
he industrial production of chemicals. Enhancing the yield of
hese chemicals necessitates metabolic engineering of the mi-
r oor ganisms, dir ecting the metabolic flux to w ar ds specific path-
ays while minimizing the production of undesired byproducts.
ence, CRISPRi screens have been used to identify genes that
nhance the production of compounds in industrially relevant
trains (Li et al. 2020 , Yao et al. 2020 , Fang et al. 2021 , Liu et al.
022a , Johansson et al. 2023 , Yu et al. 2023 , Peng et al. 2024 ). 

The examples mentioned illustrate that CRISPRi represents
 nov el a ppr oac h with unique adv anta ges for conducting high-
hr oughput scr eens acr oss div erse micr oor ganisms. CRISPRi en-
bles the study of various phenotypes beyond fitness, including
omplex and context-dependent phenotypes. With the CRISPRi
ystem being implemented in an increasing number of species,
ncluding archaea and protozoa, it is expected that more high-
hr oughput scr eens will be conducted in the futur e. 

he strengths and weaknesses of CRISPRi 
RISPRi has r ecentl y been intr oduced in the field of genome-
ide high-thr oughput scr eening due to its ability to overcome

imitations of the pr e viousl y discussed gene-perturbation a p-
r oac hes. First, as is the case for PCR-based methods, CRISPRi

s a targeted approach and consequently relies on genomic in-
ormation (Baba et al. 2006 , Zaslaver et al. 2006 , Qi et al. 2013 ,
rehan et al. 2016 ). CRISPRi screens are possible with relatively
mall libr aries—r anging fr om 3–10 gRNAs per gene, eac h with a
ength of 20–23 nt depending on the dCas protein used (Wang et
l. 2018a , Calvo-Villamañán et al. 2020 , Rousset et al. 2021 ). In
ontr ast, high-quality tr ansposon insertion libr aries ar e consid-
r abl y lar ger to ensur e complete cov er a ge of coding r egions. With
he use of compact CRISPRi libr aries, m ultiple conditions can be
im ultaneousl y examined while also reducing population bottle-
ecks by increasing the number of microbial cells per gRNA in
xperiments, resulting in a higher cov er a ge (Wang et al. 2018a ,
ousset and Bikard 2020 ). Increased coverage further facilitates
he application of CRISPRi for screening subpopulations, such
s persister cells, or for in vivo experiments. CRISPRi applica-
ions in vivo encompass screens for studying virulence at the
enome-scale in Streptococcus pneumoniae (Liu et al. 2021 , 2024b )
nd for a small subset of virulence genes in Streptococcus mutans
uring w axw orm Galleria mellonella infection (Shields et al. 2020 )
nd in Legionella pneumophila during macr opha ge infection (Ellis
t al. 2021 , 2023 ). Second, constructing whole-genome CRISPRi li-
raries is less labour-intensive in comparison to other targeted ap-
r oac hes, as gRNA plasmids can be generated in parallel through
ooled cloning strategies . T his characteristic renders CRISPRi a
igh-thr oughput gene-perturbation tec hnique (Peters et al. 2015 ).
hird, CRISPRi silences genes without altering the genome, dis-
inguishing it from irreversible methods such as gene deletion or

utation (Good and Stach 2011 , Bikard et al. 2013 , Qi et al. 2013 ).
o establish a r e v ersible system, CRISPRi should be used as an in-
ucible system by either cloning dcas , gRNA, or both, downstream
f an inducible pr omoter, ther eb y allo wing for contr ol ov er the
iming of CRISPRi activation and thus the regulation of gene si-
encing. By exerting control over timing, CRISPRi facilitates the
creening for genetic mechanisms underlying transient pheno-
ypes, which was demonstrated for virulence (Liu et al. 2021 ). In
ddition to high-thr oughput scr eening for virulence, CRISPRi has
een utilized to investigate other transient phenotypes, albeit on
 smaller scale. For example, micr oor ganisms can switch from the
lanktonic to a sessile state, thereby forming a biofilm, which is a
omplex microbial community embedded in an extracellular ma-
rix. CRISPRi has been emplo y ed to silence genes associated with
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biofilm formation, thereby elucidating their role in biofilm pro- 
duction (Noir ot-Gr os et al. 2019 , Afonina et al. 2020 , Ghosh et al.
2022 , St. Pierre et al. 2023 ). Finally, the inducible system enables 
the interrogation of the role of both essential and nonessential 
genes (Bikard et al. 2013 , Qi et al. 2013 ). 

Despite these man y adv anta ges, CRISPRi has some unique limi- 
tations. When performing CRISPRi scr eens, expr ession of the dCas 
effector and gRNA design need to be optimized to minimize unde- 
sir ed effects. High le v els of dCas pr otein ar e associated with toxic- 
ity in some or ganisms, r esulting in se v er el y r educed gr owth r ates 
(Cho et al. 2018 ). The expression of dcas can be adjusted to an op- 
timal le v el, whic h maintains dCas binding while alleviating tox- 
icity (Nielsen and Voigt 2014 , Cho et al. 2018 ). Furthermore, tox- 
icity is dependent on the compatibility between the dCas effec- 
tor and species under study, as shown for dCas12a, which is less 
toxic in some bacteria compared to dCas9 (Knoot et al. 2020 , Kuo 
et al. 2020 ). In addition, it is essential to car efull y design gRNAs 
for CRISPR/dCas9, as sequence-specific toxicity, known as the bad- 
seed effect, can occur due to off-target binding in the promoter of 
essential genes by minimal 4 nt adjacent to a PAM sequence (Cui 
et al. 2018 ). Mitigating sequence-specific toxicity can be ac hie v ed 

b y av oiding the strongest bad-seed sequences and reducing the 
dCas9 concentration (Cui et al. 2018 , Rostain et al. 2023 ). How- 
e v er, as gene essentiality differs among conditions, strains and 

species, and promoter sequences are typically not well conserved,
bad-seed sequences are not fixed (Rostain et al. 2023 ). Their pre- 
diction based on genomic data or gRNA-target binding strengths 
alone is not yet possible as 4–5 nt of complementarity is not al- 
ways sufficient to cause a bad-seed effect and dCas9 binding via a 
bad-seed sequence is gener all y weak (Rostain et al. 2023 ). Instead 

of dCas9, dCas12a can be used, as no bad-seed toxicity has been 

reported yet. This might be due to the longer seed sequence re- 
quired for stable dCas12a target binding, reducing the target space 
av ailable for off-tar get binding, though mor e inv estigation is nec- 
essary (Jiang et al. 2015 , Singh et al. 2016 , Swarts et al. 2017 ). In 

addition to essential genes, gRNAs may also induce off-target ef- 
fects in nonessential genes . T his becomes more prevalent in larger 
genomes, such as those in eukaryotes. It is ther efor e crucial to 
use multiple gRNAs per gene to ensure reliable hit-calling (Ros- 
tain et al. 2023 ). Although CRISPRi suffers from off-target effects,
these effects are lo w er compared to RNAi (Schuster et al. 2019 ). 

While bad-seed and off-target effects should be avoided, PAM 

sequences must be considered while designing gRNAs. Specifi- 
cally, the dCas–gRNA complex requires a PAM recognition site to 
initiate DNA unwinding starting from the PAM, facilitating subse- 
quent hybridization of the gRNA with the DNA. Each type of dCas 
possesses its own PAM pr efer ence, with the commonl y used dCas9 
from S. pyogenes favouring NGG. Hence, genome c har acteristics,
like GC-content, determine the frequency and distribution of po- 
tential targets for a given dCas type. By varying the dCas effector 
according to genome tr aits, a br oader r ange of tar get positions can 

be accessed (Leenay et al. 2016 , Vigouroux and Bikard 2020 ). For 
instance, dCas12a expands the targeting space of CRISPRi with its 
T-ric h PAM (compar ed to the G-ric h PAM of Cas9) (Jinek et al. 2012 ,
Zetsche et al. 2015 ). This is of particular importance for organisms 
with a T-rich genome, like certain Clostridium species and fission 

yeasts (Zhao and Boeke 2020 , Joseph and Sandoval 2023 ), and in 

AT-ric h genome r egions, suc h as pr omoters. While CRISPRi neces- 
sitates a PAM sequence, potentially resulting in fewer available 
gRNAs for small genes, it can handle small genes more effectively 
compar ed to r andom gene disruption methods, whic h hav e a bias 
to w ar ds longer genes (Wang et al. 2018a ). Furthermore, similar to 
other gene-perturbation techniques, perturbations can be com- 
ensated by other cellular mec hanisms, suc h as r edundant genes
nd buffering of transcriptional perturbations at the protein level,
s cells attempt to maintain homeostasis. Due to this compensa-
ion, the perturbed cells might exhibit a reduced or no phenotypic
ffect, indicating that the observed outcome is a combination of
ene perturbation and cellular buffering (Flatt 2005 , Blevins et al.
019 ). 

Finall y, DNA-tar geting systems, suc h as CRISPR/dCas9 and
RISPR/dCas12, have their own DNA-related limitations, includ- 

ng c hr omatin accessibility and polar effects . In eukaryotes ,
RISPRi efficacy is reduced in regions with lo w er chromatin ac-
essibility (Horlbeck et al. 2016a ). The polar effect observed in
creens using RNAi or random insertional m uta genesis libr aries
imilarly limits CRISPRi. As CRISPRi inhibits pol ymer ase pr ogr es-
ion, targeting of upstream operon genes leads to the transcrip-
ional blockade of any downstream-encoded genes (Nakashima 
t al. 2006 , Peters et al. 2015 , Hutchison et al. 2019 , Vigouroux and
ikard 2020 ). Additionally, a reverse polar effect may occur, lead-

ng to the r epr ession of upstr eam genes . T he effect potentially oc-
urs through destabilization of the transcript, although its extent 
aries depending on the species (Peters et al. 2016 , Zhao et al. 2017 ,
ui et al. 2018 ). 

RISPRi evolved over time to extend its 

apabilities 

v er time, impr ov ements and extensions of the original CRISPRi
ystem increased its capabilities for a variety of applications, in-
luding genome-wide high-throughput screens . T hese advance- 
ents include the possibility to perturb multiple genes simulta- 

eousl y, the de v elopment of inducible and tunable systems for
or e pr ecise contr ol ov er the timing and extent of knoc kdown,

he establishment of design rules for efficient knockdown across 
he entire genome, and the extension of these techniques beyond
he classical model species . T hese impro vements and extensions
re discussed in more detail in the sections below. 

 r om single- to multigene perturbations 
o determine the genetic basis of a phenotype it is important to
onsider genes in the broader cellular context, as the phenotype
f some mutants can be modified by the presence or absence of
ther genes. Such genetic interactions are common and can r e v eal
ow (functionall y r edundant) genes inter act to perform k e y bio-

ogical functions (Babu et al. 2014 , Costanzo et al. 2016 ). As biosyn-
hetic pathways r el y on the coordinated action of many different
enes, gene-perturbation techniques that target multiple genes 
im ultaneousl y ar e inv aluable in metabolic engineering. Besides
tudying interactions, the ability to target multiple sites in a gene
ives access to a greater dynamic range of repression. 

The first strategies for multiplex targeting relied on separate 
xpression of gRNAs from individual promoters, usually a copy 
f the same promoter (Qi et al. 2013 , Peters et al. 2016 , Jensen
t al. 2017 , Kim et al. 2017 , Schwartz et al. 2018 , Batianis et al.
020 ). Ho w e v er, this can r esult in interfer ence between the dif-
erent copies of the promoter and comes at the cost of a large
NA footprint and higher instability due to the presence of repet-

tive sequences . T he latter ar e especiall y pr oblematic in high-
hr oughput scr eens, wher e efficient tr ansformation and stability
f gRNA plasmids is essential. To mitigate these issues a single
RNA array encoding multiple gRNAs separated by repeats, sim- 
lar to CRISPR arrays found in nature, can be expressed from a
ingle promoter. By separating the spacers with a direct repeat
nd expressing a tracrRNA separately, the array can be processed
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nto individual mature gRNAs by a host enzyme with RNase ac-
ivity, such as RNase III. This method has been used in se v er al

icr oor ganisms, including S. cerevisiae , E. coli , L. pneumophila , and
seudomonas putida (Liao et al. 2019 , Batianis et al. 2020 , Ellis et al.
021 ). Other possibilities to process a CRISPR array are adding
elf-cleaving ribozymes between gRNAs (He et al. 2017 ), adding
sy4 recognition sites and expressing Csy4, which can cleave RNA
0 nt from its recognition site (Ferreira et al. 2018 ), or adding tR-
As, which can be transcribed from Pol II and Pol III promoters
nd cleaved by RNase P or Z to form mature gRNAs (Zhang et al.
019 ). We refer to McCarty et al. ( 2020 ) for an in-depth discussion
f these methods. 

While alleviating the need for cumbersome constructs with
 ultiple pr omoters and terminators, CRISPR arr ays can still be

ar ge and ar e r e petiti v e in natur e . T he DNA footprint can be re-
uced by shortening the direct repeats at the 3 ′ end (as the 5 ′ end

s important for processing) without impairing dCas9-mediated
 epr ession efficiency (Gawlitt et al. 2023 ). In addition to reducing
enetic instability associated with r epeat-ric h r egions, shorter r e-
eats can be of particular interest if the array is used as a bar-
ode in pooled screens. A shorter barcode will reduce sequencing
ost and shorter repeats reduce the likelihood of PCR chimeras,
.e. spurious combinations of gRN A bar codes arising from repeat-
riven mispriming during PCR. Such chimeric barcodes lead to
rong assignment between phenotype and applied perturbation
nd generate noise in resulting data. Alternative to shortening
 epeats, shortening spacers fr om the nativ e 30 nt to as little as
4 nt maintained r epr ession efficiency for most tested spacers
Gawlitt et al. 2023 ). As individually expressed gRNAs maintain
 epr ession e v en if further shortened, factors r elating to arr ay pr o-
essing, gRNA stability, or interaction with dCas9 may explain why
urther shortening r educed knoc kdown (Gawlitt et al. 2023 ). Ear-
ier studies indicated at least 12 nt of complementarity are re-
uired for efficient gene knockdown (Qi et al. 2013 ), while more
 ecent r eports show r epr ession e v en with v ery short gRNAs of 9 nt
n E. coli (Cui et al. 2018 , Jeong et al. 2023 ). This suggests that fur-
her spacer shortening may be possible for array-encoded gRNAs.
part from reducing array length if translatable to a multiplex
etting, shortened gRNAs could enable substantial cost savings
n oligo library synthesis by also encoding se v er al gRNAs on the
ame oligo. Re petiti v eness can further be r educed by using dif-
er ent v ariants of the dir ect r epeat, whic h enabled sim ultaneous
xpression of 20 gRNAs with a maximum shared repeat of only
6 nt in E. coli (Reis et al. 2019 ). 

Mor e r ecentl y, the intrinsic RNase activity of some Cas effectors
o process the primary transcript of a CRISPR array into individ-
al mature gRNAs, without relying on a tracrRNA or host factors,
as been le v er a ged for m ultiplex tar geting. To this end, dCas12a
as been used extensiv el y (Zhang et al. 2017 , Li et al. 2018 , Miao
t al. 2019 , Choi and Woo 2020 , Knoot et al. 2020 , Schilling et al.
020 , Wu et al. 2020 , Zhao and Boeke 2020 , Fleck and Grundner
021 , Magn usson et al. 2021 , Jose ph and Sandoval 2023 ). Its intrin-
ic RNase activity facilitates multigene targeting with a reduced
NA footprint and higher efficacy, which has been demonstrated

n a wide range of micr oor ganisms r anging fr om the model or gan-
sm E. coli to mycobacteria, c y anobacteria, and fission y east (Zhang
t al. 2017 , Choi and Woo 2020 , Zhao and Boeke 2020 , Fleck and
rundner 2021 ). Similar to dCas9, the dCas12a array can be short-
ned to further decrease array length. Knockdown remains strong
ith dir ect r epeats of 19 nt, matc hing its length in the mature

RNA (Zetsche et al. 2015 ), and spacers of 16–18 nt. In contrast to
Cas9 no further spacer shortening is possible as knockdown is
ompletely abolished for spacers shorter than 16 nt (Miao et al.
019 ). This is in line with observations that dCas12a r equir es per-
ect complementarity of at least 16 nt to form a stably bound state
Jeon et al. 2018 , Specht et al. 2020 ). 

To maximize multigene targeting efficacy, overall array de-
ign needs to be considered carefully. The relative abundance of
RNAs coexpressed from an array, and hence the number of dCas–
RNA complexes for each target in the cell, can vary up to 100-fold
Campa et al. 2019 , Liao et al. 2019 , Cr eutzbur g et al. 2020 , Magnus-
on et al. 2021 ). While the position of a gRNA within an array as
ell as array secondary structure have been linked to abundance
iffer ences, secondary structur e elements interfering with arr ay
r ocessing likel y explains this effect. Proper formation of a hairpin
r om the dir ect r epeat is necessary for proper array processing by
Cas12a, and processing is impaired by base-pairing of the direct
epeat with other parts of the array (Liao et al. 2019 , Creutzburg
t al. 2020 ). Spacers downstream of spacers with high GC content
t their 3 ′ end, which are prone to RNA secondary structure for-
ation, ar e particularl y inefficient in mediating knockdown (Mag-

usson et al. 2021 ). Encour a gingl y, insertion of short AT-rich sep-
rator sequences between individual gRNAs, mimicking the ar-
 hitectur e of natur al CRISPR arr a ys , is sufficient to disrupt sec-
ndary structures and improve performance of gRNA arrays in
ammalian cells (Magnusson et al. 2021 ). Separators should sim-

larl y impr ov e dCas12a arr ay pr ocessing in micr obial or ganisms
nd r educe differ ences in r epr ession efficacy r esulting fr om v ary-
ng gRNA abundance . T he potential for RNA secondary structure
ormation should also be taken into account for dCas9 arra ys , as
 epr ession efficacy can vary substantially depending on gRNA and
anking sequences and their propensity for base-pairing interac-
ions with upstream repeats (Gawlitt et al. 2023 ). 

