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Type IV-A3 CRISPR-Cas systems drive inter-plasmid conflicts by acquiring spacers in trans
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ABSTRACT

Type IV-A CRISPR-Cas systems are primarily encoded on plasmids and form multi-subunit
ribonucleoprotein complexes with unknown biological functions. In contrast to other CRISPR-Cas
types, they lack the archetypical CRISPR acquisition module and encode a DinG helicase instead of a
nuclease component. Type IV-A3 systems are carried by large conjugative plasmids that often harbor
multiple antibiotic-resistance genes. Although their CRISPR array contents suggest a role in inter-
plasmid conflicts, this function and the underlying mechanisms have remained unexplored. Here, we
demonstrate that a plasmid-encoded type IV-A3 CRISPR-Cas system co-opts the type I-E adaptation
machinery from its clinical Klebsiella pneumoniae host to update its CRISPR array. Furthermore, we
demonstrate that robust interference of conjugative plasmids and phages is elicited through CRISPR
RNA-dependent transcriptional repression. By targeting plasmid core functions, type IV-A3 can
prevent the uptake of incoming plasmids, limit their horizontal transfer, and destabilize co-residing
plasmids, altogether supporting type 1V-A3’s involvement in plasmid competition. Collectively, our
findings shed light on the molecular mechanisms and ecological function of type IV-A3 systems and
have broad implications for understanding and countering the spread of antibiotic resistance in
clinically relevant strains.
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INTRODUCTION

CRISPR-Cas systems protect bacteria from invading mobile genetic elements (MGEs) by providing
adaptive immunity. Essential to their memory acquisition is the conserved Casl1-Cas2 adaptation
module, which excises short sequences (protospacers) adjacent to a motif (PAM) in invading MGEs
and incorporates them into the CRISPR array as new spacers (Fig. 1A). Array transcription is followed
by processing into mature CRISPR RNAs (crRNAs), which assemble with Cas proteins into crRNA-guided
effector complexes that target complementary sequences, typically through nucleolytic activities 2.

Type IV CRISPR-Cas systems have remained largely understudied, in contrast to most other known
CRISPR-Cas types 3. Like other Class 1 systems 4, they form multiprotein complexes >® and are divided
into distinct subtypes and variants based on their molecular architecture . Although type IV loci
contain CRISPR arrays with varying spacer content, they lack Cas1-Cas2 adaptation modules, rendering
their spacer acquisition mechanism enigmatic (Fig. 1A) >, Type IV CRISPR-Cas systems also stand
out for their consistent association with conjugative MGEs, such as plasmids and integrative
conjugative elements (ICEs) >”*1, and in case of the type IV-A for featuring a 5'-3' DNA helicase called
DinG instead of an effector nuclease (Fig. 1A) 372,

Recent research has shed light on the potential mechanisms driving RNA-guided type IV CRISPR-Cas
targeting. For example, the type IV-A CRISPR-Cas system (variant IV-A1) in Pseudomonas oleovorans
has been shown to mediate DinG-dependent transcriptional repression of chromosomal targets 2. In
contrast, type IV-Al systems can facilitate the loss of a small vector plasmid even when the targeted
region is outside an open reading frame >!2, leaving open questions about the proposed CRISPR
interference (CRISPRi) mechanism. Notably, type IV CRISPR arrays are enriched with spacers matching
large conjugative plasmids, suggesting a unique role in inter-plasmid conflicts 7*!!. However, their
ecological role and whether and how they can interfere with conjugative plasmids remain unexplored.

Here, through a combination of molecular genetics, bioinformatics, and biochemical analyses, we
functionally characterize a type IV-A3 CRISPR-Cas system encoded on a Klebsiella pneumoniae
conjugative plasmid. Our results reveal that type IV-A3 can acquire spacers by co-opting the host-
derived type I-E adaptation machinery. Additionally, we show that crRNA-guided targeting can
mediate the loss of conjugative plasmids through transcriptional repression of plasmid core functions
and demonstrate that this silencing activity can be repurposed to re-sensitize bacteria to antibiotics.
Because type IV-A3 systems are widespread among the pervasive and opportunistically pathogenic K.

7,11,13

pneumoniae , our findings have important implications for understanding plasmid-driven

adaptation, including prevention and dissemination of antibiotic resistance and virulence factors.
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RESULTS
A clinical K. pneumoniae conjugative plasmid encodes an active type IV-A3 CRISPR-Cas

Previous research and our analyses indicate that type IV-A3 systems are carried by large conjugative
plasmids in Enterobacteriaceae (median size 280 kb), predominantly within the Klebsiella genus (91
%; Suppl. Fig. S1A-D) "1 These plasmids are usually cointegrates of IncHI1B/IncFIB replicons (53 %;
Supp. Fig. S1E) and frequently carry one or more antibiotic resistance genes (58 %, on average 11
resistance genes/plasmid; Supp. Fig. S1F-H) .

To investigate the biological function and molecular mechanisms driving adaptation and interference
in type IV-A CRISPR-Cas, we aimed to establish a model system with ecological and clinical relevance.
We selected the clinical isolate K. pneumoniae 808330 (sequence type, ST182), which has a
chromosomal type I-E CRISPR-Cas system and harbors plasmid p1530 that encodes a type IV-A3
CRISPR-Cas system (Fig. 1B-C, Suppl. Fig. S2). The IncHI1B/IncFIB p1530 is 205 kb and encodes the
extended-spectrum B-lactamase (ESBL)-gene blacrx-w.1s that has spread globally and confers resistance
to important 3" generation cephalosporins >, Through conjugation experiments, we confirmed the
ability of p1530 to transfer efficiently from its natural host into another K. pneumoniae strain and also
other clinically relevant Enterobacteriaceae species (Fig. 1D).

Our analysis of the CRISPR spacer contents in p1530 confirmed the strong preference for targeting
other conjugative plasmids predicted across type IV CRISPR-Cas systems (Fig 1E, Suppl. Fig. S2, Suppl.
Table S1) 7. Small RNA sequencing of E. coli expressing the type IV-A3 from a plasmid showed the
production of mature crRNAs (Fig. 1E, Suppl. Fig. S3A). We then confirmed the constitutive expression
and crRNA maturation of the type IV-A3 and type I-E CRISPR-Cas systems in their native Klebsiella host
through total and small RNA sequencing, respectively (Suppl. Fig. S3B-C). Finally, heterologous protein
expression and purification revealed the formation of a ribonucleoprotein complex, containing the
Cas proteins Cas8 (Csf1), Cas6 (Csf5), Cas5 (Csf3), and multiple Cas7 (Csf2), but lacking DinG (Csf4) at
a stoichiometry indicating co-precipitation (Suppl. Fig. S4). This shows that the type IV-A3 Cas proteins
assemble into a multisubunit complex and indicates that DinG may be recruited to the interference
complex in trans after target binding, similar to what has been observed for Cas3 in CRISPR-Cas type |
4. These results collectively suggest that the K. pneumoniae type IV-A3 system in p1530 is both
functional and suitable as a model system.
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Figure 1. The K. pneumoniae type IV-A3 CRISPR-Cas system encoded on a conjugative ESBL-plasmid is
functionally active. A) Comparison of canonical CRISPR-Cas systems (left) and type IV-A CRISPR-Cas (right).
Most CRISPR-Cas systems are chromosomally encoded, contain Casl/2 to acquire new spacers, and
primarily target phages using associated nucleases. Type IV-A CRISPR-Cas are encoded on conjugative
elements such as plasmids, lack Casl/2 modules and carry a DinG helicase instead of a nuclease
component. B) Phylogenetic tree showing the selected type IV-A3 from K. pneumoniae 808330 (arrow)
among other type IV system representatives. Previously studied orthologs and taxonomic assignments of
their hosts are indicated (gray dot). The phylogenetic tree was built using Csf2 (Cas7) protein alignments.
C) Schematic of the type IV-A3 cas operon and CRISPR on the K. pneumoniae 808330 plasmid p1530. D)
Mean rates of p1530 conjugation (blue lines) from its native host K. pneumoniae 808330 to different
Enterobacteriaceae species: E. coli (Eco), K. pneumoniae (Kpn), and Salmonella enterica Typhimurium
(STm). The error bars indicate the SD (n=4). E) Schematic of the type IV-A3 CRISPR array carrying ten spacers
(top), with their predicted origins indicated in purple (plasmid), orange (phage), or white (unknown). Small
RNA-sequencing of the type IV-A3 CRISPR-Cas locus expressed in E. coli and mapped back to the p1530
CRISPR array (bottom).

