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Abstract

CRISPR-Cas technologies have provided programmable gene editing tools that have
revolutionized research. The leading CRISPR-Cas9 and Cas12a enzymes are ideal for
programmed genetic manipulation, however, they are limited for genome-scale interventions.
Here, we utilize a Cas3-based system featuring a processive nuclease for genome engineering.
This minimal Cascade-Cas3 system (Type I-C), programmed with a single crRNA, was optimized
to generate deletions with near-100% efficiency, and used to rapidly generate large deletions
ranging from 7 - 424 kb in Pseudomonas aeruginosa. By comparison, Cas9 yielded small
deletions and point mutations. Cas3-generated deletion boundaries were highly variable, but
successfully specified by a homology-directed repair (HDR) template. HDR was much more
efficient when lesions were generated by Cas3, compared to Cas9. The minimal Type I-C system
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is also portable; using an “all-in-one” vector, large deletions could be efficiently generated in
Pseudomonas syringae, Escherichia coli, and Klebsiella pneumoniae. Notably, Cas3 generated
bi-directional deletions originating from the programmed cut site, which was exploited to rapidly
and iteratively reduce a P, aeruginosa genome by 837 kb (13.5 %) using 10 distinct crRNAs.

We also enhance the utility of Cas3 systems by developing an “anti-anti-CRISPR” strategy to
circumvent endogenous CRISPR-Cas inhibitor proteins. CRISPR-Cas3 could facilitate rapid strain
manipulation for synthetic biology and metabolic engineering purposes, genome minimization,
mobile genetic element removal, and the analysis of large regions of unknown function.

Introduction

CRISPR-Cas systems are a diverse group of RNA-guided nucleases! that defend prokaryotes
against viral invaders23. Gene-editing applications have focused on single subunit Class

2 CRISPR systems* (i.e. Cas9 and Cas12a), but Class 1 systems hold great potential

for editing technologies, despite consisting of multi-subunit complexes®-8. The signature
gene in Class 1 Type | systems is Cas3, a 3’-5” ssDNA helicase-nuclease enzyme that,

unlike Cas9 or Cas12a, degrades target DNA processively®6:9-14 This property of Cascade
(CRISPR-associated complex for antiviral defense)-Cas3 systems has raised the possibility
of its development as a tool for large genomic deletions, a task that current approaches using
Class 2 systems are inefficient at.

Type | systems are the most prevalent CRISPR-Cas systems in naturel®, which has enabled
the use of endogenous CRISPR-Cas3 systems for genetic manipulation via self-targeting.
This has been accomplished in Pectobacterium atrosepticum (Type |-F)16, Escherichia coli
(Type I-E)Y718. Sulfolobus istandicus (Type 1-A)19, various Clostridium species (Type |-
B)20-22, [ actobacillus crispatus (Type |-E)23, Serratia sp. (Type |-F)24, Haloarcula hispanica
(Type 1-B)25, Streptococcus thermophilus (Type 1-E)28, Pseudomonas aeruginosa (Type
I-F)27, and Zymomonas mobilis (Type 1-F)28, most frequently being used to generate small
deletions. This multitude of different Type | systems have been shown to work to various
degrees as editing tools in their native hosts, however, no Type | system has been optimized
for efficient heterologous editing in bacteria, beyond the demonstration of the toxic effects
of self-targeting?®. Recent studies have repurposed Type | systems for use in human cells,
via ribonucleoprotein (RNP) based delivery30 or plasmid-based expression3! of a Type I-E
system, the fusion of Fokl nuclease to Type I-E Cascade complex32, and Type I-F, I-E, and
I-B systems have been used for transcriptional modulation33-35,

Here, we repurposed and optimized a Type I-C CRISPR system from Pseudomonas
aeruginosa for both endogenous and heterologous genome engineering in four microbial
species. Compared to other Type | systems, this presents a streamlined approach, requiring
only four total proteins, which are easily transferable to different organisms. Importantly, by
targeting the genome with a single crRNA and selecting only for survival after editing, this
tool is a counter-selection-free approach to programmable large-scale genome engineering.
We demonstrate this potential through iterative genome minimization of £ aeruginosa,
achieving a 13.5 % total genome reduction on a ~30-day timescale. CRISPR-Cas3 is capable
of efficient genome-scale deletions currently not achievable using other methodologies.
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It has the potential to serve as a powerful tool for basic research, discovery, and strain
optimization.

Results

Implementation and optimization of genome editing with CRISPR-Cas3

Type I-C CRISPR-Cas systems utilize just three cas genes (cas5, cas8, and cas7) to produce
the crRNA-guided Cascade surveillance complex that can recruit Cas3 (Figure 1A), making
it a compact system36:37 (see Supplementary Figure 1A for a comparison to other previously
identified I-C systems). A previously constructed3® Pseudomonas aeruginosa PAO1 strain
(PAO1'C) with inducible cas genes (cas5-8-7-3) and plasmid-expressed crRNAs targeting
the genome was used to conduct genome manipulation. The initial transformation of the
crRNA expression plasmids in uninduced conditions was not noticeably toxic, indicating
tight regulation of the constructs (see Methods). Subsequent induced expression of crRNAs
targeting the genome caused a transient growth delay (Figure 1B), but survivors were
isolated after extended growth. By targeting p/zM, a gene required for production of a
blue-green pigment (pyocyanin), we observed yellow cultures (Figure 1C) for 10/18 and
6/18 surviving colonies, from two independent p/izM targeting crRNAs. PCR of genomic
DNA confirmed that the yellow cultures had lost this region, while blue-green survivors
maintained it (Supplementary Figure 1B). Three of these deletion strains were sequenced,
revealing deletions of 23.5 kb, 52.8 kb, and 60.1 kb, and each one was bi-directional relative
to the crRNA target site (Figure 1D). This demonstrated the potential for Type I-C Cas3
systems to be used to induce large genomic deletions with random boundaries surrounding a
programmed target site.

