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Bacterial alginate regulators and phage homologs
repress CRISPR-Cas immunity

Adair L. Borges
Joseph Bondy-Denomy ®1"235<

CRISPR-Cas systems are adaptive immune systems that pro-
tect bacteria from bacteriophage (phage) infection'. To pro-
vide immunity, RNA-guided protein surveillance complexes
recognize foreign nucleic acids, triggering their destruction by
Cas nucleases?. While the essential requirements for immune
activity are well understood, the physiological cues that regu-
late CRISPR-Cas expression are not. Here, a forward genetic
screen identifies a two-component system (KinB-AlgB), pre-
viously characterized in the regulation of Pseudomonas aerugi-
nosa alginate biosynthesis®*, as a regulator of the expression
and activity of the P. aeruginosa Type I-F CRISPR-Cas system.
Downstream of KinB-AlgB, activators of alginate production
AlgU (a oF orthologue) and AlgR repress CRISPR-Cas activ-
ity during planktonic and surface-associated growth®. AmrZ,
another alginate regulator®, is triggered to repress CRISPR-
Cas immunity upon surface association. Pseudomonas
phages and plasmids have taken advantage of this regulatory
scheme and carry hijacked homologs of AmrZ that repress
CRISPR-Cas expression and activity. This suggests that while
CRISPR-Cas regulation may be important to limit self-toxicity,
endogenous repressive pathways represent a vulnerability for
parasite manipulation.

Type I CRISPR-Cas systems are comprised of a multisubunit
RNA-guided surveillance complex, a trans-acting nuclease (Cas3)>"*
and proteins dedicated to spacer acquisition, Casl and Cas2’.
P, aeruginosa has become a powerful model organism for studying
Type I CRISPR-Cas mechanisms'®", functions'®"", evolution®-**
and interactions with phages using anti-CRISPR proteins**. The
P aeruginosa strain PA14 possesses a naturally active Type I-F
CRISPR-Cas immune system, comprising two CRISPR arrays, an
operon encoding surveillance complex subunits Csyl-4'? and a sep-
arate operon encoding Casl and a Cas2-3 fusion protein. Quorum
sensing has been shown to activate CRISPR-Cas expression in P
aeruginosa” and other species of bacteria®*. However, little is known
about the factors that temper CRISPR-Cas activity and mitigate the
risk of acquiring and expressing a nucleolytic immune system.

To discover new CRISPR-Cas regulators in P. aeruginosa, we
used P. aeruginosa strain PA14 engineered to express lacZ in place
of the csy3 gene (csy3::lacZ)". This strain was subjected to C9 mari-
ner transposon mutagenesis and ~40,000 colonies were screened on
X-gal plates. Multiple independent insertions were identified within
lacZ and upstream genes (csyl and csy2) and 30 mutants with trans-
poson insertions outside of this region were isolated and mapped
(Extended Data Fig. 1). Four independent insertions were identified
in a single gene, kinB, which resulted in decreased p-galactosidase
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production on solid plates (Extended Data Fig. 2a) and ~30% less
csy3:lacZ activity in liquid culture compared with the unmuta-
genized parent (Extended Data Fig. 2b). We selected kinB (a sensor
kinase/phosphatase) for follow-up study as it had the most indepen-
dent transposon insertions and displayed the largest f-galactosidase
activity change.