In trans use of Cas1/2e facilitates spacer acquisition in type IV-A3 CRISPR arrays

Type IV-Aloci lack adaptation modules despite their association with CRISPR arrays with varying spacer
content, prompting questions about the spacer acquisition mechanism (Fig. 1A). Notably, type IV-A3
systems are frequently found in strains that encode chromosomal type I-E systems, and our previous
bioinformatic analyses revealed significant similarities in their CRISPR repeats and leader sequences ’.
To investigate the potential functional interplay between type IV-A3 CRISPR arrays with type I-E
adaptation modules, we expressed K. pneumoniae Casle and Cas2e (Cas1/2e) in E. coli harboring the
type IV-A3-encoding plasmid p1530. To enhance rare spacer acquisition events, we electroporated
cells with 35 bp double-stranded DNA oligos as protospacers (PS) containing the canonical type I-E 5'-
AAG-3' spacer acquisition motif (SAM) (Fig. 2A, Suppl. Fig. S5A) 6. PCR analysis revealed Casl/2e-
dependent array expansion (Fig. 2B, Suppl. Fig S5B), and Sanger sequencing confirmed integration of
the electroporated protospacer into the leader-repeat junction of the type IV-A3 CRISPR array in
p1530 (Fig. 2B). Notably, the 3'-guanine of the SAM was incorporated into the CRISPR array together

with the protospacer sequence (Fig. 2B), which is a distinctive characteristic of type I-E adaptation '~
19
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To further characterize Casl/2e-mediated spacer acquisition into type IV-A3 arrays and the
corresponding SAM, we overexpressed Casl/2e in K. pneumoniae 808330 harboring p1530 with a
targeting-deficient type IV-A3 (AdinG) to allow for genome-wide spacer acquisition (Fig. 2A). We PCR-
amplified and deep-sequenced expanded CRISPR arrays (Fig. 2C, Suppl. Fig. S5C) ° and mapped the
acquired spacers back to the K. pneumoniae 808330 genome. Consistent with the acquisition in I-E
CRISPR-Cas systems, the majority of acquired spacers were 33 bp in length (85 %, n= 13M total; Fig.
2D) and originated from genomic positions next to a 5'-NAAG-3' SAM (position -3 to -1, 49 %, total
percentage across all spacers; Fig. 2E) 17%°, Furthermore, we observed a preference for the acquisition
of spacers from plasmids in the cell (Suppl. Fig. S5D), consistent with previous reports 2!, and no
preference for the coding and template strands (Suppl. Fig. S5D-E). Together, our findings
demonstrate that plasmid-encoded type IV-A3 CRISPR-Cas systems can use host-derived Cas1/2e to
acquire new spacers.
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Figure 2: Type I-E adaptation machinery facilitates spacer acquisition in type IV-A3 CRISPR loci. A)
Schematic of the two acquisition experiment setups; experiment 1: E. coli harboring the p1530-encoded
type IV-A3 CRISPR-Cas system and electroporated with double-stranded DNA protospacers (PS, purple)
with a 5'-AAG-3' SAM (green). Experiment 2: K. pneumoniae with a targeting-deficient p1530-encoded type
IV-A3 system (AdinG). In both experiments, the Cas1/2e adaptation module was expressed from a plasmid.
B) Experiment 1: Amplicons of leader proximal CRISPR array region and corresponding Sanger-sequencing
results (bottom). The schematics, gel, and Sanger results show the amplification of the CRISPR array
upstream and downstream of the newly acquired spacer. The break in the Sanger sequence trace indicates
the assembly of sequences from opposing directions. C) Experiment 2: Detection by PCR of Casl/2e
dependent genome-wide spacer acquisition in K. pneumoniae by amplicon deep-sequencing. The gel and
schematics show amplification during the second PCR of CAPTURE of the leader-proximal end, 136 bp for
elongated arrays (left) and 75 bp for the leader amplification (right). Black arrows indicate primer annealing
sites and the gray arrow indicates a secondary binding site. D) Mean number of integrated spacers by
length (x-axis) as bars with error bars indicating the 95 % confidence interval (n=3). E) Sequence logo of the
SAM as determined by the genome-wide spacer acquisition assay. Nucleotide abundance is shown as the
mean fraction (n=3) at positions -6 to -1 of the acquired 33 bp-spacers.
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IV-A3 targeting interferes with horizontal transfer and stability of conjugative plasmids

Type IV-A3 CRISPR-Cas spacers exhibit a prominent bias towards targeting other large conjugative
plasmids (median size 136 kb, 67 % conjugative; Suppl. Fig. 6A-D), leading to speculation about their

791122 The targeted plasmids, which are

biological role in mediating inter-plasmid conflicts
predominantly found in Klebsiella and span various Inc groups, are often replicon cointegrates such as
IncFll/IncFIB (Suppl. Fig. 6E-G). Of particular importance, they commonly harbor multiple

antimicrobial resistance genes (57%; Suppl. Fig. S6H-I).

We reasoned that plasmid competition mechanisms may act on the horizontal or vertical inheritance
of other plasmids, compromising their long-term stability in bacterial populations. To test whether
type IV-A3 can mediate inter-plasmid competition, we leveraged three experimental setups to explore
the impact of type IV-A3 targeting on pKIK5, a broad-host-range IncP-1 antibiotic-resistance plasmid
(Fig. 3A-E) 3%, We designed crRNAs targeting both DNA strands of pKJK5 in selected regions involved
in plasmid replication (replication initiation, trfA), inheritance (partitioning, parA), conjugation
(transfer initiation, relaxase tral, and origin of transfer, oriT), and expression of a heterologous green
fluorescent protein (gfpmut3, hereafter gfp) (Fig. 3A, Suppl. Fig. S7A-C).

We first asked whether plasmid targeting could limit pKJK5 establishment in a type IV-A3-expressing
recipient strain (RIV-A3) upon conjugation from a donor strain (Do) (Fig. 3B). When targeting the trfA
gene, which is essential for plasmid replication, conjugation efficiency was reduced by over four orders
of magnitude while targeting the non-essential sites had no effect on pKIK5 establishment (Fig. 3B,
Suppl. Fig. S7D). Notably, >95 % of transconjugants with targeted gfp did not emit green fluorescence,
supporting the interference mechanism by transcriptional repression proposed for type IV-Al (Fig.
3C)'? . We then investigated whether targeting pKIK5 in type IV-A3-expressing donors (DIV-A3) could
hinder its transfer to a recipient strain (Ro) (Fig. 3D). Targeting the oriT and the tral gene, which are
required for conjugation, substantially reduced horizontal plasmid transfer (Fig. 3D, Suppl. Fig. S7E).
This is in contrast to the plasmid-incoming experiment, where targeting the same regions did not
affect conjugation efficiencies (Fig. 3B, Suppl. Fig. S7D). Finally, we tested whether type IV-A3
interference could destabilize pKIK5 in a plasmid stability assay (4 days; ~40 generations) in the
absence of pKJK5-specific selection. In this assay, pKIK5 was only lost when targeting the trfA gene,
confirming its essentiality (Fig. 3E, Suppl. Fig. S8A). We further explored whether type IV-A3 targeting
incurred a growth disadvantage on cells with a targeted plasmid, as shown for other anti-plasmid
systems that function through abortive infection 2>%6, However, there was no qualitative difference in
population growth upon targeting (Suppl. Fig. S8B). Our experiments demonstrate that type IV-A3
CRISPR-Cas can effectively limit both the transfer and stability of natural conjugative plasmids in
bacterial populations, regardless of the targeted strand, and are consistent with a natural CRISPRi
mechanism.
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Figure 3. IV-A3 mediates crRNA-directed interference with conjugative plasmids and phages. A) Gene map of
pKJKS5 indicating the regions targeted by type IV-A3 in blue. Red triangles represent the approximate location of
protospacers. B) Type IV-A3 interference in E. coli recipients Ry-a3. C) Evaluation of GFP fluorescence under type
IV-A3 targeting in Ry.as. Bars represent the mean of transconjugants emitting green and non-green signals,
comparing a non-targeting (NT) crRNA control to crRNAs targeting gfp. D) Type IV-A3 interference in E. coli
donors Dy.a3. Evaluation of trfA targeting was not feasible due to the instability of pKJK5 while expressing type
IV-A3 CRISPR-Cas (crossed, gray-shaded squares). The conjugation efficiency of pKIK5 in B and D is shown as the
conjugation reduction compared to the NT control. E) Plasmid maintenance assay showing pKJK5 stability under
type IV-A3 targeting in the absence of pKJK5-selection over ~40 generations. The dotted line indicates the
detection limit of the assay. Blue dots show the mean of four biological replicates with error bars as SD (n=4). F)
Genome map of A-vir indicating the regions targeted by type IV-A3 in blue. Target sites are shown as in A. Early
and late expressed regions are indicated. G) Type IV-A3 interference of A-vir infection in E. coli determined as
plaque forming units (PFU)/ mL. Bars show the mean values and error bars indicate the SD. H) Schematic of PAM-
DETECT method on the left. TIM wheel on the right shows the mean sequence motif recognized by type IV-A3
interference complexin 5' > 3' from outer to inner position (n=2). The size of the arc for each nucleotide position
corresponds to its relative enrichment within the TIM library. Individual sequences comprising at least 2 % of
the PAM wheel are shown. P values in panels B and D-F represent two-sample Student’s t-Tests of log10
transformed T/(R+T) for panels B and D, pKJK5* fraction for E and PFU/mL for G, comparing each targeting
treatment to the NT control (n=3 if not stated otherwise). **** P <0.0001; *** P <0.001; ** P <0.01; *P <0.05.
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IV-A3 interferes with phage propagation

A small fraction of spacers in type IV CRISPR arrays are predicted to match phage sequences (Fig. 1E,
Suppl. Fig. S2, S6A, Suppl. Table S1) 7>, suggesting a selective advantage for plasmids to retain these
spacers. To evaluate this, we challenged E. coli with phage A-vir and designed type IV-A3 crRNAs
against both DNA strands of the A-vir genome at four selected positions, including early and late
expressed genes, and an intergenic region (Fig. 3F). Type IV-A3 interference reduced the ability of A-
vir to propagate in its host for up to five orders of magnitude (Fig. 3G). Interestingly, interference with
phage infection was significant but less pronounced when targeting the intergenic region (Fig. 3G).
These results indicate that type IV-A3 CRISPR-Cas systems can robustly target phages and suggest that
type IV-A3-carrying plasmids can enhance their own fitness by protecting their hosts from phage
predation.