A gener al c hallenge in m ultiplexing is a dilution of the dCas
ffector molecule between multiple intracellular targets, as the
iffer ent gRNAs dir ectl y compete for dCas effector binding. This

n turn impacts the efficiency of knockdown with each gRNA: in
. coli , r epr ession was r educed fr om 60x with a single gRNA to less
han 10x once > 6 gRN As w er e coexpr essed (Zhang and Voigt 2018 ).
eliable prediction of gRN A efficac y based on sequence is conse-
uentl y mor e difficult, and extr a polation fr om efficacy measur e-
ents of single gRNAs to a multiplex setting may not be possible.

n reality, this is less of a limitation for genome-scale screening ap-
lications, as the majority of screens will likely focus on pairwise
r triple inter actions, wher e these effects are less pronounced.
esting higher order interactions exhaustively is not readily feasi-
le due to the large combinatorial space and consequently large
umbers of cells that need to be assessed. 

Another potentially serious challenge is that as the number of
RNAs in a cell increases so does the number of off-tar gets, whic h
ay enhance the negative impact of bad-seed sequences. Low-

ring dCas9 expression level to mitigate bad-seed effects could
amper r epr ession efficacy in a m ultiplex setting due to the com-
etition betw een gRN As. While a lot of efforts have focused on
Cas variants with lo w er off-target cleavage activity (Anzalone et
l. 2020 ), it is unclear whether any of these modifications would
 educe off-tar get binding. For some dCas9 v ariants, the impr ov e-
ent is at least partially through lo w ered intrinsic cleavage ac-

ivity (Singh et al. 2018 ), which would not reduce promiscuous
inding. Giv en cleav a ge r equir es mor e extensiv e pairing with tar-
et DNA (Wu et al. 2014 ), while as little as 4 nt are sufficient for
inding, it may be substantiall y mor e difficult to de v elop v ariants
ith higher binding specificity. As dCas12a binding is more spe-

ific than dCas9 due to the more stringent targeting requirements
nd bad-seed effects have so far not been described, dCas12a may
e a safer option for multiplex applications. 



Vercauteren et al. | 13 

 

 

 

 

 

 

 

 

 

 

i  

i  

t  

d  

e  

h  

c
c
e  

g  

t  

l
o

 

d  

v
a  

e  

p  

b  

c  

m  

c
l  

c  

i  

o
g  

(  

m  

d
t  

t  

i  

a  

a  

b  

s  

f  

t  

m  

e  

k  

o  

q  

F  

c  

w

S
W  

s  

s  

i  

e
C
g  

p  

t
r  

e  

p  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sre/article/48/5/fuae020/7725053 by guest on 14 February 2026
Enhanced control over CRISPRi components with inducible 
and tunable systems 
Inducible and titratable CRISPRi systems offer the possibility to 

study the effect of temporal changes and quantitative differences 
in gene expression level. In library-scale applications, inducible 
knoc kdown pr e v ents dr opout of essential genes during cloning or 
preculturing steps . T his r educes libr ary ske w and allows mor e pr e- 
cise measurements of the impact of losing essential gene func- 
tions in various growth conditions and on phenotypes other than 

growth. Tunable CRISPRi systems further enable studying the ef- 
fect of partial r epr ession of a gene, which is not only interesting 
for essential genes given that man y m utations do not lead to com- 

plete loss of gene function (Vande Zande et al. 2022 ). 
A simple strategy is to control expression of the dCas effector 

protein or gRNA via inducible pr omoters. Inducible pr omoters not 
only allow flexible temporal control over gene expression but can 

ac hie v e a broad and continuous range of expression simply by 
varying the amount of inducer (Gordon et al. 2016 , Li et al. 2016 ,
Fontana et al. 2018 , Müh et al. 2019 , García-Huerta et al. 2022 ).

As the amount of dCas effector protein and gRNA correlate with 

the knockdo wn efficienc y, varying their expression levels results 
in a r eadil y tunable system. Se v er al inducible pr omoters ar e av ail- 
able for micr oor ganisms, including an anhydr otetr acycline (aTc)- 
r esponsiv e P tetR/tetA pr omoter (Gordon et al. 2016 , Ellis et al. 2021 ,
Gauttam et al. 2021 , Shaw et al. 2022 ), an arabinose-inducible P BAD 

promoter (Li et al. 2016 , DeLorenzo et al. 2018 , Gauttam et al. 2021 ),
a rhamnose-inducible P rha promoter (Kim et al. 2017 , Hogan et al.
2019 ), a xylose-inducible P xyl promoter (Peters et al. 2016 , Müh et 
al. 2019 , Batianis et al. 2020 ), a doxycycline inducible P ran promoter 
(García-Huerta et al. 2022 ), a cumate-inducible P CymRP21 promoter 
(Jiang et al. 2024 ), and an IPTG-inducible P lac promoter (Miao et 
al. 2019 , Knoot et al. 2020 , Gauttam et al. 2021 ). While all these 
pr omoters ar e inducible, they differ markedly in not only their 
titratability but also their leakiness—that is, the level of basal 
transcription in absence of inducer. The latter can be problem- 
atic as the dCas/gRNA complex remains bound to its target for 
an extended time (Sternberg et al. 2014 , Ma et al. 2016 , Jeon et al.

2018 ) such that even a small amount of r epr essor complex could 

mediate substantial r epr ession. All r eported inducible promoters 
have a certain degree of leakiness, ranging from 10% repression 

(P lac , P BAD , and P rha ) to up to 30% r epr ession (P tetR/tetA and P xyl ) in
absence of inducer (Li et al. 2016 , Peters et al. 2016 , Batianis et al.
2020 , Knoot et al. 2020 , Gauttam et al. 2021 ). A wide range of quan- 
titativ e r epr ession up to 90% r elativ e r eduction can be ac hie v ed
with these promoters . T he relationship between inducer and re- 
pr ession le v el is gener all y linear, with the str ongest corr elation for 
the P tetR/tetA and P BAD promoters (Gordon et al. 2016 , Li et al. 2016 ,
Miao et al. 2019 , Batianis et al. 2020 , Knoot et al. 2020 , Gauttam et 
al. 2021 ). While the P BAD promoter is normally not titratable, en- 
gineering the arabinose transporter systems in E. coli enables tun- 
able and strong induction (Li et al. 2016 ). Leakiness can be reduced 

by controlling expression of the dCas effector and the gRNA with 

two different inducible promoters (Dhamad and Lessner 2020 ), by 
expressing the inducible dCas effector from the genome instead 

of a plasmid (Peters et al. 2016 , Yao et al. 2020 ) or by combining 
positive and negativ e r egulation for control of expression. An ex- 
ample of the latter is a combined tet-ON and tet-OFF system de- 
v eloped for S. cerevisiae , whic h r educes leakiness fr om mor e than 

10% to less than 4% (Shaw et al. 2022 ). While leakiness can be 
mana ged, inducible pr omoters hav e other limitations. Some in- 
ducers, like xylose and ar abinose, ar e metabolized by micr oor gan- 
isms, r esulting in c hanges in inducer concentr ation and v ariabil- 
2  
ty in r epr ession str ength ov er time. ATc is light sensitiv e, limit-
ng its use in long-term experiments, while other inducers limit
he conditions in which a library can be screened. Synthetic in-
ucible promoters with broad applicability (Chen et al. 2018b , Liu
t al. 2019a ) could overcome these limitations and be adapted for
igh-thr oughput CRISPRi scr eens in the futur e. Other str ategies to
ontrol CRISPRi activity include small-molecules and engineered 

onditional gRNAs using RNA nanotechnology (Hanewich-Hollatz 
t al. 2019 , Maji et al. 2019 ). While gRNAs r el ying on RNA trig-
ers are already tested in E. coli , small-molecule inducible sys-
ems are not, and both show relatively high leakiness and offer
ess precise control compared to the previously discussed meth- 
ds (Hane wic h-Hollatz et al. 2019 , Maji et al. 2019 ). 

Contr olling r epr ession via altering r epr essor complex abun-
ance has other dr awbac ks, due to the substantial cell-to-cell
ariability in gene expression capacity between isogenic cells. To 
ddress this limitation Vigouroux et al. ( 2018 ) proposed a strat-
gy r el ying on design of the gRNA to tune r epr ession. As RNA
ol ymer ase dissociates from the target DNA at a rate controlled
y the le v el of gRNA:target DNA complementarity, knockdown
an be tuned via gRNAs with v arying le v els of tar get comple-
entarity (Vigouroux et al. 2018 ). This strategy not only reduces

ell-to-cell variability but also allows programming of different 
e v els of r epr ession for individual genes in m ultiplexing a ppli-
ations, incr easing the r ange of inter actions that can be stud-
ed in high-throughput screens (Vigouroux et al. 2018 ). Titration
f CRISPRi efficacy via mismatches between the gRNA and tar- 
et sequence ranges from no reduction to almost full knockdown
Hawkins et al. 2020 , Wang et al. 2023 , Otto et al. 2024 ). While mis-

atc hes thr oughout the gRNA base-pairing r egion impact knoc k-
own strength (Wang et al. 2023 ), their effect on effector complex–
ar get inter action becomes negligible beyond position 17 r elativ e
o the PAM for dCas12a, and the absolute number of mismatches
n the seed region is more important than their position (Specht et
l. 2020 ). Not only the position but also the type of mismatch plays
 role (Jost et al. 2020 , Specht et al. 2020 ), with possible differences
etween nucleases (Specht et al. 2020 ). While mismatches in the
eed r egion gener all y abolish r epr ession with a dCas–r epr essor
usion in mammalian cells (Jost et al. 2020 ), these gRNAs main-
ain measurable activity in bacteria, likely due to different mis-

atc h toler ance of dCas9 and dCas9–r epr essor fusions (Gilbert
t al. 2014 , Hawkins et al. 2020 ). By using mismatches to titrate
nockdown, it is also easy to screen the impact of different levels
f reduction in a single pool. As gRNAs are used as barcodes, se-
uencing will identify both the gene target and level of reduction.
inall y, the adv anta ges of inducible pr omoters and gRNA design
an be combined for optimal tempor al contr ol of knoc kdown at
ell-defined, titr ated le v els. 

ources of variable CRISPRi efficacy across the genome 
ith the availability of more CRISPRi datasets it has become pos-

ible to shed light on variables that impact CRISPRi r epr ession
tr ength acr oss differ ent contexts (Fig. 4 ). A better understand-
ng of these dependencies is key for optimizing gRNA design and
xperimental parameters to maximize efficacy of a genome-scale 
RISPRi screen. A first important consideration is the effective tar- 
eting window. Gene r epr ession via a simple dCas r oadbloc k is
ossible by directing the r epr essor complex to gene promoters, in-
erfering with transcription initiation, or by targeting the coding 
 egion, bloc king elongation (Bikard et al. 2013 , Qi et al. 2013 , Zhang
t al. 2017 ). For promoter regions, targeting either DNA strand sup-
orts good r epr ession with both dCas9 and dCas12a (Bikard et al.
013 , Qi et al. 2013 , Miao et al. 2019 ), while knockdown in coding
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Figure 4. Factors impacting CRISPRi r epr ession efficacy. The efficacy of CRISPRi knockdown is impacted by various factors. (a) dCas protein. The 
efficiency and toxicity of different dCas effectors varies among microbial species. Higher dCas protein abundance can increase repression but may 
sim ultaneousl y enhance toxicity. For dCas12a, single inactivating mutations support stronger repression than two inactivating mutations. (b) gRNA 

arr ay. In m ultiplex a pplications, the number of sim ultaneousl y encoded gRN As, their position within a gRN A arr ay, and arr ay secondary structur e can 
influence r elativ e gRNA abundance and knoc kdo wn efficac y. (c) Gene target. Knockdown is generally stronger when targeting close to the TSS and with 
higher expression of the target. Moreover, in bacteria, repression efficacy varies depending on the position of a target within an operon and the 
tar geted str and (for coding r egions). (d) gRNA design. Lo w er complementarity betw een gRN A and tar get r educes knoc kdown str ength, while 
optimization of the PAM sequence can increase knockdown efficiency. Knockdown efficacy can alternativ el y be titrated by altering either dCas protein 
or gRNA abundance via inducible and titratable promoters. Finally, using multiple gRNAs per gene can enhance repression. dCas = deactivated Cas; 
TSS = transcription start site; PAM = protospacer-adjacent motif; and gRNA = guide RNA. 
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regions depends on the orientation of the gene and the targeted 

str and. With dCas9, r epr ession is substantiall y str onger when tar- 
geting the nontemplate strand (i.e. the gRNA is complementary 
to the coding sequence) (Cui et al. 2018 , Calvo-Villamañán et al.
2020 , Hawkins et al. 2020 ) while the opposite applies to dCas12a 
(Miao et al. 2019 ). Repr ession is gener all y efficient when tar get- 
ing throughout the reading frame (Cui et al. 2018 ), although some 
studies suggest slightly higher repression when targeting the first 
5% or 60 bp of the open reading frame (Wang et al. 2018a , Yu et 
al. 2024 ). In promoter regions good efficacy is observed as far as 
−400 bp upstream of the start codon in E. coli , but r epr ession is 
substantiall y str onger closer to the start codon (Cui et al. 2018 ). For 
dCas–r epr essor fusions, r epr ession is most efficient when target- 
ing upstream or a very short region downstream of the transcrip- 
tion start site (TSS), with an optimal targeting window of −200 bp 

to TSS for a dCas9-Mxi r epr essor in S. cerevisiae (Smith et al. 2016 ,
Momen-Roknabadi et al. 2020 , McGlincy et al. 2021 , Mukherjee et 
al. 2021 ). 

Not only position and target strand, but also the PAM and gRNA 

sequence contribute to variation in gRN A efficac y (Fig. 4 ). The op- 
timal PAM sequence for dCas9 and dCas12a, r espectiv el y, is CGGH 

(Calvo-Villamañán et al. 2020 ) and TTTV (Miao et al. 2019 , Specht 
et al. 2020 ). Compar ed to dCas9, tar get binding by dCas12a is less 
dictated by the specific gRNA sequence but rather by the PAM 

and possible mismatches between the gRNA and target sequence 
(Specht et al. 2020 ). Consequently, dCas12a will bind matching 
gRNA sequences that only differ in their PAM with different effica- 
cies, which could translate to variable repression (Miao et al. 2019 ).
As the impact of PAM was only examined among gRNAs with a 
fixed GC content of 50%, gRNA sequence may show a stronger 
contribution when GC content is varied (Specht et al. 2020 ). The 
GC content of the gRNA is an important feature due to increased 

thermodynamic stability of G–C compared to A–T base-pairing, 
but typically only explains a small portion of variation in gRNA 

efficienc y (Calv o-Villamañán et al. 2020 , Yu et al. 2024 ). Extreme 
GC content should be av oided, ho w e v er, and most scr eens use 
gRNAs with a GC content of 30%–85% (Calvo-Villamañán et al.
2020 , Spoto et al. 2020 , Yu et al. 2024 ). Low GC content leads to 
w eak gRN A–DN A base pairing, while high GC content increases 
the chances of gRNA secondary structure formation. Besides GC 

content, also nucleotide homopolymers negativ el y impact gRNA 

efficacy (Gilbert et al. 2014 ). Long str etc hes of T ar e particularl y 
unfavorable when expressing gRNAs from Pol III promoters, lead- 
ing to lo w er gRN A abundance , likely because P ol III aborts tran- 
scription at T-rich sequences (Roy et al. 2018 ). 

A potential caveat for CRISPRi screening applications is that 
tar get expr ession le v el corr elates with r epr ession efficacy, with in- 
cr eased r epr ession observ ed for—counterintuitiv el y—mor e abun- 
dant targets (Yu et al. 2024 ). To level out potential differences in ef- 
ficacy or further incr ease knoc kdown str ength, the same gene can 

be targeted by multiple gRNAs simultaneously expressed from 

an array. Effects can range from ad diti ve to multiplicati ve com- 
pared to single targeting and up to complete silencing ( > 300x re- 
duction) with three gRNAs, highlighting the importance of careful 
design (Qi et al. 2013 , Miao et al. 2019 , Spoto et al. 2020 , Ciurkot 
et al. 2021 ). Another important factor to consider is the dCas ef- 
fector protein (Fig. 4 ). As described previously, some dCas effec- 
tors can be highly toxic in certain species but repression efficacy 
also varies for different dCas orthologs, ranging from almost no 
to more than 150-fold repression (Rock et al. 2017 ). Even differ- 
ent versions of the same effector can yield varying results; for in- 
stance, dCas12a effectors with single inactivating mutations facil- 
itate mor e effectiv e r epr ession compar ed to v ariants with two in- 
ctiv ating m utations (Miao et al. 2019 ). Many of the discussed fac-
ors have only been tested in isolation and it is not trivial to predict
ow their effects might combine to impact r epr ession str ength. In
d dition, host-de pendent variables can also impact CRISPRi effi-
acy. In single target or small-scale applications this uncertainty 
an be overcome by scr eening m ultiple systems and gRNAs and
hoosing the best performing one. Ho w ever, due to the large num-
ers of gRNAs used in a genome-scale screen, it is not practical to
est each gRNA’s impact on target expression individually. Reli- 
ble in silico prediction of r epr ession efficacy is ther efor e needed
o ensure efficient knockdown across the entire genome. 

enome-scale efficacy prediction for improved gRNA 

ibrary design 

hile CRISPRi gRNA design tools exist for eukaryotes (Smith et al.
016 , Horlbec k et al. 2016a , Hober ec ht et al. 2022 , Yao et al. 2024 ),
hey are not readily transferrable to prokaryotes due to some im-
ortant differences. For example, nucleosome positioning impacts 
RISPRi efficacy in mammalian cells and S. cerevisiae (Horlbeck 
t al. 2016a ,b , Smith et al. 2016 ), but bacteria lack histones. Bad-
eed toxicity needs to be taken into account in at least some bacte-
ia (Cui et al. 2018 ), while this phenomenon has not been observed
n eukaryotes . P olar effects can similarl y bias r esults, particularl y
s their range and extent varies among species (Peters et al. 2016 ,
ui et al. 2018 ). It is also not possible to infer r epr ession efficacy

r om models pr edicting cleav a ge efficacy, as the latter hav e onl y
oor pr edictiv e accur acy for CRISPRi datasets, e v en for the same
pecies (Calvo-Villamañán et al. 2020 ). 

