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Abstract 

Type IV CRISPR–Cas (clustered regularly interspaced short palindromic repeats and CRISPR-associated proteins) effector comple x es are often 
encoded on plasmids and are proposed to pre v ent the replication of competing plasmids. The Type IV-A1 CRISPR–Cas system of Pseudomonas 
oleo v orans additionally harbors a CRISPR RNA (crRNA) that tightly regulates the transcript le v els of a chromosomal target and represents a 
natural CRISPR interference (CRISPRi) tool. This study in v estigates CRISPRi effects of this system using synthetic crRNAs against genome and 
plasmid sequences. Targeting of reporter genes re v ealed e xtended interference in P. oleo v orans and Esc heric hia coli cells producing recombinant 
CRISPR ribonucleoprotein (crRNP) comple x es. RNA sequencing (RNA-seq) analyses of Type IV-A1 CRISPRi-induced transcriptome alterations 
demonstrated highly effective long-range downregulation of histidine operon expression, whereas CRISPRi effects of dCas9 remained limited 
to the vicinity of its binding site. Single-molecule microscop y unco v ered the localization dynamics of crRNP comple x es. T he tracks of fluores- 
cently labeled crRNPs co-localized with regions of increased plasmid replication, supporting efficient plasmid t argeting . These results identify 
mechanistic principles that facilitate the application of Type IV-A1 CRISPRi for the regulation of gene expression and plasmid replication. 

Gr aphical abstr act 

5′
3′

3′
5′

5′

3′

Type IV-A crRNP

CasDinG helicase

Inhibition of 
plasmid

replication
Inhibition of 

gene expression

Protospacer

Plasmid

genomic DNA

crRNA

mNeonGreen

 

 

 

 

 

 

 

 

Introduction 

Microorganisms exhibit high levels of adaptability through
gene transfer mechanisms that include transformation, trans-
duction and conjugation ( 1 ). Clustered regularly interspaced
short palindromic repeats (CRISPR) and CRISPR-associated
(Cas) proteins are adaptive immune systems that protect
prokaryotes against invading mobile genetic elements (MGEs)
such as viruses and plasmids ( 2 ,3 ). They are present in ap-
proximately half of all bacteria and most archaea ( 4 ,5 ), and
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are characterized by their ability to capture and incorporate 
fragments of foreign DNA, termed protospacers, into an en- 
dogenous CRISPR array, providing a memory of past encoun- 
ters with MGEs. The CRISPR arrays are transcribed and pro- 
cessed, generating CRISPR RNAs (crRNAs) that guide Cas ef- 
fector proteins to recognize and interfere with complementary 
nucleic acid sequences, thus neutralizing the invading MGEs 
( 5 , 6 ). CRISPR –Cas systems contain diverse Cas protein com- 
ponents that were used to establish a classification of seven 
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ypes and additional subtypes ( 7 ,8 ). The mechanisms of Type
V CRISPR–Cas systems are proposed to vary and are not fully
nderstood. Type IV systems are often found on large con-
ugative plasmids, and subtype Type IV-A was shown to fa-
ilitate plasmid clearance and gene regulation in the absence
f a nuclease domain in its Cas proteins ( 9–11 ). The effector
omplex of a Type IV-A CRISPR–Cas system typically consists
f four proteins, including Csf1 (Cas8-like), several copies of
sf2 (Cas7-like), Csf3 (Cas5-like) and Csf5 / Cas6, as well as
 CRISPR-associated DinG (CasDinG) protein (Figure 1 A).
asDinG was identified to be essential for plasmid targeting
nd gene silencing, as mutations that affect its helicase and AT-
ase activities abolished CRISPR–Cas interference ( 9 , 10 , 12–
4 ). The protein’s helicase domain exhibits ATP-dependent
 

′ –3 

′ DNA translocase activity, enabling the unwinding of
NA and RNA / DNA duplexes ( 15 ). However, CasDinG was

ound to be dispensable for gene repression when the effector
omplex was targeting the promoter region of a gene ( 12 ). 

The Type IV-A1 CRISPR–Cas system of P. oleovorans ( 16 )
ontains a crRNA with a bona fide target in the host chro-
osome and its depletion was shown to increase the tran-

cript levels of the targeted pilN gene ( 9 ). In contrast to most
ther CRISPR–Cas types, the interference mechanism of Type
V-A CRISPR–Cas systems does not involve cleavage of the
argeted DNA. Instead, a mechanism was proposed that re-
embles the popular dead Cas9 (dCas9) tool, which was en-
ineered to lack DNase activity, and is similar to the natu-
ally occurring Cas12c, which binds DNA complementary to
ts crRNA without cleaving it ( 17 ). In this case, the Cas com-
lex remains tightly associated with its DNA target and is pro-
osed to act as a ‘roadblock’ that physically obstructs bacte-
ial polymerases, thereby inhibiting transcription elongation
 18 ). This method for crRNA-guided control of gene expres-
ion was termed CRISPR interference (CRISPRi). 