IV-A3 interference requires the presence of a target interference motif

Mutational evasion of CRISPR-targeting by phage evasion has provided valuable insights into the
mechanistic constraints of CRISPR-Cas systems, revealing that the PAM and seed (PAM proximal
region, important for target identification initiation) in the protospacer are essential for interference
27729 To deepen our mechanistic understanding of type IV-A3 targeting, we isolated and analyzed a set
of A-vir variants capable of escaping interference. We found A-vir evaded targeting by mutations in the
2" and 3" positions of the 5'-AAG-3' PAM, in the seed, or by deleting the seed and PAM region (Suppl.
Fig. S9A-D), altogether suggesting a reliance on the stringent recognition of a target interference motif
(TIM).

To further characterize the TIM requirements of type IV-A3, we used an in vitro cell-free transcription-
translation (TXTL) assay for PAM determination (PAM-DETECT) based on the restriction enzyme-
dependent depletion of protospacer sequences without a recognized TIM 3°. This revealed a
pronounced dependence of the interference complex on the recognition of a 5'-NAAG-3' TIM for
protospacer binding (Fig. 3H). The identified TIM exhibits striking consistency with the 5'-AAG-3' SAM
determined in our Casl/2e dependent acquisition experiments (Fig. 3H, Fig. 2E), highlighting the
compatibility in functional requirements between the type I-E adaptation machinery and type IV-A3
interference complex. Finally, we found that A-vir also overcame interference through deletion of the
region encoding the targeted lysozyme gene R, and subsequently acquiring a functional homolog
present in other coliphages (Suppl. Fig. S9E). Together, these results highlight the strong selective
pressure exerted by type IV-A3 interference with A-vir and the stringent recognition of a TIM for
effective targeting.

DinG is essential for blocking expression once transcription has initiated

The above results and a recent study suggest that type IV-A systems elicit target interference through
transcriptional repression 2, shedding light on the targeting mechanism. However, the mechanistic
role of the associated DinG helicase remains unclear despite its suggested ATP-dependent 5'-3' DNA
helicase activity on the target ® and its proposed essentiality in this process 1>!2. To shed light on the
relevance of DinG during interference, we used three variants of the type IV-A3 CRISPR-Cas system:
wildtype, a DinG knockout mutant (AdinG), and a catalytically inactive helicase mutant (D215A/E216A,
dinGmut; Fig. 4A) °.
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We then assessed the ability of the variant systems to target fluorescent reporter genes at various
intragenic positions and promoter sites, using an in vivo setup (chromosomal mCherry; Fig. 4B) and an
in vitro TXTL setup (degfp; Suppl. Fig. S1I0A-B). Using the wildtype IV-A3 CRISPR-Cas system, targeting
within the open reading frame of the reporter genes consistently resulted in a robust decrease of
fluorescent signal (Fig. 4C; Suppl. Fig. S10C). In contrast, interference was completely abolished in the
absence of DinG (AdinG), supporting its requirement for gene silencing. With the dinGmut variant, we
found a reduced mCherry signal when crRNAs hybridized to the template strand but not when crRNAs
hybridized to the coding strand in vivo. Targeting in the promoter region, however, always resulted in
a strong reduction of reporter signal, independent of the DinG variant (Fig. 4C, Suppl. Fig. S10C).
Indeed, we found that purified type IV-A3 complexes bound strongly (at a low nM apparent
dissociation constant Kp) to a cognate double-stranded DNA target in the absence of DinG (Suppl. Fig.
S11A-C). This shows that initial DNA target binding is independent of DinG and suggests that the
reduced reporter signal, observed upon targeting the promoter region of mCherry (Fig. 4C), arises
from blocked transcription initiation upon type IV-A3 ribonucleoprotein complex binding. Together,
these results suggest that the type IV-A3 complex without DinG is sufficient to prevent transcription
initiation, while DinG is crucial to mediate gene repression in transcribed regions.

IV-A3 mediated re-sensitization of antibiotic-resistant bacteria

Due to the growing spread of antimicrobial resistance in pathogenic strains and its impact on global
health 31, there is an urgent need to develop alternative strategies such as restoring antimicrobial
susceptibility 32734, Our findings highlight that type 1V-A3 shows promise as a programmable tool for
transcriptional repression, which is particularly noteworthy given the natural propensity of type IV-A3
systems to target conjugative multidrug-resistance plasmids carried by clinical pathogens (Suppl. Fig.
S6F, H-1).

To investigate the suitability of type IV-A3 for re-sensitizing bacterial strains to antimicrobials, we
guided the effector complex towards B-lactam resistance genes (Fig. 4D). By targeting the ESBL-gene
(blacrxmis) encoded on the clinical E. coli plasmid p1ESBL (Fig. 4E) 3>3¢, we restored the strain’s
susceptibility to the extended-spectrum p-lactam antibiotic ampicillin (Amp). Importantly, the
targeted plasmid was maintained in re-sensitized cells, consistent with the transcriptional repression
mechanism (Fig. 4E). With a broth microdilution minimum inhibitory concentration (MIC) assay, we
further demonstrated that targeting the chromosomal blasuy-1s7 in K. pneumoniae 808330 reduced the
MIC value below the EUCAST clinical susceptible breakpoint (8 mg/L for Amp, v13.0, 2023-01-01; Fig.
4F). The resistance reduction was similar to that caused by the SHV-187 null-mutation (ASVH) (Fig. 4F)
or the addition of the B-lactamase inhibitor clavulanic acid in a disc diffusion assay (Suppl. Fig. S12A-
B). Together, our results underscore the programmability of type IV-A3 systems for silencing target
genes of interest and exemplify their use for combating antimicrobial resistance.
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Figure 4: IV-A3 interference functions through transcriptional repression and can re-sensitize
antibiotic-resistant bacteria. A) Schematic of the three type IV-A3 CRISPR-Cas variants used in the mCherry
reporter targeting assay; wildtype, dinGmut with a catalytically inactive DinG, and the AdinG knockout mutant.
B) lllustration of the mCherry reporter construct. Triangles represent the approximate location of protospacers
within mCherry (red) and the Plpp promoter (gray), where the crRNA hybridizes to the coding (full) and template
(crosshatched) strands C) In vivo transcriptional repression assay. The mean mCherry fluorescence signal is
normalized to bacterial ODgoo (y-axis) and the targeted positions are shown on the x-axis. Error bars indicate SD.
A linear model indicated that IV-A3 variant, target position (promoter vs. gene), and strand significantly
contribute to relative mCherry levels (R? = 0.98, P < 0.0001 for all factors) and a bidirectional stepwise linear
regression that target position is the most important predictor, followed by IV-A3 variant, and then strand (n =
3) . D) Diagram illustrating the process of restoring B-lactam sensitivity in ESBL-producing strains through crRNA-
guided type IV-A3 CRISPR-Cas gene silencing. E) Reversal of ESBL-mediated antibiotic resistance encoded on
p1ESBL carried by E. coli DH10B shown as the logio of colony forming units (CFU)/ mL under type IV-A3
interference (targeting) and the NT control. Lines represent the mean of the plasmid-carrying cells: total
population of plasmid-carrying cells (T) and the B-lactam resistant subpopulation thereof (R) (n= 4). Error bars
indicate the SD. F) MIC of Amp for K. pneumoniae 808330 under type IV-A3 mediated transcriptional repression
of blasuy.1s7 (right) and for a ASVH mutant (left). The EUCAST susceptibility breakpoint (8 mg/L) is indicated in
red. Datapoints shown at 32 mg/L are = 32 mg/L and error bars indicate SD. The p-value in panels E and F
represents a two-sample Student’s t-Tests, of the logio transformed CFU/mL for E and MIC values for F (n = 4 for
both). **** P <0.0001.
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DISCUSSION

CRISPR-Cas systems encoded on MGEs frequently lack adaptation modules 237739

and how they
acquire new spacer memory has remained enigmatic. Our experiments support a model in which type
IV-A3 CRISPR-Cas systems can overcome this limitation by employing host-derived I-E Casl/2e
proteins (Suppl. Fig. S13). Since the adaptation machinery has a strong preference for sampling MGEs
40 type IV systems may reduce plasmid self-targeting costs while enabling acquisition occasionally,
when compatible adaptation modules become available in trans. Our findings reveal a striking
functional overlap in PAM recognition preferences between the type I-E adaptation and type IV-A3
interference complexes (SAM and TIM, respectively), underscoring remarkable co-evolution of DNA
motif specificity among distinct CRISPR-Cas types. We speculate that other mobile CRISPR-Cas

38,41-43 39,44,45

systems, including CRISPR-associated transposons and certain phage- and plasmid-

encoded loci %2, may similarly co-opt host adaptation machinery to acquire spacer content. A growing
body of work is revealing the frequent carriage of diverse anti-phage defense systems by MGEs %647,
suggesting that such functional complementarity with chromosomal loci may be a widespread

phenomenon beyond CRISPR-Cas.

Despite growing evidence that type IV-A CRISPR-Cas systems are primarily involved in inter-plasmid
conflicts 79, this hypothesis has remained unexplored. Our findings demonstrate that type IV-A3 can
effectively block horizontal transfer and vertical inheritance of conjugative plasmids in bacterial
populations by silencing essential plasmid functions. The benefits of licensing interference through
non-nucleolytic activities are unclear. However, in contrast to nucleolytic CRISPR-Cas systems,
transcriptional repression may be less likely to trigger DNA-damage-induced SOS response that

4850 and plasmid fitness 1. This advantage may extend to other MGE-encoded

impairs host growth
CRISPR-Cas systems lacking nuclease activity, such as types V-M #* and V-C °?, the helicase-associated

type I-C variant ¥, as well as other type IV systems ’.

