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CRISPR-Cas3: Studying the molecular interactions that drive

adaptation & engineering novel bacterial editing tools

Lina M. León

Abstract

Bacteria deploy multiple defenses to prevent mobile genetic element (MGEs) invasion. CRISPR-Cas

immune systems feature RNA-guided nucleases that target MGEs, which counter with anti-CRISPR

(Acr) proteins. Our understanding of the biology and co-evolutionary dynamics of the common Type

I-C CRISPR-Cas subtype has lagged because it lacks an in vivo phage-host model system. Here, we

show the anti-phage function of a Pseudomonas aeruginosa Type I-C CRISPR-Cas system encoded

on an active conjugative pKLC102 island, and the inhibition of this system by multiple distinct

MGEs encoding a diverse repertoire of Type I-C Acr proteins. Seven distinct AcrIC proteins were

identified, with four of them, including previously described DNA mimic AcrIF2 (now AcrIF2*),

surprisingly also inhibiting other P. aeruginosa CRISPR-Cas subtypes (Type I-E or I-F). Dual

inhibition comes at a cost, however, as the simultaneous expression of Type I-F and Type I-C

systems rendered phages expressing AcrIF2* more sensitive to targeting. This effect was exacerbated

by mutagenesis of AcrIF2’s acidic residues, which made AcrIF2 defective for Type I-C inhibition,

but only when in competition with the Type I-F complex. Like AcrIF2*, five of the AcrIC proteins

block DNA binding by the crRNA-guided Cascade complex, while two function downstream of

DNA binding, likely preventing Cas3 recruitment or activity. One such inhibitor, AcrIC3, is found

encoded alongside bona fide Cas3 inhibitors, AcrIF3 and AcrIE1 in conjugative elements, forming

an “anti-Cas3” cluster. Collectively, our findings demonstrate an active battle between an MGE-

encoded CRISPR-Cas system and its diverse MGE targets. On the technological angle, CRISPR–Cas

enzymes have enabled programmable gene editing in eukaryotes and prokaryotes. However, the

leading Cas9 and Cas12a enzymes are limited in their ability to make large deletions. Here, we used

the processive nuclease Cas3, together with a minimal Type I-C Cascade-based system for targeted

genome engineering in bacteria. DNA cleavage guided by a single CRISPR RNA generated large
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deletions (7–424 kilobases) in Pseudomonas aeruginosa with near-100 percent efficiency, while Cas9

yielded small deletions and point mutations. Cas3 generated bidirectional deletions originating from

the programmed site, which was exploited to reduce the P. aeruginosa genome by 837 kb (13.5

percent). Large deletion boundaries were efficiently specified by a homology-directed repair template

during editing with Cascade–Cas3, but not Cas9. A transferable ‘all-in-one’ vector was functional in

Escherichia coli, Pseudomonas syringae and Klebsiella pneumoniae, and endogenous CRISPR–Cas

use was enhanced with an ‘anti-anti-CRISPR’ strategy. P. aeruginosa Type I-C Cascade–Cas3

(PaeCas3c) facilitates rapid strain manipulation with applications in synthetic biology, genome

minimization and the removal of large genomic regions.
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Chapter 1

Mobile element warfare via CRISPR

& anti-CRISPR in P. aeruginosa

1.1 Introduction

The plasticity and rapid evolution of bacterial genomes is driven by the exchange of genetic material

between diverse species. This genetic mobility can be blocked by bacterial immune systems, such as

restriction enzymes and CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeats

and CRISPR associated genes). CRISPR-Cas systems utilize short RNA guides, encoded within a

CRISPR array where they are separated by repeat sequences, to direct either a multi-protein (Class

1; Type I, Type III, Type IV) or single protein (Class 2; Type II, V, or VI) effector complex to a

matching target on a mobile genetic element (MGE) [1]. The targeting paradigm can be inverted,

where a CRISPR-Cas system is encoded by a lytic bacteriophage, targeting the host [2] or targeting

other phages [3].

Pseudomonas aeruginosa is an opportunistic human pathogen and also a leading model organism

for studies pertaining to bacteriophage-CRISPR interactions and Class 1 CRISPR-Cas biology [4].

Functional Type I-F [5, 6], I-E [7, 8], and now IV-A [9] systems have been described, however,

a fourth CRISPR-Cas system encoded by this species, the Type I-C system, has not been well

characterized [10]. Type I-C systems are phylogenetically widespread [11], and can be found in
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Streptococcus pyogenes, Vibrio, Clostridium, Neisseria, and Bacillus species, but are among the

least studied subtypes within the adaptive branch of bacterial immunity. A native Legionella

pneumophila system was used as a model for spacer acquisition and plasmid targeting [12], while

remaining studies of Type I-C systems in Eggerthella lenta [13], Desulfovibrio vulgaris [14], Bacillus

halodurans [15], and Xanthomonas oryzae [16] have been explored heterologously or in vitro, with

gaps in our understanding of these systems remaining to be filled. Type I-C systems employ a

compact surveillance complex of Cas5, Cas7, and Cas8 with the CRISPR RNA (crRNA) and the

trans-acting nuclease-helicase, Cas3, which is recruited to cleave and processively degrade DNA [17].

These systems lack the common Cas6 crRNA-processing RNase, with Cas5 filling that role [18–20].

CRISPR immunity is often simplified to three stages: adaptation, biogenesis and interference,

but a fourth, and equally important facet, is MGE counter-evolution. Anti-CRISPR proteins (Acrs)

encoded by MGEs disable CRISPR-Cas systems using diverse mechanisms. Strategies range from

blocking DNA binding sites (e.g. AcrIF1, AcrIF2, AcrIF10, AcrIIA2, AcrIIA4) [21–23], to blocking

DNA cleavage (e.g. AcrIE1, AcrIF3, AcrIIC1) [8, 24, 25] and even acting enzymatically to disable

CRISPR-Cas (e.g. AcrVA1, AcrVA5, AcrIII-1) [4, 26] Anti-CRISPR discovery efforts continue to

yield new biochemical mechanisms for CRISPR-Cas inhibition, while also providing evidence that

MGEs encoding acr genes face CRISPR-Cas challenge in situ. Some Acr proteins are described

as “broad-spectrum” due to inhibition of diverged Cas proteins, however, the costs and benefits of

this phenotype are yet to be investigated. Here, we describe the MGE targets of the P. aeruginosa

Type I-C CRISPR-Cas system, which itself is encoded on an MGE, present direct evidence of

endogenous Type I-C CRISPR-Cas activity, and report the discovery of seven Pseudomonas Type

I-C anti-CRISPRs, including four that have dual inhibitory activity.
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1.2 Materials and Methods

1.2.1 Microbes

Cell culturing

Pseudomonas aeruginosa strains (PAO1, PA14 and PA4386) and Escherichia coli strains (DH5a)

were cultured using lysogeny broth (LB) agar or liquid media at 37 °C supplemented with gentamicin,

where applicable, to maintain pHERD30T (50 µg/mL for P. aeruginosa, 30 µg/mL for E. coli). In

all P. aeruginosa experiments, expression of genes of interest in pHERD30T was induced using 0.1

percent arabinose.

Type I-C CRISPR-Cas expression in PAO1

PAO1IC activity was induced using 1mM IPTG. Construction of this strain is described [27] and

may be referred to as LL77 (Targeting crRNA) or LL76 (Non targeting).

Bacterial transformations

P. aeruginosa transformations were performed using standard electroporation protocols [27]. Briefly,

overnight cultures were washed twice in an equal volume of 10% glycerol and the washed pellet was

concentrated tenfold in 10%glycerol. These electrocompetent cells were transformed with 20 – 200

ng plasmid, incubated shaking in LB for 1 hr at 37°C, plated on LB agar with appropriate selection,

and incubated overnight at 37°C. Bacterial transformations for cloning were performed using E. coli

DH5alpha (NEB) according to the manufacturer’s instructions

CRISPRi

CRISPR interference transcriptional repression assays were conducted as in previous work [24].

A �cas3 strain was lysogenized with a DMS3m phage encoding an Acr of interest. This lysogen

was transformed with a plasmid encoding a crRNA targeting the phzM promoter. The crRNA

and cas genes (in the case of Type I-C) were induced in overnight cultures with 0.25 mM IPTG

and 0.05% arabinose. Pyocyanin levels were measured using an acid extraction protocol described
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previously [24]. Pyocyanin quantification was normalized to a strain encoding AcrIIA4, which

inhibits Cas9, but not the Type I CRISPR-Cas systems included in this study, resulting in cultures

lacking pyocyanin.

1.2.2 Phage

Phage maintenance

Pseudomonas aeruginosa DMS3m-like phages (including JBD30 and DMS3m engineered phages)

were amplified on PA14 �CRISPR, PAO1, or PA4386 �cas3 and stored in SM buffer at 4 °C.

Construction of recombinant DMS3m acr phages

To generate the isogenic panel of DMS3m and JBD30 anti-CRISPR phages, recombination cassettes

were generated with up- and down-stream overhangs to aca1 and the acr promoter flanking the

Acr of interest, as previously described [28]. These genes were ordered from TWIST or IDT and

were assembled into plasmids using Gibson assembly methods. Recombinant phages were generated

by infecting cells transformed with the donor constructs and phages were isolated and assessed for

resistance to CRISPR-Cas targeting. The presence of the anti-CRISPR gene was confirmed by PCR.

To generate the virulent phages used for liquid growth curve assays, the DMS3m c-repressor gene,

gp1, was mutated using plasmids described previously [28].

Plaque forming unit quantification

Phage plaque forming units (PFU) were quantified by mixing 10 µl of phage with 150 µl of an

overnight bacterial culture. The infected cells were aliquoted into 3 mL molten 0.7% top agar and

spread on an LB agar plate supplemented with 10 mM MgSO4 and appropriate inducers. After 18

hours of growth at 30 °C or 37 °C, individual plaques were counted. Three biological replicates were

done per phage per strain.
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Phage spot assays

3 mL of molten 0.7% top agar mixed with 150 µl of bacteria were spread on an LB agar plate

supplemented with 10 mM MgSO4 to grow a bacterial lawn. Ten-fold serial dilutions of phage were

made in SM buffer and 2 µl of each dilution was spotted on the lawn. Plates were incubated at 30

°C or 37 °C for 16 hours and imaged.

Efficiency of plaquing (EOP)

EOP was calculated as the ratio of the number of plaque forming units (PFUs) that formed on a

targeting strain of bacteria (PAO1IC, PA14 WT, PA4386 WT, PaLML1 plus crRNA plasmid) divided

by the number of PFUs that formed on a related non-targeting strain (PAO1, PA14 �CRISPR,

PA4386 �cas3, PaLML1 plus NT crRNA). Each PFU measurement was performed in biological

triplicate. EOP data are displayed as the mean EOP ± standard deviation.

Escaper phage isolation

High titer phage preparations were mixed with overnight cultures and spread on an agar plate with

top agar. Single plaques that formed after overnight propagation were picked with a sterile pipette

tip and resuspended in SM buffer. This process was repeated two times under maintained targeting

pressure. The escaper phages were ultimately titered and the protospacer region sequenced.

Liquid culture phage infections

PAO1IC was transformed with plasmids encoding either the Type I-C or Type I-F systems from

PaLML1 plus one non-DMS3m targeting spacer (“decoy” surveillance complexes) to determine the

effect of CRISPR-Cas system co-expression. A separate Type I-F plasmid with a Cas8 mutation

(K247A) was also constructed. P. aeruginosa strains were grown overnight and diluted 100x in

LB supplemented with 10 mM MgSO4, gentamicin, 1 mM IPTG, and 0.1% arabinose. 140 µl of

bacterial culture was infected with 10 µl of serially diluted virulent phage in a 96 well plate. Growth

and infection was monitored for 20 hours using the Synergy H1 microplate reader (BioTek) at

shaking at 37 °C. Phage was extracted after 20 hours by mixing 100 µl of culture from each well
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with 20 µl chloroform, shaking at RT for 20 minutes, and centrifugation at 14, 000 x g for 2 minutes.

1.2.3 Bioinformatics

Numerical data were analyzed in Excel and plotted in GraphPad Prism 6.0.

Discovery of acr genes using aca1 and aca4

Anti-CRISPR searches were done as previously described [27].

CRISPR array spacer analysis

Spacers were derived from the van Belkum dataset [10] (18 genomes with 12 non redundant arrays)

or from Type I-C containing strains found using BLAST and CRISPRfinder [29](12 non-redundant

arrays). Spacers were analyzed using CRISPRTarget [30] using the Genbank-environmental, RefSeq-

plasmid, IMG/VR, and PHAST databases.

PAM analysis was done using the Berkeley Web Logo tool by submitting the upstream and

downstream regions flanking the protospacer sequence. These 8 nucleotide long flanking sequences

are part of the CRISPRTarget output. Every matching protospacer (low cutoff of 20, no redundant

matches removed) was utilized for the PAM analysis for n= 4,443.

To determine the types of elements targeted by the spacers in our collection, the cut-off score

was increased to 30 and a PAM match score of +5 was used to narrow the total number of hits

to matching elements. If a spacer had multiple matches, the match with the highest score was

selected as the representative for that spacer OR the match to a phage genome. Only one match

was considered per spacer. This reduced the number of spacers to 131.

Matches were placed into the following categories: Myophages, Siphophages, Podophages,

plasmids, and assorted prophages. A hit was placed into a phage family, rather than into the

prophage category, if the CRISPRTarget output included a link to a specific phage genome.