The range of Type IV-A1 CRISPRi effects was not explored
n detail, which hinders its applications as a gene regulation
ool. Therefore, this study analyzes the interference activity of
he Type IV-A1 CRISPR–Cas system of P. oleovorans in the
ative host and in the heterologous Esc heric hia coli system.
ynthetic crRNAs and RNA sequencing (RNA-seq) analyses
ere utilized to compare regional gene repression effects of the
ype IV-A1 CRISPR ribonucleoprotein (crRNP) complex with
hose of dCas9-induced CRISPRi. In addition, single-molecule
icroscopy (SMM) was employed to elucidate the spatiotem-
oral dynamics of Type IV-A1 crRNP-mediated DNA scan-
ing in the presence of genomic and plasmid targets, which
uggested interactions with plasmid replication forks. 

aterials and methods 

trains and growth conditions 

sc heric hia coli BL21-AI and P. oleovorans DSM 1045 cells
ere cultivated in Luria-Bertani (LB) media at 37 

◦C, op-
ionally supplemented with antibiotic(s). Esc heric hia coli

M3064 cultures were grown at 37 

◦C in LB media supple-
ented with diaminopimelic acid ( Supplementary Table S6 ). 

eneration of P. oleo v orans gene knockin and 

nockout strains 

he insertion of the sfgfp reporter construct and the dele-
ion of the CRISPR array or dinG in the chromosome of P.
leovorans were carried out following the adapted protocols
for endonucleases-mediated recombination ( 19 ,20 ). Deriva-
tives of the suicide vector pEMG were used to deliver genome-
specific sequences flanking the region of interest; ∼500 bp
flanks of a homologous region upstream and downstream of
the insertion (or deletion) site were used. The region chosen
for the insertion of sfgfp insertion is located in between the
tadA and mltF genes, as the integration of a gene in this spe-
cific region had no effect on growth in Pseudomonas putida
( 21 ). The helper plasmid pSEVA6213S was used for digestion
of the suicide vector pEMG, followed by a plasmid curing
assay. For the deletion of csf4 (CasDinG) of the Type IV-A1
CRISPR–Cas system of P. oleovorans , 500 bp of homologous
regions upstream and downstream of csf4 were cloned into
the pEMG suicide vector between its BamHI and EcoRI re-
striction sites. To delete the CRISPR array, two fragments of
500 bp of homologous regions upstream and downstream of
the CRISPR array were cloned into the pEMG vector between
the BamHI and EcoRI restriction sites. A list of the plasmids
used in this work is provided in Supplementary Table S5 . 

CRISPRi assays in P. oleo v orans 

Derivatives of the pSEVA424 vector ( Supplementary Table 
S5 ) were transferred by conjugation into different sfgfp -
expressing P. oleovorans (wild type, �CRISPR and �dinG )
strains. The plasmids carry an araC gene and different cr-
RNAs, inducible with Isopropyl β- d-1-thiogalactopyranoside
(IPTG), that target different chromosomal regions in the sfgfp -
expressing P. oleovorans strains ( Supplementary Table S6 ).
For crRNA induction, IPTG was added to the cells to a fi-
nal concentration of 1 mM. For the induction of sfgfp , ara-
binose was added to a final concentration of 0.5% (w / v).
Cells were grown in a 96-well plate shaking (180 rpm) at
37 

◦C. Growth and fluorescence were monitored for 48 h us-
ing a Magellan™ Infinite ® 200 Pro plate reader, measuring
the optical density at 600 nm (OD 600 ) and the fluorescence of
sfGFP, with excitation at 485 nm and detection of the emis-
sion at 510 nm. Data were further processed using RStudio
https:// posit.co/ products/ open-source/ rstudio . 

Generation of BL21-AI mutants 

To tag the C-terminal domain of DnaX, we integrated the
gene for the fluorescent protein mScarlet at the chromoso-
mal dnaX locus of E. coli BL21-AI following the proto-
col by Thomason et al. ( 22 ). To this end, cells were trans-
formed by electroporation with linear DNA containing the
mScarlet gene sequence flanked by 50 nt of homologous se-
quences upstream and downstream of the desired integra-
tion site ( Supplementary Table S6 ). Successful insertion of the
mScarlet sequence was confirmed by polymerase chain reac-
tion (PCR) using primers flanking the insertion site, and the
integration was further verified through Sanger sequencing. 

CRISPRi assays in E. coli 

Genomic auxotroph targets 
Genes in the histidine operon in E. coli strain BL21-AI were
used as targets for the CRISPRi experiment comparing the re-
combinant Type IV-A1 CRISPR–Cas of P. oleovorans with the
dCas9 system. An all-in-one plasmid system was used to ex-
press either the Type IV-A1 crRNP complex (pSR77) or dCas9
(pMSL26) ( Supplementary Table S5 ). The respective vectors
carrying editable spacers without potential targets were used

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
https://posit.co/products/open-source/rstudio
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
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Figure 1. Regional effects of Type IV-A1 CRISPR–Cas activity in Pseudomonas oleovorans . ( A ) Schematic representation of Type IV-A1 CRISPR–Cas 
endogenously expressed in P. oleovorans . ( B ) Schematic representation of target sites. Triangles represent locations of protospacers on template (white) 
and non-template (black) strand. ( C ) Different sfGFP expressing P. oleovorans strains were transformed with plasmids encoding synthetic crRNAs that 
target protospacers in different regions [see panel ( B )]. A non-targeting crRNA served as a negative control (C-). Data represent the mean (+ standard 
deviation) of three independent experiments. The statistical significance ( P -value) of differences to the results obtained for target 1 was calculated using 
an unpaired, t wo-t ailed t-test (* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

as negative controls in all the experiments. Protospacers were
chosen in the region of the targeted gene containing a 5 