Non-nucleolytic interference may present further advantages, including the capacity to acquire
spacers that target chromosomal genes without causing toxic effects. Furthermore, this mechanism
could allow plasmids to selectively retain spacers that manipulate the host’s or other co-residing
MGE’s transcriptional profiles to their advantage. In support of this, Guo et al. 2022 reported the
repression of the chromosomal pilus biogenesis gene PilN by a plasmid-encoded type IV-Al system.
Interestingly, a significant proportion of type IV CRISPR spacers match plasmid conjugation genes ’,
which are also involved in pilus formation. For example, phages using pili as receptors are widespread
3 and it is possible that type IV-driven pili repression enhances plasmid fitness by preventing phage
entry into host cells.

Albeit dependent on the presence and catalytic integrity of DinG, we demonstrate that type IV-A3 can
robustly interfere with transcription elongation when targeting both the coding and template strands
(Suppl. Fig. $13). This finding highlights the potential of type IV-A3 as a strand-independent CRISPRI
tool that contrasts the conventional nuclease-deficient Cas9 (dCas9) >#°°, dCas12 >®*” and Cascade %,
which are mostly restricted to the coding strand. As a proof-of-concept demonstration, we show that
type IV-A3 gene silencing can be repurposed to re-sensitize bacteria to antibiotics, including high-risk
clinical K. pneumoniae strains resistant to last resort B-lactams *°. We further showcase that the
targeting of plasmid-encoded accessory genes does not cause plasmid loss, highlighting the distinctive
potential of type IV-A3 to prevent the emergence of CRISPR-Cas inactivating mutations %%, Indeed,
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such unwanted mutations are particularly favored when targeting natural plasmids for removal, as
they frequently encode addiction systems that select for their maintenance in the population %23, We
anticipate that further investigations of the molecular mechanisms underlying type IV CRISPR-Cas
systems will present further opportunities for harnessing their unique crRNA-guided properties in
biotechnological applications.
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MATERIALS AND METHODS
Bacterial strains, phages, and growth conditions

Bacterial strains phages, and plasmids used in this study are listed in Table $3 and 4. We screened the
Klebsiella spp. collection from the University Hospital Basel, Switzerland to identify K. pneumoniae
808330, which was isolated in 2017 from a rectal swab taken during a hospital hygiene screening. We
performed library preparation for K. pneumoniae 808330 with a Nextera XT Kit to sequence on an
Illumina NextSeq500 (paired end, 2 x 250 bp) and a rapid barcoding sequencing kit (SQK-RBK004). We
then proceeded to sequence with an Oxford Nanopore MinlON system (FLO-MIN-106 flow cell). To
generate a hybrid assembly, we used Unicycler v0.4.8 ® and annotated CRISPR-Cas systems using
CRISPRCasTyper ®, plasmids with Plasmidfinder and MOB-suite *®®’, and resistance genes by blasting
against the CARD database 8. Unless stated otherwise, bacterial cultures grew at 37 °C and under
agitation (180 rpm) in lysogenic broth (LB) medium, supplemented with appropriate amounts of
antibiotics: none, 100 pg/mL carbenicillin to maintain plasmid pMMB67he, pYTK095, p1530 and
derivatives thereof; 25 pug/mL chloramphenicol (CM) to maintain plasmid pMMB_IVA3_Cas_Cm or
select for CM resistant MG1655; 20 pg/mL gentamicin to maintain plasmid pHERD30T and derivatives;
20ug/mL kanamycin or 15 pg/mL tetracycline to maintain pKIK5 and 50 pg/mL to select for pRSF-
derivates. When appropriate, the following inducer concentrations were used: 0.2-0.3 % w/v L-
arabinose and 0.1 mM isopropyl B-D-1- thiogalactopyranoside (IPTG). To propagate the virulent E. coli
phage A-vir, we incubated a single plaque with E.coli GeneHogs in 3 mL of LB containing 10 mM MgS04
at 37 °C for 3 h. Then we added the 3 mL phage-bacteria mix to a 20 mL culture of E.coli GeneHogs of
an optical density (OD at 600 nm, hereafter 0D600) of ~0.8, which we incubated at 37 °C for 6 h or
until clear. We collected phages by sterile filtering the lysate and storing it at 4 °C over chloroform.

p1530 transfer rate estimation

To estimate p1530 transfer rates [mL (CFU h)™], we used the Approximate Extended Simonsen Model,
which accounts for varying growth rates of donor, recipient, and transconjugants and estimates a time
window for reliable transfer rate estimations . The p1530 plasmid transferred from its native host K.
pneumoniae 808330 to the clinical E. coli Z1269 and K. pneumoniae SB5442, both carrying the Cm
resistance-plasmid pACYC184, and to STm 14028 with the chromosomal Cm marker marT::cat. In brief,
we grew four independent overnight cultures of donor and recipient strains supplemented with
appropriate antibiotics, washed them by pelleting and resuspending, and mixed 1uL of 6.5-fold diluted
donor and recipient cultures each to 150uL LB in a 96-well plate (final 1000-fold dilution). We
enumerated donors, recipients, and transconjugants in mating populations after 6 h of growth without
agitation and estimated their growth rates (h™) based on hourly OD600 measurements (Tecan
NanoQuant Infinite M200 Pro) using the R package Growthcurver. Finally, we estimated transfer rates
with the R package conjugator *°

Cas7 phylogenetic tree

We selected a representative set of type IV-A CRISPR-Cas systems and used CRISPRCasTyper ®° to
extract the Cas7 (Csf2) protein sequences. The chosen type IV-A loci covered the diversity observed
across the type IV-A variants (A1-A3) 7 and included the reference type IV-Al systems studied in
previous works >1%12, To root the subsequent tree, we used the Cas7 from a previously studied type
IV-B system ®. Mafft (v.7.0) was used to generate the multiple sequence alignment (Gap open penalty:
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1.53; Gap extension penalty: 0.123) ’° and an approximately--maximum-likelihood phylogenetic tree
was generated with FastTree L. The resulting tree was visualized with ITOL 72,

Computational analysis to identify plasmids targeted by type IV-A3

Type IV-A3 CRISPR-Cas systems were retrieved by running CRISPRCasTyper  on the ENA bacterial

7

genome database 3. We extracted spacers from the identified type IV-A3 CRISPR arrays and
dereplicated them using cd-hit-est (v.4.8.1) 7* (90% identity and 90% coverage), yielding a dataset of
450 non-redundant spacers. (Suppl. Table S5). To identify plasmids and phages targeted by type IV-
A3 systems (i.e, carrying matching protospacers), we used the BLAST suite of programs, v.2.6.0+ 7° to
screen the spacer queries in >55,000 plasmid and bacteriophage sequences. As a plasmid database,
we employed the 21,520 plasmids retrieved from the complete genomes available in the NCBI non-
redundant RefSeq database in March 2021. As a bacteriophage database, we used the 34,718
bacteriophage sequences available in the NCBI Virus Collection in June 2023. We indexed both
databases with makeblastdb (default parameters) and used blastn (v.2.6.0+) to screen for matching
protospacers, with the option -task blastn-short and an E-value threshold of 0.05 given the short
length of the queries. Hits against type IV-A3-encoding plasmids — identified by running
CRISPRCasTyper © on the PLSDB plasmid dataset ’® (Suppl. Table S6) — were discarded to avoid
potential matches against type IV-A3 CRISPR arrays. Moreover, we only retrieved hits showing >95 %
identity and >95 % coverage for further analysis. This resulted in a total number of 3,046 hits, 3,035
against the plasmid database, and 11 against the phage database. 58 % showed 0 mismatches in the
alignment, and 42% showed one mismatch. No alignment with >1 mismatch was retrieved.

Characterization of type IV-A3 carrying and targeted plasmids

For both, type IV-A3 carrying and targeted plasmids, we identified plasmid incompatibility groups with
PlasmidFinder, v.2.0.1 %, using the database of Enterobacteriales (v.2023-01-18), and antimicrobial
resistance genes with the software AMRFinderPlus, v.3.11.4 77. Additionally, some of these plasmids
have previously been characterised as phage-plasmids ’2. Finally, to characterise the mobility of
plasmids we identified Mating Pair Formation (MPF) system and relaxase (MOB) with CONJScan,
v.2.0.1 7%, and oriT with an in-house protocol previously described &. The MPF, MOB, and oriT allowed
us to classify plasmids as conjugative (putatively complete MPF system with a relaxase), decay
conjugative (incomplete MPF system with a relaxase), MOB-mobilizable (relaxase in the absence of an
MPF system), and oriT-mobilizable (presence of an oriT and absence of both MPF and MOB). The
remaining replicons were considered as non-transmissible. To visualize this data we used the R
package ggplot2, v.3.3.5 8, with the addition of the R packages UpSetR, v.1.4.0  and ggridges, v.0.5.3
8 where required.

Design and cloning of expression vectors

For the construction of expression vectors we performed USER cloning (NEB) or Gibson Assembly
(NEB) following the manufacturer’s instructions. For exchanging the spacer sequences in pHerd_IV-
A3_mini-array_NT we used Golden Gate DNA Assembly or restriction cloning, digesting 500 ng of the
backbone with Bsal-HF (NEB) and ligating 5 uL of 5 UM spacers (annealed oligos) with 80ng of Bsal-
digested backbone using the T4 ligase (NEB). We chose spacer sequences based on protospacer
position and their association with a 5'-AAG-3' motif and annealed them from two oligonucleotides
with the according restriction site overhangs (95 °C for 5 min, 23 °C for 15 min). All constructs were
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then transformed into E.coli and constructs were confirmed by Sanger and/ or Oxford Nanopore
sequencing. All oligonucleotides used in this study are listed in Suppl. Table S7.