Importantly, this means that being placed into a phage family does not mean that a phage is strictly

lytic. Prophages were identified by considering the genes in the protospacer neighborhood.
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Lineage Tracing

For the Type I-C encoding strains from this study, WGS reads were imported from NCBI to

Benchling, and the repeats were annotated using the Benchling annotation tool. Individual spacers

were extracted using the CRISPRCasFinder tool by copying the entire CRISPR array region. Each

spacer sequence was assigned a number, such that identical spacers in distinct strains were assigned

the same number, allowing the visualization of spacer similarity across different strains. Lineages

were manually curated using 18 previously published CRISPR arrays [10] and the additional 12

CRISPR arrays found in this study.

Anti-CRISPR phylogenetic tree generation

BLAST was used to generate the tree of AcrIC5 relatives. The following parameters were selected.

Tree method: Fast minimum evolution. Max seq difference: 0.85. Distance: Grishin (protein).

1.3 Results

1.3.1 The MGE-encoded Type I-C system provides immunity in P. aeruginosa

Type I-C CRISPR–Cas systems previously described in 20 P. aeruginosa genomes [10], an environ-

mental isolate in our lab (PaLML1), and 23 additional genomes found using BLAST, are encoded

within pKLC102-like elements (Fig. 1.1A). This conjugative element family can be found as either

an integrated island or episome in many gram negative bacteria, and is also known as P. aeruginosa

pathogenicity island (PAPI-1) in some P. aeruginosa strains, including PA14 [31–34]. It is typically

˜100 kb and while it does not always encode a Type I-C system, it is known to carry virulence factors

and increase pathogenicity. To determine if Type I-C CRISPR–Cas is active in P. aeruginosa, we

first took a bioinformatic approach. While the Cas proteins are highly conserved (90–100% sequence

identity) across strains, the CRISPR spacers are diverse (Fig. 1.8). Alignments of 3163 protospacers

with upstream and downstream regions revealed the consensus PAM (Protospacer adjacent motif)

to be 50-TTC-30, consistent with previous reports [35] (Fig. 1.1B). Among the 42 strains with

CRISPR arrays (two published strains have cas genes without corresponding arrays), we observed
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Fig 1.1. The Type I-C system is active in P. aeruginosa. (A) Pseudomonas aeruginosa
Type I-C systems are found on pKLC102 elements. This island can be found integrated into the P.
aeruginosa genome. Black arrows represent pKLC102 marker genes. soj is a chromosome
partitioning protein, and xerC is a site-specific recombinase. The island can excise to form an
episome. (B) WebLogo of the region upstream of Type I-C targeted regions showing the consensus
PAM to be 50 TTC 30. (C) CRISPR arrays clustered into lineages based on spacer identity. Lineage
1 is shown here with 5 genomes. Spacer position is marked on the x axis. Spacers that are the same
within a lineage are given the same number. Numbers in parentheses following the strain names
indicate the number of genomes with the same CRISPR array. The spacer highlighted in purple,
#44, is self-targeting. Spacers shared toward the leader proximal region are highlighted in blue.
Spacers shared toward the leader distal region are highlighted in green. Shading is meant to
facilitate comparisons between related arrays. (D) Of the 300 non-redundant spacers, 163 target
sequenced genetic elements. Spacers labeled as unknown (dark purple, top pie chart) did not have
any matches in sequence databases used by CRISPR Target. Spacers with matches to independent
phage genomes (both lytic and temperate) were categorized into three families (siphoviridae,
myoviridae, and podoviridae). Spacers that mapped back to phage-like regions in bacterial genomes
were categorized as assorted prophages. (E) Comparison of spacer lengths found in either Type I-F
or Type I-C P. aeruginosa CRISPR arrays. (F) Schematic of the phage protospacer and
CRISPR–Cas spacer. PAM sequence is underlined and highlighted in red. Escaper mutations for
phages isolated from PaLML1 are shown below the protospacer sequence with point mutations
highlighted in red text.
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spacer diversity suggestive of active acquisition (Fig. 1.1C and Fig. 1.8). The CRISPR arrays could

be clustered into four broad lineages, with strains grouped if they share at least one spacer with

another array (Fig. 1.1C and Fig. 1.8). Some strains have identical CRISPR arrays, which were

condensed to one representative per array. Strains that cluster together tend to share most of the

spacers towards the leader-distal end of the CRISPR array, suggesting that after diverging, each

host continues to expand its array independently. For example, strains in lineage 1 share most

of their ˜10–15 leader-distal spacers, and then undergo divergence with a series of unique spacers

proximal to the leader (Fig. 1.1C). In lineage 2, the diversity is even more striking, as the strains are

grouped together by just two “core” spacers (#74 and #75), but have highly distinct arrays, most

notably strain AZPAE14395, with ˜40 unique spacers (Fig. 1.8). Strains in lineage 3 (PaLML1,

AZPAE14876, AZPAE12421, etc.), and lineage 4 (WH-SGI-V-07071, and WH-SGI-V-07073) have

completely dissimilar spacers (Fig. 1.8), despite having the same frame shift mutation in cas1

that results in an early stop codon, suggesting continued CRISPR dynamics through an unknown

mechanism. In total, there are 300 non-redundant spacers in this collection, and 131 (44%) match

sequenced elements, with most spacers targeting phages and prophages (114) and some matching

plasmids (17) (Fig. 1.1D). Therefore, although pKLC102 is a ‘selfish’ genetic element, dissection of

the Type I-C CRISPR spacer repertoire reveals the immunity module to be ‘domesticated’, targeting

canonical bacterial parasites.

In addition to the Type I-C system encoded by strain PaLML1, it also encodes a Type I-F

CRISPR–Cas system. The Type I-C spacers cluster with lineage 3, sharing all but one spacer with

two of the published CRISPR arrays. We confirmed that the PaLML1 pKLC102 island is also

capable of excision, much like the well-studied PAPI-1 of strain PA14 [21](which lacks a Type I-C

CRISPR system), using PCR to amplify the excision junction that forms if the island excises from the

chromosome (Fig. 1.9A). To verify CRISPR–Cas function, we transformed PaLML1 with a plasmid

encoding a Type I-C crRNA targeting phage DMS3m. Because Type I-C spacer length ranges from

32–37 nt, contrary to Type I-F spacers consistently measuring 32 nt (Fig. 1.1E), we tested spacers

of each length (i.e. 32 nt, 33 nt, etc.) in PaLML1 to determine their efficacy. Phage targeting

occurred in the presence of the phage-specific crRNAs for the I-F system and all crRNA-lengths for

the I-C system (Fig. 1.9B). Phages that escaped Type I-C targeting were also isolated and Sanger
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sequencing of the protospacer indicated that these had point mutations at positions +2 and +3

(counting from the PAM) (Fig. 1.1F) and Fig. 1.9C). This suggests that these nucleotides are part

of the seed sequence, a region where mutations are not tolerated for accurate base-pairing with the

crRNA. In conclusion, active Type I-C systems in P. aeruginosa are on a widespread mobile element,

have variable CRISPR spacers suggesting activity in situ, and can provide protection against phage.

1.3.2 Discovery of anti-CRISPRs on MGEs that inhibit Type I-C & beyond

Given the diversity of P. aeruginosa Type I-C spacers that target MGEs and the robust phage

targeting we observed, counter-immunity mechanisms are expected to have manifested due to

the threat posed by the Type I-C system. Only one Type I-C anti-CRISPR, AcrIC1, has been

previously reported, and it is not found in P. aeruginosa [27]. To identify additional candidate

anti-CRISPR genes, we used previously established bioinformatics approaches: self-targeting (ST)

and guilt-by-association [36]. Because bacterial genome cleavage is a deadly event [37], a sequenced

strain with a CRISPR–Cas system that has a spacer targeting its own chromosome is indicative

of some CRISPR inactivation mechanism. Additionally, acr genes are often coupled with negative

transcriptional regulators known as anti-CRISPR associated (aca) genes [38], which can be used to

locate candidate acr genes [7, 27,36] . To test candidate Acrs, we used lab strain PAO1 expressing

PaLML1’s Cas3–5–8–7 and a phage DMS3m-targeting crRNA from the chromosome, (PAO1IC),

due to PaLML1’s low transformation efficiency.

Strain AZPAE14708 encodes a spacer targeting its own type VI secretion gene, tagQ, with a

perfect protospacer and PAM match (Fig. 1.2A and Fig. 1.9D). This spacer is absent in other

strains within lineage 1 that share spacer content with AZPAE14708 ((Fig. 1.1C)). To identify

candidate acr genes, we used acr-associated gene 1 (aca1 ) as an anchor, and found a locus with

only the Type I-F inhibitor acrIF2 (Fig. 1.2A). Surprisingly, expression of AcrIF2 from a phage

during infection completely inhibited the Type I-C system (Fig. 1.2B). The dual inhibitory activity

was surprising given the evolutionary distance between the I-F and I-C systems [11] (no significant

pairwise identity, Fig. 1.9E). Two additional AcrIF2 (hereafter, AcrIF2* to indicate dual specificity)

homologues from Pseudoxanthomonas and Stenotrophonomonas, both associated with aca1, with

˜50% sequence identity, were tested and both displayed dual I-C and I-F activity (Fig. 1.9F). Strains
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Fig 1.2. Discovery of Type I-C anti-CRISPR proteins. (A) Schematic of the self-targeting
P. aeruginosa strain AZPAE14708 showing the first spacer (in red) targeting tagQ and the aca1
locus encoding acrIF2*. (B) A strain expressing the Type I-C CRISPR system in PAO1IC was
challenged by phage encoding either AcrIF1 or AcrIF2 in a spot titration plaque assay with ten-fold
serial dilutions. (C) Gene neighborhood maps of MGEs where new Type I-C acrs (colored, bolded
arrows) were identified. Previously discovered Acrs (orange), annotated MGE genes (white), and
hypothetical genes (gray), are shown. (D) Efficiency of plaquing (EOP) calculations for an isogenic
panel of phages expressing acrIC genes tested in PAO1IC or PA14 (Type I-F). Each strain was
infected in triplicate and plaque counts were averaged and normalized against a strain lacking the
indicated CRISPR–Cas system. ND, none detected (E) Transcriptional repression via the Type I-C
CRISPR system (CRISPRi, strain: PAO1IC�cas3 ) and the impact of the acrIC genes. Levels of
the pigment pyocyanin are quantified at high levels when CRISPRi is inhibited and low levels when
CRISPRi is functional. Each measurement is an average of biological triplicate. A prophage
encoding AcrIIA4 was used to lysogenize this same strain as a negative control.
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from these genera also encode Type I-C and Type I-F systems.

acrIF2* is very narrowly distributed and thus we reasoned that more Type I-C Acrs likely

exist. Using aca1 and aca4 as marker genes, 27 aca-associated candidates were tested (Fig. 1.7),

revealing six more Type I-C inhibitors in a series of distinct MGEs including plasmids, transposons,

conjugative elements, and phages (Fig. 1.2C and Fig. 1.7). Many of the MGEs frequently targeted by

pKLC102-encoded Type I-C spacers harbor one or more of these seven new inhibitors (Fig. 1.10A).

An additional gene was identified that solely inhibited the P. aeruginosa Type I-E system, acrIE9

(discussed below). This collection consisted of genes associated with aca1 (acrIC3, acrIC4 and

acrIC5 ) or aca4 (acrIC6, acrIC7 and acrIC8 ). Each of the new acr genes were identified in P.

aeruginosa, except acrIC7, which was first identified in P. stutzeri (acrIC7Pst) adjacent to aca4

(Fig. 1.10B). A homologue was found in P. citronellolis (acrIC7Pci, 88% amino acid sequence

identity), adjacent to a new helix-turn-helix transcriptional regulator, which we have named aca10.

In both instances, acrIC6 is also present in the locus. An aca1 -adjacent distant acrIC7 homologue

was also found in P. aeruginosa (37% sequence identity), although it did not confer Type I-C

anti-CRISPR activity (Fig. 1.10B and C).

A panel of isogenic DMS3m phages was engineered to express each individual acr gene, including

a negative control (Cas9 anti-CRISPR, AcrIIA4). Efficiency of plaquing (EOP) was assessed during

infection of PAO1IC (Fig. 1.2D). Each phage had an EOP = 1 when infecting cells expressing the

Type I-C system, except AcrIC6, which appeared to be quite weak (EOP = 0.01). Only AcrIF2

had activity against the Type I-F system, with an EOP = 1, compared to EOP = 10-7 for all other

Acr proteins.

To determine how the new Acrs inhibit the Cas machinery, we tested whether they alleviate

CRISPR transcriptional interference (CRISPRi) in a �cas3 background, a readout for inhibited

DNA-binding by Cascade. A colorimetric assay was adapted from previous work [6], using a Type

I-C crRNA to repress transcription of the phzM gene. If CRISPRi is functional, the surveillance

complex blocks phzM transcription, turning the P. aeruginosa culture yellow. If DNA-binding is

inhibited, the culture is a natural blue-green (Fig. 1.10D). Five of the proteins, AcrIF2*, IC4, IC5,

IC7Pst and IC8, blocked CRISPRi. Expression of AcrIC1 (a previously discovered protein from

Moraxella) and AcrIC3, however, did not interfere with CRISPRi, suggesting that they bind to Cas3

12



or Cascade in a way that prevents Cas3 recruitment or DNA cleavage, while allowing Cascade-DNA

binding (Fig. 1.2E). AcrIC6 did not block CRISPRi but given its weak activity, we are hesitant to

interpret this negative result.