While CRISPRi efficacy prediction tools have so far only been
e v eloped for E. coli , they hav e r e v ealed a number of important
actors, besides tar get str and and optimal tar geting window, cor-
 elating with str ong r epr ession. Important pr edictiv e featur es in-
lude the gRNA seed sequence (particularly the most PAM proxi-
al base, where T and C are favoured and A should be avoided),

he N in the NGG PAM (where C is favoured), and the base immedi-
tely after the PAM (where C is favoured, and G should be avoided)
Calvo-Villamañán et al. 2020 , Yu et al. 2024 ). Inter estingl y, bases
ownstream of the PAM—corresponding to the sequence read by 
NA pol ymer ase when encountering dCas9–seem to also play a
ole (Calvo-Villamañán et al. 2020 ). One difficulty is that typically
nl y indir ect measur ements of guide efficacy, suc h as the deple-
ion of gRNAs targeting essential genes, can be obtained in suffi-
iently high numbers to inform prediction. Efficacy measures are 
hus confounded by other variables, including the fitness impact 
f depleting the target (Calvo-Villamañán et al. 2020 ) and gene-
pecific features like expression level, position in an operon and
umber of downstream essential genes (Yu et al. 2024 ). To sepa-
ate these effects two approaches can be applied: using a mixed-
ffect random forest regression model to remove the gene contri-
ution and extract gRNA design rules based on gRNA sequence
lone (Yu et al. 2024 ), or normalizing gRN A effects b y the aver-
ge effect of gRNAs targeting the same gene (Calvo-Villamañán et
l. 2020 ). Encour a gingl y, at least some features that predict gRNA
ctivity seem to be shared among species, as a model for gRNA ef-
cacy prediction in E. coli performed similarly well on a small set
f gRNAs in B. subtilis (Calvo-Villamañán et al. 2020 ). Apart from
educing uncertainty in screens, good prediction models help to 
ave costs and increase accuracy and reproducibility. For exam- 
le, as few as three well-designed gRNAs per gene yield more
ccurate information on gene effects than a lar ger libr ary with
 andoml y designed gRN As (Calv o-Villamañán et al. 2020 ). Predic-
ion algorithms are not only useful for design of maximal repres-
ion libraries but can also inform gRNA design for titration. One
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rediction model uses different 6 nt PAM sequences for dCas12a
o pr edictabl y titr ate r epr ession in E. coli . By c hanging the PAM
equence from the least to the most optimal PAM (TTTV) for
Cas12a, a CRISPRi screen can range from medium to maximal
 epr ession (Miao et al. 2019 ). 

A cav eat of man y pr edictors is that they perform well on the
ataset used for training but worse on other datasets, due to
ifferences in the exact CRISPRi system used and other exper-

mental parameters. Inclusion of more and diverse datasets in
r aining impr ov es gener alizability (Yu et al. 2024 ), and further
mpr ov ements should be possible with the availability of more
ata in the futur e. Curr entl y, most bacterial CRISPRi prediction
odels are developed using data from E. coli (Cui et al. 2018 ,
ang et al. 2018a , Miao et al. 2019 , Rousset et al. 2021 , Yu et

l. 2024 ). While some features may translate to other organisms,
s shown by similar efficacy and titration of CRISPRi efficacies
ith the same gRNAs in E. coli and B. subtilis (Calvo-Villamañán

t al. 2020 , Hawkins et al. 2020 ), other features like bad-seed
nd polar effects are less universal (Peters et al. 2016 , Cui et al.
018 , Rostain et al. 2023 ). Organism-specific data will gr eatl y in-
r ease the accur acy of pr ediction models in eac h species and will
acilitate implementation of efficient high-throughput CRISPRi
 ppr oac hes with minimal and well-designed libr aries acr oss
rganisms. 

igh-throughput CRISPRi approaches beyond model species
enome-scale CRISPRi screens remain largely limited to well-
tudied organism like E. coli and S. cerevisiae (Wang et al. 2018a ,
ian et al. 2019 , Momen-Roknabadi et al. 2020 , McGlincy et al.
021 , Mukherjee et al. 2021 , Johansson et al. 2023 ). CRISPRi ap-
r oac hes in other micr oor ganisms hav e typicall y focused on a
maller subset of genes, where knockdown efficiency can easily
e validated individually. As mentioned, host-specific factors may

mpact CRISPRi efficacy and hence optimal gRNA design, compli-
ating the use of prediction models developed for other species.
an y c hallenges beyond optimal gRNA design impede translating
RISPRi-scr eening a ppr oac hes to other or ganisms. CRISPRi com-
onents first need to be constructed and optimized for function
nd minimal toxicity in each new organism, which can be time-
onsuming. Tr ansferr able CRISPRi tools can speed up this process
Peters et al. 2019 , Wang et al. 2019 , Ke et al. 2022 ). 

One a ppr oac h, Mobile-CRISPRi, uses modular CRISPRi compo-
ents that can be tr ansferr ed between and integrated into the
enomes of diverse bacterial species, alleviating the need for
table re plicati ve plasmids . T he modularity of the system en-
bles easy swapping of organism-specific promoters and gRNA li-
r aries. Tr ansfer efficiencies ar e sufficientl y high for genome-wide
creening in many organisms, and transfer and integration intro-
uce only minimal skew into the library . Importantly , integrations
re stable and functional for > 50 generations without selection,
aving the way for studying microbial and host–microbe interac-
ions in pathogenic or microbiome contexts (Peters et al. 2019 ).
nockdown efficiencies ranged from 8x in P. aeruginosa to 150x in
. aureus when targeting a red fluorescent protein. 

Another high-efficacy transfer method is Chassis-independent
ecombinase-Assisted Genome Engineering (CRAGE) (Wang et al.
019 , Ke et al. 2022 ). CRAGE utilizes a two-step integration system,
rst integrating a Cre-LoxP cassette in a random position in the
enome via transposons, follo w ed b y Cr e-LoxP-mediated integr a-
ion of both the dCas effector protein and gRNA (Ke et al. 2022 ).
RAGE offers many of the same advantages as Mobile-CRISPRi.
o w e v er, as r andom genomic insertions can affect the pheno-

ype and cassette expression may differ across genomic contexts,
obile-CRISPRi will likely enable better reproducibility in high-
hr oughput scr eens. 

Apart from the need for optimization of different CRISPRi com-
onents, PAM restrictions limit genome-scale efforts in some mi-
r oor ganisms . T he differ ent PAM pr efer ences of natur al dCas
rthologs like dCas9 (G-rich PAM) and dCas12a (T-rich PAM) al-
 eady incr ease flexibility and can be harnessed to target a greater
raction of genome sequences . Moreo ver, recent efforts are fo-
used on relaxing PAM requirements to the extent of entirely PAM-
ess dCas variants (Gao et al. 2017 , Chatterjee et al. 2020 , Legut et
l. 2020 , Walton et al. 2020 ). While increasing the available tar-
et space, the simultaneous increase in the number of putative
ff-target binding sites could worsen the impact of toxic seed se-
uences (Rostain et al. 2023 ). This risk will likel y v ary depending
n the mechanisms underlying the relaxed PAM requirement and
he nuclease, as some PAM-relaxed Cas9 variants have increased
pecificity despite a larger number of potential off-target sites (Hu
t al. 2018 ). Further information on the de v elopment of dCas vari-
nts with less r estrictiv e PAM r equir ements is detailed in the r e-
iew by Collias and Beisel ( 2021 ). 

Factors like culturing conditions, a lack of reliable genetic
arts and potential triggering of the native immune response fur-
her complicate implementation of CRISPRi in many organisms.
or eov er, interfer ence with putative endogenous CRISPR or anti-
RISPR systems should be avoided. Online tools that predict the
r esence of suc h systems can be helpful in this regard (Couvin
t al. 2018 , Chai et al. 2019 , Wang et al. 2020 , 2021a ). In organ-
sms where CRISPRi with a non-native CRISPR system is unsuc-
essful, endogenous systems offer an opportunity as they can be
 epur posed for gene r epr ession (Luo et al. 2015 , Zheng et al. 2019 ,
hields et al. 2020 , Qin et al. 2021 , Xu et al. 2021b ). We refer to Call
nd Andr e ws ( 2022 ) for a mor e in-depth r e vie w of c hallenges sur-
ounding CRISPRi implementation in nonmodel bacteria, which
ov ers man y of these aspects. CRISPRi systems de v eloped in con-
entional bacteria can be tr ansferr ed to arc haea with high effi-
iencies (Nayak and Metcalf 2017 , Dhamad and Lessner 2020 ),
hile translation to many eukaryotic microorganisms, like pro-

ozoa and nonmodel yeasts, faces similar challenges as for non-
odel bacteria (Smith et al. 2016 , McInally et al. 2019 , Barcons-

imon et al. 2020 , Dhamad and Lessner 2020 , Momen-Roknabadi
t al. 2020 , Ciurkot et al. 2021 , Mukherjee et al. 2021 , Saini et al.
023 ). 

emaining challenges 
RISPRi is a po w erful tool to study complex phenotypes in high-

hr oughput scr eens acr oss differ ent micr oor ganisms, and numer-
us impr ov ements to the original system hav e incr eased its effi-
acy , specificity , and flexibility . Howe v er, some c hallenges r emain.
ff-target binding is an inherent property of CRISPR systems and
 source of confounding in screening applications, as even short
tr etc hes of complementarity between the guide and target can
ediate some degree of repression (Rostain et al. 2023 ). Besides

his bad-seed effect, other yet unknown mechanisms may con-
ribute to dCas9 toxicity (Rock et al. 2017 , Cho et al. 2018 ) and may
ias scr eening r esults. Furthermor e, due to pr olonged tar geting of
ssential genes and/or the high metabolic burden associated with
xpression of CRISPRi components, suppressor mutations in the
romoter or coding region of the dCas effector protein can occur

Zhao et al. 2016 , Liu et al. 2017c , Cui et al. 2018 , Batianis et al.
020 ). To reduce false positive results from this and other sources,
ene effects should always be inferred from multiple gRNAs per
enes, with 3–10 gRNAs per gene as a rule of thumb, depending
n available prediction models. 
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To study multiple gene perturbations sim ultaneousl y, individ- 
ual gRNAs can be expressed from different promoters or as a 
gRNA arr ay. dCas12a is especiall y inter esting for m ultiplex a p- 
plications as it can process arrays without relying on host fac- 
tors and reduces the DN A footprint. Ho w ever, proper design is 
important due to the negative impact of array secondary structure 
on processing and the possible enhancement of off-target and 

bad-seed effects when multiple gRNAs are used. Tight control over 
expression of CRISPRi components is crucial for screening and can 

be ac hie v ed via inducible and titr atable pr omoters . T he main limi- 
tation of this a ppr oac h is the leakiness of most inducible promot- 
ers, although recent developments of new tightly regulated sys- 
tems could alleviate this problem. Other features related to the 
dCas effector , P AM, gRNA and tar get impact CRISPRi r epr ession 

efficiency, highlighting the need for reliable gRNA design tools to 
enable robust and efficient knockdown across the entire genome.
Some recent attempts to develop these tools show promising 
r esults, although incor por ation of mor e data will impr ov e their 
pr edictiv e potential in different contexts and species. Finally, to 
study genotype–phenotype relationships in nonmodel microor- 
ganisms and micr obial comm unities, easy tr ansfer of CRISPRi 
modalities across different organisms is needed. Besides issues 
surr ounding cultiv ability and av ailability of well-c har acterized 

genetic parts, a major challenge lies in the development of reli- 
able prediction tools in these species, especially without a better 
understanding of the impact of host-specific factors on CRISPRi 
efficacy. 

Bey ond CRISPRi—alternati ve CRISPR-based 

appr oac hes for high-throughput 
investigation of phenotypes 

To further increase the capabilities for studying the genetic ba- 
sis of phenotypes at scale, other methods exploiting the pro- 
gr ammable natur e of CRISPR/Cas have been de v eloped. A first 
extension is the use of CRISPR activation (CRISPRa), to increase 
gene expression rather than reducing it. Overexpression of genes 
or expression of genes that are normally silenced can improve our 
knowledge of gene function in different conditions. Tools building 
on the more recently discovered RNA-targeting CRISPR systems 
can overcome some limitations of CRISPRi, including less precise 
targeting in dense genomes and potential off-target effects, such 

as the polar-effect discussed pr e viousl y. Finall y, not onl y the ex- 
pr ession le v el of a gene is important, but more subtle changes to 
the DNA and RNA can affect a phenotype. To study their impact,
tools that enable precise genome manipulation with single nu- 
cleotide resolution at scale are instrumental. 

CRISPRa for programmable activ a tion of genes 

A complementary a ppr oac h to CRISPRi is the use of CRISPRa sys- 
tems for pr ogr ammable activ ation of genes (Fig. 1 ). Some genes 
only show a phenotype when ov er expr essed, and their identifi- 
cation can lead to more complete genome function annotations 
and a better understanding of the genetic basis of phenotypes.
CRISPRa holds a lot of promise for microorganisms in particular,
as genes involved in the metabolism of complex substrates or syn- 
thesis of valuable compounds in industrially relevant microorgan- 
isms are often silent or poorl y expr essed. Similarl y, medicall y im- 
portant phenotypes like antifungal resistance are often achieved 

though c hr omosome or gene duplications and gene ov er expr es- 
sion (v anden Bossc he et al. 1992 , Maric hal et al. 1997 , Li et al. 2004 ,
Luesch et al. 2005 , Shin et al. 2007 , Abbes et al. 2013 , Begolo et al.
014 , Vale-Silva et al. 2016 , Forche et al. 2018 , Todd et al. 2019 ).
hese examples highlight the need for genetic tools to not only
tudy consequences of gene loss but also of gene ov er expr ession.

Gene activation is achieved via targeting a transcriptional ac- 
ivator for recruitment of RNA polymerase and a dCas protein to
r omoter r egions via a gRNA (Fig. 1 ) (Casas-Mollano et al. 2020 ,
ontana et al. 2020b ). Existing systems encode a transcriptional
ctivator domain either fused to the dCas effector or recruited via
 modified gRNA. While most CRISPRa systems r el y on the dCas9
r otein, mor e r ecent dCas12-based systems hav e incr eased the
argeting space (Schilling et al. 2020 ). 

Many of the advantages that make CRISPRi superior to other re-
ression tools also apply to CRISPRa. Additionally, it is more scal-
ble and portable than cumbersome promoter engineering and 

r ovides gr eater flexibility compar ed to plasmid-based (c)DNA
v er expr ession libr aries. Similar to CRISPRi, CRISPRa enables re-
 ersible r egulation of (m ultiple) genes in a time- and cost-efficient
anner. Ho w e v er, in contr ast to CRISPRi, CRISPRa r equir es mor e

omplex design rules and depends on host-specificity of the acti-
ator. 

Compared to mammalian systems (Casas-Mollano et al. 2020 ),
RISPRa has seen less use in micr oor ganisms and consequently,
ctiv ator domains ar e less optimized and factors that impact its
fficacy are less well-understood. In yeast, the CRISPRa system 

as first implemented in the model species S. cerevisiae to target a
mall number of genes (Farzadfard et al. 2013 ). Platforms r el y on
ither constitutive or inducible systems, dCas9 or dCas12 effec- 
ors, and the activator domains VP64 (four tandem copies of Her-
es Simplex Vir al Pr otein 16 (VP16), a commonly used eukaryotic
r anscription activ ator domain) or Vir al Pr otein R (VPR) (composed
f three parts: VP64 and activator domains from the p65 subunit
f NF κB and Epstein–Barr virus R tr ansactiv ator Rta). VP64 fusions
c hie v e gener all y modest ( ∼2.5-fold) upregulation of target ex-
ression in S. cerevisiae , which can be boosted up to 70-fold for
ynthetic constructs with multiple targeting sites upstream of the 
romoter (Farzadfard et al. 2013 ). VPR leverages the synergistic ef-
ects observed from recruitment of multiple activators in eukary- 
tic transcriptional control and generally results in stronger acti- 
ation in S. cerevisiae and the industrially relevant yeast Yarrowia 

ipolytica (Farzadfard et al. 2013 , Schwartz et al. 2018 ), analogous to
igher eukaryotes (Casas-Mollano et al. 2020 ). The activity of both
P64- and VPR-based systems str ongl y depends on the targeting
indow, with r epr essiv e effects observed for some gRNAs (Cámara

t al. 2020 ), highlighting the need for careful gRNA design. Effi-
iency gener all y incr eases with distance fr om the TSS, with an
ptim um ar ound −300 bp upstream in S. cerevisiae (Farzadfard et
l. 2013 , Cámara et al. 2020 ), wher eas mor e modest activ ation is
ccasionally seen closer to the TSS. VP16 domains can recruit the
ediator complex if positioned a ppr opriatel y upstr eam of a TSS

nd studies in mammalian cells see a peak of active gRNAs −400
o −50 bp upstream from the TSS (Gilbert et al. 2014 ). A further
mpr ov ement in activity is possible with scaffold RNAs (scRNAs),

odified gRNAs that serve as a scaffold to r ecruit activ ation do-
ains fused to diverse RNA binding proteins (Zalatan et al. 2015 ,

u and Marchisio 2024 ). The scRNA system showed up to 4.7x (Yu
nd Marchisio 2024 ) or 10–30x (Zalatan et al. 2015 ) higher activa-
ion compared to direct VP64–dCas fusions . T he difference in ac-
ivation between studies could be due to differences in scRNA ar-
 hitectur e, gene tar gets and target windows, dCas fusions (dCas9
nd dCas12e), yeast strains, or experimental parameters, high- 
ighting the difficulty in ac hie ving consistent r esults e v en with
he same CRISPRa system. Inter estingl y, optimal activity also
epends on the activator–dCas combination, with dCas9 from 
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. pyogenes performing best with the str ongest activ ator (VPR),
hile dLbCas12a gives better activation with a medium-strength
ctivator (VP) (Lian et al. 2017 ). 