RNA Sequencing and data analysis

To test type IV-A3 activity, we analysed crRNA processing in both, K. pneumoniae 808330 under
natural expression from p1530 and in E. coli MG1655 from pMMB_IVA3_Cas_CRISPR. For both we
extracted small RNAs with the mirVana isolation kit (Ambion), treated with DNase | (New England
Biolabs, NEB), end-repaired with T4 Polynucleotide Kinase (NEB), and submitted final products to
library preparation (NEBNext Ultra RNA Library Prep Kit for lllumina), following the manufacturer’s
instructions. For the transcriptomic analysis of K. pneumoniae 808330, we extracted total RNA with
the mirVana isolation kit (Ambion), treated with DNase | (NEB), rRNA depleted with a NEBNext rRNA
Depletion Kit (Bacteria), and submitted final products to library preparation using a NEBNext Ultra Il
Directional RNA Library Prep Kit for lllumina following the manufacturer’s instructions. We sequenced
with an lllumina MiniSeq System in single-end mode, generating 150 nucleotide reads and quality
control using FastQC. We trimmed reads with Cutadapt and aligned them to the genome of 808330
and E. coli MG1655 using Hisat2 88 To calculate the abundance of transcripts we used the RPKM
method ®. For data analysis, coverage plots, and scatter plots we used the R package ggplot2 .
Expression and purification of the type IV-A3 ribonucleoprotein complex.

To express the type IV-A3 ribonucleoprotein complex and the crRNA, we grew overnight cultures of
single colonies of E. coli BL21 Star containing the plasmid-encoded type IV-A3 complex with a C-
terminal Gly-His6-tag at Cas7 (Csf2), each in 15 mL terrific broth (TB, Thermo) at 37 °C with required
antibiotics and at 200 rpm (here and the following steps). These starter cultures we subcultured in 1
L TB with required antibiotics to an OD600 of 0.6 — 0.8, before induction of expression by adding IPTG
and further growth for 3 h. We pelleted cells by centrifugation (3,600 x g, 30 min, 4 °C) and
resuspended them in 20 mL lysis buffer (10 mM HEPES-Na, pH 8.0, 150 mM NacCl, 40 mM imidazole)
before cell lysis by sonication using a Vibra-Cell ultrasonic processor at 40 % amplitude for 5 min with
pulses of 3 s at 3 s intervals. We cleared lysates by centrifugation (47,384 x g for 20 min at 4 °C) and
applied supernatants onto 1 mL HisTrap FF columns (Cytiva, pre-equilibrated in lysis buffer, for Ni-NTA
affinity chromatography at 4 °C). After a wash step with 15 column volumes of lysis buffer, we eluted
proteins with three column volumes of elution buffer (10 mM HEPES-Na, pH 8.0, 150 mM NacCl, 500
mM imidazole). We concentrated proteins to 0.5 mL at 4 °C and further purified by size-exclusion
chromatography using a Superose 6 Increase 10/300 GL column (Cytiva, equilibrated in size exclusion
buffer: 10 mM HEPES-Na, pH 7.5, 150 mM NaCl) at 4 °C. We then concentrated main peak fractions to
0.5 mL at 4 °C and estimated concentrations based on the absorbance at 280 nm using a NanoDrop
Eight spectrophotometer (Thermo) and extinction coefficients based on an assumed Cas protein
complex stoichiometry of 1:1:6:1 (Cas5:Cas8:Cas7:Casb).

Verification of in trans spacer acquisition

A similar approach to detect the acquisition of synthetic protospacers has been used by Shipmann et
al., 2016 . In brief, we grew E. coli MG1655 carrying p1530 in combination with either pHerd_Cas1/2e
or pHerd30T_ev (negative control) overnight, each in triplicates, and subcultured cells in LB containing
0.2 % w/v L-arabinose until they reached an OD600 of ~0.4. We made each replicate electrocompetent
according to standard laboratory procedures and electroporated 100 ng of the double-stranded
protospacer PS (PSA33 ®) as annealed oligonucleotides. As a negative control, we electroporated cells
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without any PS DNA. Cells were recovered for 1.5 h in LB supplemented with 0.2 % w/v L-arabinose,
spun down and resuspended in 50 uL water, and stored at 4 °C until further processing. To confirm
the acquisition of the new PS in the type IV-A3 array, we performed two PCRs on each of these
templates: one PCR to amplify the leader-proximal end (pFB29, annealing to PS/pFB39) and one to
amplify the leader distal end (pFB28, annealing to PS/pFB74). We verified spacer integration in the
leader-repeat junction by agarose gel electrophoresis and PCRs yielded amplicons of 108 bp and 328
bp, respectively. We subjected PCR products from each replicate to Sanger-sequencing twice, once
with pFB29 (leader-proximal end) and once with pFB28 (leader-distal end). We performed PCRs with
the Phusion DNA Polymerase (Thermo) following the manufacturer's protocol and with an annealing
temperature of 60.1°C for 35 cycles.

Detection of spacer acquisition in native CRISPR arrays

To facilitate genome-wide spacer acquisition we used a p1530AdinG (NT) containing K. pneumoniae
808330. We generated this mutant in E. coli GeneHogs using the lambda red recombinase system %,
For the assay, we conjugated p1530AdinG back into K. pneumoniae 808330, from which we previously
cured p1530. We grew the p1530AdinG containing K. pneumoniae 808330 from single colonies with
pHerd_Cas1/2e or pHerd30T_ev (negative control) in quadruplicates in LB supplemented with L-
arabinose (0.2 % w/v) overnight. For each sample, we extracted total DNA with the DNeasy Blood
&Tissue Kit (QIAGEN) from 1.5 mL cultures, which we used as templates for subsequent PCR reactions
(100 ng). To monitor adaptation, we amplified the leader-proximal end of the CRISPR array by
CAPTURE PCR %°: a first PCR with primers targeting the leader (pFB88) and the first spacer (pFB89,
spacerl) isolated the leader-proximal end (leader-repeatl-spacerl for unextended and leader-new
repeat-acquired spacer-repeatl-spacerl for extended arrays). We separated extended amplicons
from unexpanded products by agarose gel electrophoresis (2.5 % w/v), cut invisible bands of elongated
arrays (174 bp), and isolated DNAs with the GeneJET Gel Extraction Kit (Thermo). These served as
templates for a second PCR: we amplified extended arrays with pFB88 and degenerate primers
targeting repeat1, whose 5' ends are not complementary to the 3' end of the leader (adenine, pFB90,
pFB91, pFB92). Importantly, this method introduces a bias because spacers that carry the base
adenine at their 3' end are likely not amplified. After this selective PCR, we separated
expanded/unexpanded amplicons by agarose gel electrophoresis (1.5 % w/v). One replicate did not
show a band the size of expanded arrays and was dismissed. We performed PCRs with the Phusion
DNA Polymerase (Thermo) following the manufacturer's protocol and with an annealing temperature
of 67.2 °C for 35 cycles. To reach a high enough DNA concentration for high-throughput sequencing,
we performed each PCR with multiple reactions for each sample. Array-amplicons were sequenced at
Novogen (lllumina NovaSeq, 150 nucleotides paired-end reads, UK) after adaptor ligation (NEBNext
Ultra Il DNA Library Prep Kit for lllumina). After sequencing, we de-multiplexed samples by index and
had an average of 4,616,517 read pairs. First, we filtered and trimmed reads according to base
qualities with Trimmomatic (v0.39) *® with the following parameters: PE LEADING:5 TRAILING:5
MINLEN:80 AVGQUAL:20. Filtering removed on average 0.11% of the read pairs. Second, we merged
forward and reverse reads with PEAR (v0.9.6) °! with default parameters. On average 98.35 % of
filtered read pairs were merged. To extract spacers we used cutadapt (v1.18) 8 with the pattern
(partial leader + repeat + spacer(...) + partial repeat, or the reverse complement) with the -g option:
"GCTGGTGGATTTTAGTGGCGCTATTTAATATTTTATAATCA-

ACCGGTTATTTTTAGAGTATTCCCCCCGTGTGCGGGGGTTATCG...GTATTCCCCCCGTGTGCG". From on
average 93.4 % of merged read pairs a spacer of any length could be extracted, of which 97 % were
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between 31 and 35 bp. We reverse-complemented spacers extracted with the reverse complement
pattern to match the transcribed strand. To align spacers we searched for perfect matches on either
strand of present genomes and excluded matches to the array on p1530 and spacers aligning multiple
locations; this resulted in matches for 78.5 % of the 33 bp spacers, which we used for the SAM analysis.

pKIKS targeting assays

To test the type IV-A3’s capacity to target the environmental and tetracycline-resistant IncP-1 plasmid
pKIK5 tagged with gfp 2* in E. coli, we overexpressed the IV-A3 Cas operon from the Prac promoter and
complemented it with a crRNA (mini array; repeat-spacer-repeat sequence) expressed from the Pgag
promoter crRNAs contained spacers targeting trfA, parA, tral, and gfp in the coding (+) and template
strand (-), and the oriT, and we used the non-targeting pHerd_IV-A3_mini-array_NT as a negative
control. Plasmids are given in Suppl. Table S4 and explanations for a spacer design are provided in
Suppl. Fig. S7A-C.