1.3.3 Multi-system inactivation by AcrIF2*

Most AcrIC proteins identified here are acidic proteins that block DNA-binding, thus we focused on

the well-studied AcrIF2* as a model protein for ecological and mechanistic experiments. AcrIF2*

directly prevents the Type I-F CRISPR surveillance complex from binding to DNA [22–24]. While

many MGEs encode distinct inhibitors of Type I-C, I-E and I-F systems, AcrIF2* can be found

encoded alone and thus we wondered whether a phage expressing this protein can inhibit both

systems simultaneously. It has previously been reported that a phage concentration threshold,

inversely proportional to Acr strength, is needed to inhibit CRISPR–Cas targeting [28, 39]. To

measure the strength of this bi-functional Acr protein, we infected cells expressing the Type I-C

system and a targeting spacer (PAO1IC) from the chromosome, plus a variable “decoy” complex with

a non-targeting spacer from a plasmid, with our Acr phages (Fig. 1.3A). The AcrIF2*-expressing

phage causes collapse of the culture at low infectious doses (Fig. 1.3B), similar to AcrIC1, an

anti-CRISPR that only inhibits Type I-C (Fig. 2.11D–F). However, when the Type I-F system with

a non-targeting crRNA was co-expressed in this strain, the AcrIF2* encoding phage required an

initial MOI of 2 ⇥10�2 to lyse the culture, compared to 2 ⇥10�5 with empty vector (Fig. 1.3C),

while the AcrIC1 phage was unaffected (Fig. 2.11D). Interestingly, when cells expressed the Type I-F

system with a Cas8 mutation (K247A) which was previously shown to reduce AcrIF2* binding [22],

an intermediate AcrIF2* phage concentration was sufficient for culture collapse (Fig. 1.3D). Phage

output from these experiments was also quantified. In the presence of the decoy Type I-F system,

phage output at the two lowest MOIs was reduced by ˜100–1000-fold compared to decoy Type I-F

Cas8K247A, Type I-C, or the non-targeting control (Fig. 1.13A–D). As a control, over-expression of

more Type I-C complexes had little impact on concentration thresholds (Fig. 1.3E and Fig. 1.13C),

and a phage encoding AcrIIA4, a Cas9 inhibitor, was ineffective at causing culture lysis, except at

the highest MOI under all conditions tested (Fig. 1.12G–I). Therefore, it appears that during phage

infection there is a cost to being a dual inhibitor, where the ability of AcrIF2* to inhibit the Type
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Fig 1.3. Fitness costs to encoding a dual anti-CRISPR protein (A) Schematic of the
experiment performed in panels 3b-3e. The PAO1IC strain, with the I-C system and phage-specific
crRNA integrated into the chromosome was transformed with plasmids encoding ‘decoy’
CRISPR–Cas surveillance complexes, which contain a non- DMS3m targeting crRNA. A Type I-F
Cas8K247A mutant, which loses affinity for the AcrIF2 inhibitor was included as a control. (B–E)
Liquid infection assay with PAO1IC transformed with indicated ‘decoy’ surveillance complex
plasmids and infected with a virulent DMS3m phage expressing AcrIF2* WT. Strains were grown
in a plate reader over 20 h with OD600 tracked over time. (F) Color-coded structure of AcrIF2*
bound to the Type I-F surveillance complex (PDB: 5UZ9). The Type I-F surveillance complex is
shown as a ribbon with Cas8 (blue), and one Cas7 monomer (lilac), AcrIF2* (grey space-filling
model), and mutated amino acids (red) and remaining acidic residues (yellow) shown. (G)
Quantification of the efficiency of plaquing (EOP) on PAO1IC or PA14 for phages expressing the
indicated acr gene. (H) Quantification of the efficiency of plaquing (EOP) on PaLML1 for phages
expressing the indicated acr gene. (I) Schematic representation of AcrIF2 binding to the Type I-F
or Type I-C surveillance complex. Red lines are representative of the eight mutated acidic residues.
Black lines represent other non-covalent contacts. Because AcrIF2* has stronger activity against
the Type I-F system, more black lines are used to represent its additional contacts that mediate
activity against Type I-F versus Type I-C.
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I-C system is weakened by the presence of the Type I-F system, while monotypic AcrIC1 retained

its potency.AcrIF2* inhibits the Type I-F complex by interacting with key PAM-binding residues

on Cas7 and Cas8, as revealed by previous cryo-EM and crystallography studies (Fig. 1.3F). We

therefore next sought to determine whether AcrIF2* acidic residues in this interface are required

for inhibition or impact the observed competition defect. Of AcrIF2*’s 96 residues, 24% are acidic,

giving it an overall negative charge (pI = 4.0). Despite Cas proteins from Type I-C and I-F having

completely distinct sequences (Fig. 1.9E), this negative surface charge could allow AcrIF2* to block

both the I-C and I-F DNA recognition motifs. We selected eight AcrIF2* residues (D30, E36, D76,

E77, E82, E85, E91, E94) that sit within ˜5 Åof a basic residue on Type I-F Cas7/Cas8 (Fig. 1.3F

and Fig. 1.11A) and incrementally mutagenized them. All of the plasmid-expressed mutants, up to

an 8x Ala mutant (acrIF2*8xAla) surprisingly maintained Acr activity against the Type I-F and

I-C systems, while more dramatic mutations (e.g. the eight selected residues mutated to lysine or

the 8 residues mutated to glutamine or asparagine) lost all inhibitory function (Fig. 1.11B). When

the 8x Ala mutant was expressed from the endogenous phage acr locus, it also retained function

against the Type I-C and Type I-F systems individually (Fig. 1.3G), which was surprising given

the presumed reliance on these negatively charged residues. However the 8x Ala mutant phage was

inactivate against the Type I-C system (EOP ¡ 10�4) when infecting a strain expressing both Type

I-F and I-C (PaLML1), again consistent with a dual inhibition cost (Fig. 1.3H). Activity against

the I-F system was only partially weakened (EOP = 0.02, Fig. 1.3G, H, and Fig. 1.11C), however.

The more sensitive phage concentration threshold infection assay that revealed the competition cost

for WT AcrIF2* also indicated that the mutant had a very weak anti-CRISPR phenotype, only

providing protection to the phage at the highest MOI when faced with the targeting I-C and decoy

I-F complexes (Fig. 1.12B and C). Output PFUs were again assessed, revealing that mutant AcrIF2*

phage output was reduced ˜100 000-fold when competing with WT Type I-F or Type I-F Cas8K247A

decoy systems, but less so with excess Type I-C, compared to the NT control (Fig. 1.13E–H).

Interestingly, this reduction in mutant AcrIF2* output phage was the same for WT and Type I-F

Cas8K247A decoy systems (Compare Fig. 1.13E and F), suggesting that mutant AcrIF2* retains

similar binding affinity for WT Cas8 versus Cas8K247A. Overall, AcrIF2* strength is completely

context-dependent, exhibiting a conditional defect in the presence of two competing surveillance
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complex binding targets. This defect, however, is minimized by the excessive negativity of the

protein, as many of these residues are not required for function, per se, but help to buffer the defect

generated by in vivo competition. The weakened activity of the mutated AcrIF2* protein against

the Type I-C system is consistent with non-identical, but perhaps overlapping, AcrIF2* binding

interfaces. We posit that WT AcrIF2* may make more contacts with the Type I-F surveillance

complex vs. the Type I-C surveillance complex, stabilizing its interaction with the former (Fig. 1.3I).

1.3.4 Broad-spectrum inhibitory activity by the I-C anti-CRISPRs

Fig 1.4. Multi-system inhibition by a subset of the novel inhibitors. (A) Phylogenetic
tree of AcrIC5 protein showing its broad distribution. Lines highlighted in red denote strains of
relevance in this work. Tree was generated using BLAST pairwise alignments (B) Plaque assay of
acr-encoding engineered JBD30 phages tested against the E. lenta Type I-C system expressed
heterologously in P. aeruginosa. Phage was serially diluted 10× for each spot. (C) EOP
calculations for an isogenic panel of phages encoding the indicated acr gene, infecting a strain
expressing the Type I-E CRISPR–Cas system (PA4386). Each bar is the average of infections done
in biological triplicate normalized to the number of plaques on PA4386 �cas3. (D) Type I-E
CRISPRi, conducted as in Figure 3 (host: PA4386 �cas3 ) with the Acr proteins that inhibit Type
I-E function assayed. AcrIIA4 is a negative control.
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We next surveyed the phylogenetic distribution of the new acr genes reported here. Most

of the Acr proteins were limited to a single genus: AcrIC1 to Moraxella, and AcrIF2*, AcrIC3,

AcrIC4 and AcrIC7 were only found in Pseudomonas. AcrIC5 orthologues were found distributed

across Proteobacteria, Firmicutes, and Actinobacteria (Fig. 1.4A), and AcrIC8 orthologues were

found sparingly in Pseudomonas, Spirochetes, and Rhizobiales. AcrIC6 can be found broadly in

various classes (Alpha-, Beta- and Gamma-proteobacteria) with many homologues in Salmonella

enterica. We took note of Actinobacterial AcrIC5 homologues in the human-associated microbes

Cryptobacterium curtum and Eggerthella timonensis, given that an active Eggerthella lenta Type

I-C CRISPR–Cas system was described recently [13]. We tested whether a phage encoding the

Pseudomonas AcrIC5 homologue could inhibit the E. lenta I-C system heterologously expressed in

P. aeruginosa and observed strong anti-CRISPR function (Fig. 1.4B), despite cas gene sequence

identities between 35 and 55% (Fig. 1.14A). Surprisingly, AcrIC7 also inhibited the E. lenta I-C

system, despite no identified homologues outside of the Pseudomonas genus.

The broad-spectrum activity of AcrIF2* (I-F and I-C), AcrIC5 (I-CPae and I-CEle), and AcrIC7

(I-CPae and I-CEle), motivated us to test the new Acr proteins against another system found in

P. aeruginosa, Type I-E. Type I-C, Type I-F and Type I-E systems are phylogenetically distinct

subtypes, with I-F and I-E systems sharing a more recent common ancestor. AcrIC7*Pst, AcrIC7*Pci,

AcrIC7*Pae and AcrIC8*, inhibited the Type I-E system well, while AcrIC6* was again, a weak

anti-CRISPR (Fig. 1.4C, AcrIC8 locus map in Fig. 1.14B). The new Type I-E Acr proteins (AcrIC6*,

AcrIC7*Pst, AcrIC8* and AcrIE9) all inhibited Type I-E CRISPRi (Fig. 1.4D), indicating that they

block DNA binding. Curiously, AcrIC7Pae only inhibited the I-E subtype, unlike its dual I-C/I-E

inhibiting homologues (Fig. 1.10C and Fig. 1.14C). Searching through sequenced genomes revealed

that P. stutzeri and P. aeruginosa encode both I-C and I-E subtypes, while P. citronellolis encodes

only Type I-F systems.

1.3.5 Anti-CRISPRs that inhibit DNA cleavage by Cas3

Acr proteins that allow for DNA binding but still block phage DNA cleavage, like AcrIC1 and

AcrIC3 (Fig. 1.2E), effectively turn the endogenous CRISPR–Cas machinery into a catalytically

dead, transcriptional repression system. acrIC3 can be frequently found flanked by acrIE1 and
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Fig 1.5. acrIC3 is found on conjugative and plasmid elements. (A) Gene loci showing
acrIC3. acrIC3 is found on various MGEs, and is often associated with AcrIE1 and AcrIF3, which
are Cas3 interacting proteins. (B) Schematic of the Type I-C mutant where the C-terminus of Cas3
is tethered to the N-terminus of Cas8 with a short linker peptide (‘Cas3-Cas8 tether’) and a related
construct where a stop codon is added after the linker peptide (‘Cas3 C-term tether’). (C) Spot
titration plaque assay with ten-fold serial dilutions of phage showing the plaquing efficiency of
Acr-expressing DMS3m phages on non-targeting (NT), or Type I-C expressing strains, either with
Cas3–Cas8 tethered, Cas3 C-term tether, or Cas3 WT.
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acrIF3 in P. aeruginosa, two Cas3 inhibitors that enable CRISPRi [8,24]. This reveals a remarkable

‘anti-Cas3 locus’ for all three Type I CRISPR systems in P. aeruginosa (Fig. 1.5A). Conjugative

transfer, parA/B genes, and type IV secretion system genes are found flanking these acr genes.

The role that an ‘anti-Cas3 island’ may play in conjugative transfer from cell to cell is yet to be

determined, but this phenomenon may indicate that neutralizing the ssDNAse Cas3 is an effective

means to ensure successful transfer, which proceeds through a ssDNA intermediate. When not

found with other CRISPRi-enabling inhibitors, acrIC3 is carried by phages, along with acrIC4,

which is always paired with acrIC3. acrIC1 is found on Moraxella phages and prophages, flanked

byacrVA1, acrVA2 and acrVA3, genes encoding Cas12 inhibitor proteins.