To determine the /in vivo processivity of the Cas3 enzyme, we targeted 2 of the 16 extended
non-gssential (XNES) regions >100 kb in length (Supplementary Table 1) identified from
a transposon sequencing (TnSeq) data set3°. The frequency of deletions generated by
crRNAs targeting XNES 1 and XNES 2 (along with additional targeting of phzM, which
is found in XNES 15) was quantified revealing that 20-40 % of the surviving colonies

had deletions (Figure 2A). To understand how cells lacking large deletions had survived
self-targeting, three possibilities were considered: i) a cas gene mutation, ii) a PAM or
protospacer mutation, or iii) a mutation to the plasmid expressing the crRNA. 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 phage-
targeting crRNA (Supplementary Figure 2A), and target sequencing revealed no point
mutations. PCR-amplification and sequencing of the crRNA-expressing plasmids isolated
from the survivors revealed the primary escape mechanism: recombination between the
direct repeats, leading to the loss of the spacer (Supplementary Figure 2B). An additional
17 survivors that lacked deletions were assayed via PCR and were also ~60 bp shorter
(Supplementary Figure 2C-D), consistent with the loss of one repeat and spacer.

Spacer excision was successfully prevented by engineering a modified repeat (MR), with
six mutated nucleotides in the stem and three in the loop of the second repeat (Figure 2B),
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
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(Supplementary Figure 3A). Targeting of the same 6 genomic sites with MR-incorporating
crRNA s resulted in encouraging growth delays in all cases (Figure 2C) and in a robust
increase in editing efficiencies to 94-100 % (Figure 2A). Spacer excision was no longer
detected. 211 of 216 (98 %) total survivor cells had large deletions based on PCR screening
(i.e. > 1 kb), while the remaining 5 had inactive CRISPR-Cas systems when tested with the
phage-targeting crRNA (Supplementary Figure 3B).

When targeting poorly characterized genomes, it is expected that 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, 70/Q (a 50S ribosomal subunit
protein?). Two different MR crRNAs targeting 7p/Q led to a severely extended lag time
compared to non-essential gene targeting. Only 8 out of 36 rp/Q-targeting biological
replicates grew after 24 hours, compared to the transient growth delay of ~12 hours

when targeting non-essential genes (Supplementary Figure 4A). Subsequent analysis of
these 8 survivor cultures with phage targeting assays revealed non-functional cas genes
(Supplementary Figure 4B). Importantly, 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 non-essential gene targeting is noticeably distinct.

Cas3 generates larger deletions than Cas9 and is recombinogenic

To determine whether large deletions are a direct consequence of the processive Cas3
enzyme, 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 (PAO1!'A). It has previously been shown that large genomic island
deletions can be naturally present within bacterial populations at small frequencies®!. If

the large deletions we observed in 2 aeruginosa are preexisting, we would expect these

to be selected for at comparable frequencies regardless of the system used to target the
genome. To investigate this, we designed a Cas9 sgRNA that overlapped with one of

the Cas3 crRNAs used to target phzM (Figure 2D, Supplementary Figure 5). PCR and
sequencing analysis of these surviving cells revealed that deletions larger than 1 kb were a
rare occurrence in the presence of Cas9 (5.6 % assayed survivor cells, n = 72) compared

to 98.6 % with Cas3 (Figure 2D). Whole-genome sequencing (WGS) of two large deletion
survivors selected for by Cas9 showed lesions of 5 kb and 23 kb around the target site,
respectively. The more common modes of survival after Cas9 targeting were small deletions
between 0.1 — 0.5 kb in length (25 % of all survivors), or 1-3 bp 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 95

kb encompassing phzM (Figure 2E). Out of the 47 independent deletion outcomes, 44

had deletions of at least 5 kb, and 22 had deletions of at least 35 kb in size, with one
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strain having a deletion larger than 95 kb. The average deletion outcome was larger than
26.6 kb and smaller than 48.2 kb, based on the resolution of the tiling experiment. This
comprehensive assessment confirms both the variability of Cas3-induced deletion outcomes
and emphasizes how distinct they are from Cas9.

The processive ssDNA activity of nuclease-helicase Cas3 led us to hypothesize that it may
promote recombination by exposing regions of ssDNA. To test this, we provided a repair
template with 500 bp of the upstream and downstream regions flanking the desired deletion
to enable homology directed repair (HDR). We chose 0.17 kb and 56.5 kb deletions around
phzM, to model a gene and prophage deletion, respectively, and a large 249 kb deletion
within XNESS8 for the programmed deletions (Supplementary Figure 6). The recombination
efficiencies were significantly higher with Cas3 than with Cas9 (Figure 2F). The 249 kb
deletion was incorporated in 22 % of the Cas3-generated survivors, compared to 0% using
Cas9 (Xz(l, N =72) =9, p=2.7E-03). The 56.5 kb deletion had an efficiency of 61 % vs.
11 % (x4, N = 72) = 25, p=5.73E-07), and the 0.17 kb deletion had an efficiency of