Despite often only modest activation and a lack of reli-
ble rules for prediction of target sites supporting maximal
ctivation, CRISPRa has been used successfully in a variety of
pplications in yeasts. In the methylotrophic yeast Pichia pas-
oris , a scRNA CRISPRa system was used to increase riboflavin
vitamin B2) pr oduction thr ough ov er expr ession of the RIB1 gene
Baumschabl et al. 2020 ). This CRISPRa-programmed riboflavin
roduction exceeded the titers of a conventional RIB1 ov er expr es-
ion with a P GAP promoter, highlighting the po w erful on-demand
ontrol of specific biological processes enabled by CRISPRa. In
. lipolytica , VPR-based CRISPRa overexpression of cellobiose de-
rading genes enabled growth on this sugar as the sole carbon
our ce (Schw artz et al. 2018 ). Furthermore , CRISPRa systems ha ve
een a po w erful tool to discov er ne w genes whose ov er expr es-
ion is linked to stress or antifungal drug tolerance in the human
athogens Candida albicans and Nakaseomyces ( Candida ) glabrata

Gerv ais et al. 2022 , Mar oc et al. 2024 ). Lar ger-scale scr eens ar e r ar e
nd remain limited to S. cerevisiae . A CRISPRa screen using dCas9–
P64 and a gRNA library targeting 52 genes was used to screen

or impr ov ed thermotoler ance (Li et al. 2019 ). qPCR of fiv e tar gets
ho w ed modest upregulation of four (1.62–2.56 x) and strong up-
egulation of one (21.37x) target, despite the same window being
ar geted. A genome-scale scr een using the mor e efficient dCas9–
PR system identified both known and new factors for increased
r otein secr etion in industrial S. cerevisiae str ains (Johansson et al.
023 ). The > 300 identified hits were associated with components
f the secretory pathway, and 9 out of 10 hits also increased se-
retion in independent validation experiments. Another genome-
cale screen using dCas12a–VP (a fusion of only VP64 and p65
ctivation domains) identified new factors for furfural tolerance
Lian et al. 2019 ). Both genome-scale screens emplo y ed a combi-
atorial a ppr oac h using CRISPRa and CRISPRi (Johansson et al.
023 ) or CRISPRa, CRISPRi, and CRISPR-KO libraries (Lian et al.
019 ). The complementarity of identified hits across the differ-
nt libraries highlights the po w er of combining gene perturbation
 ppr oac hes. 

The implementation of CRISPRa platforms in bacteria has been
or e c hallenging due to a lac k of activ ation domains that r emain

ffective when coupled synthetically with DNA binding domains
nd an e v en str onger sensitivity to the targeting position (Fontana
t al. 2020b ). CRISPRa was first implemented in E. coli using fu-
ions of the RNA pol ymer ase subunit ω (encoded by rpoZ ) to dCas9
Bikard et al. 2013 ). Upr egulation r elies on interaction between
he complex and a σ70 pr omoter, r esulting in a narr ow tar geting
indow, and while upregulation is strong for weaker promoters

23x), it is almost negligible for stronger promoters (1.4x). Simi-
ar to eukaryotes, r epr ession is observ ed for some tar get sites—

ost notably when targeting immediately upstream of the −35
egion (Bikard et al. 2013 ). Despite these limitations, the RpoZ sys-
em was successfully applied to study effects of gene perturba-
ion on bacterial adaptation in E. coli (Otoupal et al. 2017 ) and to
nhance production of anti-MRSA antibiotics in Lysobacter enzy-
ogenes (Yu et al. 2018 ) and epothilone A in Myxococcus xanthus

Peng et al. 2018 ). In B. subtilis, it enabled a significant increase
n amylase BLA production compared to the traditional promoter
 eplacement str ategy (Lu et al. 2019 ). Inter estingl y, the activ e win-
ow in B. subtilis was broader and further upstream relative to
he TSS compared to E. coli (Bikard et al. 2013 ), suggesting opti-

al design rules may be host-specific e v en if the same effector is
sed. 
To address the problem of a lack of effective activation do-
ains, Dong et al. ( 2018 ) screened a broad set of candidate pro-

eins for transcriptional activity in E. coli and identified several
or e potent activ ators—most notabl y the tr anscriptional r egu-

ator SoxS and the transposon effector TetD. SoxS is also a potent
ctivator when fused directly to dCas12a with stronger target ac-
iv ation compar ed to RpoZ fusions acr oss v arious TSS distances
n Paenibacillus pol ym yxa (Sc hilling et al. 2020 ). Further optimiza-
ions, including an optimized scRNA for recruitment and a mu-
ant SoxS with reduced binding to endogenous SoxS targets fur-
her impr ov ed efficacy while r educing off-tar get potential (Dong
t al. 2018 , Fontana et al. 2020a ). Targeting requirements for the
cRNA based SoxS system are the best studied to date (Fontana
t al. 2020a ). Activ ation is str ongest for moder atel y weak pr omot-
rs and gr aduall y decr eases with pr omoter str ength, with no ac-
ivation seen for very weak promoters. In addition, the sequence
etween the gRNA target site and the −35 region influences po-
ency, possibly due to competition for binding with other factors
Fontana et al. 2020a ). This suggests a strong sequence depen-
ence e v en outside the gRNA base-pairing r egion. Importantl y, the
ystem is br oadl y activ e on pr omoters dependent on v arious σ fac-
ors, whic h is adv anta geous for genome-scale scr eening. Similar
o RpoZ, optimal targeting is limited to a r elativ el y narr o w windo w,
orresponding to −60 to −100 bp upstream of the TSS for SoxS
Dong et al. 2018 , Fontana et al. 2020a ). Ho w e v er, not the entir e
egion allows efficient targeting due to strong periodic position-
ependence with peak activities e v ery 10–11 bp, corr esponding to
ull DNA helix turns (Fontana et al. 2020a ). Unfortunately, despite
 better understanding of the factors that drive efficient upreg-
lation, onl y thr ee out of the se v en endogenous genes tar geted
sing these principles exhibited activ ation le v els gr eater than 2-

old (Fontana et al. 2020a ), indicating other factors remain to be
lucidated. 

A mor e r ecent and v ery pr omising system r elies on the pha ge
rotein AsiA fused to dCas9 and was already introduced in E. coli ,
almonella enterica , and Klebsiella oxytoca (Ho et al. 2020 ). Direct fu-
ion of wild-type AsiA to dCas9 has a broader targeting range
han pr e vious systems, with activ ation r anging fr om 2.5 to 12x
pr egulation. An e volv ed and mor e potent v ariant of AsiA can en-
ance upregulation of even strong promoters, achieving a 5-fold

ncr ease compar ed to 1.4-fold incr ease observ ed with RpoZ (Ho et
l. 2020 ). The broader activity window and higher potency across
ar get expr ession le v els make this an inter esting tool for genome-
cale screening applications. 

All systems described abov e ar e effectiv e on σ 70 -dependent
r omoters, whic h contr ol most but not all E. coli genes. To also en-
ble targeting of σ 54 -dependent promoters, which include many
tr ess-r esponsiv e genes, a CRISPRa platform r el ying on bacterial
nhancer binding proteins (bEBPs) was developed. bEBPs interact
ith more distant upstream activating sequences (UAS) to ac-

iv ate expr ession of σ 54 -dependent pr omoters (Liu et al. 2019b ).
he activator consists of a truncated version of the bEBP PspF
r om E. coli , whic h is tether ed to the gRN A via an RN A bind-
ng peptide. While highl y activ e on a synthetic construct (78x
pregulation with a fully complementary compared to a mis-
atc hed gRNA), upr egulation of endogenous E. coli and K. oxy-

oca promoters was more modest. As targeting is also restricted
y the availability of a PAM near the UAS this system is poten-
iall y mor e limited in its application for control of endogenous
enes. Genome-scale CRISPRa screens have yet to be performed in
rokaryotes. 

In summary, despite encour a ging pr ogr ess se v er al limi-
ations still complicate implementation of CRISPRa in all
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micr oor ganisms, particularl y for genome-scale screening. Com- 
pared to CRISPRi, design of CRISPRa systems is more complex and 

difficult to generalize, as different activators are optimal for differ- 
ent dCas molecules, activation domains are organism- and even 

pr omoter-specific, and tar geting windows ar e m uc h narr o w er,
particularl y in pr okaryotes . In most CRISPRi systems , r epr ession 

is efficient in a r elativ el y lar ge window upstr eam of the TSS as 
well as in the beginning of (eukaryotes) or throughout the entire 
gene body (prokary otes). Ho w ever, with CRISPRa, an effective ac- 
tivator domain needs to be brought to a narrow targeting window 

upstream of the TSS or next to UAS for upregulation to occur. The 
stronger positional requirements with respect to distance from 

TSS also means that TSSs must be car efull y identified for efficient 
gRNA design, which is information that is still lacking in many or- 
ganisms and can differ between conditions. Consequently, PAM 

limitations are a major problem for CRISPRa but orthogonal dCas 
effectors and PAM flexible systems (Fontana et al. 2020a , Kiattise- 
wee et al. 2022 ) can expand the targeting space. In addition, newer 
generation systems based on, e.g. AsiA are promising due to their 
less r estrictiv e activ ation windows. 

First-generation CRISPRa systems sho w ed only very modest ac- 
tivity, which could be boosted by targeting multiple effectors to 
a single target. Ho w ever, genome-scale screens require efficient 
perturbation of a target gene with a single gRNA. Fortunately,
ne wer activ ators ar e substantiall y mor e potent, and additional 
impr ov ements may be possible by emulating strategies used for 
optimization of CRISPRa in higher eukaryotes and with a better 
understanding of cellular factors that impact CRISPRa efficacy. 
A major limitation is a lack of reliable design rules that allow 

predicting the effect of even single gRNAs . Moreo ver, optimal de- 
sign rules may vary for different n ucleases, acti vators, and or- 
ganisms and the dependence on promoter activity will compli- 
cate genome-scale scr eening. Ne v ertheless, as scr eens in S. cere- 
visiae show, CRISPRa tools can already provide substantially new 

insights into the genotype–phenotype space , and a vailability of 
more data will aid in the de v elopment of better prediction tools.
It is of course feasible that predicting CRISPRa activity will always 
remain difficult due to the more complicated mechanism and ef- 
fects, r anging fr om r epr essiv e to activating depending on position.
Ho w e v er, while this can lead to false-positive hits, it also offers an 

opportunity to screen inhibition and activation with a single effec- 
tor via varying gRNA design (Lu et al. 2019 , Schilling et al. 2020 ). 

The strong host dependence and variation in optimal windows 
between organisms also suggest that CRISPRa will be more diffi- 
cult to translate to other micr oor ganisms. In addition, while some 
systems do not r equir e str ain modification to ac hie v e their high- 
est le v els of activ ation (e.g. AsiA or SoxS), others r equir e host en- 
gineering to be fully functional, limiting their portability. For ex- 
ample, the native copies of rpoZ (Bikard et al. 2013 ) and pspF (Liu 

et al. 2019b ) genes have to be deleted to avoid interference from 

competing endogenous functions. 
These constraints come with additional ones, shared with 

CRISPRi, such as compensation of transcriptional perturbation by 
other cellular mechanisms, masking phenotypes, or the fact that 
not all genes respond to perturbation. For some genes, a strong ac- 
tivation is needed to observe a phenotype, and thus an optimized 

and po w erful system m ust be de v eloped. Off-tar gets ar e less stud- 
ied for CRISPRa but given that targeting relies on the same mech- 
anisms as for CRISPRi, similar issues r egarding off-tar get gene re- 
pression and bad-seed toxicity will likely apply. In addition, off- 
target effects attributed to the activation domains need to be con- 
sider ed, although pr otein e volution can help to r educe these ef- 
fects (Dong et al. 2018 , Fontana et al. 2020a ). 
For all these reasons, CRISPRa platforms have been more dif-
cult to implement than CRISPRi in micr oor ganisms. Ho w e v er,
ome encour a ging pr ogr ess has alr eady been made and mor e r e-
earch will pave the way for using these systems more broadly for
tudying the genetic basis of various microbial phenotypes. 

irect transcript targeting via RNA-targeting 

RISPR systems 

ost CRISPR-based tools are built on Cas9 or Cas12 whose natural
arget is DNA. The discovery of novel types of Cas effectors that
ecognize and cleave RNA (types III and VI from classes 1 and 2,
 espectiv el y) (Fig. 2 ) has spurred the development of a new gener-
tion of technologies that directly act on transcripts (Abudayyeh 

t al. 2016 , Özcan et al. 2021 , Xu et al. 2021a , Colognori et al. 2023 ,
ei et al. 2023 ). Since RNA and not DNA is targeted, type III and VI

ystems could overcome limitations of DNA-targeting CRISPR sys- 
ems such as chromatin accessibility, a limited targeting window,
olar effects, and the r epr ession of all isoforms of a transcript.
hen RNA is targeted, the expression of other nearby gene prod-

cts arising from bidirectional promoters, antisense transcripts 
r partially overlapping genes will also not be perturbed. This
s important given the dense genomes of many microorganisms 
nd recent findings showing that altering transcription at one lo-
us can influence isoform length and expr ession le v els of nearby
r anscripts (Br ooks et al. 2022 ). Be yond these ad v anta ges RNA-
argeting CRISPR systems open up new and unique capabilities for
eciphering the role of noncoding transcripts and alternative RNA 

soforms. We refer to Van Beljouw et al. ( 2023 ) for an in-depth re-
iew of the biological function and specific properties of different
NA-targeting CRISPR/Cas systems and will limit our discussion 

o a brief introduction of types that have been le v er a ged for pr o-
r ammable RNA degr adation and their potential as genome-scale 
creening tools. 

RISPR/Cas13 systems 
he type VI CRISPR/Cas systems ar e c har acterized by single pr o-
ein Cas13 effectors that tar get RNA exclusiv el y (Figs 1 and 2 )
Abudayyeh et al. 2016 , 2017 , Cox et al. 2017 , Konermann et al.
018 ). For RNA cleav a ge activity, most Cas13 pr oteins r equir e a
rotospacer flanking sequences (PFS), analogous to the PAM of 
NA targeting systems (Abudayyeh et al. 2016 , 2017 ). Howe v er,
nockdown is efficient when the complex is directed to sites
hr oughout the tr anscript (W essels et al. 2020 , 2023 , W ei et al.
023 ), increasing the chances that a suitable gRNA can be found.
argeting is mostly limited by target and gRNA structure and in-
eraction, along with positional sequence preferences in the seed 

egion (Wessels et al. 2020 , 2023 , Wei et al. 2023 ). The ne wl y dis-
ov er ed effectors LwaCas13a (Cas13a from Leptotrichia wadei ) or
fxCas13d (Cas13d from Ruminococcus flavefaciens ) have no PFS- 
 equir ement, further incr easing the targeting space (Abudayyeh
t al. 2017 , Konermann et al. 2018 , Yan et al. 2018 ). Cas13 effector
roteins, similar to Cas12a, can process their o wn gRN A arrays

Zhang et al. 2018c ), making them suitable for multiplex appli-
ations. RfxCas13d is curr entl y the most widel y used Cas13 ef-
ector due to its robust and high knockdown efficiencies (Koner- 

ann et al. 2018 , Mahas et al. 2019 , Wessels et al. 2020 ). How-
 v er, it is mostl y used in or ganisms other than micr oor ganisms,
ike mammals (Konermann et al. 2018 , Kushawah et al. 2020 ,
i et al. 2022 , Li et al. 2023 , Shi et al. 2023 ), fish (Kushawah
t al. 2020 ), fruit flies ( Drosophila melanogaster ) (Buchman et al.
020 , Huynh et al. 2020 , Ai et al. 2022 ) and plants (Mahas et al.
019 ). This is lar gel y due to the high cytotoxicity of RfxCas13d in
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icr oor ganisms (Yan et al. 2018 , Meeske et al. 2019 ). Upon bind-
ng to its cognate target RNA and activation of target-specific
NA cleav a ge, Cas13 pr oceeds to indiscriminatel y cleav e nearby
NA, termed trans -cleav a ge or collater al cleav a ge (Fig. 2 ) (Liu
t al. 2017a ,b , Zhang et al. 2018c , Slaymaker et al. 2019 ). This
unction is k e y for its role in bacterial imm unity, wher e host
ranscript depletion eventually triggers cells to enter dormancy
Van Beljouw et al. 2023 ), and likely underlies its high toxicity
n micr oor ganisms. Collater al cleav a ge is also observ ed in higher
ukaryotes but to a lesser extent (Ai et al. 2022 , Li et al. 2023 ,
hi et al. 2023 ). Despite the downsides associated with collateral
leav a ge, Cas13 has been implemented for targeted RNA knock-
own in E. coli (Abudayyeh et al. 2016 , Yan et al. 2018 , Zhang
t al. 2020 ), Corynebacterium glutamicum (Zhang et al. 2020 ), and
c hizosacc harom yces pombe (Jing et al. 2018 ), while both LwaCas13a
nd RfxCas13d appear nonfunctional in S. cerevisiae (Zhang et
l. 2022 ). Mor e r ecentl y, other highl y efficient natur all y occur-
ing (Wei et al. 2023 ) and engineered (Charles et al. 2021 , Kelley
t al. 2022 , Tong et al. 2023 ) Cas13 variants with reduced collat-
r al cleav a ge hav e been described, but whether these v ariants
erform better when they are tested more broadly and in other
rganisms is not yet clear. In summary, while promising due to
heir high efficacy, collateral cleavage currently limits the use of
as13 for precise genome-scale RN A knockdo wn, particularly in
icr oor ganisms. 
To avoid toxicity, a nuclease deactivated Cas13 effector

dCas13) can be used for translational regulation (Otoupal et al.
017 , Charles et al. 2021 , Montagud-Martínez et al. 2023 , Cardiff
t al. 2024 ). Binding of dCas13 to the ribosomal binding site
loc ks tr anslation by interfering with ribosomal binding (Charles
t al. 2021 , Montagud-Martínez et al. 2023 ) and achieves up to
5% reduction in protein levels (Charles et al. 2021 ). Like for
RISPRi/a, additional tr anslational r egulation domains can be

used to dCas13 for enhanced r epr ession or activ ation. Inter est-
ngl y, tar geting the 5 ′ UTR of a gene with or without an ac-
ivation domain can result in up to 16-fold increased expres-
ion (Otoupal et al. 2022 ), outperforming many CRISPRa systems.
Cas13 enables single gene r epr ession e v en for oper on encoded
enes (Cardiff et al. 2024 ), and activation of single genes is possi-
le by combining CRISPRa to increase the expression of the whole
peron with dCas13-mediated repression of the other operon-
ncoded genes (Cardiff et al. 2024 ). 