In an effort to distinguish the inhibitory mechanisms for AcrIC1 and AcrIC3, we constructed a

Type I-C complex where the Cas3 C-terminus was tethered to the Cas8 N-terminus with a 13 amino

acid sequence (RSTNRAKGLEAVS) (Fig. 1.5B). This construct was inspired by, and designed to

mimic, naturally occurring variants of Type I-E systems in Streptomyces griseus, which encode

Cas3 and Cas8 as a single polypeptide, with the same short linker peptide in between [40]. A

control strain with a stop codon immediately following the C-terminal Cas3 tag was also constructed

(Fig. 1.5B). A similar fusion of Cas3 to Cas5, which is seen in some Type I-C systems, was inactive

when tested (not shown). When the panel of Type I-C Acr-expressing phages infected a strain

expressing this minimal system, the fusion efficiently evaded the AcrIC3 protein, targeting this

phage by ˜1,000-fold, while all other acr phages, with the exception of AcrIC6, replicated well

(Fig. 1.5C). A version of Cas3 just possessing the linker on its C-terminus surprisingly also blocked

the activity of AcrIC3, suggesting that AcrIC3 directly interacts with the C-terminus of Cas3, but

the linker residues block this interaction. This demonstrates that AcrIC1 and AcrIC3 utilize distinct

mechanisms to inhibit the Type I-C system downstream of DNA-binding.

1.4 Discussion

Organisms encoding CRISPR–Cas immune systems are locked in battle with genetic parasites that

encode anti-CRISPR proteins capable of disabling CRISPR–Cas activity [4]. However, the Type I-C

system in P. aeruginosa is also found on a common MGE (pKLC102) that can exist as either an
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Fig 1.6. The novel I-C inhibitors act through a variety of mechanisms (A) Schematic
representation of the three Type I subtypes investigated and the novel cognate anti-CRISPRs that
inhibit them.
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island or as a plasmid [?,32]. Since mobile elements (here, encoding CRISPR–Cas or anti-CRISPRs)

can transfer antibiotic resistance genes, virulence factors, immune systems, and other fitness-altering

genetic material to their host [41, 42], this generates an interesting paradigm for CRISPR and

anti-CRISPR interactions [43]. Mobile CRISPR–Cas systems can deliver immunity horizontally,

transferring not only cas genes, but also a library of spacers against other MGEs. As CRISPR–Cas

systems have been identified on plasmids [44] and phages [2, 3], this phenomenon could be highly

prevalent.

The role of Acr proteins in the dissemination and maintenance of MGEs in bacterial genomes

is just beginning to be explored [45]. The Acrs described in this study were found encoded by

diverse MGEs that are frequent targets of the P. aeruginosa Type I-C spacer repertoire (Fig. 1.10A).

AcrIC1, AcrIF2*, AcrIC5, AcrIC6* and AcrIC7* are commonly found within phages, while AcrIC6*

and AcrIC8* are associated with Tn3 family transposases (Fig. 1.14E and F). Acr proteins facilitate

the maintenance of prophages in genomes encoding spacers against that phage, which can help

maintain CRISPR–Cas by preventing self-targeting, and even weak Acr proteins can overcome

kinetic limitations by working cooperatively [28, 46]. Additionally, multi-system inhibition may be

commonly exploited by MGEs, since bacteria are not limited to only one CRISPR–Cas subtype (See

summary of our data in Fig. 1.6A). Such a tactic conserves genetic real estate, and acts as insurance

against the threat of assorted immune systems, but may have a negative impact on fitness, as we

demonstrated with AcrIF2*.

Of the eight Type I-C anti-CRISPR proteins, all but one (AcrIC8*) had high acidic amino

acid content. This has been a common theme among Acr proteins and inhibitors of other immune

systems [47]. Excess acidic residues could help stabilize binding to diverse Cas proteins, provide

essential residues for inhibiting more than one system, and buffer against in vivo competition with

multiple binding partners. For example, the T7 phage encoded Ocr protein is highly acidic and

forms a dimer with a bend similar to B-DNA [48, 49]. Ocr was initially discovered as a Type I

restriction enzyme system inhibitor and was more recently shown to inhibit the anti-phage system,

BREX [50]. Importantly, systematic mutation of Ocr’s acidic residues revealed it to be highly

recalcitrant to breakage, similar to AcrIF2*, maintaining inhibitory activity against Type I R-M

even with up to 33% of acidic residues mutated [48]. Similarly, Cas9 inhibitors AcrIIA2 and AcrIIA4
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are highly acidic, can inhibit diverged Cas9 orthologues [36], and have been subjected to extensive

mutagenesis, also appearing to have dispensable acidic residues [21]. AcrIF2* can also be considered

a DNA mimic or a DNA competitor, with structural work showing that it partially overlaps with

the PAM binding site [22, 23,51], and our mutagenesis demonstrating that it is also quite resilient.

This suggests that DNA mimicry is a potent and flexible anti-immune strategy.

Our work here underscores the importance of studying CRISPR–Cas and Acr mechanisms in vivo,

revealing multiple new insights, including broadly inactivating anti-CRISPR proteins encoded by

various MGEs and the flexibility of DNA mimicry, a common anti-CRISPR and anti-immune strategy.

We propose that these DNA mimics are excessively negative to broaden their inactivation potential

and buffer against competition and co-evolution in the DNA-binding pocket for CRISPR–Cas

systems. Together with the spacer diversity uncovered, functional phage interference demonstrated,

and the discovery of numerous diverse anti-CRISPR proteins encoded by P. aeruginosa mobile

genetic elements, we conclude that the mobile Type I-C CRISPR–Cas system in P. aeruginosa is

functional in nature. These observations further bolster our understanding of the importance of

CRISPR–Cas to the biology of this species and generate a model organism for future Type I-C

CRISPR–Cas work.
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Fig 1.7. Gene candidates involved in this study. Candidate genes tested over the course of
this work. NCBI accession numbers provided.
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Fig 1.8. Lineage tracing of the Type I-C CRISPR arrays. (A) Full CRISPR array lineage
mapping of the 28 unique CRISPR arrays from 42 genomes. Each lineage contains CRISPR arrays
that share at least one spacer. Spacers with the same DNA sequence are given the same number.
Spacer 44 is a self-targeting spacer and is colored in purple.
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Fig 1.9. Analysis of the P. aeruginosa Type I-C system. (A) The pKLC102 island can
excise to form an episome. Red arrows represent forward and reverse primer pair used to analyze
island excision. Gel depicts PCR products using the forward and reverse primer pair from
schematic demonstrating the episomal nature of the pKLC102 element in PaLML1 and PA14
isolates. PAO1 does not harbor pKLC102 elements, resulting in no PCR product. (B) Spot
titration plaque assay of CRISPR-Cas sensitive phage serially diluted on a lawn of PaLML1,
expressing crRNAs of lengths between 32-37 nt. The targeted phage is DMS3m, which does not
have an acrIC gene. (C) Spot titration plaque assay of WT (i.e. non escaper) phage and escaper
phages 1 and 2 challenged with the Type I-C system in PAO1IC. T = Targeting, NT =
Non-targeting. Phages were spotted in 10x serial dilutions. (D) Alignment of self-targeting spacer 1
from AZPAE14708 with corresponding protospacer. PAM is underlined in red. (E) Comparison of
Type I-F and Type I-E Cas protein sequences to Type I-C Cas protein sequences for the systems
used in this study. (F) Plaque assay testing the activities of two AcrIF2 homologues identified in
Pseudoxanthomonas and Stenotrophomonas genomes. Homologues were expressed from a plasmid
in either a strain encoding the Type I-C system (PAO1IC, induced with 1mM IPTG) or the Type
I-F system (PA14). A phage encoding a Type I-C Acr (AcrIC8) was used as a positive control, and
a phage encoding AcrIIA4 (a Cas9 inhibitor) was used as the targeted phage.
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Fig 1.10. The Type I-C system targets acr-encoding elements. (A) Schematic
representation of the MGEs targeted by spacers found encoded by the Type I-C CRISPR arrays.
Each MGE is shown with the Type I-C acr it encodes (black arrow) and relevant upstream and
downstream genes. Spacer matches are indicated by a red arrow and the strain name plus spacer
number. Accession number for the MGE is found below the genome annotation. (B) Loci showing
typical genetic context of acrIC7 in three Pseudomonas species. Genome accession code in
parentheses. (C) Plaque assays of two AcrIC7 homologues expressed from a plasmid in PAO1IC or
PA14. Acr activity was assessed by spotting a CRISPR-Cas sensitive phage in 10x serial dilutions
(DMS3m expressing AcrIIA4) and an untargeted control (DMS3m expressing AcrIC8). (D)
Schematic of the CRISPRi assay used to screen Acr activity. A crRNA is designed to bind
upstream of phzM, a gene whose expression results in green pigmented P. aeruginosa cultures. Acrs
that inhibit the surveillance complex from binding target DNA result in a CRISPRi- phenotype.
Acrs that bind Cas3 or do not block DNA binding result in a CRISPRi+ phenotype.
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Fig 1.11. Analysis of AcrIF2*, a highly acidic anti-CRISPR. (A) AcrIF2* amino acid
sequence shown with 8 key acidic residues (red) and all other acidic residues shaded (orange). These
residues were mutated to either alanine, corresponding opposite charge residues, or corresponding
neutral residues as indicated in the text. (B) Plaque assays testing the activity of AcrIF2* mutants
expressed from a plasmid. A I-F strain (PA14) or IC strain (PAO1IC) were transformed with
plasmids encoding the mutants indicated under each panel. Ten-fold serial dilutions of a
CRISPR-Cas sensitive phage (DMS3m-AcrIIA4) was used to determine the activity of the AcrIF2*
mutants. 4x alanine is D76A, D77A, E91A, and E94A. 8x mutant includes all mutated residues
from the 4x mutant plus D30A, E36A, E82A, AND E85A. (C) Plaque assays with ten-fold dilutions
of the engineered mutant AcrIF2* phage tested in PAO1IC (Type I-C alone), PA14 (PA14 alone),
or PaLML1 (both Type I-C and Type I-F co- expressed, with phage-specific crRNA provided on a
plasmid and indicated below the appropriate panel). T= Targeting crRNA, NT= Non-targeting.
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Fig 1.12. Fitness tradeoffs of dual inhibitors. (A)-(I) Liquid infection assay with PAO1IC

transformed with indicated “decoy” surveillance complex plasmids (WT Type I-F, WT Type I-C,
or Type I-F Cas8K247A) and infected with a virulent DMS3m phage expressing AcrIF2*, the 8x Ala
mutant, AcrIC1, or AcrIIA4. Input phage MOI shown in legend.
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Fig 1.13. Infection thresholds vary for anti-CRISPR encoding phage. (A)-(H) Output
phage following liquid infection assay from supplemental figure 5. Phage from cultures infected
with virulent DMS3m expressing either AcrIF2*WT or AcrIF2*8x Alawas collected. 10x serial
dilutions were spotted on an indicator strain (PAO1 WT). Input phage MOI shown in legend.
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Fig 1.14. Type I-C inhibitors function against multiple systems. (A) Protein percent
identity comparison of the E. lenta Type I-C CRISPR-Cas system to the P. aeruginosa Type I-C
CRISPR-Cas system. (B) Loci showing typical genetic context of acrIC8. (C) Plaque assays of two
AcrIC7 homologues expressed from a plasmid in PA4386. Acr activity was assessed by spotting a
CRISPR-Cas sensitive phage in 10x serial dilutions (DMS3m expressing AcrIIA4) and an
untargeted control (DMS3m expressing AcrIC8).
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Chapter 2

A compact Cascade–Cas3 system for

targeted genome engineering

2.1 Introduction

CRISPR–Cas systems are a diverse group of RNA-guided nucleases that defend prokaryotes against

viral invaders [11, 52, 53]. Gene-editing applications have focused on single subunit Class 2 CRISPR

systems [54] (for example, Cas9 and Cas12a), but Class 1 systems hold great potential for editing

technologies, despite consisting of multi-subunit complexes [55]. The signature gene in Class 1 Type

I systems is Cas3, a 30–50 single-strand DNA helicase-nuclease enzyme that, unlike Cas9 or Cas12a,

degrades target DNA processively [56–59]. This property of Cascade (CRISPR-associated complex

for antiviral defense)–Cas3 systems raises the possibility of its development as a tool for large

genomic deletions, such as the targeted removal of entire genes, gene clusters, islands, prophages or

plasmids, a task that Class 2 systems are inefficient at.

Type I systems are the most prevalent CRISPR–Cas systems in nature [11], which has enabled

the use of endogenous CRISPR–Cas3 systems for genetic manipulation via self-targeting. This

has been accomplished in Pectobacterium atrosepticum (Type I-F) [60], E. coli (Type I-E) [61, 62],

Sulfolobus islandicus (Type I-A) [63], Clostridium species (Type I-B) [64] Lactobacillus crispatus

(Type I-E) [65], Serratia sp. (Type I-F) [66], Haloarcula hispanica (Type I-B) [67], Streptococcus
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thermophilus (Type I-E) [68], P. aeruginosa (Type I-F) [69] and Zymomonas mobilis (Type I-F) [70],

most frequently being used to generate small deletions with homologous repair templates. This

multitude of different Type I systems have been shown to work to various degrees as editing tools in

their native hosts, however, no Type I system has been optimized for efficient heterologous editing

in bacteria, beyond the demonstration of the toxic effects of self-targeting [71]. Recent studies have

repurposed Type I-E systems for DNA cleavage in human cells [72–74], and Type I-F, I-E and I-B

systems for transcriptional modulation [75–77].