We measured the ability of kinB::Tn insertions to limit the sur-
vival and replication of phages when introduced into the wild-type
(WT; CRISPR-active) strain. The phages used to assay activity were:
DMS3,,,;z; which is an untargeted control phage, DMS3m,,;;'"%,
which is fully targeted by the PA14 Type I-F CRISPR-Cas system,
and phage DMS3m,,,;,, which is partially targeted, by virtue of
encoding a ‘weak’ anti-CRISPR, acrIF4, that binds to the surveil-
lance complex to inhibit CRISPR-Cas function’**>*. The kinB::Tn
strains remained resistant to DMS3m,,,z; infection, but we observed
a tenfold increase in DMS3m,,;, plaque-forming units (p.f.u.)
relative to WT, demonstrating attenuated CRISPR-Cas activity
(Fig. 1a, Extended Data Fig. 2c). This defect was complemented by
the expression of kinB in trans (Extended Data Fig. 2c). The growth
of control phage DMS3,,,,; was not impacted in the absence of kinB
(Fig. la, Extended Data Fig. 2c). Furthermore, two other phages that
are partially targeted, JBD26 (which naturally possesses acrIF4) and
JBD25 (a phage with no Acr that is targeted by a weak spacer that
provides incomplete immunity), also showed increased survival in
the kinB::Th strain (Extended Data Fig. 2d) relative to WT PA14.
The survival of a phage with a weak anti-CRISPR or one that is tar-
geted by a less active spacer is therefore a sensitive barometer for
perturbations in CRISPR-Cas levels. Together, these data confirm
that in the absence of kinB, csy gene expression and phage targeting
are decreased.

KinB is a sensor kinase/phosphatase in a two-component system
with response regulator AlgB. The KinB-AlgB system has a large
regulon within P. aeruginosa and controls the biosynthesis of the
extracellular polysaccharide alginate®. This pathway is well studied
due to the recurrent isolation of alginate-overproducing (mucoid)
P. aeruginosa from the lungs of cystic fibrosis patients, where algi-
nate plays an important role in the formation of antibiotic-resistant
biofilms during chronic infection. The absence of KinB function
results in the accumulation of the phosphorylated form of the
response regulator AlgB (P-AlgB), while the phosphorylation of
AlgB has been attributed to unknown kinases***' (Fig. 1b). P-AlgB
activates the periplasmic protease AIgW (a DegS homolog), which
degrades MucA, liberating sigma factor AlgU**>* (Fig. 1b). AlgU
positively regulates many factors involved in alginate production,
including AlgR, AlgD, AlgB and AmrZ>*.
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Fig. 1| A forward genetic screen identified a role for an alginate-activating pathway in the repression of CRISPR-Cas immunity. a, The EOI against
isogenic phages DMS3,,,.; (non-targeted), DMS3m,,,e; (no I-F anti-CRISPR, CRISPR-targeted) and DMS3m,,,r, (weak |-F anti-CRISPR, CRISPR-

targeted). The p.f.u. quantified on two independent kinB transposon mutants (kinB::Tn1 and kinB::Tn2) are presented as a ratio relative to the number of
p.f.u. measured on WT PA14. Tn mutants show an altered EOl against DMS3m,,, relative to WT (TnT: P=2.9 x1073; Th2: P=3.2%x1073). b, A cartoon
summarizing the KinB-AlgB two-component system and downstream effects, based on previous work* (see text) with CRISPR-Cas regulation added.
c-e, EOl measurements for indicated AkinB (c), AalgB (d), and AalgR and AalgU strains (e) with complementation. Mutants show an altered EOI

against DMS3m,,,, relative to WT (AkinB + empty vector (EV): P=4.30x10-% AkinB+P390S: P=5.6x107% AalgB+EV: P=2.8x107% AalgB+ D59N:
P=1.8%x10"% AalgR + EV: P=19x1072% AalgU + EV: P=6.6 x1073). f, csy3::lacZ p-galactosidase activity over time in the indicated strain backgrounds.

The experiment was replicated twice with fewer time points and consistent results were seen. All EOl data are presented as the mean of three biological
replicates +s.d. p-galactosidase reporter activity is presented as the mean of three technical replicates. A two-tailed unpaired Student's t-test was used to

calculate P values; *P < 0.05, **P < 0.01, ***P < 0.001.

WT kinB or kinase-inactive H385A kinB complemented an in-
frame AkinB deletion, restoring CRISPR targeting of DMS3m,,,;,
(Fig. 1c). However, a P390S kinB mutant incapable of dephosphory-
lating the response regulator AlgB did not complement CRISPR-
Cas activity and in fact decreased it further (Fig. 1c). A AkinBAalgB
double mutant restored CRISPR-Cas targeting to levels twofold
above the WT (Extended Data Fig. 3b), confirming the role of this
signalling pathway. A strain lacking algB (AalgB) or possessing a
D59N mutant that cannot be phosphorylated also elevated CRISPR-
Cas activity twofold, supporting the repressive role of P-AlgB
(Fig. 1d). These data show that the accumulation of high levels of

P-AlgB (achieved in kinB::Tn, AkinB or kinB P390S) led to CRISPR-
Cas repression.