With this, we set up three independent targeting assays, two to test type IV-A3 interference with
pKIK5S transfer and one to test IV-A3 interference with pKJKS5 stability within a bacterial population. In
the pKJK5 incoming (from DO to RIV-A3) (Fig. 3B) and the pKJK5 outgoing (from DIV-A3 to Ro) (Fig. 3D)
assays, we estimated IV-A3 interference in the E. coli MG1655 recipient Ry.a3 and donor Dy.as3,
respectively, as the pKIK5 transfer efficiency (CFUxransconjugants/ (CFUrecipients*CFUsransconjugants), (T/(R+T))
relative to the pKIK5 transfer efficiency in the NT control. Note that for the outgoing assay, the
recipients also encoded a type IV-A3 and crRNA to avoid obscuring the interference signal by
secondary pKIK5 transfer (from transconjugants to recipients) and a chromosomal Cm marker. In brief,
after overnight growth of recipient and donor strains in biological triplicates and with required
antibiotics, we diluted 1:100 and re-grew strains in LB + inducers and appropriate antibiotics into
exponential phase (~3 h). We removed antibiotics by spinning and resuspending cultures in LB +
inducers and incubated at RT for 15 min. To initiate mating cultures we spun 500 pL each, resuspended
in 20 pL LB + inducers, and mixed 20 uL of donor and recipient to 40 pyL mating cultures which were
allowed to conjugate on LB agar plates + inducers for 3h after drying. We rescued mating drops with
a loop and resuspended them in 500 uL LB prior to dilution plating on LB agar plates + inducers and
appropriate antibiotics to select either donors+transconjugants, recipients+transconjugants, or
transconjugants only. The outgoing assay differed only in that conjugation time was limited to 35 min
and inducers were added while growing cultures to the exponential phase. It was not possible to
evaluate trfA targeting, as pKJK5 cannot be stably maintained in the donor strain under type IV-A3
induction.

For the plasmid stability assay, we grew E. coli MG1655 encoding the type IV-A3 Cas operon and
crRNAs in four biological replicates overnight in a randomized 96-well plate containing 150 plL LB with
required antibiotics and 0.2 % w/v glucose to inhibit crRNA expression. To initiate the stability assay
(day 0) we twice spun cultures to remove glucose and resuspended in 150 pL LB + inducers and
required antibiotics. We grew cultures for 4 days with daily passaging of 1.5 uL of grown cultures into
fresh medium and plating on LB agar plates + inducers and appropriate antibiotics to enumerate
plasmid-carrying and plasmid-free subpopulations. To perform statistical analyses we used the
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detection limit of 100 CFU/ mL when we did not obtain any plasmid-carrying colonies under trfA
targeting.

To measure population growth rates under type IV-A3 targeting and for the NT control we grew five
biological replicates of the strains used above as donor Dy.a3 in LB + required antibiotics for vector and
pKIK5S selection overnight. To initiate the experiment we diluted cultures 100-fold by adding 1.5 L to
a randomized 96-well plate containing 150 pL of fresh LB + antibiotics and inducers. Cultures grew for
20 h in a Tecan NanoQuant Infinite M200 Pro and were shaken prior to the hourly measurement.

gfp targeting in transconjugants

After the incoming pKIK5 plasmid targeting assay, we measured green fluorescence signal of
transconjugants. For each replicate of the strains targeting gfp in the coding (+) and template (-)
strand, and the NT control, we diluted the cells in 3 mL PBS and proceeded to analyze them through
flow cytometry (FACSAria Illu Becton Dickson Biosciences, San Jose, CA, USA) using a 70 um nozzle and
sheath fluid pressure of 70 Ib/in2. GFP was excited by a 488 nm laser (20 mW) and detected on the
fluoresceine isothiocyanate A (FITC-A) channel; bandpass filter of 530/30 nm. mCherry was excited
with a 561 nm laser (50 mW) and detected on the phosphatidylethanolamine (PE)-Texas Red-A
channel; bandpass filter of 610/20 nm. We set detection thresholds to 200 for forward (FSC) and side
scatter (SSC) and used the BD FACSDiva software (v6.1.3) for data analyses. Briefly, we used
scatterplots of particle FSC vs. SSC to delimit gates for bacterial events, thus excluding background
noise. We used bivariate contour plots (FITC vs. PE-Texas Red) to gate GFP- and mCherry-positive
bacterial cells. We used cell counts of 1000 to 3000 threshold events/ s, processed at flow rate 1, and
recorded a total of 30,000 bacterial events for each replicate. We enumerated the following
fluorescent phenotypes, i) total cells expressing mCherry (red), ii) total cells expressing gfp from pKIJK5
and mCherry (red-and-green). We then calculated the percentage of cells that were red-and-green
(transconjugants) of the total red population (recipients).

Phage targeting assay

We assessed the functionality of type IV-A3 in phage targeting through phage-spotting assays, by
evaluating the replication of CRISPR-targeted phage A-vir on bacterial lawns (GeneHogs) in comparison
to the NT control. In brief, we overexpressed the IV-A3 Cas operon under Ptac promoter
supplemented with crRNAs (targeting and NT) expressed from PBad promoter overnight in E. coli
GeneHogs in triplicates. We mixed 150 pL of bacterial overnight cultures with 4 mL of molten top agar
(0.7 % w/v) supplemented with 10 mM MgSO04, L-arabinose (0.3 % w/v), and IPTG. We poured the mix
onto LB agar plates containing MgS04, L-arabinose, and IPTG and spotted 4 or 10 uL of 10-fold serial
diluted phage lysates onto the lawn. Plates incubated at 30 °C to count PFU the next day.

Isolation of escaper phages

To isolate phages that escaped CRISPR-targeting, we spotted 20 ul of undiluted ancestor phage on the
lawn of the respective targeting strain and stroke out the phage across the plate, and incubated them
overnight at 30 °C. We then picked single plaques of spontaneous escapers and restreaked them on a
new lawn. We repeated this single plaque isolation three times to ensure that no mixed genotypes of
phages remained. We then amplified the targeted sites via PCR and Sanger sequenced the fragments
for escapers in gene B and the intergenic region. We could not get a PCR product for the R escaper
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and therefore extracted the total DNA from the escaper and the ancestor A-vir phage lysate after
enrichment for high phage titer (> 107 pfu/ mL) DNA with the DNeasy blood and tissue kit (QIAGEN),
starting from the Proteinase-K treatment step to lyse the phages °2. We prepared sequencing libraries
using the lllumina NEXTERA XT Kit for tagmentation and amplification (12 cycles), following the
manufacturer's instructions and purified libraries using the bead-based HighPrep™ clean-up Kit
(MagBio Genomics). Paired-end sequencing was performed on an lllumina MiSeq platform using
Miseq V3 chemistry (2 x 300 cycles), according to the manufacturer's protocol.We used CLC Genomics
Workbench (v20.0.4) for adapter trimming and generation of de novo assemblies and annotated
assembled genomes with Rapid Annotations (Subsystems Technology tool kit (RASTtk) accessed
through PATRIC (v3.6.12) ®. To determine the molecular mechanisms of escaping, we aligned escaper
assemblies to the ancestral reference with snapgene (v6.0.2). With NCBI nucleotide blast (standard
parameters), we identified genomic region acquired by escapers to be also located in the
chromosomes of laboratory E.coli as (DH10B, DH5alph) from which also GeneHogs descend (e.g.,
NCBI: CP000948.1). We visualized phage-A genomes with clinker using standard parameters %,

TXTL-based PAM Assay: PAM-DETECT

To identify the preferred TIM sequence for type IV-A3 target interference, we used the PAM-DETECT
methodology, as described previously 3°. Briefly, we used a vector-based protospacer library with
randomised TIMs. Protospacers containing a functional TIM sequence are protected from cleavage,
since successful IV-A3 complex binding to the protospacer prevents plasmid cleavage in a subsequent
restriction digestion step. Enrichment of TIMs is then assessed via high-throughput sequencing. We
used a plasmid containing a library of five randomized nucleotides (potential TIMs) flanked by a
protospacer containing a Pacl restriction site and expressed the type IV-A3 Cas components and crRNA
from separate plasmids. The 6 ul TXTL reaction consisted of 3 nM plasmid encoding for the IV-A3
effector complex, 1 nM crRNA-encoding and PAM-library plasmid each, 0.2 nM T7 RNA polymerase,
0.5 mM IPTG, and 4.5 uL myTXTL Sigma 70 Master Mix. For the negative control we replaced the IV-
A3 encoding plasmid with an equal volume of water. We incubated TXTL reactions at 29 °C for 6 h and
digested at 37 °C with Pacl (NEB R0547S) as instructed by the provider and added water instead of
Pacl for the undigested control. After Pacl inactivation, we added 0.05 mg/ mL Proteinase K (Cytiva),
incubated at 45 °C for 1 h and after Proteinase K inactivation extracted the remaining plasmids with
standard EtOH precipitation.