Although dCas13 is a promising tool with no a ppar ent toxic-
ty, its high mismatch tolerance could result in off-target effects,
imilar to the bad-seed effect (Montagud-Martínez et al. 2023 ).
or eov er, unlike CRISPRi/a, high le v els of dCas13 are necessary

or efficient knockdown, as mRNA is continuously transcribed.
onsequentl y, dCas13-mediated knoc kdown is likel y most effi-
ient for transcripts with low transcription but high translation
 ates (Monta gud-Martínez et al. 2023 ), whic h could ske w r esults
n a high-throughput screen. Finally, dCas13-mediated knock-
own has so far only been demonstrated in E. coli (Charles et al.
021 , Otoupal et al. 2022 , Montagud-Martínez et al. 2023 , Cardiff
t al. 2024 ), and further investigation is necessary to assess its
r oader a pplicability. In the meantime, other pr ogr ammable RNA-
argeting systems that do not suffer from collateral cleavage are
otentiall y mor e inter esting for genome-scale scr eening in mi-
r oor ganisms. 

ype III RNA-targeting CRISPR/Cas systems 
hile class 1 CRISPR/Cas systems are typically characterized by
ultisubunit effector complexes (Makarova et al. 2015 ), the sub-

ype III-E effector Cas7-11 is a single-protein effector capable of
ar geted RNA knoc kdown in E. coli and mammalian cells (Özcan
t al. 2021 ). Cas7-11 consists of a Cas11 domain fused to four
as7-like domains, originating from subtype III-D (Özcan et al.
021 ). DiCas7-11 (Cas7-11 derived from Desulfonema ischimotonii )
an both process its own gRNA array via the Cas7.1 domain and
pecificall y tar get and cleav e ssRNA via the Cas7.2 and Cas7.3 do-
ains, making it an ideal tool for m ultiplexed RNA knoc kdown

Fig. 2 ) (Özcan et al. 2021 , Kato et al. 2022 ). Efficiencies in E. coli
ary between 15% and 60% when targeting a reporter, and no cy-
otoxicity was observed, but targeting of endogenous transcripts
 as not y et tested. Like RfxCas13d, DiCas7-11 has no a ppar ent

equence pr efer ence for sites flanking the tar get site (Özcan et al.
021 ). Importantly, Cas7-11 is less toxic than RxfCas13d in mam-
alian cells and shows both fewer off-targets and fewer differen-

iall y expr essed tr anscripts (ca. 2.5x less), indicating r educed or
o collateral cleavage (Özcan et al. 2021 ). 

Although multisubunit effectors are rarely harnessed as tools
ue to their larger size and more complex composition, the well-
tudied biochemical and structural properties of type III CRISPR–
sm complexes (Tamulaitis et al. 2014 , Guo et al. 2019 , Jia et al.
019 , You et al. 2019 ) and the absence of collateral cleavage ac-
ivity (Staals et al. 2014 ) make them highly promising as pro-
r ammable knoc kdown tools . T he type III-A CRISPR–Csm com-
lex from Streptococcus thermophilus has already been successfully
sed in zebrafish embryos and human cells with knockdown effi-
iencies of up to 99% (Fricke et al. 2020 , Lin et al. 2022 , Colognori
t al. 2023 ). Knoc kdown is v ariable for gRNAs tar geting both the
ame and different transcripts, indicating that sequence- and/or
tructur al, and possibl y tar get-specific factors impact efficacy.
ore data is needed to elucidate these rules and le v er a ge them

or maximizing knockdown efficacy and, possibly, tunable knock-
own. While CRISPR–Csm complexes natur all y possess not onl y
ibon uclease acti vity but also single-stranded DNase (Samai et
l. 2015 , Kazlauskiene et al. 2016 ) and cyclic oligoadenylate syn-
hase activity (Kazlauskiene et al. 2017 , Niewoehner et al. 2017 ),
hic h ar e both k e y for their r ole in imm unity, all activities ar e per-

ormed by independent components of the complex. This enables
asy ablation of undesired activities that may globally interfere
ith cellular function without impacting degradation of the tar-

et RNA (Fig. 2 ) (Colognori et al. 2023 ). CRISPR–Csm has similar
fficiency as RfxCas13d in human cells while affecting expres-
ion of significantly fewer nontarget transcripts (around 10-fold
ess), with no a ppar ent cytotoxicity (Colognori et al. 2023 ). CRISPR–
sm has not yet been tested in micr oor ganisms. Ho w e v er, the en-
ogenous type III-B system of the archaeon Sulfolobus solfataricus
as harnessed for targeted knockdown of a reporter transcript,
c hie ving 2-fold r eduction (Zebec et al. 2014 ). The study also high-
ights an alternative way of blocking type III DNA cleav a ge via
RNA design, without altering complex components. DNase ac-
ivity is not activated when there is a perfect match between the
 

′ end of the gRNA and the tar get, whic h is part of how type
II systems discriminate between self and nonself (Manica et al.
013 ). 

Both Cas7-11 and CRISPR–Csm complexes are promising RNA-
argeting CRISPR tools but require broader characterization of
heir on- and off-tar get c har acteristics, particularl y in micr obial
ells. Although no cytotoxicity was a ppar ent in mammalian cells,
oxicity may be mor e a ppar ent in micr oor ganisms. As seen with
as13, the effects of collateral cleavage may be more pronounced

n microbial cells due to their smaller size (Bot et al. 2022 , Vialetto
t al. 2022 ). Curr entl y, Cas7-11 is less efficient than RfxCas13d in
ammalian cells (Wei et al. 2023 ) and E. coli (Özcan et al. 2021 ),

ut future optimization may address this issue. A perhaps more
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important limitation is the large size of both Cas7-11 and CRISPR–
Csm complexes , which ma y complicate their use in some organ- 
isms. Ho w e v er, r ecent studies show the possibility to reduce the 
size of Cas7-11 while maintaining on-target efficiency (Kato et al.
2022 , Brogan et al. 2024 ), and, similar to CRISPRi, endogenous sys- 
tems may offer an alternative if an orthogonal system is unsuc- 
cessful. 

From gene to single nucleotide resolution 

A k e y limitation of CRISPRi and its alternatives is the inability to 
assess more precise genetic perturbations, such as the effect of 
specific amino acid variants in proteins of interest or mutations in 

noncoding regions . T his limitation can be o ver come b y le v er a ging 
the native DNA endonuclease function for gene editing or by em- 
ploying engineered CRISPR-based editing agents that use effector 
fusions to deactivated Cas enzymes for making precise sequence 
changes. We will briefly introduce different CRISPR-based tech- 
nologies for targeted genome modification and unbiased screen- 
ing of DNA sequence v ariants in micr oor ganisms, along with their 
limitations. We will limit our discussion to methods with strain- 
tr ac king ca pability via a barcode for measuring the functional im- 
pact of engineered mutations at scale and refer to other reviews 
for a discussion of genome-scale or single locus m uta genesis tools 
without str ain tr ac king ca pability (Li et al. 2022 , Lu et al. 2022 , Zim-
mermann et al. 2024 ). 

The first generation of CRISPR-based genome-editing tools 
le v er a ged the natur al pr ogr ammable n uclease acti vity of Cas ef- 
fectors. DNA-targeting Cas nucleases like Cas9 and Cas12 induce 
a DNA DSB at sites specified by the gRNA (Jinek et al. 2012 , Zetsche 
et al. 2015 ), which triggers recruitment of endogenous DNA repair 
factors to the break to repair the damage . T his process can be ex- 
ploited to install designed mutations via highly precise template- 
de pendent re pair processes (homology-directed repair, HDR) by 
providing cells with a DNA repair template (donor DNA) encoding 
a desired mutation flanked by homologies to the target site (Fig. 1 ) 
(Sander and Joung 2014 ). Ho w e v er, in eukaryotes repair preferen- 
tially occurs via religation of the break, most commonly via NHEJ,
and often results in acquisition of short indels (Fig. 1 ) (Yeh et al.
2019 ). HDR is gener all y onl y activ e in dividing cells as it r elies on 

pr oteins expr essed in the S and G2 cell cycle phases, when ho- 
mologous templates are a vailable , and it is actively suppressed by 
NHEJ. In addition, NHEJ occurs m uc h faster than HDR (Mao et al.
2008 ). T hus , while HDR-mediated editing of single loci is possible 
in many organisms, the generally low efficacy of this process has 
limited the implementation of genome-scale screening platforms 
in most species. 

A notable exception is the yeast S. cerevisiae , which has a 
str ong pr efer ence for DSB r epair via HDR. Se v er al high-thr oughput 
genome-editing methods have enabled measuring fitness effects 
of thousands of mutations in parallel across the yeast genome 
(Bao et al. 2018 , Guo et al. 2018 , Roy et al. 2018 , Sadhu et al. 2018 ,
Sharon et al. 2018 ). Analogous to a CRISPRi screen, cells are pro- 
vided with a library of plasmids encoding a gRNA that targets 
Cas9 to a specific location, but each plasmid additionally con- 
tains a short (80–130 nt) donor DNA encoding the desired edit.
Due to the mismatch tolerance of Cas effectors, the edited locus 
and donor are at risk of cleav a ge, as they differ from the wild- 
type sequence by only one nucleotide. To mitigate this risk, ad- 
ditional synonymous mutations can be encoded on the donor,
and donors containing only the synonymous mutations can be 
included to confirm that the observed phenotype is due to the de- 
signed mutation. Ho w ever, successful editing of single nucleotide 
variants is possible (Roy et al. 2018 ), demonstrating that additional 
 utations ar e not al ways necessary to pr e v ent (r e-)cleav a ge. To
a p m utations to cells, most methods use the plasmid-encoded

RNA-donor cassette as a barcode. While easy, this has se v er al
isadv anta ges. It r equir es k ee ping cells under plasmid selection,
hereby limiting the conditions available for screening while also 
omplicating the assessment of species that do not pr opa gate
lasmids stably. Due to plasmid copy number variation between 

ells, the resulting data is also noisier. To circumvent this prob-
em, the barcode can be integrated into a dedicated genomic site
uring editing (Roy et al. 2018 ). As the barcode is only present

n one copy per cell, this allows a one-to-one edit to barcode
orrespondence. 

A difficulty in pooled editing is the growth-inhibitory effect of
SBs. Cells stop pr olifer ating until a DSB is r epair ed, leading to a
r owth adv anta ge of cells with weak or nonfunctional gRNAs over
ells with potent gRNAs. As editing typically proceeds over many
enerations, this fitness difference results in a strong enrichment 
f wild-type cells in the pool after editing (Roy et al. 2018 ). It is
ifficult to address this challenge via design as we are not yet
a pable of efficientl y telling good fr om bad gRNAs a priori. Mor e-
v er, nonfunctional gRNAs ar e inher entl y pr esent in e v ery libr ary
ue to errors during oligo synthesis. To mitigate this problem, Roy
t al . ( 2018 ) employ a strategy to directly recruit the donor re-
air template to DSBs, whic h impr ov es HDR efficacy for weak gR-
As and reduces enrichment of nonfunctional gRNAs during edit- 

ng. This str ategy r elies on specific pr otein–pr otein inter actions at
SBs and may be difficult to translate to species where this inter-
ction is not conserved. Ho w ever, if similar specific interactions
an be found, the a ppr oac h could impr ov e HDR editing efficacy
nd survival for other species. Editing efficiency and survival can
lso be impr ov ed by transforming linearized and partially over-
apping plasmid parts that need to be assembled in vivo (Guo et al.
018 ). The benefit may be similar as when sync hr onizing cells in
ate G2/S-phase prior to editing (Lin et al. 2014 ), selecting for cells
n cell cycle stages where HDR components are expressed (Hor- 
itz et al. 2015 ). CRISPR-independent HDR was increased in many

ungi with a similar str ategy (Tsakr aklides et al. 2015 ). While use-
ul for editing of single loci, this strategy may intr oduce ske w and
ottlenecks in genome-scale libraries for less HDR competent or- 
anisms as selection of transformants depends on HDR. Another 
ossibility is to not only rely on the double-stranded DNA donors
ncoded on high-copy plasmids for editing but using a bacterial
 etr on to gener ate man y single-str anded DNA copies of the donor
ia r e v erse tr anscription (Shar on et al. 2018 ). This str ategy in-
reases the number of templates available for repair but as no
irect comparison is made against plasmid-encoded donors, the 
enefit for gRNAs with varying efficacy and for survival is un-
lear. Ho w e v er, as r etr ons impr ov e pr ecision m uta genesis efficacy
n E. coli and mammalian cells (Schubert et al. 2021 , Lopez et al.
022 ) they could pr ov e br oadl y beneficial, although optimization
f the r etr on arc hitectur e may be needed (Lopez et al. 2022 ). Fi-
all y, the fr action of pr ecisel y edited cells can be increased via
enetic inactivation of NHEJ (Sadhu et al. 2018 ). While this strat-
gy has been used in many organisms, it cannot prevent the en-
ichment of wild-type cells during editing and additionally comes 
ith the risks of permanently inactivating an important cellular 

epair pathway. 
Implementation of HDR-mediated precision editing tools is 

or e c hallenging in or ganisms with lo w er HDR efficiencies.
ow activity of HDR results in only a small fraction of the li-
rary being edited, while repair via alternative pathwa ys , like
HEJ, would lead to most cells not carrying the intended muta-

ion. T hese concerns ha ve limited implementation in eukaryotic 
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icr oor ganisms that pr efer entiall y use NHEJ, like Y. lipolytica and
any other unconventional yeasts (Wagner and Alper 2016 ). Bac-

eria possess a more rudimentary NHEJ mac hinery compar ed to
ukary otes and NHEJ pathw ays are far less understood (Bertrand
t al. 2019 ), and some bacteria, including E. coli , seem to lack NHEJ
omponents entir el y (Wilson et al. 2003 ). Despite gener all y less in-
erfer ence fr om NHEJ, ac hie ving HDR efficacies compatible with
enome-scale scr eening r emains c hallenging in man y bacteria
ue to the low activity of endogenous repair systems. Contrary to
ukaryotes, Cas effectors are seen as a means to select correctly
dited cells by inducing lethal DSBs in any unedited cells in bac-
eria (Jiang et al. 2013 ). Inter estingl y, one str ategy to boost both
urvival and the fraction of cells with the desired edit is to ad-
ust gRNA cleav a ge to the ca pacity for r e pair by nati ve HDR sys-
ems (Collias et al. 2023 , Liu et al. 2023 ). The underlying hypoth-
sis is that weaker targeting leaves more time for repairing the
NA with the repair template or other copies of the genome. Less
fficient cleav a ge pr e v ents cutting of all genome copies , lea ving
ome genomic DNA available for recombination and enabling bac-
erial survival, while repair via the donor abolishes retargeting
nd e v entuall y driv es accum ulation of corr ectl y edited cells in
he population (Cui and Bikard 2016 , Collias et al. 2023 ). These
nsights have been leveraged to design purposely less efficient (at-
enuated) gRNAs, for example via hairpins or mismatches. Atten-
ated gRNAs also impr ov e editing and surviv al in other bacterial
pecies (Collias et al. 2023 ), making them an interesting strategy
or genome-scale precision editing screens in organism with inef-
cient endogenous HDR systems. 

An alternativ e a ppr oac h is the use of heter ologous r ecombi-
ases to assist repair. For example, combining the phage λ-Red
ecombinase system with a Cas-induced DSB significantly en-
ances the fraction of edited cells in E. coli (Jiang et al. 2013 ). Re-
ombination is efficient with short 85–100 bp long donors, mak-
ng the strategy compatible with oligo array synthesis. This was
e v er a ged in the first microbial high-throughput editing platform,
RISPR-enabled tr ac kable genome engineering (CREATE). CRE-
TE edits single loci with efficiencies of 30%–100% in E. coli and

s compatible with saturation and genome-wide editing (Garst
t al. 2017 ). Enrichment of nonfunctional gRNAs is likely less
roblematic as wild-type cells are expected to be eliminated
ia Cas9 cleav a ge. Ho w e v er, the incr eased surviv al of cells with

w eaker’ gRN As described above could enhance libr ary ske w. Mod-
fied versions of CREATE were used to systematically identify
emper atur e-sensitiv e alleles for essential E. coli genes (Sc hr amm
t al. 2023 ) and for saturation editing of essential bacterial pro-
eins (De wac hter et al. 2023 ). As λ-Red impr ov es editing in other
acteria, like P. aeruginosa (Chen et al. 2018a ) or Klebsiella pneu-
oniae (Wang et al. 2018b ), it could pave the way for large-scale

fforts in these and other micr oor ganisms. Other r ecombinases
ave also been combined with CRISPR/Cas and can improve HDR

n species where λ-Red is not functional (Arro y o-Olarte et al.
021 ). 