We next assayed antiphage immunity in AalgU and AalgR back-
grounds, revealing increased targeting of DMS3m,,,;, but not con-
trol phage DMS3,,;z; in both knockouts (Fig. 1e). Complementation
restored CRISPR-Cas levels (Fig. le), demonstrating that AlgU and
AlgR repress CRISPR-Cas immunity. Double knockouts of each gene
combined with AkinB also demonstrated increased CRISPR-Cas
immunity, consistent with these factors acting as repressors down-
stream of KinB (Extended Data Fig. 3a). All changes in DMS3m,,
phage replication and survival were CRISPR dependent, as double
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Fig. 2 | The KinB-AlgB pathway modulates Cas3 and Csy protein and RNA levels. a, RT-qPCR measurements of the transcript levels of cas3 and csy3
normalized to the housekeeping gene rpsL after 8 h of growth in liquid culture. The measurements are presented as the mean of three technical replicates.
b, The measurement of the fluorescence levels (in relative fluorescence units (RFU)) of Cas3-sfCherry or Csyl-sfCherry reporter strains after 10 h of
growth in liquid culture. Fluorescence measurements are presented as the mean of three biological replicates +s.d. Mutants show altered Cas3-sfCherry
levels (AkinB: P=7.8 x1073; AalgR: P=1.5x10"% AalgU: P=11x10"*) and Csy1-sfCherry levels relative to WT (AkinB: P=3.3x107>; AalgR: P=15x10"%
AalgU: P=11x10"%). A two-tailed unpaired Student's t-test was used to calculate P values; *P <0.05, **P < 0.01, ***P < 0.001. ¢, A spot titration of F3
(DMS3m,e5) or F1 (DMS3m,,,) on dCas3 or active Cas3 (Acsy3; no Csy complex) strains. Phages were targeted by the natural spacer CR2_sp1and
crRNAs designed to target the DMS3m genome in the positions designated on the ORF map. Green lines indicate crRNA binding positions mediating
CRISPR; the grey line indicates positions that do not mediate CRISPRi. d, A spot titration of DMS3m,,-; and DMS3m,,, phages on WT PA14 or deletion
mutants expressing the indicated crRNA. Plaquing experiments were replicated three times and consistent results were seen.

knockouts (kinB, algB, algU and algR mutants combined with
csy3:lacZ, aloss-of-function mutation) revealed plaquing equivalent
to csy3::lacZ alone (Extended Data Fig. 3b). B-galactosidase activ-
ity was measured in these strains during growth in liquid culture,
revealing a peak in csy expression around 8h, with repression of
this operon during entry into the stationary phase (Fig. 1f). As sug-
gested by the phage-targeting experiments, a marked increase in the
expression of the csy operon was noted for both AalgR and AalgU
strains, with a decrease in csy expression for AkinB.

Next, we performed quantitative PCR with reverse transcription
(RT-qPCR) of the cas3 and csy3 transcripts in the mutant strains.
We measured the relative abundance of Cas3 and Csy complex pro-
teins by fusing a sfCherry tag to the endogenous cas3 or csyl gene
in the mutant backgrounds, using fluorescence as a proxy for pro-
tein abundance. We found that kinB loss decreased the expression
of both the cas3 and csy operons, resulting in lower cas3 and csy3
transcript levels and Cas3-sfCherry and Csyl-sfCherry levels rela-
tive to WT (Fig. 2a,b). Conversely, we observed increased levels of
cas3 and csy3 transcripts and Cas3-sfCherry and Csyl-sfCherry in
the AalgR and AalgU mutants relative to WT (Fig. 2a,b). These data
demonstrate that this pathway controls the levels of both Cas3 and
the Csy complex in the bacterial cell by transcriptionally controlling
the cas3 and csy operons.