For NGS library preparation we added adapters and unique dual indices in a two-step amplification
process using the KAPA HiFi HotStart Library Amplification Kit (KAPA Biosystems, KK2611) and purified
samples with Agencourt AMPure XP (Beckman Coulter, A63881). We used a Illlumina NovaSeq 6000
(paired end, 2 x 50 bp, 2 million reads per sample) sequencer and for NGS data analysis we followed
% and . First, we normalized the read counts of every TIM with the total number of reads and
calculated the ratio of digested to undigested sample reads. The sum of ratios for a given nucleotide
at a given position we then divided by the sum of the ratios of all nucleotides at that given position
(resulting in 25 % in case of no enrichment/depletion). Finally, to assess the amount of library plasmid
protected from restriction digestion, we performed gPCR using the SsoAdvanced Universal SYBR
Green Supermix (Biorad, cat#1725271) with primers amplifying a 100 bp spanning the Pacl recognition
site of the library plasmid and primers amplifying a 100 bp region on the T7 RNA polymerase encoding
plasmid as a control. We quantified reactions with the QuantStudio Real-Time PCR System (Thermo
Fisher Scientific) and an annealing temperature of 68 °C, according to manufacturers’ instructions.
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mCherry chromosome targeting

To shed light on the relevance of DinG for target interference through transcriptional repression, we
used three type IV-A3 variants (wildtype, DinG knockout mutant AdinG, catalytically inactive DinG
mutant dinGmut) in an assay targeting the chromosomally encoded mCherry or its promoter Pj,,. We
grew four biological replicates of MG1655 for each possible combination of the IV-A3 variant and
crRNA (three variants x eight crRNAs and the NT control, 27 in total) overnight with appropriate
antibiotics in a 96-well plate. To initiate the experiment, we pin-replicated ~1 pL of each culture into
a black (transparent bottom) 96-well plate containing 150 plL LB + appropriate antibiotics + inducers.
Cultures grew for 24 hours in a Tecan NanoQuant Infinite M200 Pro. We measured OD600 and
fluorescence intensity (Excitation 582 nm, Emission 620 nm) in an interval of 15 min. For each replicate
and time point, we normalized the mCherry signal with the corresponding OD600 measure and
selected timepoint 15 h for further analysis. To identify the best fit model explaining most of the
observed variation in mCherry signal, we performed linear regression models with the three predictors
IV-A3 variant, position (promoter vs. gene), and strand with interactions.

Bio-layer interferometry of the IV-A3 complex on double-stranded DNA

To test type IV-A3 CRISPR-Cas complex affinity to double-stranded DNA targets, we performed bio-
layer interferometry experiments in size exclusion buffer corresponding to the respective analyte on
an Octet K2 System (Pall ForteBio). We prepared the target dsDNA ligand by annealing
oligonucleotides BTS and NTS at a ratio of 1:1.5 (5 uM BTS: 7.5 uM NTS) in size exclusion buffer by
heating the annealing reaction at 95 °C for 5 min and slowly cooling it down to RT. To immobilize the
dsDNA ligand on an Octet SAX 2.0 biosensors (Sartorius) we prepared 200 pL of a 25 nM dsDNA
solution in a black 96-well plate and performed a loading step for 120 s followed by a washing step for
30 s. We diluted the IV-A3 complex, either with NT or targeting crRNA, from 1 uM to 25 nM in a 200
pl final volume dilution series and measured association and dissociation for 300 s and 180 s,
respectively. The baseline was recorded prior and after association/dissociation for 30 s in the
matching size exclusion buffer and for each measurement. A reference omitting the dsDNA from the
solution was recorded to subtract reference curves from sample curves. For Kp determination the
reference-subtracted binding and dissociation curves were fit to the standard 1:1 local binding model
using the Pall ForteBio analysis software.

Cell-free transcription-translation assays

To further explore the targeting activity of the distinct type IV-A3 variants observed in our in vivo
transcriptional repression analysis, we performed a cell-free transcription-translation (TXTL) assay. We
used individual plasmids encoding one of the three type IV-A3 variants (wildtype, AdinG, dinGmut),
deGFP, and one of the degfp-targeting crRNAs (one on each strand of PT7, four on each strand within
the degfp; 10 in total and a NT control). Because the type IV-A3 cas and degfp are under the control
of a PT7, we also included a plasmid encoding the T7 RNA polymerase. To assess the targeting activity
of the IV-A3 variants at distinct interference loci, we assembled the following reaction mixes using an
Echo525 Liquid Handling system (Beckman Coulter, 001-10080): We added each possible combination
of the IV-A3 variant and crRNA and the remaining plasmids to the myTXTL mix (Arbor Biosciences,
507025-ARB) at the following final concentrations: 2 nM each for plasmids encoding type IV-A3 and
the crRNA, 1 nM of the deGFP plasmid and 0.2 nM of the T7 RNA polymerase plasmid (3 pl per reaction
mix and four replicates each). To measure background fluorescence, we assembled an additional mix
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that only contained myTXTL mix and water. We incubated these reactions at 29 °C for 16 h in a plate
reader (BioTek Synergy Neo2) and measured fluorescence every 3 minutes. We plotted endpoint
measurements as the RFU after subtracting the background fluorescence from each reaction.

Re-sensitizing of antibiotic-resistant strains

To investigate type IV-A3’s capacity to re-sensitize bacterial strains by transcriptional repression of -
lactamases we first re-sensitized E. coli DH10B by targeting blacrx-mis encoded on the clinical E. coli
plasmid p1ESBL. In brief, we grew four biological replicates of targeting and NT strains, differing only
in crRNA, overnight with appropriate antibiotics, and the next day we diluted 1:100 and re-grew strains
in 2 mL LB + inducers and appropriate antibiotics into exponential phase (~3 h). We spun and
resuspended cultures in 80 pL LB, serially diluted, and plated them on LB agar + inducers and
appropriate antibiotics to select either p1ESBL-carrying cells or blacrx-mis expressing cells. To be able
to enumerate plasmid-carrying cells independent of blacrx-mis expression we inserted a Kan marker on
p1ESBL.

Second, we re-sensitized the clinical K. pneumoniae 808330 (Ap1530) by targeting the chromosomal
blasuy-1s7 with a combination of broth microdilution and targeting assay. We followed the 96-well
plate-based MIC assay protocol from Wiegand et al. ¥ but made several modifications to
accommodate IVA3-interference during the assay, such as adding appropriate antibiotics for type IV-
A3 and crRNA selection and inducers. Further, we substituted the Mueller-Hinton growth medium
with LB. We used the same Cas operon- and mini-array setup as described for the plasmid targeting
above but replaced the Amp cassette on the IV-A3 encoding pMMB67he with a Cm marker. We grew
four biological replicates for strain 808330 carrying type 1V-A3 and either a crRNA or the NT control
overnight with appropriate antibiotics. To initiate the MIC/ targeting assay, we diluted 1:100 and re-
grew strains in LB + inducers and appropriate antibiotics into exponential phase (~3 h). We measured
0D600 of cultures, adjusted them to an OD600 = 0.065, and diluted 1:100 to reach a final OD600 =
0.00065 in LB + 2-fold required concentrations of inducers and the antibiotics Cm and Gm for vector
selection. To assay the MICs we added 50 uL per culture to the 96-well plate containing 50uL LB per
well + specific Amp concentrations (10 concentrations with two-fold reduction steps from 32-0.0625
mg/L). Further, to compare the type IV-A3 mediated MIC reduction to the one achieved by a blasky-1s7
null-mutant we performed a MIC assay as above with 808330 (Ap1530) and the same strain with an
additional ASVH mutation. Here no subculturing step prior to the MIC assay and no inducers or
antibiotics additional to Amp were required. We interpreted MIC breakpoints for Amp according to
EUCAST guidelines (v4.0, 2022-01-01) after 18-24 h of static growth *8, To compare the IV-A3 mediated
MIC reduction to the one achieved by the addition of the B-lactamase inhibitor clavulanic acid we
performed a disc diffusion assay under targeting using Amp (10 pg) and amoxicillin-clavulanic acid
(Amc; 20/10 pg). We grew four biological replicates for strain 808330 (Ap1530) carrying type IV-A3
and either a crRNA or the NT control overnight + inducers and appropriate antibiotics. We adjusted
strains to OD600 = 0.02 and distributed 2 mL thereof on LB agar plates, removed excess liquid by
pipetting, and placed the filters on plates after drying. After 20 h incubation, we measured the
diameters of inhibition zones by hand and interpreted MIC breakpoints according to EUCAST
guidelines (v13.0, 2023-01-01; *°.
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Figure S1: Characteristics of plasmids carrying type IV-A3 CRISPR-Cas. A) Size distribution of all RefSeq plasmids
(top) and type IV-A3 carrying plasmids (bottom) using a Kernel density estimation. B) Mobility prediction of
plasmids carrying type IV-A3. C) Family distribution of Proteobacteria hosts carrying type 1V-A3 CRISPR-Cas
systems. D) Species distribution of Enterobacteriaceae hosts carrying type IV-A3. E) Type IV-A3 carrying plasmids
broken down by predicted plasmid replicon group. The upset plot shows the counts per group (left), and the
intersection size of replicon combinations (right). Out of the 194 plasmids, 16 are not shown in this analysis (non-
typeable). F) Distribution of antibiotic-resistance genes encoded by type IV-A3 carrying plasmids, colored by
corresponding antibiotic-resistance class. G) Antibiotic resistance carriage by plasmids encoding type IV-A3.
Counts of plasmids carrying more than five resistance genes are shown. The relative frequencies of each
category are indicated inside the bars. H) Histogram showing the number of antibiotic resistance genes carried
by type IV-A3 encoding plasmids. Only plasmids encoding one or more antibiotic-resistance genes are shown.
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Figure S2: Schematic of the K. pneumoniae 808330 model strain highlighting the predicted targets of its
CRISPR-Cas systems. Spacer-matching plasmid sequences are depicted in purple, while those targeting phages
are represented in orange. The predicted function of the targeted phage- and plasmid-derived genes are
indicated by colored frames. The information provided includes the names and accessions of example targeted
plasmids and phages, along with the predicted Inc/Mob plasmid classifications. Additional plasmid details are
summarized in Suppl. Table S1.
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Figure S3: Expression analysis of the CRISPR-Cas systems encoded in K. pneumoniae 808330. A) Zoom in on
small RNA-seq of mature crRNAs in E. coli reveals processing at the base of the extended hairpin and resulted in
matured crRNAs with a six nucleotide 5’ handle and a 3’ handle comprised of 17 nucleotides, with the last four
guanines of the stem missing. Schematic of the matured crRNA secondary structure is indicated as well as the
Casb6-processing sites. B) RNA-Seq analysis of the IV-A3 CRISPR-Cas expression in K. pneumoniae 808330. Total
RNA-seq of the type IV-A3 CRISPR-Cas locus on the left, small RNA-seq of the processed crRNAs mapped back to
the CRISPR array on the right. C) RNA-seq analysis of the I-E CRISPR-Cas expression in K. pneumoniae 808330.
Total RNA-seq of the type I-E CRISPR-Cas locus on the left, small RNA-seq of the processed crRNAs mapped back
to the CRISPR array on the right. Coverage plots in B and C show the average of three biological replicates.
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Figure S4: Heterologous expression

proposed
IV-A3 ribonucleoprotein complex

Cas7(n=?)