Here, we repurposed and optimized a Type I-C CRISPR system from P. aeruginosa (PaeCas3c)

for both endogenous and heterologous genome engineering in four microbial species. Compared to

other Type I systems, such as the well studied Type I-E system (six different proteins), Type I-C is

streamlined, requiring only four proteins. By targeting the genome with a single CRISPR RNA

(crRNA) and selecting only for survival after editing, PaeCas3c is a rapid, counter-selection-free

approach to programmable large-scale genome engineering and genome minimization. Cascade–Cas3

is capable of efficient genome-scale deletions currently not achievable using other methodologies. It

has the potential to serve as a powerful tool for basic research, discovery and strain optimization.

2.2 Materials and Methods

2.2.1 Bacterial strains, plasmids, DNA oligonucleotides, and media

A previously described [78] environmental strain of P. aeruginosa was used as a template to amplify

the four cas genes of the Type I-C CRISPR–Cas system genes (cas3, cas5, cas7 and cas8). The genes

were cloned into the pUC18-mini-Tn7T-LAC vector [79] using the SacI-PstI restriction endonuclease

cut sites in the order cas5, cas7, cas8, cas3 to generate the plasmid pJW31 (Addgene number

136423). This vector was introduced into P. aeruginosa PAO1 [80], inserting the cas genes into

the chromosome, following previously described methods [81]. Following integration, the excess

sequences, including the antibiotic resistance marker, were removed via Flp-mediated excision. The

resulting strain, dubbed PAO1IC, allowed inducible expression of the I-C system through induction

with isopropyl�-D-1 thiogalactopyranoside (IPTG). This same method was used to integrate the

Cas3–Cas8 tether mutant in the order cas5, cas3, cas8, cas7. The linker amino acid sequence is
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RSTNRAKGLEAVS. An isogenic strain carrying Cas9 derived from S. pyogenes was constructed in

the same fashion, resulting in the strain PAO1IIA. For experiments to test the system in P. syringae,

we used the previously characterized strain DC3000 [82]. E. coli editing experiments were conducted

with strain K-12 MG1655 [83]. Experiments conducted with K. pneumoniae were performed using

strain KPPR1 [84].

To construct the Cas3 helicase and nuclease mutant strains, the PAO1IC system was used to

introduce point mutations. crRNAs were designed to target Cas3 along with a HDR template that

included the desired mutation, and silent mutations to prevent CRISPR–Cas targeting of the final

strain.

To achieve genomic self-targeting of the I-C CRISPR–Cas strains, crRNAs designed to target

the genome were expressed from the pHERD20T and pHERD30T shuttle vectors [85]. So-called

‘entry vectors’ pHERD20T-ICcr and pHERD30T-ICcr were first generated by cloning at the EcoRI

and HindIII sites an annealed linear dsDNA template carrying the I-C CRISPR–Cas system repeat

sequences flanking two BsaI Type IIS restriction endonuclease recognition sites. Additionally, a

preexisting BsaI site in a noncoding site of the pHERD30T and pHERD20T plasmids was mutated

using whole-plasmid amplification so it would not interfere with the cloning of the crRNAs [78].

Oligonucleotides with repeat-specific overhangs encoding the various spacer sequences were annealed

and phosphorylated using T4 polynucleotide kinase and cloned into the entry vectors using the BsaI

sites. For experiments using Cas9, sgRNAs were expressed from the same pHERD30T vector, with

the sgRNA construct cloned using the same restriction sites as with the I-C crRNAs.

The all-in-one vector pCas3cRh (Addgene number 133773) is a derivative of the pHERD30T-IC

plasmid, with the four I-C system genes cloned downstream of the crRNA site. This was achieved

by amplifying the genes cas3, cas5, cas8 and cas7 in two fragments with a junction within cas8

designed to eliminate an intrinsic BsaI site with a synonymous point mutation. The amplified

fragments were cloned into pHERD30T-IC using the Gibson Assembly protocol [86]. Finally, to

guard against potential leaky toxic expression, we replaced the araC-ParaBAD promoter with the

rhamnose-inducible rhaSR-PrhaBAD system [87]. The sequence for rhaSR-PrhaBAD was amplified

from the pJM230 template [87], provided by the laboratory of J.B. Goldberg (Emory University)

and cloned into the pHERD30T-IC plasmid to replace araC-ParaBAD using the Gibson Assembly
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(New England Biolabs). Without induction, transformation efficiencies of targeting constructs of

assembled pCas3cRh were on average 5–10-fold lower when compared to nontargeting controls

(Fig. 2.12C), indicating residual leakiness of the I-C system.

The aca1-containing vector pICcr-aca1 is a derivative of the pHERD30T-ICcr plasmid, with

aca1 cloned downstream of the crRNA site under the control of the pBAD promoter. The aca1 gene

was cloned from P. aeruginosa phage DMS3m.

All oligonucleotides used in this study were obtained from Integrated DNA Technologies. For a

complete list of all DNA oligonucleotides and a short description, see Supplementary Table 4.

2.2.2 Bacterial transformations

Transformations of P. aeruginosa, E. coli, P. syringae and K. pneumoniae strains were conducted

using standard electroporation protocols. Then, 10 ml of overnight cultures were centrifuged and

washed twice in an equal volume of 300 mM sucrose (20% glycerol for E. coli) and suspended

in 1 ml of 300 mM sucrose (20% glycerol for E. coli). Next, 100-µl aliquots of the resulting

competent cells were electroporated using a Gene Pulser Xcell Electroporation System (BioRad)

with 50–200ng of plasmid with the following settings: 200 ohms, 25 µF, 1.8 kV, using 0.2-mm gap

width electroporation cuvettes (BioRad). Electroporated cells were incubated in antibiotic-free

Super optimal broth with catabolite repression media for 1h at 37�C (28�C for P. syringae), then

plated onto LB agar (King’s medium B agar for P. syringae) with the selecting antibiotic and grown

overnight at 37�C (28�C for P. syringae). Cloning procedures were performed in commercial E. coli

DH5↵ cells (New England Biolabs) or E. coli XL1-Blue (QB3 Macrolab Berkeley), according to the

manufacturer’s protocols.

Construction of recombinant DMS3m acr phages

The isogenic DMS3macrIIA4 and acrIC1 phages were constructed using previously described methods

[28]. A recombination cassette, pJZ01, was constructed with homology to the DMS3m acr locus.

Using the Gibson Assembly (New England Biolabs), either acrIC1 or acrIIA4 were cloned upstream

of aca1, and the resulting vectors were used to transform PAO1IC. The transformed strains were
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infected with wild-type DMS3m, and recombinant phages were screened for. Phages were stored in

SM buffer at 4�C.

2.2.3 Isolation of PAO1
IC

lysogens

PAO1IC was grown overnight at 37�C in LB media. Then 150µl of overnight culture was added to

4ml of 0.7% LB top agar and spread on 1.5% LB agar plates supplemented with 10mM MgSO4. 5µl

of phage, expressing either acrIC1 or acrIIA4 were spotted on the solidified top agar and plates

were incubated at 30�C overnight. Following incubation, bacterial growth within the plaque was

isolated and spread on a 1.5% LB agar plate. After an overnight incubation at 37�C, single colonies

were assayed for the prophage. Confirmed lysogens were used for genomic targeting experiments.

2.2.4 Genomic targeting and measurement of growth rates

P.aeruginosa

Genomic self-targeting of P. aeruginosa PAO1IC was achieved by electroporating cells with

pHERD30T (or pHERD20T) expressing the self-targeting spacer of choice. Cells were plated

onto LB agar plates containing the selective antibiotic, without inducers, and grown overnight.

Single colonies were then grown in liquid LB media containing the selective antibiotic, as well

as IPTG to induce the genomic expression of the I-C system genes, and arabinose to induce the

expression of the crRNA from the plasmid. The aca1-containing crRNA plasmids do not need

additional inducers, as the pBAD promoter controls aca1. Cultures were grown at 37�C in a shaking

incubator overnight to saturation, then plated onto LB agar plates containing the selecting antibiotic,

as well as the inducers, and incubated overnight again at 37�C. The resulting colonies were then

analyzed individually using colony PCR for any differences at the targeted genomic site compared

to a wild-type cell. gDNA was isolated by resuspending one colony in 20 µl of H2O, followed by

incubation at 95�C for 15 min. Then 1–2 µl of boiled sample was used for PCR. The primers used

to assay the targeted sites were designed to amplify genomic regions 1.5–3 kb in size. In the event

of a PCR product equal to or smaller than the wild-type fragment (as was often observed when

analyzing Cas9-targeted cells), Sanger sequencing (Quintara Biosciences) was used to determine any
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modifications of the targeted sequences. In some cases, additional analysis of the crRNA-expressing

plasmids of the surviving colonies was also performed, by isolating and reintroducing the plasmids

into the original I-C CRISPR–Cas strain, where functional self-targeting could be determined based

on a substantial increase in the lag time of induced cultures, characteristic of self-targeting events.

In cases where a HDR template was used, homology arms ranging in size of 500–600 bp were

cloned using a nested PCR-based approach where the two different arms were stitched together

via 25-bp overlaps. These fragments were then cloned into the pHERD30T plasmid expressing

self-targeting crRNAs at the NheI restriction sites. Genomic targeting was performed as described

above. Surviving cells were analyzed using colony PCRs amplifying the desired deletion junction

(verified with Sanger sequencing), as well as the wild-type target site. Editing efficiencies were

counted as the number of colonies producing a desired deletion junction fragment from the total

number of analyzed colonies.

Growth dynamics of various strains were measured using a Synergy 2 automated 96-well plate

reader (Biotek Instruments) and the accompanying Gen5 software (Biotek Instruments). Individual

colonies were picked and grown overnight in 300 µl volumes of LB in 96-well deep-well plates at

37�C. The grown cultures were then diluted 100-fold into 100 µl of fresh LB in a 96-well clear

microtiter plate (Costar) and sealed with Microplate sealing adhesive (Thermo Scientific). Small

holes were punched in the sealing adhesive for each well for increased aeration. Doubling times were

calculated as described previously [88].

E. coli

Genomic self-targeting of E. coli was conducted in a similar fashion to P. aeruginosa, except using

the pCas3cRh all-in-one vector. Electrocompetent E. coli cells were transformed with pCas3cRh

expressing a crRNA targeting the genome. Individual transformants were selected and grown in

liquid LB media containing the selecting antibiotic (gentamicin) overnight without any inducers

added. The overnight cultures were then plated in the presence of inducer and X-gal to screen for

functional lacZ (LB agar + 15 µg ml�1 gentamicin + 0.1% rhamnose + 1 mM IPTG + 20 µg ml�1

X-gal) and blue/white colonies were counted the next day.
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P. syringae

Electrocompetent P. syringae cells were also transformed with pCas3cRh plasmids targeting selected

genomic sequences. Initial transformants were plated onto King’s medium B agar + 100 µg

ml�1 rifampicin + 50 µg ml�1 gentamicin plates and incubated at 28�C overnight. Single colony

transformants were then selected and inoculated in King’s medium B liquid media supplemented

with rifampicin, gentamicin and 0.1% rhamnose inducer, and grown to saturation in a shaking

incubator at 28�C. Cultures were finally plated onto King’s medium B agar plates with rifampicin,

gentamicin and rhamnose and incubated at 28 �C. Individual colonies were finally assayed with

colony PCR to determine the presence of deletions at the targeted genomic sites.

To test bacterial growth in planta, we used the Arabidopsis thaliana ecotype Columbia (Col-0),

which has previously been shown to be susceptible to infection by P. syringae DC3000. Plants were

grown for 5–6 weeks in 9h light/15h darkness and 65% humidity. For each inoculum, we measured

bacterial growth in ten individual Col-0 plants. Four leaves from each plant were infiltrated at an

optical density (OD600) of 0.0002, and cored with a no. 3 borer. The four cores from each plant

were then ground, resuspended in 10 mM MgCl2 and plated in a dilution series on selective media

for colony counts at both the time of infection and 3d postinfection.

To test bacterial growth in vitro, we used both King’s medium B and plant apoplast mimicking

minimal media. Overnight cultures were prepared from single colonies of each strain, washed and

diluted to OD600=0.1 in 96-well plates using either King’s medium B or minimal media. Plates were

incubated with shaking at 28�C. OD600 was measured over the course of 24–25h using an Infinate

200 Pro automated plate reader (Tecan). Statistical analysis determined significantly different

groups based on analysis of variance (ANOVA) analysis on the day 0 group of values and the day 3

group of values. Significant ANOVA results (P<0.01) were further analyzed with a Tukey’s honestly

significant difference post hoc test to generate adjusted P values for each pairwise comparison. A

significance threshold of 0.01 was used to determine which treatment groups were significantly

different.
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K. pneumoniae

Electrocompetent K. pneumoniae cells were transformed with pCas3cRh plasmids targeting selected

genomic sequences. Individual transformants were selected and grown in liquid LB media (containing

50 µg ml�1 gentamicin, as well as 0.1% rhamnose inducer) overnight. Various dilutions from

saturated cultures were then plated the next day onto LB agar plates containing the selective

antibiotic (gentamicin 50 µg ml�1) and 0.1% rhamnose inducer. Individual colonies were then

assayed for deletions using colony PCR.