As Cas3-sfCherry was expressed at low levels relative to Csyl-
sfCherry, and is also known to be subject to post-translational con-
trol by Casl', we sought to dissect the relative contributions of
nuclease versus surveillance complex dysregulation to the immune
phenotypes of the KinB-AlgB pathway mutants. To specifically
measure the antiphage activity of the Csy complex, we developed a
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Cas3-indepedent bioassay to read out the activity of the surveillance
complex in the cell. Through the rational design of CRISPR RNAs
(crRNAs) to target an early phage promoter (P;1, P;2), we observed
the inhibition of phage survival in a P aeruginosa strain with a
nuclease dead Cas3 (dCas3), while an open reading frame (ORF)-
targeting crRNA (ORF1) was ineffective (Fig. 2c). Remarkably, this
CRISPR-based transcriptional interference (CRISPRi) effect was
strong enough to completely limit phage replication in the absence of
Cas3 nuclease activity for crRNA P;2. Phage inhibition via CRISPRi
occurred during infection with a phage that expressed the inhibitor
of Cas3 recruitment, AcrIF3, but not an inhibitor that blocked Csy
complex-phage DNA binding®, AcrIF1 (Fig. 2c). We selected P;1 as
a moderately functional CRISPRi spacer and expressed it in KinB-
AlgB pathway mutants. We observed decreased CRISPRIi activity
against phage DMS3m,,,;;; in the AkinB background, but increased
CRISPRi in AalgR and AalgU (Fig. 2d; compare F3 and F1 phage).
This demonstrates that the modulation of csy gene expression is suf-
ficient to impact phage targeting in a Cas3-independent manner.
We conclude that the KinB-AlgB pathway regulates Cas3 and Csy
complex levels and that the repression of Csy complex levels has a
large impact on antiphage immunity.

To identify downstream CRISPR-Cas regulators in the AlgU
regulon®, we focused on another factor involved in alginate pro-
duction, alginate and motility regulator Z, amrZ>*. We generated
a knockout of amrZ and observed a CRISPR-dependent increase in
efficiency of immunity (EOI) against phage DMS3m,,.;, (Fig. 3a,
Extended Data Fig. 3b). This was complemented when amrZ was
expressed in frans (Fig. 3a). A AkinBAamrZ double knockout
also showed increased CRISPR-Cas activity, consistent with its
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Fig. 3 | AmrZ is a surface-activated repressor of CRISPR-Cas immunity. a, The EOI against phages DMS3,,s; (non-targeted) and DMS3m,,r, (CRISPR-
targeted) during surface association. The p.f.u. values were quantified on AamrZ or the complemented strain and are presented as a ratio of the number
of p.f.u. measured on WT PA14. AamrZ + EV shows increased EOI against DMS3m,,, relative to WT (P=7.3x10-4). EOl measurements are presented
as the mean of three biological replicates +s.d. b, Growth curves of liquid cultures of PA14 WT and AamrZ infected with 10°p.f.u. of virulent DMS3m,z,
alongside uninfected controls. ¢, EOI against virulent DMS3m,,, in liquid cultures of WT and AamrZ strains (CRISPR active) or WT csy3::lacZ and
AamrZ csy3:lacZ (CRISPR inactive). The p.f.u. were quantified after 24 h from AamrZ or amrZ csy3::lacZ, then presented as a ratio of p.f.u. from WT or
WT csy3:lacZ, respectively. Bacterial optical density measured at 600 nm (ODg,,) and EOl measurements are presented as the mean of three biological
replicates +s.d. AamrZ and AamrZ csy3::lacZ show no significant difference in EOI relative to WT and WT csy3::lacZ, respectively (AamrZ: P=0.6; AamrZ
csy3:lacZ: P=0.08). d,e, The time course of the fluorescence levels (RFU) of Csy1-sfCherry reporter strains during surface association (d) or planktonic
growth (e). AamrZ has increased Csyl-sfCherry levels during surface association relative to WT (10h: P=8.9x 104 15h: P=15x1073, 20h: P=2.0%x107%;
25h: P=2.2x107% 30h: P=7.0%1074). f, Normalized fluorescence measurements of WT Cas3-sfCherry or Csyl1-sfCherry overexpressing the indicated
transcription factors after 10 h growth in liquid culture. AmrZ and AlgU overexpression reduced Cas3-sfCherry (AmrZ: P=1.5x10-3; AlgU: P=7.8 x10-3)
and Csy1-sfCherry (AmrZ: P=7.5x1075; AlgU: P=9.9x107°) levels relative to WT. Fluorescence measurements are presented as the mean of three
biological replicates +s.d. A two-tailed unpaired Student's t-test was used to calculate P values; NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.001.