′ -AAG-
3 

′ PAM and 5 

′ -NGG-3 

′ PAM for Type IV-A1 and dCas9 treat-
ments, respectively ( Supplementary Table S7 ). Colonies ob-
tained right after transformation were grown overnight in LB
media at 37 

◦C. The cells were diluted into fresh medium and
cultivated for 6 h in LB medium supplemented with 1 mM
IPTG and 0.2% (w / v) arabinose. Then, 2 ml of the culture
was pelleted at 9000 rpm for 3 min, and cells were washed
twice with completed M9 minimal medium (commercially
available) supplemented with 2 mM MgSO 4 , 0.1 mM CaCl 2 ,
0.4% (w / v) glucose and corresponding antibiotics to remove
remaining LB. Cells were plated for spotting assays onto com-
pleted M9 minimal media agar plates [additionally supple-
mented with 1 mM IPTG and 0.2% (w / v) arabinose and
with / without supplementation of 0.6 mM histidine]. OD 600

was normalized to 1 for all treatments, followed by 10-fold se-
rial dilutions. The remaining volume of cells were flash-frozen
for RNA extraction. 

Genomic targeting of lacZ for SMM 

CRISPRi assays were also carried out with cells containing
the recombinant Type IV-A1 CRISPR–Cas system targeting
genomic lacZ and used for the SMM studies to corroborate
the interference activity of the complex visualized in the dif-
ferent SMM experiments. To this end, the genes of all Type
IV-A1 Cas proteins and DinG were cloned into a pETDuet-1 

vector. Then, an allele encoding a Csf1-mNeonGreen fusion 

protein with a GSGSGS linker was cloned into the resulting 
plasmid (pMSL66). This vector was co-transformed with a 
pCDFDuet-1 vector containing a minimal CRISPR array with 

a spacer targeting lacZ or a filler spacer as a negative control 
into BL21-AI: dnaX mS cells ( Supplementary Table S5 ). Sin- 
gle colonies obtained right after transformation were grown 

overnight in LB media with the respective antibiotics. After 16 

h of growth, fresh cultures with a starting OD 600 of 0.1 were 
regrown to an OD 600 of 0.6. Then, 1 ml of cells was pelleted 

and resuspended in 1 ml of ddH 2 O for microscopic analysis.
A small sample was also plated onto LB agar plates contain- 
ing 0.005% (w / v) X-gal, 0.2% (w / v) arabinose, 1 mM IPTG 

and suitable antibiotics for blue–white screening. 

Plasmid interference assay for SMM 

BL21-AI: dnaX mS cells were transformed with the two- 
plasmid system encoding the Type IV-A1 crRNP complex. For 
this experiment, the spacer in the pCDF-Duet vector was de- 
signed to target a protospacer with a 5 

′ -AAG-3 

′ PAM in a 
third plasmid once introduced by electroporation. Colonies 
obtained right after transformation were grown overnight and 

then used for the preparation of electrocompetent cells follow- 
ing a protocol adapted from Lessard ( 23 ). To this end, 20 ml 
of fresh culture was grown to an OD 600 of 0.6. Cells were 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
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elleted at 4600 rpm for 7 min at 4 

◦C and washed with 20
l of cold sterile ddH 2 O and pelleted again. After resuspen-

ion in 1 ml of cold sterile ddH 2 O, a last centrifugation was
arried out at 13 000 rpm for 1 min at 4 

◦C. Cells were re-
uspended in 200 μl of cold sterile ddH 2 O. For every electro-
oration, 50 μl of cells were mixed with 10 ng of the third
lasmid, and cells were exposed to one pulse at 1.8 kV, 25 μF
nd 200 � in a MicroPulser electroporator (Bio-Rad). Cells
ere immediately resuspended in 550 μl of LB and recovered
t 37 

◦C for 30 min at 450 rpm. Cells were pelleted and re-
uspended in 1 ml of ddH 2 O, and 2 μl was used as sample
or SMM. 

MM in the recombinant and native system 

MM experiments were performed on an automated Nikon
i2-Eclipse microscope equipped with an Abbelight SAFe
80 3D nanoscopy module with appropriate dichroic filters
ET488 / ET561 / 75 bandpass, Croma) and a Nikon CFI Apo
IRF 100 × oil objective (NA 1.49). All lasers (488 Oxxius,
61 Oxxius) were combined into a single output via an
xxius L4Cc combiner. Fluorescence was detected with an
RCA-Flash4.0 V3 EMCCD camera (Hamamatsu Photon-

cs) using a pixel size of 512 nm, frame transfer mode and
he following readout parameter settings: EM-gain 300, pre-
mp gain 2 and 30 MHz readout speed. The imaging process
as controlled using NEO SAFe software (Abbelight). Single-
article tracks were recorded using slimfield microscopy ( 24 ).
n this approach, the back aperture of the objective is un-
erfilled by illumination with a collimated laser beam of re-
uced width, generating an area of ∼10 μm in diameter with
 light intensity high enough to enable the visualization of sin-
le fluorescent protein molecules at very high acquisition rates.
mages were taken continuously during laser excitation. The
ingle-molecule level was reached by bleaching most mNeon-
reen molecules in the cell for 100–500 frames, followed by

racking of the remaining molecules. To perform the SMM
nalysis of BL21-AI: dnaXmS cells carrying plasmids pMSL66
nd pSR24 and transformed with target or no-target plasmid,
000 frames were recorded at a frame rate of 30 ms, with
 camera sensor size of 256 pixels and HILO illumination.
irst, mScarlet was tracked over 1000 frames using 5.2% laser
ower and an ET561 filter set. After a gap of 500 frames of
ap, mNeonGreen was tracked over 1500 frames using 10%
aser power and an ET488 filter set. A total of 8–10 movies
ere analyzed per condition from two independent colonies.
he SMM analysis of the native P. oleovorans system in the
resence of a high-copy plasmid was carried out as described
reviously ( 9 ). 