WGS

The gDNA for WGS analysis was isolated directly from bacterial colonies using the Nextera DNA

Flex Microbial Colony Extraction kit (Illumina) according to the manufacturer’s protocol. The gDNA

concentration of the samples was determined using a DS-11 Series Spectrophotometer/Fluorometer

(DeNovix) and all fell into the range of 200–500ng per ul. Library preparation for WGS analysis

was done using the Nextera DNA Flex Library Prep kit (Illumina) according to the manufacturer’s

protocol starting from the tagment genomic DNA step. Tagmented DNA was amplified using

Nextera DNA CD Indexes (Illumina). Samples were placed overnight at 4°C following the tagmented

DNA amplification step, then continued the next day with the library clean up steps. Quality control

of the pooled libraries was performed using a 2100 Bioanalyzer Instrument (Agilent Technologies)

with a High Sensitivity DNA Kit (Agilent Technologies). Most samples were sequenced using a

MiSeq Reagent Kit v.2 (Illumina) for a 150bp paired-end sequencing run using the MiSeq sequencer

(Illumina). P. syringae and Cas9-generated P. aeruginosa deletion strains were sequenced using a

NextSeq 500 Reagent Kit v.2 (Illumina) for a 150bp paired-end sequencing run using the NextSeq

500 sequencer (Illumina).

Genome sequence assembly was performed using Geneious Prime software v.2019.1.3. Paired read

data sets were trimmed using the BBDuk (decontamination using kmers) plugin using a minimum

Q value of 20. The genome for the ancestral PAO1IC strain was de novo assembled using the default

automated sensitivity settings offered by the software. The consensus sequence of PAO1IC assembled

in this manner was then used as the reference sequence for mapping all of the PAO1IC strains with
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multiple deletions. As a control, the sequences were also mapped to the reference P. aeruginosa

PAO1 sequence (NC002516) to verify deletion border coordinates. Coverage of these sequenced

strains ranged from 66- to 143-fold, with an average of 98.3-fold. The sequenced P. aeruginosa

environmental strains were also mapped to the PAO1 (NC 002516) reference, while the sequenced

E. coli strains were mapped to the E. coli K-12 MG1655 reference sequence (NC 000913). Finally,

sequenced P. syringae strains were mapped to the P. syringae DC3000 (NC 004578) reference

sequence, along with the pDC3000A endogenous 73.5kb plasmid sequence (NC 004633). All of the

remaining sequenced strains had >100-fold coverage. All deletion junction sequences were manually

verified by the presence of multiple reads spanning the deletions, containing sequences from both

end boundaries.

WGS data were visualized using the BLAST Ring Image Generator [89] tool65 using BLAST+

v.2.9.0. In several cases, short sequences were aligned inside previously determined large deletions

at redundant sequences such as transposase genes. Such misrepresentations created by the BLAST

Ring Image Generator were manually removed to reflect the actual sequencing data.

2.3 Results

2.3.1 Implementation and optimization of genome editing with CRISPR-Cas3

Type I-C CRISPR–Cas systems use three cas genes (cas5, cas8 and cas7 ) to produce the crRNA-

guided Cascade surveillance complex [18, 90] that can recruit Cas3 (Fig. 2.1A). A previously

constructed P. aeruginosa PAO1 strain (PAO1IC) [78] with inducible cas genes (cas5-8-7-3 ) and

plasmid-expressed crRNAs targeting the genome was used to conduct genome manipulation (see

Fig. 2.6A for a comparison to other previously identified I-C systems). Introduction of crRNA-

expressing plasmids under noninducing conditions was not noticeably toxic, indicating tight regula-

tion of the constructs (see Methods). Induction of genome-targeting crRNAs caused a transient

growth delay (Fig. 2.1B), but survivors were isolated after extended growth. By targeting phzM,

a gene required for production of a blue-green pigment (pyocyanin), we observed yellow cultures

(Fig. 2.1C) derived from 10/18 and 6/18 surviving colonies, from two independent phzM -targeting

crRNAs. PCR of genomic DNA confirmed that the yellow cultures had lost this region, while
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Fig 2.1. Type I-C CRISPR-mediated self-targeting leads to genomic deletions. (A) A
schematic of the Type I-C cas gene operon and CRISPR array. The surveillance complex is made
up of Cas proteins (Cas5, Cas8, Cas7) and one crRNA, which recruits Cas3 on target DNA
recognition. Cas3 then degrades DNA through its dual helicase-nuclease activity. (B) Growth
curves of two PAO1IC strains expressing different crRNAs targeting phzM (green and orange)
compared to a nontargeting strain (blue). Values are the mean of eight biological replicates each,
error bars indicate s.d. values. (C) Cultures resulting from phzM targeting, in the absence of
inducer (-ind), presence (+ind) and after recovery. (D) WGS of three PAO1IC self-targeted survivor
strains. Bars indicate boundaries of deletions with open reading frame (ORF) indicated below; red
arrow indicates genomic position of targeted sequences.
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blue-green survivors maintained it (Fig. 2.6B). Three of these deletion strains were sequenced,

revealing deletions of 23.5, 52.8 and 60.1kb, and each one was bidirectional relative to the crRNA

target site (Fig. 2.1D). This demonstrated the ability of Type I-C Cascade–Cas3 to induce large

genomic deletions surrounding a programmed target site.To determine the in vivo processivity

of the Cas3 enzyme, we identified 16 extended nonessential (XNES) regions >100kb in length

(Supplementary Table 1) that lack a known essential gene [91]. Targeting XNES1 and XNES2

(along with additional targeting of phzM, which is found in XNES15) with two crRNAs each, led to

deletions in 20–40% of the surviving colonies (Fig. 2.2A). To understand how cells lacking large

deletions had survived self-targeting, three possibilities were considered: (1) cas gene loss-of-function

mutations, (2) PAM or protospacer mutations or (3) mutations in the crRNA-expressing plasmid.

Three survivors lacking target deletions from each of the six self-targeting crRNAs were assayed.

All had functional cas genes when the self-targeting crRNA was replaced with a D3 phage-targeting

crRNA (Fig. 2.7A), leading to a reduction in phage replication. Additionally, target sequencing

revealed no point mutations. We did, however, observe spacer loss from the crRNA-expressing

plasmid, via recombination between the direct repeats (Fig. 2.7B). An additional 17 survivors that

lacked target deletions also had plasmids that were missing the spacer (Fig. 2.7C, D). Spacer excision

was successfully prevented by modifying the second repeat, introducing six mutated nucleotides in

the stem and three in the loop (Fig. 2.2B) and thus disrupting homology between the two direct

repeats. A phage-targeting crRNA with this new design targeted phage as well or better than

the same crRNA with unmodified repeats (Fig. 2.8A). Targeting of the same six genomic sites

with modified repeat crRNAs resulted in consistent growth delays (Fig. 2.2C) and in a robust

increase in editing efficiencies to 94–100% (Fig. 2.2A). Of 216 surviving colonies assayed with

deletions generated by the six different crRNAs, 211 (98%) had large deletions (that is, >1kb), while

the remaining 5 had inactive CRISPR–Cas systems when tested with the phage-targeting crRNA

(Fig. 2.8B).When targeting poorly characterized genomes, essential genes may be unknowingly

targeted leading to confounding editing outcomes. To assess the phenotype of such an event, we

intentionally targeted an essential gene, rplQ. Two different modified repeat crRNAs targeting rplQ

led to a severely extended lag time compared to nonessential gene targeting. Only 8 out of 36

rplQ-targeting biological replicates grew after 24h (Fig. 2.9A). Subsequent analysis of these eight
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survivor cultures with phage-targeting assays revealed nonfunctional cas genes (Fig. 2.9B). No spacer

excision events were detected in this experiment, confirming the robustness of the crRNA-engineering

and of the deletion method, as the outcome of essential gene versus nonessential gene targeting is

noticeably distinct.

2.3.2 Cas3 generates larger deletions than Cas9 and is recombinogenic

Fig 2.2. Optimization and characterization of Cascade–Cas3-directed genomic

editing. (A) Percentage of survivors with a genomic deletion at the location targeted. Six different
crRNA constructs with either wild-type (WT) repeat sequences (light green) or with the second
repeat being modified (dark green). Values are means of three biological replicates each, where 12
individual surviving colonies were assayed per replicate, error bars show s.d. values. (B) Sequence
and structure of natural and modified repeat sequences. Specifically engineered modified
nucleotides shown in red; repeat sequences highlighted in gray with an arbitrary intervening spacer
sequence. (C) Growth curves of PAO1IC strains expressing distinct self-targeting crRNAs flanked
by modified repeats. Nontargeting crRNA-expressing control is marked in blue. Values depicted are
averages of four biological replicates each. (D) Gene-editing outcomes for distinct survivor cells
targeted with either a Type II-A SpyCas9 system or a Type I-C Cas3 system (n=72 individual
colonies isolated from distinct cultures of self-targeting cells for each system). (E) Deletion size
distribution of 47 independently generated phzM deletion strains determined using tiling PCR.
Black segments indicate the presence of a PCR product for a given sample, while white segments
indicate the absence, thus giving an estimate of the size for the generated deletions. (F) Percentage
of analyzed survivors with the specific deletion size present (0.17, 56.5 or 249 kb) generated with
homologous repair templates, in tandem with the Cascade–Cas3 system (green) or the SpyCas9
system (blue). Values are means of three biological replicates each, where 12 individual surviving
colonies were assayed per replicate and have been normalized to the total percentage of edited
samples for each enzyme shown in Fig. 2d (98.6% for Cas3, 50% for Cas9); error bars show s.d.
values; ND, not detected.

To determine whether large deletions are a direct consequence of the processive Cas3 enzyme, as
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opposed to selecting for rare preexisting large genomic deletions [92], we compared Cas3-mediated

self-targeting outcomes to those resulting from targeting using Streptococcus pyogenes Cas9, which

lacks a helicase domain, expressed in an isogenic strain (PAO1IIA). If the large deletions we observed

in P. aeruginosa are preexisting in the population, we would expect these to be selected for at

comparable frequencies regardless of the nuclease used to target the genome. A Cas9 single-guide

RNA (sgRNA) was used with a spacer that overlapped with one of the Cas3 crRNAs used to target

phzM (Fig. 2.2D, Fig. 2.10). Sequence analysis of these surviving cells revealed that deletions

larger than 1kb were a rare occurrence in the presence of Cas9 (5.6% assayed survivor cells, n=72)

compared to 98.6% with Cas3 (Fig. 2.2D). Whole-genome sequencing (WGS) of two large deletion

survivors selected by Cas9 showed lesions of 5 and 23kb around the target site. The more common

modes of survival after Cas9 targeting were small deletions between 0.1 and 0.5kb in length (25% of

all survivors), or 1–3 basepair protospacer/PAM deletions/mutations (19.4%), with the remaining

50% of survivors unedited at their target sites. In sum, the apparent shift of deletions toward

smaller size resulting from targeting with SpyCas9, compared to a nearly completely distinct set of

outcomes when using Cas3, implicates Cas3’s enzymatic activity as the cause of large deletions.To

achieve a more granular measurement of the deletion sizes generated by Cas3-mediated editing, we

examined 47 individual phzM -targeting events. Tiling PCR was used to determine the presence

of flanking segments at various intervals spanning a total of 95kb surrounding phzM (Fig. 2.2E).

Of the 47 independent deletion outcomes examined with this method, 44 had deletions of at least

5kb and 22 had deletions of at least 35 kb in size, with 1 strain having a deletion larger than 95kb.

The average deletion was larger than 26.6 kb and smaller than 48.2kb, as based on the resolution

of the tiling experiment. This comprehensive assessment confirms both the variability and size of

Cas3-induced deletion outcomes.The processive ssDNAse activity of nuclease-helicase Cas3 led us

to hypothesize that it may promote recombination. To test this, we provided a double-stranded

DNA repair template with 500 bp of the upstream and downstream regions flanking a desired

deletion to enable homology-directed repair (HDR) during targeting. We chose 0.17 and 56.5 kb

deletions around phzM, to model a gene and prophage deletion, respectively, and a large 249 kb

deletion within XNES8 for the programmed deletions (see Supplementary Information). The specific

editing efficiencies were significantly higher with Cas3 than with Cas9 (Fig. 2.2F). The 249 kb
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deletion was incorporated in 22% of the Cas3-generated survivors, compared to 0% using Cas9 (�2(1,

N=72=9, P = 2.7⇥ 10�3). The 56.5 kb deletion was present in 61 versus 11% (�2(1, N=72)=25,

P=5.73⇥ 10�7), and the 0.17 kb deletion in 100 versus 78% of survivors, when targeting with Cas3

or Cas9, respectively (�2(1, N=72)=31.68, P=1.82⇥ 10�8). During Cas3 targeting, strains that

did not incorporate the HDR-programmed deletion had other deletions of random size. Most of

the strains that survived Cas9-sgRNA induction without incorporating the HDR template had

no change at the target site (84.7% and 80.6% for the 56.5 and 249 kb deletions, respectively),

similar to data reported above (Fig. 2.2E). We presume that mutation or loss of Cas9 occurs more

frequently than loss of the Cas3-based system under this experimental set-up. To account for this,

normalizing the editing efficiency by roughly twofold (derived from the frequency of unedited clones

in Fig. 2.2D) revealed that whether one considers the absolute percentage of colonies with the

desired edits or the normalized value, Cascade–Cas3 targeting outperforms Cas9 for generating

large specific deletions (Fig. 2.2F).