role as a repressor downstream of KinB (Extended Data Fig. 3a).
However, when we measured cas3 and csy3 transcript levels and
Cas3-sfCherry and Csyl-sfCherry levels in AamrZ, neither tran-
script nor protein levels differed from the WT (Extended Data
Fig. 4a,b). In considering these discrepant results, we realized that
the antiphage plaque assay was performed on solid plates whereas
RNA quantification and sfCherry fluorescence measurements were
conducted on liquid culture samples. To measure the antiphage
activity of AamrZ in planktonic growth, we challenged WT and
AamrZ with 10° plaque-forming units (p.f.u.; multiplicity of infec-
tion=0.2) of virulent DMS3m,,, in liquid culture. Both strains
succumbed to phage infection with similar kinetics (Fig. 3b) and
phage replication did not differ significantly between the two
strains (Fig. 3c). Phage replication in the absence of CRISPR-Cas
immunity also did not differ between the two strains (Fig. 3c). This
demonstrates that, under our conditions, AmrZ does not control
CRISPR-Cas during planktonic growth.

To test the hypothesis that AmrZ is a surface-activated repres-
sor of CRISPR-Cas, we measured the levels of Csy complex during
surface association and planktonic growth in WT and AamrZ cells
using an endogenous Csyl-sfCherry reporter over a period of 30h.
In WT cells, the levels of Csy complex were attenuated during sur-
face association relative to planktonic growth (~50% reduction of
peak Csyl-sfCherry levels; Fig. 3d), but in the absence of AmrZ,
Csy complex levels during surface association increased to levels
comparable to those in planktonic growth (Fig. 3d). The deletion

of amrZ did not impact Csy complex levels in liquid culture at any
time point (Fig. 3e). To increase the levels of AmrZ during plank-
tonic growth, we ectopically expressed AmrZ from a high-copy
plasmid and measured the impact on our transcriptional reporter
csy3:lacZ and our translational reporters Csyl-sfCherry and Cas3-
sfCherry. Here, high levels of AmrZ in liquid growth reduced the
B-galactosidase activity of the csy3:lacZ reporter (Extended Data
Fig. 4c) and greatly limited the expression of Csyl-sfCherry and
Cas3-sfCherry (Fig. 3f). These results suggest that low AmrZ activ-
ity in planktonic growth underlies its surface-activated control of
CRISPR-Cas. In contrast to AmrZ, overexpression of AlgU only
moderately impacted Csy complex and Cas3 levels and AlgR did not
impact the levels of either reporter when overexpressed (Fig. 3f).
We next considered whether phages and other mobile genetic
elements (MGEs) had evolved mechanisms to manipulate this
CRISPR-Cas repressive pathway. Inspired by the discovery of a
Paraburkholderia phage that carried a distant homolog of AmrZ?,
we searched the National Center for Biotechnology Information
(https://www.ncbi.nlm.nih.gov/) database for AmrZ homologs on
Pseudomonas MGEs. We identified 15 diverse Pseudomonas mobile
elements carrying AmrZ homologs (Extended Data Fig. 5). These
MGEs included obligately Iytic and temperate Myophages, temper-
ate Siphophages and plasmids. AmrZ has been structurally charac-
terized in complex with operator DNA* and these mobile AmrZ
homologs showed perfect conservation of critical DNA-interacting
residues in the ribbon-helix-helix domain, suggesting conserved
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after 10 h of growth in liquid culture, shown as the mean of three biological replicates +s.d. AmrZ homologs from PA14, Phi3, PaBG and JBD68 repressed
Csyl1-sfCherry relative to the WT (PA14: P=7.5X%1075; Phi3: P=1.5%10"5 PaBG: P=1.3x105 JBD68: P=1.9x1073). e, The efficiency of plaquing (EOP) of
non-targeted DMS3,,.; phage (NT) or targeted DMS3m,, phages. The EOP is the ratio of p.f.u. on PA14 WT to p.f.u. measured on PA14 ACRISPR,
presented as the mean of three biological replicates +s.d. ND, not detectable. f, Fluorescence levels of dCas3::csy1-sfCherry after 16 h of liquid