MM data processing and diffusion analysis of 
ingle-molecule tracks 

o analyze the SMM data, the cell meshes were determined
ith Oufti 1.2 ( 25 ). Bleaching curves were analyzed in Im-

geJ 2.0 ( 26 ) to verify single-molecule observations. An esti-
ate of the diffusion coefficient and insight into the kind of
iffusive motion exhibited were obtained from mean-squared-
isplacement (MSD)-versus-time-lag curves. In addition, the
rame-to-frame displacements of all molecules in x - and the
 -directions were fitted to a two-population Gaussian mix-
ure model to determine the proportions of mobile and static
olecules in each condition, a widely accepted method to an-

lyze the diffusive behavior of molecules. This provides an es-
timate of the diffusion coefficient as well as of the kind of
motion. To identify molecule populations with distinct mo-
bilities, we compared the frame-to-frame displacement of all
molecules in x - and the y -directions. Tracking analysis was
performed with U-track-2.2.0 ( 27 ) in the Matlab environment
(MathWorks, Natick, MA, USA) using a minimum length of
five steps. Finally, the diffusion rates were calculated accord-
ing to D i = σ 2 / 2 �t ( i = 1, 2, 3), where �t is the time interval
between subsequent imaging frames. The generation of tra-
jectory maps and the visualization of static and the mobile
tracks in a standardized cell are based on the Matlab script
SMTracker 2.0 ( 28 ). 

Distance probability measurement of Type IV-A1 

reg arding DnaX-mS carlet foci 

In this study, dwelling tracks representing movements of slow-
population DnaX-mScarlet molecules were plotted for each
cell analyzed. The resulting movies were saved as TIFF im-
ages within the same folder containing data related to Type IV-
A1-mNeonGreen tracks. Using the distance measurement tool
provided by SMTracker 2.0, all foci from the DnaX-mScarlet
dwelling images were used as reference points. After plotting
the tracks from the three populations of the mNeonGreen-
tagged crRNPs onto each cell, we measured their distances
from the nearest DnaX-mScarlet focus. To this end, we iden-
tified the five points in the track that represented the posi-
tions of the molecule at different times. We then specified a
single point in the center of the focus as a fixed reference po-
sition and calculated the distance from this point for each
of the five points in the track, using the distance formula

D = 

√ 

( x focus − x i ) 
2 + ( y focus − y i ) 

2 , where ( x focus , y focus ) are
the coordinates of the focus point and ( x i , y i ) are the coordi-
nates of the point at position i in the track. Histograms were
then generated to plot the probability distribution of molecule
trajectories based on their proximity to the nearest focus. 

RNA extraction 

Total RNA was extracted using TRIzol from pellets previ-
ously treated with 0.8 ml of lysis buffer (2% sodium dode-
cyl sulfate and 4 mM ethylenediaminetetraacetic acid) and
heated for 2 min at 90 

◦C. Total RNA was purified us-
ing acid–phenol:chloroform (Invitrogen) extraction. The ex-
tracted RNA was treated with DNase I (NEB) and puri-
fied with the Monarch RNA clean-up kit (NEB). cDNA was
prepared from 1 μg of RNA, using SuperScript II Reverse
Transcriptase (Invitrogen) according to the manufacturer’s
instructions. 

RT-qPCR 

Quantitative reverse transcription PCR (RT-qPCR) was per-
formed following a previously described protocol ( 9 ) with
primers against lacz , hisA , hisH , hisF and recA as the house-
keeping gene control in E. coli Bl21-AI. Primers are listed
in Supplementary Table S8 . 

Illumina RNA sequencing and data analysis 

RNA quality and integrity was inspected in 1% agarose
gels and a 2100 Bioanalyzer (Agilent). Ribosomal RNA de-
pletion, library preparation and sequencing (Illumina Nova
Seq X – Paired End Mode – 150 nt reads) were per-
formed by Novogene, Inc. Data quality was assessed us-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
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ing FastQC (v0.11.9, http://www.bioinformatics.babraham.
ac.uk/ projects/ fastqc ); reads were trimmed with Cutadapt
(v3.5) ( 29 ) and aligned to the E. coli BL21-AI (CP047231.1)
genome using Hisat2 (v2.2.1) ( 30 ). Output files were con-
verted and sorted using samtools suite (v1.13) ( 31 ) and
mapped reads were inspected using IGV (v2.16.2) ( 32 ). Differ-
ential expression analysis was performed with the R package
DESeq2 (v1.42.1) ( 33 ) and coverage plots were generated us-
ing ggplot2 (v3.5.0) ( 34 ). 

Statistics and reproducibility 

CRISPRi assays, RT-qPCR and RNA-seq were performed in
triplicate ( n = 3 independent biological replicates, based on
three different colonies). All attempts to replicate the exper-
iments were successful. Statistical analyses and the determi-
nation of P -values for the RT–qPCR experiments were per-
formed with an unpaired two-sided t -test. 