2.3.3 Rapid genome minimization of P. aeruginosa with CRISPR–Cas3 editing

Large deletions with undefined boundaries provide an unbiased mechanism for genome streamlining,

screening and functional genomics. To demonstrate the potential for Cas3, we aimed to minimize

the P. aeruginosa genome through a series of deletions of the XNES regions (Fig. 2.3A). Six XNES

regions were iteratively targeted in six parallel lineages (Fig. 2.3B), resulting in 35 independent

deletions (WGS revealed no deletion at XNES2 in one of the strains). Deletion efficiency remained

high (>80%) throughout each round of self-targeting (Fig. 2.11A). WGS of these six multiple deletion

strains (�61–�66) revealed that no two deletions had the exact same coordinates, highlighting the

stochastic nature of Cas3. The smallest isolated deletion was 7 kb and the largest 424 kb (mean

92.9 kb, median 58.2 kb). Of note, four genes (PA0123, PA1969, PA2024 and PA2156) previously

identified as essential [91] were deleted in at least one of the lineages. Most deletions appeared to

be resolved by flanking microhomology regions ranging from 4 to 14 bp in length (Fig. 2.11B and

Supplementary Table 2), implicating alternative-end joining [93] as the dominant repair process.To

minimize the genome further, one of the already reduced strains was subjected to four additional

rounds of deletions at XNES regions for a total of ten genomic deletions (�10, Fig. 2.3B). WGS of
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Fig 2.3. Iterative generation of multiple genomic deletions in P. aeruginosa. (A)
Schematic overview of the iterative deletion generating process. (B) Whole-genome sequences of six
PAO1IC strains that have been iteratively targeted at six distinct genomic positions and one
(derived from strain �66) with ten total deletions (�10) aligned to the parental P. aeruginosa
PAO1IC strain. The first six targeted sites are marked with red arrows and the final four are marked
with blue arrows. Inset shows deletion coordinates of XNES2 region of the various strains in finer
detail. (C) Calculated doubling times of the seven genome-reduced strains (strains �61–66 with six
deletions, �10 with ten) compared to the parent PAO1IC strain (green). Values are means of eight
biological replicates, error bars represent s.d. values, *P<0.05 (�61 P=0.0103, �10 P=0.0173),
**P<0.01 (�63 P=0.00064, �64 P=0.00764), paired two-sided t-test compared to PAO1IC.
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the �10 strain showed a genome reduction of 849 kb (13.6% of the genome). Generation of large

deletions resulted in a growth defect in some cases, with significantly slower growth in three of the

six deletion strains (�61, �63 and �64), with the other three growing normally (Fig. 2.3C). Strain

�10 also displayed a slight decrease in fitness, showing a 15% increase in doubling time compared

to the parent strain. Stronger growth defects were likely avoided by the selection of fast-growing

colonies at each deletion round. To determine whether any deletions may be preexisting at low

frequencies in unedited cells, PCR primers probed for specific deletions at XNES1, 6, 8 and 9,

revealing no products (Fig. 2.11C). This again indicates that Cas3 has a direct role in generating

large deletions.

2.3.4 CRISPR–Cas3 editing in distinct bacteria

To enable expression of this system in other hosts, we constructed an all-in-one vector (pCas3cRh)

carrying the I-C specific crRNA with a modified repeat sequence, cas3, cas5, cas8 and cas7, under

rhamnose induction (Fig. 2.12A). As a pilot experiment, we transformed wild-type PAO1 with a

nontargeting crRNA and crRNAs targeting phzM and XNES2. Minimal leaky expression of the

system was observed, as transformation efficiency was only slightly reduced comparing targeting

and nontargeting constructs. Subsequent induction of the targeting crRNAs resulted in 95–100% of

survivors being edited (Fig. 2.12B–D).

Having verified that pCas3cRh was functional, we tested this system in E. coli K-12 MG1655.

pCas3cRh encoding crRNAs targeting lacZ or its vicinity (Fig. 2.4A) were used to transform cells,

which were plated directly on inducing media containing X-gal and scored using blue/white screening.

Depending on the crRNA used, directly targeting lacZ or 30 kb upstream yielded 51–90% and

82–85% LacZ (-) survivors, respectively (Fig. 2.4B). Of the 96 LacZ (-) survivors, 95 assayed by

PCR showed an absence of the lacZ region. crRNAs targeting downstream of lacZ, however, had

reduced efficiency as they approached the essential gene, hemB. frmA targeting (9.2 kb upstream

of hemB) resulted in lower editing efficiencies (21–25%) while targeting yaiS (4.2 kb upstream

of hemB) was even lower (2%). This decrease in efficiency was independent of the strand being

targeted (and therefore the predicted strand for Cas3 loading and 30–50 translocation), confirming

the importance of Cas3 bidirectional deletions. WGS of selected �lacZ cells revealed bidirectional
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Fig 2.4. Cascade–Cas3-mediated heterologous editing in various bacteria. (A)
Schematic of the crRNA-targeted sites in the E. coli MG1655 genome at the lacZ locus. (B) lacZ
deletion efficiencies using distinct crRNAs targeting the E. coil K-12 MG1655 chromosome.
Efficiencies calculated based on LacZ activity. Values are averagesof three biological replicates,
error bars represent standard deviations. (C) WGS of E. coli deletion mutants targeted at lacZ and
30 kb upstream at pdeL. Bars indicate boundaries of deletions with ORF indicated below. (D)
Bacterial growth of deletion mutants in Arabidopsis thaliana. Values are differences in colony
forming units (cfu)/ml counted on day 0 of the experiment and day 3, shown on a logarithmic scale.
The wild-type DC3000 strain is shown in black, while gray bars represent previously constructed
polymutant control (labeled as ’C’) strains of the different clusters (labeled at bottom), and green
and blue bars show deletion mutants generated using Cas3 (two isolated strains for each targeted
cluster, nos. 1 and 2). Values shown are means of ten biological replicates each (30 for DC3000),
error bars show standard deviation values, P<0.01 (C mutant VI P= 0.00567, Cas3 1 IV, IX
P=0.00829) P<0.005, (Cas3 1 VI P= 2.3310�15, Cas3 2V IP=9.27×10�18, C mutant IV,IX P=
9.9510�5, Cas3 2 IV,IX P=0.00165, C mutant X P=0.00185, Cas3 1 X P=0.000858, Cas3 2
P=0.000864), determined based on ANOVA analysis on the day 0 group of values and the day 3
group of values. (E) WGS of P. syringae deletion mutants. The left panel shows virulence cluster
VI targeting, while the right panel shows virulence cluster IV and IX targeting with a single crRNA,
as the clusters share sequence identity. Bars indicate boundaries of deletions with ORF indicated
below.
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deletions ranging from 17.6 to 109.5 kb encompassing the targeted region (Fig. 2.4C). Based on these

findings, the nearby presence of an essential gene can substantially lower editing efficiency and must

be considered when targeting a selected region. Next, we tested Cas3-mediated editing in the plant

pathogen P. syringae pv. tomato DC3000, which does not naturally encode a CRISPR–Cas system.

P. syringae encodes many nonessential virulence effector genes whose activities are difficult to

disentangle due to their redundancy [94]. We designed crRNAs targeting four chromosomal virulence

effector clusters (IV, VI, VIII and IX), or one plasmid cluster (pDC3000, ref. [95]; cluster X). Two

clusters (IV and IX) shared identical sequences that could be targeted simultaneously using a single

crRNA. Expression of targeting crRNAs caused a growth delay compared to nontargeted controls

(Fig. 2.13A) and 67–92% of survivors had deletions (Fig. 2.13B). In planta and in vitro growth

assays of three deletion mutants effectively recapitulated the phenotypes of previously described

mutants [95] (Fig. 2.4D and Fig. 2.13C–H). Targeting cluster X cured the 73 kb plasmid (as observed

by the absence of plasmid-specific reads in WGS) and simultaneous cluster IV and IX targeting led

to dual deletions in eight out of 12 survivors, with a sequenced representative having 68.5 and 55.3

kb deletions, respectively, at the target sites (Fig. 2.4E). The effector cluster VI Cas3-derived mutant

(100.1 kb deletion) had a more severe growth defect in vitro and in planta than the control mutant,

likely from a fitness defect owing to the missing genetic material (Fig. 2.4D, E and Fig. 2.13C,F). In

contrast to P. aeruginosa, IS elements were present at deletion junctions, suggesting the involvement

of homologous recombination between insertion sequence (IS) elements flanking the virulence gene

clusters. In such instances, we have not ruled out that the loss of these large regions was not a

natural occurrence in the population, as seen in S. thermophilus [92]. In two out of three cases,

however, the deletions did entail significant fitness costs (Fig. 2.4D), decreasing this likelihood.

Using our portable streamlined system, we achieved three distinct applications in P. syringae:

plasmid curing (similar to previous observations with a I-E system [96]), single-step deletion of

large virulence regions and multiplexed targeting. Finally, we tested the feasibility of heterologous

editing using the I-C system in more distantly related and clinically relevant bacteria K. pneumoniae.

Using pCas3cRh, K. pneumoniae strain KPPR1 was targeted with four distinct crRNAs, with

two each targeting rfaH and sacX, which are flanked by nonessential genes [97]. On induction, all

four crRNAs resulted in a substantial growth delay compared to a nontargeted control, indicating
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Fig 2.5. Cascade–Cas3-mediated gene editing in native settings. (A) Schematic of WGS
of an environmental isolate of P. aeruginosa with an endogenous Type I-C system. Two survivors
were isolated post-targeting using either wild-type (WT) direct repeats flanking the spacer or
modified repeats (MR). Bars indicate boundaries of deletions with ORF indicated below. (B)
Growth curves of PAO1IC lysogenized by recombinant DMS3m phage expressing acrIIA4 or acrIC1
from the native acr locus. CRISPR–Cas3 activity is induced with either 0.5mM (+) or 5mM (++)
IPTG and 0.1% (+) or 0.3% (++) arabinose. Edited survivors reflect number of isolated survivor
colonies missing the targeted gene (phzM ). NA means that editing was not assessed as no growth
defect was seen and NT means a nontargeting crRNA was expressed. Each growth curve is the
average of ten biological replicates and error bars represent s.d.
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functionality (Fig. 2.14A). Individual surviving clones were isolated and 38–63% of survivors had

deletions, showing the feasibility of Cas3 editing in K. pneumoniae as well (Fig. 2.14B,C). rfaH

deletion mutants had a smaller colony morphology, consistent with previous work [97] (Fig. 2.14D).

Overall, we have demonstrated portable Type I-C Cascade–Cas3 editing to be a generally applicable

tool capable of generating large genomic deletions in four distinct species.

2.3.5 Repurposing endogenous Cascade–Cas3 systems for gene editing

Type I CRISPR–Cas3 systems are the most common CRISPR–Cas systems in nature [11]. Therefore,

many bacteria have a built-in genome editing tool to be harnessed. We introduced self-targeting

phzM crRNAs into the environmental isolate (PaLML1) from which our Type I-C system was

derived. Genome targeting led to the isolation of 33.7 and 39 kb deletions (Fig. 2.5A and Fig. 2.15A).

Additionally, HDR-based editing with a single construct was again efficacious, with 7/10 survivors

acquiring the specific 0.17 kb deletion (Fig. 2.15B). We next evaluated the feasibility of repurposing

other Type I systems, using the naturally active Type I-F systems [98] encoded by laboratory strain

P. aeruginosa PA14, and the clinical strain P. aeruginosa z8. Plasmids with Type I-F specific

crRNAs were expressed, targeting various genomic sites for deletion (Supplementary Table 3). HDR

templates (600 bp arms on average) were included in the plasmids to generate deletions of defined

coordinates ranging from 0.2 to 6.3 kb. Overall, at five different genomic target sites in strain

z8 and 2 sites in PA14, we observed desired deletions in 29–100% of analyzed survivor colonies

(Supplementary Table 3). Together, these experiments demonstrate the capacity for different forms

of high-efficiency genome editing using a single plasmid and an endogenous CRISPR–Cas system.

Finally, one potential impediment to the implementation of any CRISPR–Cas bacterial genome

editing tool is the presence of anti-CRISPR (Acr) proteins that inactivate CRISPR–Cas activity [99].

In the presence of a prophage expressing AcrIC1 (a Type I-C anti-CRISPR protein [78]) from a

native acr promoter, targeting was completely inhibited, but not by an isogenic prophage expressing

a Cas9 inhibitor AcrIIA4 [36] (Fig. 2.5B). To attempt to overcome this impediment, we expressed

aca1 (anti-CRISPR-associated gene 1), a direct negative regulator of acr promoters [38], from the

same construct as the crRNA. Using this repression-based ‘anti-anti-CRISPR’ strategy, CRISPR–Cas

function was enabled, allowing the isolation of edited cells despite the presence of acrIC1 (Fig. 2.5B
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and Fig. 2.15C). In contrast, simply increasing cas gene and crRNA expression did not overcome

AcrIC1-mediated inhibition as assessed by growth kinetics (Fig. 2.5B). Therefore, using anti-CRISPR

repressors to combat anti-CRISPR impediments presents a viable route toward enhanced efficiency

of CRISPR–Cas editing and necessitates continued discovery and characterization of anti-CRISPR

proteins and their cognate repressors.