growth lysogenized with the indicated DMS3m

acr

phage, normalized to the unlysogenized control (=) and presented as the mean of three biological

replicates + s.d. The expression of AmrZ,,.; (P=4.9x107*) and AmrZ,,,; (P=2.8x10-*) from a prophage repressed Csyl-sfCherry expression relative
to an unlysogenized control. g, Pyocyanin production from dCas3::csyT-sfCherry reporter strains lysogenized with the indicated DMS3m,,, phage or the
unlysogenized control (—) after 16 h of growth in liquid culture. Pyocyanin levels during phzM targeting are shown as a percentage of pyocyanin levels

in an EV control and presented as the mean of three technical replicates. The experiment was replicated three times and consistent results were seen.

A two-tailed unpaired Student's t-test was used to calculate P values; **P<0.01, ***P < 0.001.

binding specificity (Fig. 4a,b, red residues/arrowheads). To test
whether these mobilized AmrZ variants were capable of regulating
CRISPR-Cas activity in P. aeruginosa, we assayed the ability of six
MGE-encoded AmrZ homologs to complement the AamrZ strain.
Five out of six MGE-encoded homologs complemented the AamrZ
mutant to various degrees, indicating that they were active in the
PA14 transcriptional network and were bona fide CRISPR-Cas reg-
ulators (Fig. 4c). Next, each gene was expressed in WT cells, which
revealed that three P. aeruginosa phage AmrZ homologs (AmrZp,g,
AmrZy;, AmrZ;,;,) inhibited Csy complex biogenesis (Fig. 4d).
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We next studied the anti-CRISPR function of these mobilized
AmrZ homologs in the context of the phage life cycle. By inserting
the two most potent phage AmrZ homologs, amrZ,,; and amrZ,,,
into the anti-CRISPR locus of phage DMS3m, we compared the
anti-CRISPR capacity of these repressors relative to bona fide Type
I-F inhibitor AcrIF4 and the negative control inhibitor AcrIE3.
The AmrZ homologs provided no protection during lytic growth
(Fig. 4e), likely because they cannot act on previously synthesized
CRISPR-Cas complexes. However, they were able to significantly
reduce the expression and activity of the CRISPR-Cas complex
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during lysogeny (Fig. 4f,g). By lysogenizing a strain of PA14 with
a catalytically dead Cas3 and an endogenously tagged copy of
Csyl-sfCherry, we demonstrated that the presence of AmrZy,,
or AmrZ,;; reduced Csy complex levels to less than 50% of an
unlysogenized control, while AcrIE3 and AcrIF4 did not reduce
Csy complex levels (Fig. 4f). To measure the activity of the Csy
complex in these lysogens, we programmed the Csy complex to
transcriptionally repress the phzM gene, which is responsible for
the generation of the green pigment pyocyanin. Derepression of
phzM expression can be quantified by measuring the accumula-
tion of the pyocyanin pigment in an overnight culture. We found
that AmrZ,,;; or AmrZ, ;. derepressed phzM to a similar extent
to AcrIF4 (Fig. 4g), demonstrating anti-CRISPR activity for these
hijacked CRISPR-Cas repressors.