Results and discussion 

Influence of synthetic crRNAs on sfgfp gene 

expression in P. oleo v orans 

We previously showed that recombinant Type IV crRNP com-
plexes (indicated as ‘crRNPs’ throughout the text) can be used
to target the reporter gene lacZ , revealing CRISPRi-like ac-
tivity without DNA degradation ( 9 ). To investigate this gene
repression phenotype in the native host, we integrated a super-
folder green fluorescent protein ( sfgfp ) gene into the genome
of wild-type P. oleovorans DSM1045. In addition, a CRISPR
knockout ( �CRISPR) strain was generated, which does not
contain competing natural crRNAs of the wild-type strain, in-
cluding the self-targeting crRNA that represses expression of
the pilN gene ( 9 ). As CasDinG was observed to be essential
for Type IV-A CRISPR–Cas activity ( 12 ,15 ) we also created a
CasDinG knockout ( �dinG ) strain. Both deletion strains ex-
pressed sfGFP from an arabinose inducible promoter. Addi-
tionally, they contained plasmids that enabled inducible pro-
duction of synthetic crRNAs compatible with the host Type
IV-A1 crRNP. After induction, we monitored how synthetic
crRNAs targeting different sites repressed the expression of
sfgfp (Figure 1 B). Negative controls included a non-targeting
crRNA (C-) and a distant target region located 88 kb upstream
of sfgfp . 

The sfgfp expression assays allowed us to follow long-range
effects of Type IV-A1 CRISPR–Cas activity. In the wild-type
strain, significant repression of sfgfp expression was observed
when synthetic crRNAs targeted coding or non-coding re-
gions, including sites up to 3 kb upstream and 1 kb down-
stream of sfgfp (Figure 1 C). A target almost 4 kb upstream
of sfgfp showed no significant reduction of the sfGFP signal
and exemplifies a limit of CRISPRi effects for this genomic re-
gion. These results indicate that the Type IV-A1 CRISPR–Cas
system can robustly interfere with gene expression across a
broad genomic area and allows for a wide range of possible
targeting sites. The �CRISPR strain, which lacks all native
crRNAs and only expresses synthetic crRNAs with a single
perfect protospacer match, also showed gene repression for
an extended region with reduced CRISPRi efficiency at the
promoter region (Figure 1 C). Surprisingly, the deletion of the
CRISPR array reduced gene repression levels specifically for
crRNAs that targeted the gfp promoter. This effect might cor-
relate with altered crRNP levels with competing crRNAs or in-
creased growth rate in the absence of the natural self-targeting 
crRNA. The �dinG strain only showed significant downregu- 
lation of sfGFP when synthetic crRNAs targeted regions near 
the sfgfp promoter. Targeting of regions distant to sfgfp did 

not exhibit significant effects on sfGFP signals (Figure 1 C).
Thus, we demonstrated that without CasDinG, the interfer- 
ence is limited to regions close to the promoter, underscoring 
the essential role of the CasDinG helicase in mediating long- 
distance effects. 

Our observations support previous findings showing that (i) 
the Type IV-A1 system of P. oleovorans reduces transcript lev- 
els in an extended area surrounding its native chromosomal 
target site ( 9 ) and (ii) CasDinG is dispensable for targeting 
promoter regions ( 12 ). The extended CasDinG-mediated re- 
gional effects of Type IV-A1 CRISPRi has implications for ap- 
plications in CRISPR–Cas-mediated gene regulation that com- 
plement dCas9-mediated CRISPRi methodology ( 18 ,35 ). 

Comparative RNA-seq analysis of Type IV-A1 

crRNP- and dCas9-mediated CRISPRi 

To analyze the CRISPRi effects observed in P. oleovorans at 
single-nucleotide resolution, we heterologously produced cr- 
RNP complexes in E. coli and analyzed their effects on tar- 
get gene expression by Illumina RNA-seq. This experimen- 
tal setup enabled us to load crRNPs with a single synthetic 
crRNA and allowed for a direct comparison with a dCas9- 
mediated gene expression control. As a target, the histidine 
operon, a well-characterized genome segment whose repres- 
sion leads to histidine auxotrophy, was chosen ( 36 ). Three 
key target regions were studied: the promoter of the histidine 
operon, an internal promoter located within the hisC gene 
( 37 ) and the hisA gene (Figures 2 A and 3 A). 

An analysis of the coverage plots of the different CRISPRi 
strains revealed striking differences in the range over which 

the abundance of transcripts was reduced. The dCas9- 
mediated targeting of the coding strand of hisA resulted in 

reduced transcript levels for hisA and the two downstream 

genes hisF and hisIE (Figure 2 B). Similarly, targeting the non- 
coding strand of hisA led to comparable downregulation (Fig- 
ure 3 B). Notably, transcripts of the five upstream genes ( hisG 

to hisH ) remained abundant regardless of the targeted strand 

(Figures 2 B and 3 B). In contrast, the targeting of hisA by the 
crRNP resulted in the absence of transcripts for the entire 
operon, effectively depleting the whole histidine biosynthe- 
sis pathway . Type IV -A1 CRISPRi worked successfully for cr- 
RNAs that targeted either the coding or non-coding strand of 
hisA (Figures 2 C and 3 C). We also followed changes in the 
range of the affected region after targeting promoters of the 
histidine operon. In this case, both promoter targets resulted 

in an extended downregulation of histidine operon gene ex- 
pression with transcripts of hisB - hisIE only detectable for the 
construct that was guided to the main promoter of the operon.
Our results support the presence of an independent internal 
promoter in the 3 