100 % vs. 78 % when targeting with Cas3 or Cas9, respectively (Xz(l, N =72) = 31.68,
p=1.82E-08). Of note, when Cas3 was used to generate 56.5 kb and 249 kb deletions, all
of the isolates that did not produce a PCR fragment indicating successful HDR also lacked
a wild-type PCR band. This indicates that non HDR-mediated deletions occurred as well.
Most of the strains that survived Cas9 editing without incorporating the HDR template had
no change at the target site (84.7 % and 80.6 % for the 56.5 kb and 249 kb deletions,
respectively), similar to data reported above (Figure 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, we normalized the editing efficiency by ~2-fold (derived from
the frequency of unedited clones in Figure 2D) to compare the ability of Cas3 and Cas9

to generate the desired outcome (Figure 2F). When assessing either the absolute percentage
of colonies with the desired edits or the normalized value, Cas3 still outperforms Cas9,
supporting the hypothesis that Cas3 has strong recombinogenic potential when generating
larger lesions.

Rapid genome minimization of P. aeruginosa using 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 £ aeruginosa genome through a series of deletions of the
XNES regions (Figure 3A). Six XNES regions (including XNES 15, carrying phzM)
were iteratively targeted in six parallel lineages (Figure 3B), resulting in 35 independent
deletions (WGS revealed no deletion at XNES 2 in one of the strains). Deletion efficiency
remained high (> 80 %) throughout each round of self-targeting (Supplementary Figure
7A). WGS of these 6 multiple deletion strains (A6 -A6g) 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, 4 genes (PA0123, PA1969, PA2024, and PA2156) previously identified as essential3®
were deleted in at least one of the lineages. Most deletions appeared to be resolved by
flanking microhomology regions ranging from 4-14 bp in length (Supplementary Figure
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7B, Supplementary Table 2), implicating alternative-end joining#? as the dominant repair
process.

To minimize the genome further, one of the already reduced strains was subjected to 4
additional rounds of deletions at XNES regions for a total of 10 genomic deletions (A0,
Figure 3B). Whole-genome sequencing of the AZ0strain 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 3 of the 6 deletion strains (A61, A63, and
AB,), with the other 3 growing normally (Figure 3C). AZ0also 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 again address whether these deletions may be pre-existing at low frequencies, we
analyzed the presence or absence of a representative set of deletion-junction specific PCR
products in wild-type cells. Primers designed to capture specific deletions at XNES1, 6, 8,
and 9 revealed that these deletions were not detectable in wild-type cultures (Supplementary
Figure 7C), with the exception of one non-specific PCR product. The lack of deletion-
junction amplification products indicates the absence of naturally occurring deletion events,
implicating the direct role of Cas3 in generating large deletions.

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,
casb, cas8, and cas7, under rhamnose induction (Supplementary Figure 8A). As a pilot
experiment, we transformed wild-type PAO1 with a non-targeting crRNA and crRNAs
targeting phzM and XNESZ. Expression of the crRNAs appeared to not be considerably
leaky as transformation efficiency was similar comparing targeting and non-targeting
constructs. Subsequent induction of the targeting crRNAs resulted in editing efficiencies
between 95-100 % (Supplementary Figure 8B-D).

Having verified that pCas3cRh was functional, we tested this system in the model organism
Escherichia coli K-12 MG1655. crRNAs were designed to target /acZor its vicinity (Figure
4A), where it is flanked by non-essential DNA (124.5 kb upstream, 22.4 kb downstream).
Transformations were plated directly on inducing media containing X-gal and scored using
blue/white screening. Depending on the crRNA used, directly targeting /acZ or 30 kb
upstream yielded 51-90 % or 82-85 % LacZ(-) survivors, respectively (Figure 4B). 95 of
the 96 LacZ (-) survivors assayed by PCR showed an absence of the /acZregion. crRNAs
downstream of /acZ, however, had reduced efficiency as they approached the essential gene,
hemB. frmA targeting (13 kb downstream of /ac2) resulted in lower editing efficiencies
(21-25 %) while targeting yaiS (18 kb downstream of /ac2) was even lower (2 %). This
decrease in efficiency was independent of the strand being targeted (and therefore the
predicted strand for Cas3 loading and 3’-5’ translocation), confirming the importance of
Cas3 bi-directional deletions. WGS of selected A/acZ cells revealed bi-directional deletions
ranging from 17.5-106 kb encompassing the targeted region (Figure 4C). Based on these
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findings, the nearby presence of an essential gene can significantly lower editing efficiency
and must be considered when targeting a selected region.