The regulation of bacterial processes is highly variable across
species, reflecting niche-specific adaptations. Here a genetic screen
reveals that the KinB-AlgB two-component system regulates
CRISPR-Cas in P. aeruginosa. Removal of KinB or inactivation of
its phosphatase activity leads to the accumulation of P-AlgB, acti-
vating the CRISPR-Cas repressors AlgU, AlgR and AmrZ. This
pathway also drives alginate production, which is responsible
for the formation of the characteristic mucoid biofilms of cystic
fibrosis P. aeruginosa isolates>*'". We show that P-AlgB (via kinB
deletion), AlgU and AlgR repress CRISPR-Cas activity during
surface association and planktonic growth, and AmrZ is triggered
to further repress CRISPR-Cas during surface association. Some
Pseudomonas genetic parasites encode hijacked AmrZ homologs,
which retain their ability to repress CRISPR-Cas expression and
inhibit CRISPR-Cas biogenesis during lysogeny. Strikingly, we
identified multiply lysogenized strains of P. aeruginosa with as many
as four independent copies of AmrZ on mobile elements in addition
to host AmrZ (Extended Data Fig. 6). The evolutionary success of
AmrZ in the Pseudomonas mobilome and core genome suggests a
‘guns for hire*” role for this gene in the arms race between bacteria
and their parasites.

We and others observed CRISPR-Cas activation’”*® during
exponential growth, where phage infection risk is high (that is, in
metabolically active, well-mixed planktonic culture’'). Surface asso-
ciation lessens the infection risk, as the spatial structure limits phage
dispersal and prevents a phage bloom from overtaking the entire
bacterial population*. Although they were not measured here, spa-
tial stratification and polysaccharide secretion in a mucoid biofilm
probably also provide high levels of intrinsic phage resistance.

The observation that CRISPR-Cas expression and surface asso-
ciation/biofilm formation are inversely regulated is supported by
our analysis of previously published PA14 transcriptomic*’ and pro-
teomic* datasets, which show activation of CRISPR-Cas expres-
sion in exponential phase growth, and repression during stationary
phase and biofilm growth at 24 and 48h (Extended Data Fig. 7a).
Cas proteins were still detected in stationary phase and biofilm
growth, suggesting that the cells retained some immunity after tran-
scriptional shutdown (Extended Data Fig. 7b). Furthermore, previ-
ous studies show that the P. aeruginosa genome is hypersensitive
to CRISPR-induced DNA damage during surface association and
biofilm formation, leading to cell death when a mismatched pro-
phage sequence target is present in the chromosome'®"”. This sug-
gests that CRISPR auto-immunity costs are also dependent on the
growth state and physical environment of the cell.

Here we identify a CRISPR-Cas repressive pathway in P. aeru-
ginosa. We speculate that the ability to control CRISPR-Cas activ-
ity during lifestyle transitions may be essential for P. aeruginosa
to safely maintain a CRISPR-Cas system by limiting self-toxicity.
In our discovery of MGE-encoded CRISPR-Cas repressors we
reveal an unexpected cost to CRISPR-Cas regulation: the evolu-
tion of CRISPR-Cas repression has created an Achilles heel that is
exploited by genetic parasites.
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Methods

Bacterial strains and phages. P. aeruginosa UCBPP-PA14 (PA14) strains and
Escherichia coli strains (Supplementary Table 1) were grown on lysogeny broth
(LB) agar or liquid at 37°C. The media was supplemented with gentamicin

(50 ugml™ for P. aeruginosa and 30 ugml™ for E. coli) to maintain the pHERD30T
plasmid, or carbenicillin (250 pgml~") for P. aeruginosa or ampicillin (100 ugml-)
for E. coli containing the pHERD20T plasmid. pHERD plasmids were induced
with 0.1% arabinose. Phage stocks (Supplementary Table 1) were prepared as
described previously'®. In brief, 3 ml SM buffer was added to plate lysates of the
desired purified phage and incubated at room temperature for 15 min. SM buffer
containing phages was collected and 100 pl chloroform was added. This was
centrifuged at 10,000g for 5min and supernatant containing phages was transferred
to a storage tube with a screw cap and incubated at 4°C.