′ region of the hisC gene ( 37 ) as the clear in-
crease of forward read coverage is indicative of transcription 

initiation. Targeting this internal promoter in hisC resulted in 

a positional shift of the affected region. Two genes located 

upstream of the histidine operon and transcribed in opposite 
orientation were mostly affected by Type IV-A1 CRISPRi tar- 
geting the main histidine operon promoter (Figure 2 C). The 
CasDinG helicase is proposed to be recruited upon target 
DNA recognition, binds to the non-target strand and initiates 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
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Figure 2. Interference of the recombinant Type IV-A1 CRISPR–Cas system on the histidine operon. ( A ) Schematic representation of a 17 kb region of E. 
coli Bl21-AI genome containing the histidine operon. Genes are represented as horizontal arrows indicating the direction of transcription. Green arrows 
represent genes outside of the histidine operon, and salmon arrows represent genes that are part of the histidine operon. Gene A: plaP ; gene B: yoeI ; 
gene C: GSU80_09680; gene D: GSU80_09685; gene F: wzzB ; gene G: GSU80_09740; gene H: gndA ; and gene I: opsG . Vertical arrows (1–3) indicate 
three target sites, targeting the coding or non-coding strand, respectively. 1: target in the histidine operon promoter; 2: target in the internal promoter in 
hisC ; and 3: target in hisA . ( B ) Illumina RNA-seq co v erage plots of the histidine operon region with dCas9 targeting hisA gene (3). The plots indicate a 
reduction in the number of reads in the local area of the target in comparison to the negative control (dCas9 C-). ( C ) Illumina RNA-seq coverage plots of 
the histidine operon region with different sites targeted by the Type IV-A1 CRISPR–Cas system. The plots indicate a significant reduction in the number 
of reads for the different treatments in comparison to the negative control (IV-A1 C-). ( D ) RT-qPCR of hisA targeted by dCas9 (3). ( E ) RT-qPCR of hisA with 
different Type IV-A1 target sites on the histidine operon. Statistical analysis was performed using an unpaired t wo-t ailed t -test. Data represent the mean 
( ± SD) of n = 3 biological replicates, with *** P ≤ 0.0 0 05 and **** P < 0.0 0 01. ( F ) Spotting assay after CRISPRi with different sites targeted by dCas9 or 
Type IV-A1. Cells were plated in 10-fold dilution series (3 μl of each dilution) onto two plates made of M9 minimal medium with or without 0.06 mM 

histidine, respectively, both containing inducers [1 mM IPTG and 0.2% (w / v) arabinose]. 
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Figure 3. RNA-seq analyses of additional CRISPRi targets. ( A ) Please consult the legend of Figure 2 for additional details. Vertical arrows (1–4) indicate 
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and the negative control (IV-A1 C-). ( D ) RT-qPCR of hisH and hisF under dCas9 treatment targeting both the coding (3) and the non-coding strand (4) of 
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nwinding of DNA in 5 

′ –3 

′ direction ( 15 ). Consequently, we
ropose that this activity results in clashes with actively tran-
cribing RNA polymerase while crRNPs without CasDinG
till prevent proper promoter recognition by the transcription
achinery. 
The downregulation of hisA and further genes was veri-

ed by RT-qPCR analysis (Figures 2 D and E and 3 D and
). Type IV-A1 CRISPR-mediated downregulation of histi-
ine operon expression resulted in a pronounced phenotype.
ells expressing crRNPs failed to grow in minimal medium
ithout the supplementation of histidine, while cells sub-

ected to dCas9-mediated CRISPRi (assaying four different
pacers) were still able to grow (Figures 2 F and 3 F and
upplementary Figure S1 ). This suggests that the observed
nockdown levels of hisB-hisE expression in the dCas9 strain
aintained sufficient histidine production. While gene expres-

ion was effectively downregulated in both dCas9 and Type
V-A1 CRISPRi strains, DNA integrity was always preserved
 Supplementary Figure S2 A). A genome-wide analysis of tran-
cript abundance changes in the Type IV-A1 CRISPRi strain
ndicated an upregulation of genes coding for a D-amino acid
ehydrogenase and an alanine racemase. These genes were
ot affected by dCas9 ( Supplementary Figure S2 B and C) and
ight exemplify compensatory effects of the downregulation
f the histidine metabolism for Type IV CRISPRi. 

MM analysis of Type IV-A1 plasmid targeting 

ext, we aimed to visualize Type IV-A1 interference in vivo .
o this end, we performed SMM studies of individual flu-
rescently labelled crRNP complexes to follow their move-
ent and spatiotemporal localization within the cell. Previ-
usly, we found that most crRNPs were located across the
ucleoid in the presence of a natural chromosomal target ( 9 ).
owever, most natural Type IV protospacers are present on
lasmids, leading to the proposition that Type IV-A1 CRISPR–
as systems inhibit target plasmid replication ( 10 ). Therefore,
e introduced a high-copy conjugative plasmid in P. oleovo-

ans cells producing mNeonGreen-tagged crRNPs in order to
haracterize possible plasmid-crRNP interactions in real time.
n general, this setup allows us to follow how far molecules
ove from their starting point in a given time interval. This
ovement is expressed as the jump-distance function where

he probability of particle densities is classified according to
heir displacement from the origin ( 28 ). Thus, values closer
o zero indicate a more static behavior. SMM confirmed that
rRNPs showed a high probability to be localized over the
acterial chromosome in the wild-type strain. However, the

ntroduction of a high-copy plasmid altered the distribution
f crRNPs, directing them away from the nucleoid (Figure
 A). Approximately one-third of all crRNPs in the wild-type
train were found to exhibit a low mobility with a diffusion
ate of 0.023 ± 0.001 μm 