Next, we tested Cas3-mediated editing in the plant pathogen Pseudomonas syringae pv.
tomato DC3000, which does not naturally encode a CRISPR-Cas system?3. P syringae
encodes many non-essential virulence effector genes whose activities are difficult to
disentangle due to their redundancy**. We designed crRNAs targeting four chromosomal
virulence effector clusters (1V, VI, V111, and IX), or one plasmid cluster (pDC30004°, cluster
X) in P, syringae strain DC3000. Two clusters (IV and IX) shared identical sequences

that could be targeted simultaneously using a single crRNA. Expression of targeting
crRNAs led to a noticeable growth delay compared to non-targeted controls (Figure 4D).
PCR analysis of surviving cells showed editing efficiencies of 67-92 % (Supplementary
Figure 9A). /n plantaand /n vitro growth assays of three deletion mutants effectively
recapitulated the phenotypes of previously described cluster deletion polymutants#? (Figure
4E, Supplementary Figure 9B-G). 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 8 out of 12 survivors, with a sequenced representative
having 68.5 kb and 55.3 kb deletions, respectively, at the target sites. The effector cluster
VI Cas3-derived mutant (100.1 kb deletion) had a more severe growth defect /n vitro

and /n planta than the control mutant, likely stemming from a fitness defect owing to the
missing genetic material (Figure 4E, 4F, and Supplementary Figure 9B,9E). This outcome
underscores the importance of considering multiple survivors using the appropriate assays
to identify the desired mutant. In contrast to 2 aeruginosa, we also note the presence

of IS elements at the deletion junction sites, indicating the involvement of homologous
recombination between IS-elements flanking the virulence gene clusters as a resolution

to genomic targeting. 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 Streptococcus
thermophilus *. In two out of three cases however, the deletions did entail significant fitness
costs (Figure 4F), decreasing this likelihood. Using our portable streamlined system, we
achieved three distinct applications in £ syringae. the single-step deletion of large virulence
regions, multiplexed targeting, and plasmid curing.

Finally, we tested the feasibility of heterologous editing using the 1-C system in the more
distantly related and clinically relevant bacteria Klebsiella pneumoniae. Utilizing pCas3cRh,
we targeted the genome of K. preumoniae strain KPPR146 with 4 distinct crRNAs, with
two each targeting the rfaH and sacX genes. These were selected as targets because

the absence of the transcriptional elongation factor rfaH has been shown to lead to a
smaller colony size compared to wild-type*’, while sacXis located in an extended region
of the genome with contiguous individually non-essential genes*’. Analysis of induced
targeted cultures of KPPR1 with all four crRNAs resulted in a significant growth compared
to a non-targeted control, indicating functionality of the I-C system in K. pneumoniae
(Supplementary Figure 10A). Individual colonies were isolated from the surviving targeted
cultures that eventually grew and analyzed using PCR amplification of the genomic target
sites (Supplementary Figure 10B). Editing efficiencies using the four different crRNAs
ranged from 38-63 % showing the feasibility of Cas3 editing in K. pneumoniae as well
(Supplementary Figure 10C). The phenotypic effect of rfaH deletion was confirmed, as
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mutants formed small colonies compared to wild-type (Supplementary Figure 10D). Overall,
we have demonstrated portable Type I-C CRISPR-Cas3 editing to be a generally applicable
tool capable of generating large genomic deletions in four distinct bacteria.

Repurposing endogenous CRISPR-Cas3 systems for gene editing

Type | CRISPR-Cas3 systems are the most common CRISPR-Cas systems in naturel,
Therefore, many bacteria have a built-in genome editing tool to be harnessed. We first
tested the environmental isolate (PaLML1) from which our Type I-C system was derived.
Self-targeting phzM crRNAs led to the isolation of genomic deletions (Supplementary
Figure 11A), with WGS revealing 33.7 (wild-type repeat) and 39 kb (MR) deletions of the
target gene and surrounding regions (Figure 5A). Additionally, HDR-based editing with a
single construct was again efficacious, with 7/10 survivors acquiring the specific 0.17 kb
deletion (Supplementary Figure 11B).

We next evaluated the feasibility of repurposing other Type | systems, using the naturally
active Type I-F systems?8 encoded by laboratory strain 2 aeruginosa PA14, and the clinical
strain P, aeruginosa z8. Plasmids with Type I-F specific crRNASs 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 5 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®?. In the presence of a prophage expressing AcrlC1 (a Type I-C anti-CRISPR
protein38) from a native acrpromoter, self-targeting was completely inhibited, but not by
an isogenic prophage expressing a Cas9 inhibitor AcrlIA4%0 (Figure 5B). To attempt to
overcome this impediment, we expressed acal (anti-CRISPR associated gene 1), a direct
negative regulator of acrpromoters®l, from the same construct as the crRNA. Using

this repression-based “anti-anti-CRISPR” strategy, CRISPR-Cas function was re-activated,
allowing the isolation of edited cells despite the presence of acr/C1 (Figure 5B and
Supplementary Figure 11C). In contrast, simply increasing cas gene and crRNA expression
did not overcome AcrlC1-mediated inhibition as assessed by growth kinetics (Figure

5B). Therefore, using anti-CRISPR repressors presents a viable route towards enhanced
efficiency of CRISPR-Cas editing and necessitates continued discovery and characterization
of anti-CRISPR proteins and their cognate repressors.

Discussion

By repurposing a minimal Cascade-Cas3 system as either an endogenous and heterologous
genome editing tool, we show that hurdles to generating large deletions can be overcome.
We obtained high editing efficiencies after modifying a repeat sequence to prevent spacer
loss. Using only a single crRNA, we isolated many deletions of variable sizes, one as
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large as 424 kb, without requiring the insertion of a selectable marker or HDR templates
guiding the repair process. Notably, the mean (92.9 kb) and median (58.2 kb) deletion

sizes are roughly in the range of the average size of Pseudomonas bacteriophage (35 —