In addition to low HDR activity, high activity of other cellu-
ar repair pathways can interfere with editing. In E. coli , methyl-
ir ected mismatc h r epair (MMR) systems r ecognize certain DNA
ismatc hes r esulting fr om editing of the wild-type allele with

igh affinity and r e v ert them bac k to the wild-type sequence. CRE-
TE coinstalls synon ymous m utations to pr e v ent r ecognition by
he MMR machinery but sacrifices single nucleotide resolution.
nactivation of MMR via knockout or temperature-sensitive mu-
ants of MMR components mutS or mutL impr ov es editing of sin-
le nucleotide variants but can increase the background muta-
ion r ate significantl y (Costantino and Court 2003 , Nyerges et al.
014 ). Expression of a dominant-negative form of MutL (MutL-
32K) not only results in higher editing efficiencies in E. coli and
ther species, but also k ee ps bac kgr ound m utations lo w (Ny erges
t al. 2016 ). Combining MutL-E32K with CREATE enables single nu-
leotide resolution screens in E. coli and could provide similar ben-
fits in other micr oor ganisms. 

HDR-mediated repair of Cas-induced DSBs is only one strategy
o engineer precise mutations. Newer approaches use the gRNA–
as complex for targeting while the mutation is introduced by
ffectors fused to Cas. A major adv anta ge of these a ppr oac hes is
hat they do not introduce a DSB into the DNA and are hence in-
ependent of the HDR machinery. Base editors (BEs) are fusions
f a catal yticall y impair ed Cas effector to deaminases that cat-
l yze the conv ersion of C 

� G to T 

� A base pairs (cytosine base edi-
ors, CBEs) or A 

� T to G 

� C base pairs (adenine base editors, ABEs)
ithin a r elativ el y small window in the target-gRNA binding re-

ion (Rees and Liu 2018 ). CBEs typically include a fusion to uracil
lycosylase inhibitors (UGI) to prevent excision of uracil (result-
ng from T deamination), which increases editing efficiency and
roduct purity. Some limitations of BEs, including the very nar-
 ow tar geting window and low initial efficacy, have been partially
ddressed (Anzalone et al. 2020 , Wang et al. 2021b ), while others
r e mor e difficult. BEs r el y on deamination r eactions, confining
he mutational spectrum to predominantly transition mutations.
BEs without UGI can catalyze conversion of T to other bases at

ow le v els, some what incr easing the m utational spectrum but si-
 ultaneousl y lo w ering product purity, and BEs containing both a

ytidine and adenosine deaminase fused to a single Cas effector
nite C–T and A–G editing capacities (Anzalone et al. 2020 ). BEs
an further lead to a variety of undesir ed outcomes, whic h ar e
articularl y pr oblematic for lar ge-scale a pplications wher e edited
ells cannot be scr eened car efull y for pr esence of onl y the in-
ended mutation. Unintended outcomes include bystander edits
t target sites (when multiple C or A nucleotides are present), in-
els resulting from base excision repair and Cas-dependent or in-
ependent deamination at off-target DNA or RNA sites (Rees and
iu 2018 ). Bystander edits are less problematic if all As or Cs in tar-
et windows ar e conv erted all the time, but in reality a mixture of
roducts is often generated, making it difficult to unequivocally
ssign a genotype to a gRN A bar code (Després et al. 2020 , Schu-
ert et al. 2022 , Liu et al. 2022b ). 

Base-editing tools are established for many model and non-
odel micr oor ganisms (Wang et al. 2021b , Li et al. 2022 ) but lar ge-

cale screens so far remain limited to CBEs and the micr oor gan-
sms S. cerevisiae (Després et al. 2020 , Schubert et al. 2022 ), E. coli
Gawlitt et al. 2024 ), and C. glutamicum (Liu et al. 2022b ). Screens in
. cerevisiae with the CBEs Tar get-AID (Despr és et al. 2020 ) and BE3
Schubert et al. 2022 ) show variable efficacies ranging from 0% to
0% editing, with many gRNAs producing a mixture of genotypes
single or multiple edits in the target window). Nevertheless, both
cr eens enric hed for m utations with str onger pr edicted deleteri-
us effects, indicating BE screens can pinpoint relevant genes or
ositions in a protein, if not always the exact genotype (Després
t al. 2020 , Schubert et al. 2022 ). Similar conclusions were drawn
or E. coli , but while the screen enriched for mutations in essential
enes, an only modest depletion of the r espectiv e gRNAs indicates
o w efficac y (Gawlitt et al. 2024 ). Similar to HDR editing, Cas9-
nduced killing of nonedited cells after base editing can enrich
or edited cells (Gawlitt et al. 2024 ). While gRNA design rules for
ase editing remain somewhat enigmatic, parameters like gRNA
equence and binding energy, positional and PAM sequence pref-
r ences, and tar get str and play a r ole (Despr és et al. 2020 , Sc hubert
t al. 2022 , Gawlitt et al. 2024 ). Mor e r ecent deep-learning based
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models impr ov e pr edictions for efficient base editing and m uta- 
tional outcomes for different BEs in mammalian cells (Kim et al.
2024 ). Some of these par ameters ar e likel y conserv ed acr oss or- 
ganisms but, as for pr e viousl y discussed tools, host-specific fac- 
tors may need to be considered. Other factors, like a high spon- 
taneous mutation rate , ma y complicate screening in some mi- 
cr oor ganisms (Liu et al. 2022b ), particularly when designed mu- 
tations are installed with low efficiencies and strong selection is 
applied. 

The mor e r ecentl y de v eloped prime editors (PE) install edits via 
a r e v erse tr anscriptase using a specialized gRN A (pegRN A) that 
specifies the target site and serves as template for the desired 

mutation (Anzalone et al. 2019 ). PEs combine the adv anta ges of 
HDR editing and BEs, as they can make all possible mutations but 
do not insert DSBs. While already widely used in higher eukary- 
otes, prime editing applications in microorganisms remain lim- 
ited, and first efforts in E. coli sho w ed very lo w efficac y (Tong et 
al. 2021 , Zhang et al. 2024 ). In mammalian cells, continuous im- 
pr ov ements to PE components (Chen and Liu 2023 ), including pe- 
gRNA design (Kim et al. 2021 ) and stability (Nelson et al. 2022 ),
efforts to lo w er indel formation at target sites, and identification 

of host-factors impeding prime editing (Chen et al. 2021 ) have 
significantl y impr ov ed efficiency and product purity and paved 

the way for genome-scale screens (Erwood et al. 2022 ). Similar ef- 
forts are on the way for micr oor ganisms and will enable the more 
widespread use of PEs in these organisms. For example, while 
degradation of PE intermediates via exonucleases seems to be a 
major limiting factor for prime editing in E. coli , depletion of sev- 
eral exonuclease via dCas12a-mediated CRISPRi improves editing 
not only in E. coli but also in K. pneumoniae and Acinetobacter bau- 
mannii (Zhang et al. 2024 ). Prime editing, thus offers a highly ver- 
satile a ppr oac h for pr ecise manipulation of genomes with gr eat 
promise for small- and large-scale investigation of specific muta- 
tions, yet it r equir es further c har acterization and optimization in 

micr oor ganisms. 
In summary, while genome-scale precision editing tools are 

curr entl y onl y established in a fe w model micr oor ganisms, the 
r esulting tec hnological adv ances and impr ov ed understanding of 
associated challenges will facilitate their implementation in other 
species. Differ ent methods ar e av ailable for pr ogr ammable edit- 
ing, each with their advantages and disadvantages, and which 

method is most a ppr opriate depends on the organism and exact 
goal. HDR-based strategies and prime editing are less restricted 

by PAM availability and the types of variants that can be engi- 
neered with prime editing, offering the greatest flexibility. HDR- 
based editing tools curr entl y still outperform prime and base edit- 
ing in S. cerevisiae and E. coli , and some of the identified strate- 
gies for improving HDR and survival during editing in these mi- 
cr oor ganisms may enhance the efficacy of HDR editing in other 
species. BEs offer a po w erful alternativ e for micr oor ganisms with 

HDR systems that are inefficient or r equir e long homology arms 
incompatible with library-scale synthesis. Base editing is still sig- 
nificantl y mor e efficient than HDR in man y or ganisms, and out- 
performed early prime editing systems, but recent improvements 
indicate prime editing may e v entuall y be the method of choice for 
man y a pplications and species. 

Conclusion 

CRISPR-based perturbation methods hav e r e volutionized the field 

of genome-wide high-throughput screens to study genetic traits 
in micr oor ganisms. Compar ed to other high-thr oughput gene- 
perturbation methods, CRISPRi is a simple, r e v ersible tec hnique 
hat is cost- and time-efficient, and can be used to study both
onessential and essential genes. As CRISPRi technology has ad- 
anced, its full potential has increasingly been realized. We have
xplor ed v arious methods to sim ultaneousl y inv estigate m ulti-
le genes and to employ CRISPRi in both an inducible and titrat-
ble fashion. Additionally, the ongoing development of predictive 
odels promises more robust knockdowns across the genome.
hile CRISPRi’s applicability is not constrained by species, adapt- 

ng CRISPRi screens for use in other nonmodel micr oor ganisms
resents ongoing challenges. Despite these hurdles, CRISPRi has 
ignificantly enhanced our ability to study microbial traits in a
igh-thr oughput setting. Recentl y, the adv ent of CRISPRa has in-
r oduced ne w ca pabilities for studying the genetic basis of v ari-
us phenotypes in mammalian cells and S. cerevisiae , and recent
dvances should pave the way for its wider use in prokaryotes.
or eov er, emer ging tec hniques suc h as RNA-tar geting CRISPR

ystems, and single-nucleotide resolution perturbation methods 
r e pr oving to be either pr omising alternativ es or pr ovide comple-
entary capabilities in genome-wide high-throughput screens.

n summary, CRISPRi is r eadil y ada ptable for genome-wide high-
hr oughput scr eens to dissect complex microbial traits, and its
ontinued refinement along with the emergence of new methods 
ill broaden the potential for biotechnological and industrial ap- 
lications. 
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cleotide signaling pathway in type III CRISPR-Cas systems. Science
2017; 357 :605–9.

azlauskiene M , Tamulaitis G, Kostiuk G et al. Spatiotempor al contr ol
of type III-A CRISPR-Cas immunity: coupling DNA degradation
with the target RNA recognition. Mol Cell 2016; 62 :295–306.

e J , Robinson D, Wu Z-Y et al. CRAGE-CRISPR facilitates r a pid acti-
vation of secondary metabolite biosynthetic gene clusters in bac-
teria. Cell Chem Biol 2022; 29 :696–710.e4.

elley CP , Haerle MC, Wang ET. Negativ e autor egulation mitigates
collateral RNase activity of r epeat-tar geting CRISPR-Cas13d in
mammalian cells. Cell Rep 2022; 40 :111226.

 er en I , Kaldalu N, Spoering A et al. Persister cells and tolerance to
antimicrobials. FEMS Microbiol Lett 2004; 230 :13–8.

iattise wee C , Kar anjia AV, Legut M et al. Expanding the scope of bac-
terial CRISPR activation with PAM-flexible dCas9 variants. ACS
Synth Biol 2022; 11 :4103–12.

im HK , Yu G, Park J et al. Predicting the efficiency of prime editing
guide RNAs in human cells. Nat Biotechnol 2021; 39 :198–206.

im N , Choi S, Kim S et al. Deep learning models to predict the editing
efficiencies and outcomes of diverse base editors. Nat Biotechnol
2024; 42 :484–97.

im SK , Seong W, Han GH et al. CRISPR interference-guided multi-
plex r epr ession of endogenous competing pathway genes for r edi-
recting metabolic flux in Esc heric hia coli . Microb Cell Fact 2017; 16 :
188.

ita gawa M , Ar a T, Arifuzzaman M et al. Complete set of ORF clones
of Esc heric hia coli ASKA libr ary (a complete set of E. coli K -12



Vercauteren et al. | 27 

 

L  

L  

 

L  

 

L  

L  

L  

L  

L  

L  

 

L  

L  

L  

 

L  

 

L  

L  

 

L  

 

L  

L  

 

M  

M  

 

M  

M  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sre/article/48/5/fuae020/7725053 by guest on 14 February 2026
ORF arc hiv e): unique r esources for biological r esearc h. DNA Res 
2005; 12 :291–9.

Knoops A , Waegemans A, Lamontagne M et al. A genome-wide 
CRISPR interfer ence scr een r e v eals an StkP-mediated connection 

betw een cell w all integrity and competence in Streptococcus sali- 
varius . mSystems 2022; 7 :e00735–22.

Knoot CJ , Biswas S, P akr asi HB. Tunable r epr ession of k e y photosyn- 
thetic processes using Cas12a CRISPR interference in the fast- 
gro wing c y anobacterium Synechococcus sp. UTEX 2973. ACS Synth 
Biol 2020; 9 :132–43.

Knott GJ , Thornton BW, Lobba MJ et al. Broad-spectrum enzymatic 
inhibition of CRISPR-Cas12a. Nat Struct Mol Biol 2019; 26 :315–21.

Konermann S , Lotfy P, Brideau NJ et al. Transcriptome engineering 
with RNA-targeting type VI-D CRISPR effectors. Cell 2018; 173 :665–
76.e14.

Kuo J , Yuan R, Sánchez C et al. To w ar d a tr anslationall y indepen- 
dent RNA-based synthetic oscillator using deactivated CRISPR- 
Cas. Nucleic Acids Res 2020; 48 :8165–77.

Kushawah G , Hernandez-Huertas L, Abugattas-Nuñez Del Prado J 
et al. CRISPR-Cas13d induces efficient mRN A knockdo wn in an- 
imal embryos. Dev Cell 2020; 54 :805–17.e7.

Lee HH , Ostrov N, Wong BG et al. Functional genomics of the r a pidl y 
replicating bacterium Vibrio natriegens by CRISPRi. Nat Microbiol 
2019; 4 :1105–13.

Leenay RT , Maksimchuk KR, Slotkowski RA et al. Identifying and visu- 
alizing functional PAM div ersity acr oss CRISPR-Cas systems. Mol 
Cell 2016; 62 :137–47.

Legut M , Daniloski Z, Xue X et al. High-throughput screens of PAM- 
flexible Cas9 variants for gene knockout and transcriptional 
modulation. Cell Rep 2020; 30 :2859–68.e5.

Li L , Wei K, Zheng G et al. CRISPR-Cpf1-assisted multiplex genome 
editing and transcriptional repression in Streptomyces . Appl Envi- 
ron Microb 2018; 84 :e00827–18.

Li M , Huo Y-X, Guo S. CRISPR-mediated base editing: fr om pr ecise 
point mutation to genome-wide engineering in nonmodel mi- 
cr obes. Biolog y 2022; 11 :571.

Li P , Fu X, Zhang L et al. CRISPR/Cas-based screening of a gene 
activ ation libr ary in Sacc harom yces cerevisiae identifies a cru- 
cial role of OLE1 in thermotoler ance. Microb Biotec hnol 2019; 12 : 
1154–63.

Li S , Jendresen CB, Landberg J et al. Genome-wide CRISPRi-based 
identification of targets for decoupling growth from production. 
ACS Synth Biol 2020; 9 :1030–40.

Li X , Jun Y, Erickstad MJ et al. tCRISPRi: tunable and r e v ersible, one- 
step control of gene expression. Sci Rep 2016; 6 :39076.

Li X , Zolli-Juran M, Cechetto JD et al. Multicopy suppressors for novel 
antibacterial compounds r e v eal tar gets and drug efflux suscepti- 
bility. Chem Biol 2004; 11 :1423–30.

Li Y , Xu J, Guo X et al. The collateral activity of RfxCas13d can in- 
duce lethality in a RfxCas13d knock-in mouse model. Genome Biol 
2023; 24 :20.

Lian J , HamediRad M, Hu S et al. Combinatorial metabolic engineering 
using an orthogonal tri-functional CRISPR system. Nat Commun 
2017; 8 :1688.

Lian J , Schultz C, Cao M et al. Multi-functional genome-wide CRISPR 

system for high throughput genotype–phenotype mapping. Nat 
Commun 2019; 10 :5794.

Liao C , Ttofali F, Slotkowski RA et al. Modular one-pot assembly of 
CRISPR arrays enables library generation and reveals factors in- 
fluencing crRNA biogenesis. Nat Commun 2019; 10 :2948.