2 s −1 , which is proposed to include
rRNPs associated with the native chromosomal target site.
n contrast, the presence of a non-targeted high-copy plasmid
ed to a considerable decrease in this low-mobility population,
ccompanied by a steep increase in the size of a crRNP pop-
lation with an intermediate diffusion rate of 0.128 ± 0.002
m 

2 s −1 (Figure 4 B and Supplementary Table S1 ). Given that
he plasmid lacked a specific target site for the native crRNP
omplex, this elevated diffusion rate likely represents DNA
canning interactions. Therefore, in subsequent experiments,
e designed plasmid targets to enable us to follow plasmid
nterference.  
Monitoring the behavior of plasmid-targeting crRNPs is
challenging as their activity inhibits target plasmid repli-
cation. To achieve this goal, we generated recombinant E.
coli BL21-AI cells that produced Type IV-A1 crRNPs, whose
large subunit ( cfs1 ) was tagged with mNeonGreen, using the
basal activity of the T7 promoter in the absence of inducer.
Genomic lacZ targeting combined with blue–white screen-
ing was applied to verify that the fusion with the fluores-
cent tag did not affect Type IV-A1 CRISPR–Cas interference
( Supplementary Figure S3 A). We then used the E. coli BL21-AI
transformants to analyze the diffusional behavior of the fluo-
rescent crRNPs when targeting a plasmid or lacZ (Figure 4 C).
After introduction of the respective target or non-target plas-
mid via electroporation, the cells were allowed to recover for
30 min prior to SMM analysis. This time frame was estimated
to be appropriate for the synthesis and maturation of fluores-
cent proteins ( 38 ). The results supported our observations in
the native host and revealed that in the presence of a plasmid
containing the target sequence, crRNPs were redistributed to
cellular regions located outside of the nucleoid, especially to-
ward polar regions (Figure 4 D and Supplementary Figure S3 B
and C). 

Quantification of fluorescent particles revealed 58–
83 recombinant crRNPs in cells with different targets
( Supplementary Figure S3 D and Supplementary Table S2 ),
exceeding the previously reported average of 26 crRNPs
per cell in the native system ( 9 ). We calculated the MSD as
the average squared distance that crRNPs travel over time
to analyze their diffusion behavior. This analysis revealed a
lower mobility of Type IV-A1 complexes, as indicated by a
decrease in the MSD and diffusion rates, when a genome
target was present (Figure 4 E, Supplementary Figure S3 E
and Supplementary Table S3 ). The low-mobility crRNP
population increased even further in the presence of a target
on the plasmid (Figure 4 E), and the distribution of the tracks
suggests a greater likelihood of encountering replicating
high-copy plasmids in the polar regions of the bacterial
cell. 

T ype IV -A1 CRISPR–Cas complexes interfere with 

plasmid replication 

The relocation of crRNPs in response to the presence of plas-
mids suggests that they possibly interact with components
involved in plasmid replication. One potential interactor is
DnaX, an essential component of the clamp loader complex
in the DNA replisome ( 39 ). Earlier studies demonstrated that
a decrease in the diffusion rate of fluorescently labeled DnaX
indicates stalled replication forks ( 40 ). We therefore analyzed
whether the dynamics of DnaX were affected by crRNPs in
the presence of plasmid targets. To this end, we generated an
E. coli BL21-AI derivative whose endogenous dnaX gene was
fused to the gene for the fluorescent protein mScarlet (mS).
The resulting strain BL21-AI: dnaX-mS was then used to track
DnaX-mS in the presence of the mNeonGreen-tagged crRNPs
after the introduction of a non-target or target plasmid (Fig-
ure 5 A). In cells with non-target plasmids, DnaX-mS tracks
were located near chromosome regions (Figure 5 B). The fu-
sion protein showed considerable mobility, as reflected by a
high MSD (Figure 5 C) and a large fraction of molecules in
the mobile population (Figure 5 D). Cells harboring a plas-
mid targeted by the crRNPs, by contrast, showed a distinct
change in the localization pattern of DnaX-mS (Figure 5 B
and Supplementary Figure S4 A and B), accompanied by a