100 kb for 92 % of sequenced genomes®2), suggesting that the Cascade-Cas3 machinery
efficiently degrades entire phage genomes. Additionally, the I-C system appears to produce
bi-directional deletions, similar to what was previously observed with the I-F Cascade-Cas3
system®3, but not with type 1-E10.11.30. CRISPR-Cas3 presents a genome editing tool useful
for the targeted removal of large, potentially undesirable elements (e.g. virulence clusters,
plasmids®#) and also for unbiased screening and genome streamlining. As a long-term

goal of microbial gene editing has been genome minimization°°6, we used our optimized
CRISPR-Cas3 system to generate ten iterative deletions, achieving >13 % genome reduction
of the targeted strain. This spanned only 30 days while maintaining editing efficiency,

a great improvement over previous genome reduction methods®6. Some basic microbial
applications of Cas3 include studying chromosome biology (e.g. replichore asymmetry®7),
pathogenesis®®, the impact of the mobilome, and 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 ssSDNA may be advantageous for both programmed
knock-outs and knock-ins. Although knock-ins were not systematically explored here, a
preliminary attempt to affix a chromosomal mCherry tag to cas3, using the Type I-C system
for counter-selection, was successful. The direct comparison presented here between Cas3
(large deletions) and Cas9 (small deletions), coupled with the high variability of deletions
observed with Cas3 also confirms the causality of Cas3 in the deletion outcomes.

Our study has revealed some of the benefits and challenges of working with CRISPR-
Cas3. While some of the iteratively edited strains demonstrated slight growth defects,

the Cas3 editing workflow shows high potential for genome minimization efforts. Since
many distinct deletion events are generated, screening various isolates for fitness benefits
or defects is possible, and one can proceed with the strain that has the desired fitness
property. Additionally, the nearby presence of an essential gene may greatly limit editing
efficiencies, but may potentially be overcome by the addition of a repair template. Despite
our success at transplanting the minimal Type I-C system, it remains to be seen whether
the approach will be limited by differences in DNA repair mechanisms. Indeed, in £. coli
and P, syringae, larger regions of homology, such as 34 bp long REP sequences were
observed®?, indicating the role of RecA-mediated homologous recombination® in the repair
process. Meanwhile in 2 aeruginosa, the borders of the deletions showed either small (4-14
bp) micro-homology or no noticeable sequence homology. The former implies a role for
alternative end-joining#2, which has also been observed in Pectobacterium atrosepticum?®,
while the latter non-homologous end-joining®? in the repair process. Downstream studies
are required to dissect the roles of each mechanism in the deletion generation process and
variability of these between different organisms will also need to be considered for better
predictable deletion outcomes.
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CRISPR-Cas3 is an especially promising tool for use in eukaryotic cells as it would facilitate
the interrogation of large segments of non-coding DNA, much of which has unknown
function®2. Additionally, it was recently shown that Cas9-generated “gene knockouts” (i.e.
small indels causing out-of-frame mutations) frequently encode pseudo-mRNAs that may
produce protein products, necessitating methods for full gene removal®3:84. Encouragingly,
Type I-E CRISPR-Cas systems were recently shown to generate large (up to 100 — 200

kb) deletions in human cells3%-32, 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. Employing Cas3 to make large genomic deletions will facilitate
the manipulation of repetitive and non-coding regions, having a broad impact on genetics
research by providing a tool to probe genomes en masse.

Bacterial strains, plasmids, DNA oligonucleotides, and media

A previously described3® environmental strain of Pseudomonas aeruginosawas 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 vector85
using the Sacl-Pstl restriction endonuclease cut sites in the order cas5, casz, cas8, cas3to
generate the plasmid pJW31 (Addgene number:136423). This vector was introduced into
Pseudomonas aeruginosa PAO158, inserting the cas genes into the chromosome, following
previously described methods8”. Following integration, the excess sequences, including
the antibiotic resistance marker, were removed via Flp-mediated excision as described
previously®7. The resulting strain, dubbed PAO1!C, allowed for inducible expression of the
I-C system through induction with isopropylp-D-1 thiogalactopyranoside (IPTG). This same
method was used to integrate the Cas3-Cas8 tether mutant in the order cass, cas3, cass,
cas7. The linker amino acid sequence is RSTNRAKGLEAVS. An isogenic strain carrying
Cas9 derived from Streptococcus pyogeneswas constructed in the same fashion, resulting
in the strain PAO1''"A. For experiments to test the system in Pseudomonas syringae, we
employed the previously characterized strain DC300043. £. coli editing experiments were
conducted with strain K-12 MG1655%8. Experiments conducted with K. pneumoniae were
performed using strain KPPR146,

To construct the Cas3 helicase and nuclease mutant strains, the PAOI'C system was utilized
to introduce point mutations. crRNAs were designed to target Cas3 along with a homology
directed repair (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®.
So-called “entry vectors” pHERD20T-ICcr and pHERD30T-1Ccr were first generated by
cloning at the EcoRI and HindlIl sites an annealed linear dsSDNA template carrying

the I-C CRISPR-Cas system repeat sequences flanking two Bsal Type IIS restriction
endonuclease recognition sites. Additionally, a preexisting Bsal site in a non-coding site of
the pHERD30T and pHERD20T plasmids was mutated using whole-plasmid amplification
so it would not interfere with the cloning of the crRNAs38. Oligonucleotides with repeat-
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specific overhangs encoding the various spacer sequences were annealed and phosphorylated
using T4 polynucleotide kinase (PNK) and cloned into the entry vectors using the Bsal 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 1-C crRNAs.