Lin P , Shen G, Guo K et al. Type III CRISPR-based RNA editing for 
pr ogr ammable contr ol of SARS-CoV-2 and human corona viruses .
Nucleic Acids Res 2022; 50 :e47–.
in S , Staahl BT, Alla RK et al. Enhanced homology-directed human
genome engineering by controlled timing of CRISPR/Cas9 deliv- 
ery. eLife 2014; 3 :e04766.

iu G , Wang H, Tong B et al. An efficient CRISPR/Cas12e sys-
tem for genome editing in Sinorhizobium meliloti . ACS Synth Biol
2023; 12 :898–903.

iu J , Liu M, Shi T et al. CRISPR-assisted rational flux-tuning and ar-
rayed CRISPRi screening of an l-proline exporter for l-proline hy-
per pr oduction. Nat Commun 2022a; 13 :891.

iu Y , Wang R, Liu J et al. Base editor enables rational genome-
scale functional screening for enhanced industrial phenotypes 
in Corynebacterium glutamicum . Sci Adv 2022b; 8 :eabq2157.

iu L , Li X, Ma J et al. The molecular arc hitectur e for RNA-guided RNA
cleav a ge by Cas13a. Cell 2017a; 170 :714–26.e10.

iu L , Li X, Wang J et al. Two distant catalytic sites are responsible for
C2c2 RNase activities. Cell 2017b; 168 :121–34.e12.

iu X , Gallay C, Kjos M et al. High-throughput CRISPRi phenotyping
identifies new essential genes in Streptococcus pneumoniae . Mol Syst 
Biol 2017c; 13 :931.

iu X , de Bakker V, Heggenhougen MV et al. Genome-wide CRISPRi
scr eens for high-thr oughput fitness quantification and identifi- 
cation of determinants for dalbavancin susceptibility in Staphylo- 
coccus aureus . mSystems 2024a; 9 :e0128923.

iu X , Van Maele L, Matarazzo L et al. A conserved antigen induces
r espir atory Th17-mediated br oad ser otype pr otection a gainst
pneumococcal superinfection. Cell Host Microbe 2024b; 32 :304–
14.e8.

iu X , Gupta STP, Bhimsaria D et al. De novo design of pr ogr ammable
inducible promoters. Nucleic Acids Res 2019a; 47 :10452–63.

iu Y , Wan X, Wang B. Engineered CRISPRa enables pr ogr ammable
eukaryote-like gene activation in bacteria. Nat Commun 
2019b; 10 :3693.

iu X , Kimmey JM, Matarazzo L et al. Exploration of bacterial bottle-
necks and Streptococcus pneumoniae pathogenesis by CRISPRi-Seq.
Cell Host Microbe 2021; 29 :107–20.e6.

opez SC , Crawford KD, Lear SK et al. Precise genome editing
across kingdoms of life using r etr on-deriv ed DNA. Nat Chem Biol
2022; 18 :199–206.

u K-J , Chang C-W, Wang C-H et al. An ATP-sensitive phospho-
ketolase regulates carbon fixation in c y anobacteria. Nat Metab 
2023; 5 :1111–26.

u L , Shen X, Sun X et al. CRISPR-based metabolic engineering
in non-model micr oor ganisms. Curr Opin in Biotechnol 2022; 75 :
102698.

u Z , Yang S, Yuan X et al. CRISPR-assisted m ulti-dimensional r eg-
ulation for fine-tuning gene expression in Bacillus subtilis . Nucleic
Acids Res 2019; 47 :e40.

uesch H , Wu TYH, Ren P et al. A genome-wide ov er expr ession
screen in yeast for small-molecule target identification. Chem Biol 
2005; 12 :55–63.

uo ML , Mullis AS, Leenay RT et al. Repurposing endogenous type I
CRISPR-Cas systems for pr ogr ammable gene r epr ession. Nucleic
Acids Res 2015; 43 :674–81.

a H , Tu L-C, Naseri A et al. CRISPR-Cas9 nuclear dynamics and tar-
get recognition in living cells. J Cell Biol 2016; 214 :529–37.

agnusson JP , Rios AR, Wu L et al. Enhanced Cas12a multi-
gene regulation using a CRISPR array separator. eLife 2021; 10 :
e66406.

ahas A , Aman R, Mahfouz M. CRISPR-Cas13d mediates robust RNA
virus interference in plants. Genome Biol 2019; 20 :263.

aji B , Gangopadhyay SA, Lee M et al. A high-throughput plat-
form to identify small-molecule inhibitors of CRISPR-Cas9. Cell 
2019; 177 :1067–79.e19.



28 | FEMS Microbiology Reviews , 2024, Vol. 48, No. 5 

M  

 

M  

 

M  

 

 

M  

 

M  

 

M  

 

 

M  

M  

 

M  

 

M  

 

M  

 

 

M  

 

M  

 

 

M  

 

M  

 

 

M  

 

M  

 

M  

 

 

M  

 

 

M  

 

M  

 

 

N  

 

N  

 

N  

N  

 

N  

N  

 

N  

 

N  

 

 

N  

 

O  

 

O  

 

O  

 

O  

O  

 

 

Ö  

 

P  

 

 

P  

 

 

P  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sre/article/48/5/fuae020/7725053 by guest on 14 February 2026
akar ov a KS , Wolf YI, Alkhnbashi OS et al. An updated evolution-
ary classification of CRISPR–Cas systems. Nat Rev Micro 2015; 13 :
722–36.

akar ov a KS , Wolf YI, Iranzo J et al. Evolutionary classification of
CRISPR–Cas systems: a burst of class 2 and derived variants. Nat
Rev Micro 2020; 18 :67–83.

anica A , Zebec Z, Steinkellner J et al. Unexpectedl y br oad tar-
get recognition of the CRISPR-mediated virus defence system
in the archaeon Sulfolobus solfataricus . Nucleic Acids Res 2013; 41 :
10509–17.

ao Z , Bozzella M, Seluanov A et al. Comparison of nonhomologous
end joining and homologous recombination in human cells. DNA
Repair 2008; 7 :1765–71.

arichal P , Vanden Bossche H, Odds FC et al. Molecular biological
c har acterization of an azole-resistant Candida glabrata isolate. An-
timicrob Agents Chemother 1997; 41 :2229–37.

aroc L , Shaker H, Shapiro RS. Functional genetic characteriza-
tion of stress tolerance and biofilm formation in Nakaseomyces
(Candida) glabrata via a novel CRISPR activation system. mSphere
2024; 9 :e00761–23.

artiny JBH , Jones SE, Lennon JT et al. Microbiomes in light of traits:
a phylogenetic perspective. Science 2015; 350 :aac9323.

cCarty NS , Graham AE, Studená L et al. Multiplexed CRISPR tech-
nologies for gene editing and transcriptional regulation. Nat Com-
mun 2020; 11 :1281.

cGlincy NJ , Meacham ZA, Reynaud KK et al. A genome-scale CRISPR
interference guide library enables comprehensive phenotypic
profiling in yeast. BMC Genomics 2021; 22 :205.

cInall y SG , Ha gen KD, Nosala C et al. Robust and stable tran-
scriptional r epr ession in Giardia using CRISPRi. Mol Biol Cell
2019; 30 :119–30.

cNeil MB , Keighley LM, Cook JR et al. CRISPR interference
identifies vulnerable cellular pathways with bactericidal phe-
notypes in Mycobacterium tuberculosis . Mol Microbiol 2021; 116 :
1033–43.

eeske AJ , Nakandakari-Higa S, Marraffini LA. Cas13-induced cel-
lular dormancy pr e v ents the rise of CRISPR-resistant bacterio-
phage. Nature 2019; 570 :241–5.

iao C , Zhao H, Qian L et al. Systematically investigating the k e y
features of the DNase deactivated Cpf1 for tunable transcrip-
tion regulation in prokaryotic cells. Synth Syst Biotechnol 2019; 4 :
1–9.

iao R , Jahn M, Shabestary K et al. CRISPR interfer ence scr eens r e v eal
gr owth–r obustness tr adeoffs in Synec hocystis sp. PCC 6803 acr oss
growth conditions. Plant Cell 2023; 35 :3937–56.

inhas V , Domenech A, Synefiaridou D et al. Competence re-
models the pneumococcal cell wall exposing k e y surface viru-
lence factors that mediate increased host adherence. PLoS Biol
2023; 21 :e3001990.

omen-Roknabadi A , Oikonomou P, Zegans M et al. An inducible
CRISPR interfer ence libr ary for genetic interrogation of Saccha-
romyces cerevisiae biology. Commun Biol 2020; 3 :1–12.

ontagud-Martínez R , Márquez-Costa R, Rodrigo G. Programmable
r egulation of tr anslation by harnessing the CRISPR-Cas13 system.
Chem Commun 2023; 59 :2616–9.

üh U , Pannullo AG, Weiss DS et al. A xylose-inducible expres-
sion system and a CRISPR interference plasmid for targeted
knockdown of gene expression in Clostridioides difficile . J Bacteriol
2019; 201 :e00711–18.

ukherjee V , Lind U, St. Onge RP et al. A CRISPR interference
screen of essential genes reveals that proteasome regulation dic-
tates acetic acid tolerance in Saccharomyces cerevisiae . mSystems
2021; 6 :e00418–21.
utalik VK , Adler BA, Rishi HS et al. High-throughput mapping
of the pha ge r esistance landsca pe in E. coli . PLoS Biol 2020; 18 :
e3000877.

utalik VK , Novic hk ov PS, Price MN et al. Dual-barcoded shot-
gun expression library sequencing for high-throughput charac-
terization of functional traits in bacteria. Nat Commun 2019; 10 :
308.

akashima N , Tam ur a T, Good L. P air ed termini stabilize antisense
RNAs and enhance conditional gene silencing in Esc heric hia coli .
Nucleic Acids Res 2006; 34 :e138.

ayak DD , Metcalf WW. Cas9-mediated genome editing in the
methanogenic archaeon Methanosarcina acetivorans . Proc Natl Acad
Sci USA 2017; 114 :2976–81.

elson JW , Randolph PB, Shen SP et al. Engineer ed pegRNAs impr ov e
prime editing efficiency. Nat Biotechnol 2022; 40 :402–10.

guyen J , Lar a-Gutiérr ez J, Stoc ker R. Envir onmental fluctuations
and their effects on microbial communities, populations and in-
dividuals. FEMS Microbiol Rev 2020; 45 :fuaa068.

ielsen AA , Voigt CA. Multi-input CRISPR/Cas genetic circuits that
interface host regulatory networks. Mol Syst Biol 2014; 10 :763.

iew oehner O , Gar cia-Doval C, Rostøl JT et al. Type III CRISPR–Cas
systems produce cyclic oligoadenylate second messengers. Na-
ture 2017; 548 :543–8.

oir ot-Gr os M-F , Forr ester S, Malato G et al. CRISPR interference to
interrogate genes that control biofilm formation in Pseudomonas
fluorescens . Sci Rep 2019; 9 :15954.

yer ges Á, Csör g ̋o B, Na gy I et al. A highl y pr ecise and portable
genome engineering method allows comparison of muta-
tional effects across bacterial species. Proc Natl Acad Sci USA
2016; 113 :2502–7.

yer ges Á, Csör g ̋o B, Na gy I et al. Conditional DNA repair mu-
tants enable highly precise genome engineering. Nucleic Acids Res
2014; 42 :e62.

razi G , O’Toole GA. Pseudomonas aeruginosa alters Staphylococcus au-
reus sensitivity to vancomycin in a biofilm model of cystic fibrosis
infection. mBio 2017; 8 :e00873–17.

toupal PB , Cress BF, Doudna JA et al. CRISPR-RNAa: targeted activa-
tion of translation using dCas13 fusions to translation initiation
factors. Nucleic Acids Res 2022; 50 :8986–98.

toupal PB , Erickson KE, Escalas-Bor do y A et al. CRISPR perturbation
of gene expression alters bacterial fitness under stress and re-
v eals underl ying epistatic constr aints. ACS Synth Biol 2017; 6 :94–
107.

tten ABC , Sun BK. Research techniques made simple: CRISPR ge-
netic screens. J Invest Dermatol 2020; 140 :723–8.e1.

tto RM , Turska-No w ak A, Bro wn PM et al. A contin uous e pista-
sis model for pr edicting gr owth r ate giv en combinatorial v ari-
ation in gene expression and environment. Cell Syst 2024; 15 :
134–48.e7.

zcan A , Krajeski R, Ioannidi E et al. Pr ogr ammable RNA tar-
geting with the single-protein CRISPR effector Cas7-11. Nature
2021; 597 :720–5.

eng Q , Bao W, Geng B et al. Biosensor-assisted CRISPRi high-
thr oughput scr eening to identify genetic tar gets in Zymomonas
mobilis for high d-lactate production. Synth Syst Biotechnol
2024; 9 :242–9.

eng R , Wang Y, Feng W-W et al. CRISPR/dCas9-mediated tran-
scriptional impr ov ement of the biosynthetic gene cluster for
the epothilone production in Myxococcus xanthus . Microb Cell Fact
2018; 17 :15.

eters JM , Colavin A, Shi H et al. A compr ehensiv e, CRISPR-
based functional analysis of essential genes in bacteria. Cell
2016; 165 :1493–506.



Vercauteren et al. | 29 

 

 

S  

S  

 

S  

S  

 

S  

 

S  

S  

S  

S  

 

S  

 

S  

 

S  

S  

 

S  

S  

 

S  

S  

S  

 

S  

S  

 

S  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sre/article/48/5/fuae020/7725053 by guest on 14 February 2026
Peters JM , Koo B-M, Patino R et al. Enabling genetic anal ysis of div erse 
bacteria with Mobile-CRISPRi. Nat Microbiol 2019; 4 :244–50.

Peters JM , Silvis MR, Zhao D et al. Bacterial CRISPR: accomplishments 
and prospects. Curr Opin Microbiol 2015; 27 :121–6.

Pr elic h G . Gene ov er expr ession: uses, mec hanisms, and inter pr eta- 
tion. Genetics 2012; 190 :841–54.

Qi LS , Larson MH, Gilbert LA et al. Repurposing CRISPR as an RNA- 
guided platform for sequence-specific control of gene expression. 
Cell 2013; 152 :1173–83.

Qin Z , Yang Y, Yu S et al. Repurposing the endogenous type I-E 
CRISPR/Cas system for gene r epr ession in Gluconobacter oxydans 
WSH-003. ACS Synth Biol 2021; 10 :84–93.

Rai LS , van Wijlick L, Chauvel M et al. Overexpression approaches 
to advance understanding of Candida albicans . Mol Microbiol 
2022; 117 :589–99.

Ramesh A , Ong T, Garcia JA et al. Guide RNA engineering enables dual 
purpose CRISPR-Cpf1 for simultaneous gene editing and gene 
regulation in Yarrowia lipolytica . ACS Synth Biol 2020; 9 :967–71.

Rees HA , Liu DR. Base editing: pr ecision c hemistry on the genome 
and transcriptome of living cells. Nat Rev Genet 2018; 19 : 
770–88.

Reis AC , Halper SM, Vezeau GE et al. Simultaneous repression of mul- 
tiple bacterial genes using nonre petiti ve extra-long sgRNA arra ys .
Nat Biotechnol 2019; 37 :1294–301.

Rock JM , Hopkins FF, Chavez A et al. Programmable transcriptional 
r epr ession in Mycobacteria using an orthogonal CRISPR interfer- 
ence platform. Nat Microbiol 2017; 2 :1–9.

Rostain W , Grebert T, Vyhovskyi D et al. Cas9 off-target binding to 
the promoter of bacterial genes leads to silencing and toxicity.
Nucleic Acids Res 2023; 51 :3485–96.

Rousset F , Bikard D. CRISPR screens in the era of microbiomes. Curr 
Opin Microbiol 2020; 57 :70–7.

Rousset F , Cabezas-Caballero J, Piastra-Facon F et al. The impact of 
genetic diversity on gene essentiality within the Esc heric hia coli 
species. Nat Microbiol 2021; 6 :301–12.

Rousset F , Cui L, Siouve E et al. Genome-wide CRISPR-dCas9 screens 
in E. coli identify essential genes and phage host factors. PLoS Genet 
2018; 14 :e1007749.

Roy KR , Smith JD, Vonesch SC et al. Multiplexed precision genome 
editing with tr ac kable genomic barcodes in yeast. Nat Biotechnol 
2018; 36 :512–20.

Sadhu MJ , Bloom JS, Day L et al. Highly parallel genome variant engi- 
neering with CRISPR–Cas9. Nat Genet 2018; 50 :510–4.

Saini J , Deere TM, Lessner DJ. The minimal SUF system is not re- 
quired for Fe–S cluster biogenesis in the methanogenic archaeon 

Methanosarcina acetivorans . Sci Rep 2023; 13 :15120.
Samai P , Pyenson N, Jiang W et al. Co-transcriptional DNA 

and RNA cleav a ge during type III CRISPR-Cas immunity. Cell 
2015; 161 :1164–74.

Sander JD , Joung JK. CRISPR-Cas systems for editing, regulating and 
targeting genomes. Nat Biotechnol 2014; 32 :347–55.

Schilling C , Koffas MAG, Sieber V et al. Novel prokaryotic CRISPR- 
Cas12a-based tool for pr ogr ammable tr anscriptional activ ation 

and r epr ession. ACS Synth Biol 2020; 9 :3353–63.
Sc hr amm T , Lubr ano P, P ahl V et al. Ma pping temper atur e-sensitiv e 

mutations at a genome scale to engineer growth switches in Es- 
c heric hia coli . Mol Syst Biol 2023; 19 :e11596.

Schubert MG , Goodman DB, Wannier TM et al. High-throughput func- 
tional variant screens via in vivo production of single-stranded 
DNA. Proc Natl Acad Sci USA 2021; 118 :e2018181118.

Schubert OT , Bloom JS, Sadhu MJ et al. Genome-wide base editor 
scr een identifies r egulators of pr otein abundance in yeast. eLife 
2022; 11 :e79525.
c huster A , Er asim us H, F ritah S et al. RN Ai/CRISPR scr eens: fr om a
pool to a valid hit. Trends Biotechnol 2019; 37 :38–55.

chwartz C , Curtis N, Löbs A et al. Multiplexed CRISPR activation of
cryptic sugar metabolism enables Yarrowia Lipol ytica gr owth on
cellobiose. Biotechnol J 2018; 13 :e1700584.

erra CR , Earl AM, Barbosa TM et al. Sporulation during growth in a
gut isolate of Bacillus subtilis . J Bacteriol 2014; 196 :4184–96.

hah SA , Erdmann S, Mojica FJM et al. Pr otospacer r ecognition mo-
tifs: mixed identities and functional diversity. RNA Biol 2013; 10 :
891.

haron E , Chen S-AA, Khosla NM et al. Functional genetic vari-
ants r e v ealed by massiv el y par allel pr ecise genome editing. Cell
2018; 175 :544–57.e16.

haw WM , Studená L, Roy K et al. Inducible expression of large
gRNA arrays for multiplexed CRISPRai applications. Nat Commun 
2022; 13 :4984.

hi P , Murphy MR, Aparicio AO et al. Collateral activity of
the CRISPR/RfxCas13d system in human cells. Commun Biol 
2023; 6 :334.

hields RC , Walker AR, Maricic N et al. Repurposing the Streptococcus
mutans CRISPR-Cas9 system to understand essential gene func- 
tion. PLoS Pathog 2020; 16 :e1008344.

hin J , Bae J, Lee H et al. Genome-wide CRISPRi screen identi-
fies enhanced autolithotrophic phenotypes in acetogenic bac- 
terium Eubacterium limosum . Proc Natl Acad Sci USA 2023; 120 :
e2216244120.

hin JH , Chae MJ, Song JW et al. Changes in karyotype and
azole susceptibility of sequential bloodstream isolates from pa- 
tients with Candida glabrata candidemia. J Clin Microbiol 2007; 45 :
2385–91.

ilvis MR , Rajendram M, Shi H et al. Morphological and transcrip-
tional responses to CRISPRi knockdown of essential genes in Es-
c heric hia coli . mBio 2021; 12 :e02561–21.

ingh D , Sternberg SH, Fei J et al. Real-time observation of DNA recog-
nition and rejection by the RNA-guided endonuclease Cas9. Nat 
Commun 2016; 7 :12778.

ingh D , Wang Y, Mallon J et al. Mechanisms of impr ov ed specificity
of engineered Cas9s revealed by single-molecule FRET analysis.
Nat Struct Mol Biol 2018; 25 :347–54.

laymaker IM , Mesa P, Kellner MJ et al. High-resolution structure of
Cas13b and biochemical characterization of RNA targeting and 
cleav a ge. Cell Rep 2019; 26 :3741–51.e5.

mith JD , Sc hlec ht U, Xu W et al. A method for high-thr oughput pr o-
duction of sequence-verified DNA libraries and strain collections.
Mol Syst Biol 2017; 13 :913.

mith JD , Suresh S, Sc hlec ht U et al. Quantitative CRISPR interference
screens in yeast identify chemical-genetic interactions and new 

rules for guide RNA design. Genome Biol 2016; 17 :45.
pecht DA , Xu Y, Lambert G. Massiv el y par allel CRISPRi assays r e-

veal concealed thermodynamic determinants of dCas12a bind- 
ing. Proc Natl Acad Sci USA 2020; 117 :11274–82.

poto M , Guan C, Fleming E et al. A univ ersal, genome wide
GuideFinder for CRISPR/Cas9 targeting in microbial genomes.
mSphere 2020; 5 :e00086–20.

poto M , Riera Puma JP, Fleming E et al. Large-scale CRISPRi and tran-
scriptomics of Staphylococcus epidermidis identify genetic factors 
implicated in lifestyle versatility. mBio 2022; 13 :e02632–22.

t. Pierre J , Roberts J, Alam MA et al. Construction of an arrayed
CRISPRi library as a resource for essential gene function studies
in Streptococcus mutans . Microbiol Spectr 2023; 12 :e03149–23.

taals RHJ , Zhu Y, Taylor DW et al. RN A targeting b y the type III-
A CRISPR-Cas csm complex of Thermus thermophilus . Mol Cell
2014; 56 :518–30.