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
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Figure 4. Spatiotemporal dynamics of Type IV-A1 crRNP comple x es targeting the genome or plasmids, studied by SMM in the native and a recombinant 
system. ( A ) Heat maps showing the probability of distribution of all tracks detected in a representative cell. The plots give the spatial distribution of the 
mNeonGreen-tagged Type IV-A1 crRNP complex of P. oleovorans in the wild-type strain and the wild type harboring a high-copy plasmid. Areas with 
darker coloration indicate a higher concentration of tracks, reflecting longer scanning times. ( B ) Jump-distance distribution histograms for 
mNeonGreen-tagged Type IV-A1 comple x es in P. oleo v orans sho wing the probabilit y of displacement in the wild-t ype strain and the wild t ype harboring a 
high-copy plasmid. The y -axis represents the probability density, indicating how frequently a molecule travels a certain distance in one step plotted on 
the x -axis in micrometers ( μm). The closer the values are to zero, the more static the molecules are. The model was fitted assuming three populations 
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Insets: Bubble plots obtained by squared displacement analyses, showing the population sizes and diffusion constants ( y -axis) of the three populations. 
Each plot is accompanied by the respective residuals, whose size (between ±0.02) verifies the statistical significance of the results. ( C ) Schematic of the 
different strains used to study the diffusion dynamics of P. oleo v orans crRNP comple x es in the heterologous host E. coli. Parental strains containing two 
plasmids (one expressing the mNeonGreen-tagged Type IV-A1 crRNP and one carrying the minimal CRISPR array with the spacer) were electroporated 
with a non-target plasmid, a target plasmid or nuclease-free water, depending on the assay condition. The target is represented as a small reddish circle 
located either on the chromosome or a plasmid. ( D ) Heat maps showing the probability distribution of all tracks detected in a representative cell for each 
of the indicated strains. The heat maps give the spatial distribution of mNeonGreen-tagged Type IV-A1 crRNP comple x es heterologously e xpressed in E. 
coli BL21-AI: dnaX mS. Areas with darker coloring indicate a higher concentration of tracks, reflecting longer scanning times. ( E ) Jump-distance 
distribution plots showing the diffusion behavior of mNeonGreen-tagged crRNP complexes in the three indicated recombinant strains. 
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values obtained at different time intervals in the two conditions. The data points represent the mean MSD, with error bars indicating the standard error 
of the mean. ( D ) Jump-distance distribution histograms of the DnaX-mS molecules in the two indicated conditions were calculated as described in 
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nearest DnaX focus, representing dwelling events. Green bars indicate Type IV-A1-mNeonGreen tracks in the presence of a target plasmid. Salmon bars 
represent the Type IV-A1-mNeonGreen tracks in the presence of a non-target plasmid. 
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ubstantial decrease in the MSD (Figure 5 C) and the diffu-
ion rate of DnaX-mS, with a steep increase in the propor-
ion of molecules with low and intermediate mobility and
 strong decrease of the mobile population (Figure 5 D and
upplementary Table S4 ). 

The marked reduction in the diffusion rate of DnaX-mS in
he presence of a target plasmid could be the result of repli-
ation fork stalling due to a Type IV crRNP roadblock ( 41 ).
imilar effects have been observed for Type I interference com-
lexes that can block DNA replication ( 42 ). To further investi-
ate the interaction between DnaX and crRNPs, we analyzed
he trajectories of crRNPs for their spatial proximity to ac-
ive replication forks. We defined active replication forks as
istinct foci of DnaX-mS, because DnaX is presumed to con-
ense on replisomes when actively engaged in replication and
o adopt a diffuse localization when replication ceases ( 43 ).
his analysis revealed that crRNPs localized to the proxim-

ty of replication forks in both the presence and absence of
 target plasmid. Notably, a particularly close proximity to
eplication forks was observed when the cell harbored a tar-
et plasmid (Figure 5 E). 

onclusion 

n conclusion, Type IV-A1 CRISPR–Cas activity was visual-
zed at the transcriptome and cell biological level. The tran-
criptomics analyses highlighted long-range gene repression
ffects that rely on the processivity of the CasDinG helicase.
e hypothesize that CasDinG may initiate the unwinding of
the non-target DNA strand upon target recognition, poten-
tially encountering and stalling RNA polymerases. We also
showed that CasDinG is not required for Type IV-A1 activity
if its target is a promoter sequence. Consistent with recently
reported similar observations ( 12 ), this observation indicates
that the crRNP can inhibit transcription initiation. The ability
of Type IV-A1 CRISPR–Cas system to achieve gene silencing
without DNA cleavage aligns with other non-cleaving natural
CRISPRi systems, such as Cas12c, which similarly suppresses
gene expression without DNA degradation. However, a key
distinction is the recruitment of the CasDinG helicase upon
target recognition of the Type IV-A1 crRNP. We suggest that
its DNA unwinding activity interferes with processes that re-
quire double-stranded DNA elements, like promoter recogni-
tion or the binding of regulatory elements. 

Native Type IV-A1 CRISPR–Cas systems most often con-
tain spacers against plasmid targets. Our SMM analysis sup-
ports this preference for plasmid targets as evidenced by (i)
the reduced diffusion rate of crRNPs if plasmid targets were
provided and (ii) the polar redistribution of crRNPs in the
presence of high-copy plasmids. CasDinG is likely recruited
to the target, and it remains to be investigated if this helicase
leaves the crRNPs to translocate along the DNA or reels in
DNA while remaining attached to the complex. 

While dCas9 serves as a highly popular engineered tool to
inhibit the activity of RNA polymerases ( 18 ), it appears to
be less efficient than Type IV-A1 in the downregulation of
gene clusters or operon regions. In this study, the Type IV-A1
CRISPR–Cas system was found to serve as a versatile and ef-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
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fective tool to stimulate CRISPRi activities that resemble gene
knockouts without actual degradation of the target DNA. No-
tably, the existence of alternative promoters represents a sig-
nificant challenge for CRISPRi, while Type IV-A1 activity still
achieves an efficient downregulation of extended gene clusters
with multiple promoters. This highlights the potential of Type
IV-A1 CRISPRi for operon regulation. 
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