The all-in-one vector pCas3cRh (Addgene number 133773) is a derivative of the
pHERD30T-IC plasmid, with the 4 I-C system genes cloned downstream of the crRNA
site. This was achieved by amplifying the genes cas3, cas5, cas8, and cas7in two fragments
with a junction within casg designed to eliminate an intrinsic Bsal site with a synonymous
point mutation. The amplified fragments were cloned into pHERD30T-IC using the Gibson
assembly protocol’0. Finally, to guard against potential leaky toxic expression, we replaced
the araC-Paragap promoter with the rhamnose-inducible r7aSR-Prhagap system’L. The
sequence for r1aSR-Prhagap Was amplified from the pJM230 template’?, provided by

the lab of Joanna B. Goldberg (Emory University), and cloned into the pHERD30T-1C
plasmid to replace araC-Paragap using Gibson Assembly (New England Biolabs). Without
induction, transformation efficiencies of targeting constructs of assembled pCas3cRh were
on average 5-10-fold lower when compared to non-targeting controls (Supplementary Figure
8C), indicating residual leakiness of the I-C system.

The acal-containing vector plCcr-acal is a derivative of the pHERD30T-ICcr plasmid, with
acalcloned downstream of the crRNA site under the control of the pBAD promoter. The
acal 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.

P, aeruginosa, E. coli, and K. pneumoniae strains were grown in standard Lysogeny Broth
(LB): 10 g tryptone, 5 g yeast extract, and 10 g NaCl per 1 L dH,0. Solid plates were
supplemented with 1.5 % agar. P, syringae was grown in King’s medium B (KB): 20 g Bacto
Proteose Peptone No. 3, 1.5 g KoHPOy, 1.5 g MgSQO,4¢7H>0, 10 ml glycerol per 1 L dH,0,
supplemented with 100 pg/ml rifampicin. The following antibiotic concentrations were used
for selection: 50 ug/ml gentamicin for 2 aeruginosa, P. syringae, and K. pneumoniae, 15
ug/ml for E. coli; 50 pg/ml carbenicillin for all organisms. Inducer concentrations were 0.5
mM IPTG, 0.1 % arabinose, and 0.1 % rhamnose. For transformation protocols, all bacteria
were recovered in Super optimal broth with catabolite repression (SOC): 20 g tryptone, 5

g yeast extract, 10 mM NaCl, 2.5 mM KCI, 10 mM MgCl,, 10 mM, MgSQy, and 20 mM
glucose in 1 L dH,0.

Bacterial transformations

Transformations of 2 aeruginosa, E. coli, P. syringae, and K. pneumoniae strains were
conducted using standard electroporation protocols. 10 ml of overnight cultures were
centrifuged and washed twice in an equal volume of 300 mM sucrose (20 % glycerol for £.
coli) and suspended in 1 ml 300 mM sucrose (20 % glycerol for £. colf). 100yl aliquots of
the resulting competent cells were electroporated using a Gene Pulser Xcell Electroporation
System (Bio-Rad) with 50 — 200 ng plasmid with the following settings: 200Q, 25 pF,
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1.8 kV, using 0.2 mm gap width electroporation cuvettes (Bio-Rad). Electroporated cells
were incubated in antibiotic-free SOC media for 1 hour at 37 °C (28 °C for £ syringae),
then plated onto LB agar (KB agar for 2 syringae) with the selecting antibiotic, and

grown overnight at 37 °C (28 °C for £ syringae). Cloning procedures were performed in
commercial £. coliDH5a cells (New England Biolabs) or £. coli XL1-Blue (QB3 Macrolab
Berkeley), according to the manufacturer’s protocols.

Construction of recombinant DMS3m acr phages

The isogenic DMS3macrilA4 and acr/CIphages were constructed using previously
described methods’2. A recombination cassette, pJZ01, was constructed with homology

to the DMS3m acrlocus. Using Gibson Assembly (New England Biolabs), either acr/CIor
acrllA4were cloned upstream of acal, and the resulting vectors were used to transform
PAO1!C. The transformed strains were infected with WT DMS3m, and recombinant phages
were screened for. Phages were stored in SM buffer at 4°C.

Isolation of PAO1/Clysogens

PAO1!C was grown overnight at 37°C in LB media. 150 pl of overnight culture was added to
4 ml of 0.7 % LB top agar and spread on 1.5 % LB agar plates supplemented with 10 mM
MgS0,.5 ul of phage, expressing either acr/C1 or acr/lA4were 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 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.

Genomic targeting

Pseudomonas aeruginosa—Genomic self-targeting of £ aeruginosa PAO1'C 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 acal-containing crRNA plasmids do not need additional inducers,
as the pBAD promoter controls acal. 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 1 colony in 20 pl

of H,0, followed by incubation at 95°C for 15 min. 1-2 pl 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 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
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original I-C CRISPR-Cas strain, where functional self-targeting could be determined based
on a significant increase in the lag time of induced cultures, characteristic of self-targeting
events.

In cases where a homology-directed repair 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 Nhel 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.

Escherichia coli—Genomic self-targeting of £. co/iwas conducted in a similar fashion as
P, aeruginosa, except using the pCas3cRh all-in-one vector. Electrocompetent £. 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 /acZ (LB agar +

15 pg/ml gentamicin + 0.1 % rhamnose + 1 mM IPTG + 20 pg/ml X-gal) and blue/white
colonies were counted the next day.