and purification of the type IV-A3 ribonucleoprotein complex. A) Size
exclusion chromatography (SEC) traces recorded at 254 nm (yellow) and 280 nm (blue) for the wildtype complex
(top) and the DinG knockout version (ADinG; bottom), both carrying a C-terminal Gly-His6-tag at Cas7. Arrows
indicate the main fraction used in the SDS-PAGE in C. B) SEC traces at 280 nm. Same data as in A but overlayed.
C) SDS-PAGE for the IV-A3 wildtype (top), and IV-A3 ADInG (bottom) complex expression and purification,
showing the whole cell content after induction (induced) at t (h) =0, 1, 2, and 3; the Ni-NTA His-tag affinity
chromatography fractions Load (L), Flowthrough (F), Wash (W) and Elution (E); and SEC main peak fractions
(arrow). D) Schematic of type IV-A3 ribonucleoprotein complex based on in C detected Cas components.
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Figure S5: Further characterization of spacer acquisition in type IV-A3 CRISPR loci. A) Depiction of the
protospacer used to electroporate E. coli MG1655 carrying the p1530-encoded type IV-A3 CRISPR-Cas system
facilitating observation of Cas1/2e dependent adaptation. B) Replicate 2 and 3 of the amplicons confirming the
sequence-specific acquisition of electroporated protospacers in the leader-repeat junction from Figure 2B. C)
Top: Schematic showing the workflow of CAPTURE PCR comprised of PCR 1 and PCR 2. Bottom: Replicates 1-4
of amplicons of PCR 2 used for detection of Casl/2e dependent genome-wide spacer acquisition in K.
pneumoniae. Amplicons of 136 bp indicate spacer acquisition and amplicons of 75 bp result from secondary
primer binding. Replicate 3 did not show a 136 bp amplicon and was therefore excluded from further analysis.
D) Spacers identified from genome-wide acquisition assay mapped back to replicons present in K. pneumoniae
808330. The values are normalized to the size of the respective replicon. E. Template and coding strand
acquisition for spacers of length 33 bp.
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Figure S6: Characteristics of plasmids targeted by type IV-A3. A) Predicted targets of type IV-A3 systems based
on spacer-protospacer matching analyses. The bars represent the counts of spacers matching sequences derived
from plasmids, phage-plasmids, and phages. B) Size distribution of all targeted plasmids from the Refseq
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database. C) Mobility prediction of plasmids targeted by type IV-A3 spacers and non-targeted plasmids. D)
Comparison of the predicted mobility type distributions of the RefSeq plasmids that are targeted and not
targeted (non-targeted). Data under “targeted” is the same as in C. The mobility prediction of type IV-A3 carrying
plasmids is shown as a reference. E) Family distribution of Proteobacteria hosts that harbor plasmids targeted
by type IV-A3 spacers. F) Species distribution of Enterobacteriaceae hosts that harbor plasmids targeted by type
IV-A3 spacers. G) Plasmid group distribution for plasmids targeted by type I1V-A3 spacers. The upset plot shows
the counts per group (left), and the intersection size of replicon combinations (right). Plasmid groups found to
be targeted at low abundance (< 10 counts) have been grouped into the category “Others (<10 times)”. H)
Antibiotic resistance carriage by plasmids targeted by type IV-A3 spacers. Counts of plasmids carrying more than
five resistance genes are shown. The relative frequencies of each category are indicated inside the bars. 1)
Distribution of antibiotic resistance genes carried by plasmids encoding type I1V-A3 CRISPR-Cas systems.
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Figure S7: Targeting schematic and transconjugant frequencies under IV-A3 targeting. A) Schematic detailing
the targeting of trfA with targeting crRNAs to exemplify the DNA strand nomenclature used throughout the
targeting assays. Full triangles indicate crRNAs hybridizing to the coding strand (+) and crosshatched triangles to
the template strand (-). B) lllustration of crRNA trfA+, exemplifying targeting of the coding strand, where the IV-
A3 complex binds to the coding strand of the expressed gene. C) lllustration of crRNA trfA-, exemplifying
targeting of the template strand, where the IV-A3 complex binds to the template strand of the expressed gene.
In B and C, the protospacer and spacer sequences are indicated in purple, and the PAM sequence is indicated in
green. D) Barplots representing the mean ratio of transconjugant (T) to recipient and transconjugant (R+T) in
the incoming plasmid assay. E) Barplots representing the mean ratio of transconjugant (T) to recipient and
transconjugant (R+T) in outgoing plasmid assay. In all experiments n = 3, error bars indicate SD.
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Figure S8: Plasmid stability and bacterial growth under IV-A3 targeting. A) pKJK5 stability under IV-A3 targeting
and in the absence of antibiotic selection over four days (~40 generations). Boxes represent the total CFU/ mL
(plating on LB, top) or the CFU/ mL of pKJK5-carrying cells (selective plating on LB+TET, bottom) on each day
(n=4); individual data points are indicated. B) Growth curves under pKJK5 targeting and antibiotic selection for
pKIK5. Assessing the impact on growth during trfA targeting (top, grayed out) was unattainable due to the use
of pKIK5 selection (tetracycline) and the instability of this plasmid under trfA targeting. Hourly ODggo
measurements are indicated as a line representing the mean of five replicates, error bars indicate the SD. The
NT control is included alongside each targeting crRNA to facilitate comparison.
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Figure S9. Phage-A mutational evasion from IV-A3 interference. Ancestral phage sequences and the
corresponding Sanger-sequencing results (below) for escaper phages evading gene B targeting, on the template
(A) and the coding (B) strands, and two mutants from targeting either strand in the intergenic region (C-D). E)
Clinker alignment of selected genomic regions of the ancestral phage-A, the isolated R-targeting escaper, and
the homologous region present in other coliphages.
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Figure S10: Assessment of type IV-A3 interference using an in vitro TXTL-based deGFP fluorescent reporter
assay. A) Schematic of the TXTL experimental workflow: Plasmids encode the I1V-A3 cas as well as one of the
crRNAs (targeting degfp or control), the T7 RNA polymerase and degfp. CRISPR-Cas components are pre-
expressed in TXTL prior to adding and expressing the targeted degfp. The rate of binding and the efficiency of
transcriptional blocking impact the accumulation of deGFP and the resulting fluorescence of the TXTL reaction.
B) lllustration of the approximate location where full triangles indicate crRNA hybridizing to the coding and
crosshatched triangles to the template strand, respectively, for the promoter (gray) and degfp (green). C) Type
IV-A3-mediated repression of deGFP production as RFU, performed in two independent experimental blocks
(top and bottom). Multiple locations within the degfp gene and promoter regions were targeted, on both the
coding (full) and template (crosshatched) strands. Bars show the mean of the relative fluorescence units (RFU)
after 16 h (n=4) and error bars represent the SD.
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Figure S11: IV-A3 CRISPR-Cas complex affinity to double-stranded DNA targets. A) Bio-layer Interferometry
(BLI) experimental data for the wildtype IV-A3 complex carrying a targeting (blue) or non-targeting (gray) crRNA
guide. B) BLI experimental data (blue) and respective fittings (yellow) of the five titration steps for the wildtype
(left) or ADInG (right) complex. Only association and dissociation steps are shown. C) Result table containing the

steady-state analyses and fitting parameters.
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Figure S12: Experimental assessment of the re-sensitizing capacity of type IV-A3 CRISPR-Cas. A) Example
picture of the disc diffusion MIC assay with (top, targeting) and without (bottom, NT) IV-A3 targeting of the
chromosomally-encoded blasuy.1s7 in K. pneumoniae 808330. In both treatments, we tested Amc (left, 30 ug; 20
pg amoxicillin + 10 pg B-lactamase inhibitor clavulanic acid) and Amp (right, 10 pg). B) Inhibition zones of disc
diffusion MIC assay (exemplified in B). The EUCAST breakpoints for Amc and Amp are indicated in red.
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Figure S13: Proposed mechanistic model for spacer adaptation and target interference in type IV-A CRISPR-
Cas systems. Spacer acquisition is facilitated by the co-option of the CRISPR-Cas I-E adaptation module
(Cas1/Cas2e) that is encoded in the host chromosome. Type IV-A CRISPR and Cas components are expressed,
and the pre-crRNA is subsequently processed by Cas6. The type IV-A effector complex assembles along the
matured crRNAs and identifies protospacer targets in a PAM-dependent manner, presumably leading to DinG

recruitment. Interference is elicited through transcriptional repression.
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