2.4 Discussion

By repurposing a minimal Cascade–Cas3 system (referred to as PaeCas3c), large deletions of

random or programmed sizes can be obtained with high efficiencies. Using only a single crRNA

with modified repeat sequences, we isolated deletions with variable sizes, one as large as 424 kb,

without requiring the insertion of a selectable marker. Notably, the mean (92.9 kb) and median

(58.2 kb) deletion sizes are roughly in the range of the average size of Pseudomonas bacteriophages

(35–100 kb for 92% of sequenced genomes [100]), suggesting that the Cascade–Cas3 machinery can

efficiently degrade entire phage genomes. Few studies have directly measured the processivity of

the Cas3 enzyme in vivo. Additionally, the I-C system appears to produce bidirectional deletions

contrary to unidirectional deletions observed with Type I-E [57,58,72]. Cascade–Cas3 presents a

genome editing tool useful for the targeted removal of large elements for genome streamlining. As

a long-term goal of microbial gene editing has been genome minimization [101,102], we used our

optimized Cascade–Cas3 system to generate ten iterative deletions, achieving greater than 13%

genome reduction of the targeted strain. This spanned only 30 days while maintaining editing

efficiency, a great improvement over previous genome reduction methods [102]. Some basic microbial

applications of Cas3 include studying chromosome biology (for example, replichore asymmetry [103]),

pathogenesis, the impact of the mobilome and a better understanding the essential building blocks

for life.

An important outcome of this work is the high efficiency of recombination observed at cut sites

when comparing Cas3 and Cas9 directly. The potential for Cas3 to be recombinogenic through

the generation of exposed ssDNA may be advantageous for both programmed knockouts and

knockins. Although knockins were not systematically explored here, a preliminary attempt to affix
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a chromosomal mCherry tag to cas3, using the Type I-C system for selection, was successful. The

direct comparison presented here between Cas3 (large deletions) and Cas9 (small deletions), coupled

with the high variability of deletions not observed to be preexisting also demonstrates the causality

of Cas3 in the deletion outcomes.

Our study revealed benefits and challenges of applying Cascade–Cas3. While the Type I-C

system was functional in heterologous hosts, it remains unclear whether the approach will be limited

by differences in DNA repair mechanisms. Indeed, in E. coli and P. syringae, larger regions of

homology, such as 34-bp long repetitive extragenic palindromic sequences were observed [104],

indicating the role of RecA-mediated homologous recombination in the repair process. Meanwhile

in P. aeruginosa, the borders of the deletions showed either small (4–14 bp) microhomology or no

noticeable sequence homology. The former implies a role for alternative-end joining [93], which

has also been observed in P. atrosepticum [60], while the latter implicates nonhomologous end

joining [105] in the repair process. Downstream studies are required to dissect the roles of each

mechanism in the deletion generation process.

CRISPR–Cas3 is an especially promising tool for use in eukaryotic cells as it would facilitate

the interrogation of large segments of noncoding DNA, much of which has unknown function.

Additionally, it was recently shown that Cas9-generated ‘gene knockouts’ (that is, small indels

causing out-of-frame mutations) frequently encode pseudo-messenger RNAs that may produce

protein products, necessitating methods for full gene removal [106, 107]. Type I-E CRISPR–Cas

systems were recently shown to generate large (up to 100–200 kb) deletions in human cells [72–74],

demonstrating the potential wide applicability of Cas3. Overall, the intrinsic properties of Cas3

make it a promising tool to fill a void in current gene-editing capabilities. Using Cas3 to make large

genomic deletions will facilitate the manipulation of repetitive and noncoding regions, having a

broad impact on genetics research by providing a tool to probe genomes en masse.
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Fig 2.6. Type I-C CRISPR targeting leads to genomic deletions. (A) Comparison of
Type I-C CRISPR system from P. aeruginosa used in the study, to various other previously
identified I-C systems from a range of different bacteria. Values show query coverage and percent
identity (ID) percentages comparing the four genes of the P. aeruginosa system to each of the other
four. * Denotes the reference Type I-C CRISPR system referred to in Ref. 1. (B) PCR
amplification of a 3kb genomic fragment flanking the phzM gene targeted using two different
crRNAs, phzM 1 and phzM 2. Colony PCRs were performed on 18 biological replicates of
self-targeted strains for each crRNA. The PAO1IC parental strain is used as a positive control (wt).
L indicates a 1 kb DNA ladder.
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Fig 2.7. Excision of plasmid-encoded spacer sequences. (A) Phage targeting assays with
survivors that had no discernable deletion of the crRNA-targeted genomic site. Strains were
transformed with a D3 phage-targeting crRNA to assay for IC CRISPR-Cas3 activity. Three
unique survivors were isolated from six self-targeting assays for a total of 18 survivors. Control is a
non-targeting crRNA. (B) Schematic of spacer excision events where the two direct repeats
recombine, resulting the loss of the targeting spacer. (C) PCR amplification of the crRNA sequence
from plasmids isolated from 17 non-deletion self-targeted survivors (selected from 3 biological
replicates of 12 analyzed colonies). Pl indicates the original plasmid as the PCR template, Ni
indicates a sample where the crRNA was not induced, L indicates a 1kb DNA ladder. (D) Sample
chromatogram of a sequenced plasmid with the spacer flipped out. Only one 32bp repeat sequence
remains in the plasmid, the 34bp spacer sequence and other 32bp repeat are missing.
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Fig 2.8. Phage-targeting assays to confirm CRISPR-Cas functionality. (A)
Phage-targeting assay showing the activity of the modified repeat crRNA constructs. Ten-fold
serial dilutions of DMS3 phage and D3 phage were spotted on lawns of PAO1IC expressing either
empty vector (top), a crRNA targeting D3 with WT direct repeats (middle), or a crRNA targeting
D3 with modified repeats (bottom). (B) Phage targeting assay of five non-deletion self-targeting
survivors expressing a D3 phage targeting crRNA. Unsuccessful targeting of phage indicates a
non-functional CRISPR-Cas system in these strains. The parental PAO1IC strain with a functional
CRISPR-Cas system was used as a control.

Fig 2.9. Genomic targeting of essential gene rplQ. (A) Growth curves of 36 PAO1IC

biological replicates targeting the essential gene, rplQ, using the MR crRNA plasmid. (B) Phage
targeting assays with eight isolated rplQ-targeted survivors to assay for I-C CRISPR-Cas activity.
Serial dilutions of DMS3 phage and D3 phage were spotted on lawns of PAO1IC expressing a
crRNA targeting phage D3. The parent PAO1IC strain expressing a D3 targeting crRNA (top left)
was used as a positive control, while PAO1IC expressing a non-targeting crRNA was used as a
negative control.
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Fig 2.10. Genomic targeting using a Type II-A CRISPR-Cas system. Growth of
self-targeting strains of PAO1IIA expressing a self-targeting gRNA targeting the genome at phzM
(Ind.). An empty vector (E.V.) and a non-induced phzM targeting strain (N.I.) were used as
controls. Mean OD values measured at 600nm are shown for 8 biological replicates each, error bars
indicate SD values.
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Fig 2.11. Genomic deletions and junction sites. (A) Deletion efficiencies observed over six
cycles of iterative self-targeting. Six genomic targets were targeted in six different orders. Six
survivors were analyzed using site-specific PCR after each cycle, for a total of 36 analyzed colonies
(6*6) after each cycle, error bars represent standard deviations. (B) Deletion junctions at XNES6
target site of the 6 PAO1IC strains with 6 iterative targeting events each. Sequences of each specific
microhomology for the junctions are shown for each strain above the bars representing the given
genomes at both ends, deletion sizes are shown below dashed lines for each strain. (C) PCR
analysis using a representative set of primers amplifying various large deletion junctions (at XNES1,
6, 8, and 9 regions) of the whole-genome sequenced �62 strain. �62 served as a positive control
template, while wtC represents untargeted PAO1IC cells scraped from a lawn of colonies from a
single overnight culture grown on plates serving as templates, and wtG represents isolated genomic
DNA from a different 1.5ml overnight culture of untargeted PAO1IC used as templates. Bands
appearing for the XNES9 deletion junction for the PAO1IC samples were aspecific and when
sequenced, did not match any genomic region of the PAO1IC genome. L indicates a 1kb DNA
ladder.
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Fig 2.12. Genomic targeting of PAO1
IC

with all-in-one vector pCas3ch. (A) Map of the
I-C CRISPR-Cas all-in-one plasmid pCas3cRh carrying I-C crRNA and genes cas3, cas5, cas8, and
cas7 under the control of the rhamnose-inducible rhaSR-PrhaBAD system. (B) Growth curve of
PAO1IC transformed with the pCas3cRh vector expressing a self-targeting crRNA targeting phzM
(Ind.). An empty vector (E.V.) and a non-induced phzM targeting strain (N.I.) were used as
controls. Mean OD values measured at 600nm are shown for six biological replicates each. (C)
Deletion efficiencies for WT PAO1IC using the all-in-one vector pCas3cRh carrying all necessary
components of the I-C CRISPR-Cas system. Values are averages of three replicates where 12
individual colonies were analyzed using site-specific PCR. Error bars show standard deviations. (D)
Transformation efficiencies with self-targeting pCas3cRh vectors expressing crRNAs for phzM or
XNES 2 compared to a non-targeting control (green bar) in PAO1IC. Values are means of 3
replicates each, error bars represent SD values.
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Fig 2.13. Genomic targeting of Pseudomonas syringae and growth phenotypes of

deletion strains. (A) Growth of P. syringae DC3000 strains expressing the I-C system and
distinct crRNAs. Constructs VI, IV-IX, and VIII target P. syringae DC3000 non-essential
chromosomal genes, non-targeting crRNA (NT), empty vector (EV). (B) Percentage of survivors
with targeted deletions in clusters of non-essential virulence effector genes in P. syringae pv.
tomato DC3000. Values are averages of three biological replicates where 12 individual colonies were
analyzed using site-specific PCR for each, error bars show standard deviations. (C) In vitro growth
of cluster VI deletion strains in King’s medium B (KB). �CEL is the previously published
polymutant, while �CVI-1 and �VI-2 are Cas3-generated mutants. Values shown are the means of
4 biological replicates each, error bars represent standard deviations. (D) In vitro growth of cluster
IV, cluster IX deletion strains in KB. �CEL is the previously published polymutant, while
�CIV�CIX-1 and �CIV�CIX-2 are Cas3-generated mutants. Values shown are the means of 4
biological replicates each, error bars represent standard deviations. (E) In vitro growth of cluster X
deletion strains in KB. �CEL is the previously published polymutant, while �CX-1 and �CX-2
are Cas3-generated mutants. Values shown are the means of 4 biological replicates each, error bars
represent standard deviations. (F) In vitro growth of cluster VI deletion strains in apoplast
mimicking minimal media (MM). �CEL is the previously published polymutant, while �CVI-1 and
�CVI-2 are Cas3-generated mutants. Values shown are the means of 4 biological replicates each,
error bars represent standard deviations. (G) In vitro growth of cluster IV, cluster IX deletion
strains in MM. �CEL is the previously published polymutant, while �CIV�CIX-1 and
�CIV�CIX-2 are Cas3-generated mutants. Values shown are the means of 4 biological replicates
each, error bars represent standard deviations. (H) In vitro growth of cluster X deletion strains in
MM. �CEL is the previously published polymutant, while �CX-1 and �CX-2 are Cas3-generated
mutants. Values shown are the means of 4 biological replicates each, error bars represent standard
deviations.
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Fig 2.14. CRISPR-Cas3 editing in Klebsiella pneumoniae. (A) Growth curves of K.
pneumoniae strains expressing distinct crRNAs targeting rfaH and sacX (2 each). Non-targeting
crRNA expressing control is marked in blue. Values depicted are averages of 8 biological replicates
each. (B) Representative gel electrophoresis of PCR fragments amplified from 8 total surviving
colonies each from the 4 crRNA targeting constructs (representing 1 biological replicate of 3 total).
Primer pairs amplified regions flanking the targeted position at rfaH and sacX. Wild-type KPPR1
(wt) colonies were used as controls, L represents 1kb DNA marker ladder. (C) Percentage of
survivors with targeted deletions at the targeted genomic positions. Values are averages of three
biological replicates where 8 individual colonies were analyzed using site-specific PCR for each,
error bars show standard deviations. (D) Colony morphologies of deletion candidate strains of rfaH
and sacX compared to wild-type K. pneumoniae KPPR1.
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Fig 2.15. Genomic editing in native host of Type I-C CRISPR-Cas system and effect

of I-C specific anti-CRISPR protein on the process. (A) Editing efficiencies for the
Pseudomonas aeruginosa environmental isolate naturally expressing the Type I-C cas genes,
transformed with a plasmid targeting phzM with WT repeats or modified repeats. Each data point
represents the fraction of isolates with the deletion out of ten isolates assayed. (B) Genotyping
results for the Pseudomonas aeruginosa environmental isolate using the 0.17kb HDR template. 10
biological replicates were assayed. Larger band corresponds to the WT sequence, smaller band
corresponds to a genome reduced by 0.17kb. (C) Genotyping results of PAO1IC AcrC1 lysogens
after self-targeting induction in the presence or absence of aca1 and a non-targeted control. Ten
biological replicates per strain were assayed. gDNA was extracted from each replicate and PCR
analysis for the phzM gene (targeted gene, top row of gels) or cas5 gene (non-targeted gene,
bottom row) was conducted. Only cells that co-expressed aca1 with the crRNA showed loss of the
phzM band, indicating genome editing. All replicates had a cas5 band, indicating successful gDNA
extraction and target specificity for the phzM locus.
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88. Ákos Nyerges, Bálint Csörgő, Gábor Draskovits, Bálint Kintses, Petra Szili, Györgyi Ferenc,
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