Pseudomonas syringae—Electrocompetent £ syringae cells were also transformed with
pCas3cRh plasmids targeting selected genomic sequences. Initial transformants were plated
onto KB agar + 100 pg/ml rifampicin + 50 pg/ml gentamicin plates, and incubated at

28 °C overnight. Single colony transformants were then selected and inoculated in KB
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 KB
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.

Klebsiella 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 pg/ml 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 pg/ml) and
0.1 % rhamnose inducer. Individual colonies were then assayed for deletions using colony
PCR.

Iterative genome minimization—Iterative targeting to generate multiple deletions in the
P, aeruginosa PAO1'C strain was carried out by alternating the pHERD30T and pHERD20T
plasmids each expressing different crRNAs targeting the genome. Each crRNA designed to
target the genome was cloned into both the pHERD3O0T plasmid, which confers gentamicin
resistance, as well as the pHERD20T plasmid, which confers carbenicillin resistance. After
first transforming and targeting with a pHERD30T plasmid expressing a specific crRNA,
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deletion candidate isolates were transformed with a pHERD20T expressing a crRNA
targeting a different genomic region. As the two plasmids are identical with the exception of
the resistance marker, this eliminated the necessity for curing of the original plasmid to be
able to target a different region. For the next targeting event, the pHERD30T plasmid could
again be used, this time expressing another crRNA targeting a different genomic region. In
this manner, pHERD30T and pHERD20T could be alternated to achieve multiple deletions
in a rapid process. At each new transformation step, the cells were checked for any residual
resistance to the given antibiotic from a previous cycle. Additionally, functionality of the
CRISPR-Cas system of the edited cells could be determined through the introduction of

a plasmid expressing crRNA targeting the D3 bacteriophage®®, then performing a phage
spotting assay to see if phage targeting was occurring or not.

Measurement of growth rates

Pseudomonas aeruginosa—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
ul volumes of LB in 96-well deep-well plates at 37 °C. The grown cultures were then diluted
100-fold into 100 pl of fresh LB in a 96-well clear microtitre 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 3.

Pseudomonas syringae—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 £ syringae DC3000. Plants were grown for 5-6 weeks in 9 h light/15 h darkness
and 65 % humidity. For each inoculum, we measured bacterial growth in 10 individual Col-0
plants. Four leaves from each plant were infiltrated at ODgpg = 0.0002, and cored with a #3
borer. The four cores from each plant were then ground, resuspended in 10 mM MgCl, and
plated in a dilution series on selective media for colony counts at both the time of infection
and 3 days post-infection.

To test bacterial growth /in vitro, we used both KB and plant apoplast mimicking minimal
media (MM)’4. Overnight cultures were prepared from single colonies of each strain,
washed, and diluted to ODggg = 0.1 in 96-well plates using either KB or MM. Plates

were incubated with shaking at 28 °C. ODggg Was measured over the course of 24-25 hours
using an Infinate 200 Pro automated plate reader (Tecan). Statistical analysis determined
significantly different groups based on 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 HSD 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.

Bacteriophage plaque (spot) assays—Bacteriophage plaque assays were performed
using 1.5 % LB agar plates supplemented with 10 mM MgSQO, and the appropriate antibiotic
(gentamicin or carbenicillin, depending on the plasmid used to express the crRNA), and
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0.7 % LB top agar supplemented with 0.5 mM IPTG and 0.1 % arabinose inducers added
covering the whole plate. 150 pl of the appropriate overnight cultures was suspended in 4
ml molten top agar poured onto an LB agar plate leading to the growth of a bacterial lawn.
After 10-15 minutes at room temperature, 3 pul of ten-fold serial dilutions of bacteriophage
was spotted onto the solidified top agar. Plates were incubated overnight at 30 °C and
imaged the following day using a Gel Doc EZ Gel Documentation System (BioRad)

and Image Lab (BioRad) software. The following bacteriophage were used in this study:
bacteriophage JBD30%°, bacteriophage D375, and bacteriophage DMS3m76.

Whole-genome sequencing—Genomic DNA for whole-genome sequencing (WGS)
analysis was isolated directly from bacterial colonies using the Nextera DNA Flex Microbial
Colony Extraction kit (I1lumina) according to the manufacturer’s protocol. Genomic DNA
concentration of the samples was determined using a DS-11 Series Spectrophotometer/
Fluorometer (DeNovix) and all fell into the range of 200-500 ng/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). The majority of samples were sequenced using a MiSeq Reagent
Kit v2 (Illumina) for a 150 bp paired-end sequencing run using the MiSeq sequencer
(IMumina). £ syringae and Cas9-generated £, aeruginosa deletion strains were sequenced
using a NextSeq 500 Reagent Kit v2 (Illumina) for a 150 bp paired-end sequencing run
using the NextSeq 500 sequencer (Illumina).