30 | FEMS Microbiology Reviews , 2024, Vol. 48, No. 5 

S  

S  

 

S  

 

T  

 

T  

T  

 

T  

T  

 

T  

 

T  

 

T  

 

V  

 

V  

v  

V  

 

v  

 

V  

 

V  

V  

 

W  

 

W  

 

W  

 

W  

 

W  

 

W  

 

W  

 

W  

 

W  

 

 

W  

 

W  

W  

 

W  

 

W  

 

W  

 

W  

 

W  

 

W  

 

X  

 

X  

 

Y  

 

Y  

 

Y  

 

Y  

Y  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sre/article/48/5/fuae020/7725053 by guest on 14 February 2026
ternberg SH , Redding S, Jinek M et al. DNA interrogation by the
CRISPR RNA-guided endonuclease Cas9. Nature 2014; 507 :62–7.

un L , Zheng P, Sun J et al. Genome-scale CRISPRi screening: a
po w erful tool in engineering microbiology. Eng Microbiol 2023; 3 :
100089.

warts DC , Van Der Oost J, Jinek M. Structural basis for guide
RNA processing and seed-dependent DNA targeting by CRISPR-
Cas12a. Mol Cell 2017; 66 :221–33.e4.

amulaitis G , Kazlauskiene M, Manak ov a E et al. Pr ogr ammable RNA
shredding by the type III-A CRISPR-Cas system of Streptococcus
thermophilus . Mol Cell 2014; 56 :506–17.

anwar J , Das S, Fatima Z et al. Multidrug r esistance: an emer ging
crisis. Interdiscip Perspect Infect Dis 2014; 2014 :541340.

odd RT , Wikoff TD, Forche A et al. Genome plasticity in Can-
dida albicans is driven by long repeat sequences. eLife 2019; 8 :
e45954.

odor H , Silvis MR, Osadnik H et al. Bacterial CRISPR screens for gene
function. Curr Opin Microbiol 2021; 59 :102–9.

ong H , Huang J, Xiao Q et al. High-fidelity Cas13 v ariants for tar geted
RNA degradation with minimal collateral effects. Nat Biotechnol
2023; 41 :108–19.

ong Y , Jørgensen TS, Whitford CM et al. A versatile genetic engineer-
ing toolkit for E. coli based on CRISPR-prime editing. Nat Commun
2021; 12 :5206.

rehan A , Kiełbus M, Czapinski J et al. REPLACR-m uta genesis, a one-
step method for site-directed mutagenesis by recombineering. Sci
Rep 2016; 6 :19121.

sakr aklides V , Br e vnov a E, Stephanopoulos G et al. Impr ov ed
gene targeting through cell cycle synchronization. PLoS One
2015; 10 :e0133434.

ale-Silv a LA , Moec kli B, Tor elli R et al. Upregulation of the adhesin
gene EPA1 mediated by PDR1 in Candida glabrata leads to en-
hanced host colonization. mSphere 2016; 1 :e00065–15.

an Beljouw SPB , Sanders J, Rodríguez-Molina A et al. RNA-targeting
CRISPR–Cas systems. Nat Rev Micro 2023; 21 :21–34.

 an Opijnen T , Le vin HL. Tr ansposon insertion sequencing, a global
measure of gene function. Annu Rev Genet 2020; 54 :337–65.

ande Zande P , Hill MS, Wittk opp PJ. Pleiotr opic effects of tr ans-
r egulatory m utations on fitness and gene expr ession. Science
2022; 377 :105–9.

 anden Bossc he H , Maric hal P, Odds FC et al. Characterization
of an azole-resistant Candida glabrata isolate. Antimicrob Agents
Chemother 1992; 36 :2602–10.

ialetto E , Yu Y, Collins SP et al. A tar get expr ession thr eshold dictates
invader defense and prevents autoimmunity by CRISPR-Cas13.
Cell Host Microbe 2022; 30 :1151–62.e6.

igouroux A , Bikard D. CRISPR tools to control gene expression in
bacteria. Microbiol Rev 2020; 84 :e00077–19.

igour oux A , Olde wurtel E, Cui L et al. Tuning dCas9’s ability to block
transcription enables robust, noiseless knockdown of bacterial
genes. Mol Syst Biol 2018; 14 :e7899.

agner JM , Alper HS. Synthetic biology and molecular genetics in
non-conv entional yeasts: curr ent tools and futur e adv ances. Fung
Genet Biol 2016; 89 :126–36.

alton RT , Christie KA, Whittaker MN et al. Unconstrained genome
targeting with near -P AMless engineered CRISPR-Cas9 variants.
Science 2020; 368 :290–6.

ang G , Zhao Z, Ke J et al. CRAGE enables r a pid activ ation of biosyn-
thetic gene clusters in undomesticated bacteria. Nat Microbiol
2019; 4 :2498–510.

ang J , Dai W, Li J et al. AcrHub: an integr ativ e hub for investigating,
pr edicting and ma pping anti-CRISPR pr oteins. Nucleic Acids Res
2021a; 49 :D630–8.
ang Y , Liu Y, Zheng P et al. Microbial base editing: a po w erful
emer ging tec hnology for micr obial genome engineering. Trends
Biotechnol 2021b; 39 :165–80.

ang J , Dai W, Li J et al. PaCRISPR: a server for predicting
and visualizing anti-CRISPR proteins. Nucleic Acids Res 2020; 48 :
W348–57.

ang J , Li C, Jiang T et al. Biosensor-assisted titratable CRISPRi high-
thr oughput (BATCH) scr eening for ov er-pr oduction phenotypes.
Metab Eng 2023; 75 :58–67.

ang T , Guan C, Guo J et al. Pooled CRISPR interference screening en-
ables genome-scale functional genomics study in bacteria with
superior performance. Nat Commun 2018a; 9 :2475.

 ang Y , W ang S, Chen W et al. CRISPR-Cas9 and CRISPR-
assisted cytidine deaminase enable precise and efficient genome
editing in Klebsiella pneumoniae . Appl Environ Microb 2018b; 84 :
e01834–18.

ard RD , Tran JS, Banta AB et al. Essential gene knockdowns reveal
genetic vulnerabilities and antibiotic sensitivities in Acinetobacter
baumannii . mBio 2024; 15 :e02051–23.

ei J , Lotfy P, Faizi K et al. Deep learning and CRISPR-Cas13d ortholog
discovery for optimized RNA targeting. Cell Syst 2023; 14 :1087–
102.e13.

ells-Bennik MHJ , Eijlander RT, den Besten HMW et al. Bacterial
spores in food: survival, emergence, and outgrowth. Annu Rev Food
Sci Technol 2016; 7 :457–82.

essels H-H , Méndez-Mancilla A, Guo X et al. Massiv el y par allel
Cas13 scr eens r e v eal principles for guide RNA design. Nat Biotec h-
nol 2020; 38 :722–7.

essels H-H , Stirn A, Méndez-Mancilla A et al. Pr ediction of on-tar get
and off-target activity of CRISPR–Cas13d guide RNAs using deep
learning. Nat Biotechnol 2023; 42 :628–37.

ilson TE , Topper LM, Palmbos PL. Non-homologous end-joining:
bacteria join the c hr omosome br eakdance. Trends Bioc hem Sci
2003; 28 :62–6.

inzeler EA , Shoemaker DD, Astromoff A et al. Functional c har acter-
ization of the S. cerevisiae genome by gene deletion and parallel
analysis. Science 1999; 285 :901–6.

u X , Scott DA, Kriz AJ et al. Genome-wide binding of the CRISPR
endonuclease Cas9 in mammalian cells. Nat Biotechnol 2014; 32 :
670–6.

u Y , Liu Y, Lv X et al. CAMERS-B: cRISPR/Cpf1 assisted multiple-
genes editing and regulation system for Bacillus subtilis . Biotech
Bioeng 2020; 117 :1817–25.

u C , Zhou Y, Xiao Q et al. Pr ogr ammable RNA editing with compact
CRISPR–Cas13 systems from uncultivated microbes. Nat Methods
2021a; 18 :499–506.

u Z , Li Y, Cao H et al. A tr ansferr able and integr ativ e Type I-F cascade
for heterologous genome editing and transcription modulation.
Nucleic Acids Res 2021b; 49 :e94.

amano T , Nishimasu H, Zetsche B et al. Crystal structure of Cpf1
in complex with guide RNA and target DNA. Cell 2016; 165 :
949–62.

an M-Y , Zheng D, Li S-S et al. Application of combined CRISPR
screening for genetic and chemical-genetic interaction profiling
in Mycobacterium tuberculosis . Sci Adv 2022; 8 :eadd5907.

an WX , Chong S, Zhang H et al. Cas13d is a compact RNA-targeting
type VI CRISPR effector positiv el y modulated by a WYL-domain-
containing accessory protein. Mol Cell 2018; 70 :327–39.e5.

ao D , Tyc k o J, Oh JW et al. Multicenter integr ated anal ysis of non-
coding CRISPRi screens. Nat Methods 2024; 21 :723–34.

ao L , Shabestary K, Björk SM et al. Pooled CRISPRi screening of the
c y anobacterium Synechoc ystis sp PCC 6803 for enhanced indus-
trial phenotypes. Nat Commun 2020; 11 :1666.



Vercauteren et al. | 31 

Yeh CD , Richardson CD, Corn JE. Advances in genome edit- Zhang X , Wang W, Shan L et al. Gene activation in human cells using 

Z  

Z  

Z  

Z  

Z  

Z  

 

Z  

 

Z  

Z  

Z  

 

Z  

Z  

Z

 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sre/article/48/5/fuae020/7725053 by guest on 14
ing thr ough contr ol of DNA r epair pathwa ys . Nat Cell Biol 
2019; 21 :1468–78.

You L , Ma J, Wang J et al. Structure studies of the CRISPR-Csm com- 
plex r e v eal mec hanism of co-tr anscriptional interfer ence. Cell 
2019; 176 :239–53.e16.

Yu L , Marchisio MA. Scaffold RNA engineering in type V CRISPR- 
Cas systems: a potent way to enhance gene expression in 

the yeast Sacc harom yces cerevisiae . Nucleic Acids Res 2024; 52 : 
1483–97.

Yu L , Su W, Fey PD et al. Yield impr ov ement of the anti-MRSA an- 
tibiotics WAP-8294A by CRISPR/dCas9 combined with refactoring 
self-protection genes in Lysobacter enzymogenes OH11. ACS Synth 
Biol 2018; 7 :258–66.

Yu X , Li S, Feng H et al. CRISPRi-microfluidics screening enables 
genome-scale target identification for high-titer protein produc- 
tion and secretion. Metab Eng 2023; 75 :192–204.

Yu Y , Gawlitt S, De Andrade E et al. Impr ov ed pr ediction of bac- 
terial CRISPRi guide efficiency from depletion screens through 

mixed-effect machine learning and data integration. Genome Biol 
2024; 25 :13.

Zalatan JG , Lee ME, Almeida R et al. Engineering complex syn- 
thetic tr anscriptional pr ogr ams with CRISPR RNA scaffolds. Cell 
2015; 160 :339–50.

Zaslav er A , Br en A, Ronen M et al. A compr ehensiv e libr ary of fluo- 
r escent tr anscriptional r eporters for Esc heric hia coli . Nat Methods 
2006; 3 :623–8.

Zebec Z , Manica A, Zhang J et al. CRISPR-mediated targeted mRNA 

degradation in the archaeon Sulfolobus solfataricus . Nucleic Acids 
Res 2014; 42 :5280–8.

Zetsc he B , Gootenber g JS, Abudayyeh OO et al. Cpf1 Is a single 
RNA-guided endonuclease of a class 2 CRISPR-Cas system. Cell 
2015; 163 :759–71.

Zhang H , Li X, Liu X et al. The usnic acid deri vati ve peziculone 
targets cell walls of Gr am-positiv e bacteria r e v ealed by high- 
thr oughput CRISPRi-seq anal ysis. Int J Antimicrob Agents 2023; 62 : 
106876.

Zhang H , Ma J, Wu Z et al. BacPE: a versatile prime-editing plat- 
form in bacteria by inhibiting DNA exonucleases. Nat Commun 
2024; 15 :825.

Zhang J , Peng Y-Z, Liu D et al. Gene r epr ession via m ultiplex gRNA 

strategy in Y. lipolytica . Microb Cell Fact 2018a; 17 :62.
Recei v ed 8 May 2024; revised 19 July 2024; accepted 30 July 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This is an O
Attribution-NonCommercial-NoDerivs licence ( https://creativecommons.org/licenses/by- 
work, in any medium, provided the original work is not altered or transformed in any way

journals.permissions@oup.com 
CRISPR/Cpf1-p300 and CRISPR/Cpf1-SunTag systems. Protein Cell 
2018b; 9 :380–83.

hang C , Konermann S, Brideau NJ et al. Structural basis for
the RNA-guided ribonuclease activity of CRISPR-Cas13d. Cell 
2018c; 175 :212–23.e17.

hang K , Zhang Z, Kang J et al. CRISPR/Cas13d-mediated microbial
RN A knockdo wn. Front Bioeng Biotechnol 2020; 8 :856.

hang S , Voigt CA. Engineered dCas9 with reduced toxicity in bac-
teria: implications for genetic circuit design. Nucleic Acids Res 
2018; 46 :11115–25.

hang X , Wang J, Cheng Q et al. Multiplex gene regulation by CRISPR-
ddCpf1. Cell Discov 2017; 3 :17018.

hang Y , Ge H, Marchisio MA. A mutated Nme1Cas9 is a functional
alternative RNase to both LwaCas13a and RfxCas13d in the yeast 
S. cerevisiae . Front Bioeng Biotechnol 2022; 10 :922949.

hang Y , Wang J, Wang Z et al. A gRN A-tRN A array for CRISPR-Cas9
based r a pid m ultiplexed genome editing in Sacc harom yces cere-
visiae . Nat Commun 2019; 10 :1053.

hao C , Shu X, Sun B. Construction of a gene knockdown system
based on catal yticall y inactiv e (“dead”) Cas9 (dCas9) in Staphylo-
coccus aureus . Appl Environ Microb 2017; 83 :e00291–17.

hao H , Sun Y, Peters JM et al. Depletion of undeca pr en yl pyr ophos-
phate phosphatases disrupts cell envelope biogenesis in Bacillus 
subtilis . J Bacteriol 2016; 198 :2925–35.

hao Y , Boeke JD. CRISPR–Cas12a system in fission yeast for multi-
plex genomic editing and CRISPR interference. Nucleic Acids Res 
2020; 48 :5788–98.

hao Y , Zhang M, Yang D. Bioinformatics a ppr oac hes to analyzing
CRISPR scr een data: fr om dr opout scr eens to single-cell CRISPR
screens. Quant Biol 2022; 10 :307–20.

heng Y , Han J, Wang B et al. Characterization and repurposing of the
endogenous type I-F CRISPR–Cas system of Zymomonas mobilis for 
genome engineering. Nucleic Acids Res 2019; 47 :11461–75.

hu Q , Lin Q, Jiang Y et al. Construction and application of the condi-
tionally essential gene knockdown library in Klebsiella pneumoniae 
to screen potential antimicrobial targets and virulence genes via 
Mobile-CRISPRi-seq. Appl Environ Microb 2023; 89 :e00956–23.

immermann A , Prieto-Vivas JE, Voordeckers K et al. Mutagenesis 
techniques for evolutionary engineering of microbes—exploiting 
CRISPR-Cas , oligonucleotides , recombinases , and pol ymer ases.
Trends Microbiol 2024;S0966–842X(24)00046-5.
pen Access article distributed under the terms of the Cr eati v e Commons 
nc- nd/4.0/ ), which permits non-commercial r e pr oduction and distribution of the 
, and that the work is properly cited. For commercial re-use, please contact 

 February 2026

https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:journals.permissions@oup.com

	Introduction
	Gene-perturbation techniques that underly high-throughput genetic screens
	CRISPRi is revolutionizing high-throughput screening
	Beyond CRISPRialternative CRISPR-based approaches for high-throughput investigation of phenotypes
	Conclusion
	Acknowledgments
	Funding
	References