Genome sequence assembly was performed using Geneious Prime software version
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 PAO1!C
strain was de novo assembled using the default automated sensitivity settings offered by the
software. The consensus sequence of PAO1!C assembled in this manner was then used as
the reference sequence for mapping all of the PAO1'C strains with multiple deletions. As
a control, the sequences were also mapped to the reference P, aeruginosa PAO1 sequence
(NC_002516) 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 £. colistrains were mapped to the £. coli K-12 MG1655 reference sequence
(NC_000913). Finally, sequenced P, syringae strains were mapped to the £ syringae
DC3000 (NC_004578) reference sequence, along with the pDC3000A endogenous 73.5
kb 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 was visualized using the BLAST Ring Image Generator (BRIG) tool’” employing
BLAST+ version 2.9.0. In several cases, short sequences were aligned within previously
determined large deletions at redundant sequences such as transposase genes. Such
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misrepresentations created by BRIG were manually removed to reflect the actual sequencing
data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A) A schematic of the Type I-C cas gene operon and CRISPR array. The surveillance
complex is made up of Cas proteins (Cas5;:Cas81:Cas77) and one crRNA, which recruits
Cas3 upon target DNA recognition. Cas3 then degrades DNA through its dual helicase-
nuclease activity. B) Growth curves of 2 PAO1!C strains expressing different crRNAs
targeting phzM (green and orange) compared to a non-targeting strain (blue). Values are

the mean of 8 biological replicates each, error bars indicate SD values. C) Cultures resulting
from phzMtargeting, in the absence of inducer (-ind), presence (+ind), and after recovery.
D) Whole-genome sequencing of threePAO1!Cself-targeted survivor strains. Bars indicate
boundaries of deletions with ORF indicated below; red arrow indicates genomic position of

targeted sequences.

Nat Methods. Author manuscript; available in PMC 2021 November 03.

4,730

4,740



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Csorg6 et al.

Page 21

A £ B
>
§ 1st repeat: 2nd repeat:
° natural modified
g sequence sequence
g
b
T ACCOOGTGOATTGARAT #6048 4 8 4 GTEBOCCBCAACTOGGCGTOGATIGAMAG
phzM_1 phzM_2  XNES1 1 XNES1 2 XNES2 1 XNES2 2
C £ Wtrepeat El Modified repeat D 2o
20 2 100
—— Non-targeted <4
1 o 75
. -5 - XNES1_1 2 No mutation
g — XNES1_2 g & [ Large deletion (> 1 kb)
03 10 XNES2_1 'ﬁ - [ Small deletion (< 1 kb)
] — XNES2_2 2 25 @ Point mutation
2
0.5 -~ phzM_1 £
-=- phzM 2 w
0 T
0.0+ - v v T v g Cas3 Cas9
0 4 8 12 16 20 24
Time (h)
E s -aacttggctacaacctcecggeattgcag@aagceatcagctt
wi
R T S— 25k 4713330 383 protospacer 4713380 PAO1 genome
104
essential 3 essential F
84
[Sampte >
I Cas3
- @ Cas9

Editing efficiency (%)
50

0.17 kb
Programmed deletions

56.5 kb 249 kb

Figure2.
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 3 biological replicates

each, where 12 individual surviving colonies were assayed per replicate, error bars show

SD 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 PAO1!C strains expressing
distinct self-targeting crRNAs flanked by modified repeats. Non-targeting crRNA expressing
control is marked in blue. Values depicted are averages of 4 biological replicates each. D)
Gene editing outcomes for distinct survivor cells targeted with either a Type I1-A SpyCas9
system or a Type I-C Cas3 system (n=72). E) Deletion size distribution of 47 independently
generated phzM deletion strains determined using a tiling PCR approach. 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 (0.17kb, 56.5 kb, or 249 kb) using
homologous repair templates with the Cas3 system (green) or the SpyCas9 system (blue).
Values are means of 3 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 Figure 2D (98.6 % for Cas3, 50 % for Cas9); error bars
show SD values, ND: not detected.
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A) Schematic overview of the iterative deletion generating process. B) Whole-genome
sequences of six PAO1!C strains that have been iteratively targeted at six distinct genomic
positions and one (derived from strain A6g) with ten total deletions (A10) aligned to the
parental P aeruginosa PAO1!C 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
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region of the various strains in finer detail. C) Calculated doubling times of the seven
genome-reduced strains (strains A61 — 6¢ with six deletions, A10 with ten) compared to the
parent PAO1!Cstrain (green). Values are means of 8 biological replicates, error bars represent

SD values, * p < 0.05, ** p < 0.01, paired T-test compared to PAO1!C.
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Figure 4.

A) Schematic of the crRNA targeted sites in the £. co/i MG1655 genome at the /acZ locus.
B) /acZ deletion efficiencies using distinct crRNAs targeting the £. coi/ K-12 MG1655
chromosome. Efficiencies calculated based on LacZ activity. Values are averages of 3
biological replicates, error bars represent standard deviations. C) Whole-genome sequencing
of E. coli deletion mutants targeted at /acZand 30 kb upstream at padeL. Bars indicate
boundaries of deletions with ORF indicated below. D) Growth of £ syringae DC3000
strains expressing the I-C system and distinct crRNAs. Constructs VI, IV-1X, and V11 target
P. syringae DC3000 non-essential chromosomal genes, non-targeting crRNA (NT), empty
vector (EV). E) 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 (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, #1, #2). Values shown are means of 10
biological replicates each (30 for DC3000), error bars show SD values, ** p < 0.01, ***

p < 0.005, ANOVA analysis (see methods). F) Whole-genome sequencing of £ syringae
deletion mutants. Left panel shows virulence cluster VI targeting, while 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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Figureb.

A) Schematic of whole genome sequencing of an environmental isolate of PAO1 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 PAO1!C

lysogenized by recombinant DMS3m phage expressing acr//A4 or acr/C1 from the native

acrlocus. 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 (p/zM) and ‘N/A’ means that editing was not assessed as
no growth defect was seen. ‘NT’ means a non-targeting crRNA was expressed. Each growth

curve is the average of 10 biological replicates and error bars represent SD.
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