Transposon mutagenesis screen. The csy::lacZ reporter strain was subjected

to transposon mutagenesis and colonies were isolated on plates containing

X-gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside). Approximately
50,000 colonies were visually examined for increased or decreased levels

of p-galactosidase and insertions were mapped by semi-random PCR. To
conduct transposon mutagenesis, overnight cultures of PA14 csy3::lacZ and

E. coli containing the pBTK30 Tn suicide vector were mixed in a 1:2 ratio
(donor:recipient) for conjugation. Mixed cells were centrifuged at 4,000g for

10 min to pellet the cells. 100 ul resuspended conjugation pellet was then spotted
on LB agar plates and incubated at 37 °C for 6 h. Conjugation spots were collected
and resuspended in LB liquid media. The conjugation was then plated on LB agar
plates supplemented with nalidixic acid (30 uygml~-1) and gentamicin (50 ug ml~").
Surviving colonies containing Tn insertions were collected into 1 ml LB liquid
media. Serial dilutions of cells were prepared and plated on LB agar plates
supplemented with X-gal (200 ug ml~?), gentamicin (50 ug ml~') and nalidixic acid
(30pgml-1). The plates were incubated at 37 °C for 24 h to allow the colonies to
change colour. Colonies displaying changed expression levels compared with the
unmutagenized parental strain (PA14 csy3::lacZ, no pBTK30) were then isolated
onto secondary LB agar plates with X-gal, gentamicin and nalidixic acid at the
stated concentrations. Genomic DNA was collected from isolated single colonies
by resuspending bacterial colonies in 0.02% SDS and boiling the sample for

15 min. Samples were then centrifuged at 10,000g and supernatants containing
genomic DNA were collected. Transposon insertion junctions were mapped
using semi-random PCR (Supplementary Table 1). PCR samples were sequenced
and reads were then mapped to the P. aeruginosa UCBPP-PA14 genome using
BLAST. Expression changes were then verified via a modified p-galactosidase
assay in liquid culture.

Plaque assays. Plaque assays were performed on LB agar plates (1.5% agar) with
LB top agar (0.7% agar), supplemented with MgSO, (10 mM final concentration),
gentamicin (50 ugml~) and arabinose (0.1%) as needed for plasmid maintenance
and induction. Spot titrations were performed by mixing 150 ul P. aeruginosa
overnight culture with 3 ml top agar, which was dispersed evenly on a LB MgSO,
plate. 3 ul tenfold phage dilutions was then spotted on the surface and the plates
were incubated overnight at 30 °C. To count the plaques, full plate assays were
used, except when CRISPR targeting was so strong that discrete plaques could
not be accurately measured. In this case, spot titrations are shown. For full plate
assays, 10 ul of the phage dilution giving single plaques was incubated with 150 ul
P. aeruginosa overnight culture for 10 min at 37°C. 3 ml top agar was then added
and the mixture was dispersed evenly on a LB MgSO, plate. Individual plaques
were then counted to assess differences in the efficiency of bacterial immunity
and phage efficiency of plaquing (EOP). The EOI of a bacterial mutant relative to
the WT was calculated by dividing the number of p.f.u. formed on the WT by the
number of p.f.u. formed on the mutant strain. An EOI> 1 means fewer plaques
formed on the mutant than on the WT, so the mutant was more immune to phage
infection than the WT. An EOI < 1 means more plaques formed on the mutant,
so the mutant was less immune to phage infection than the WT. The EOP of a
phage (Fig. 4¢) was calculated by dividing the number of p.f.u. formed on the WT
(CRISPR+) by the number of p.f.u. formed on ACRISPR. An EOP of 1 means
that CRISPR does not impact phage replication; an EOP of 0 means that the phage
cannot replicate in the presence of CRISPR.

p-galactosidase assay. A previously described p-galactosidase assay* was used
to measure lacZ activity in transcriptional fusions. Bacterial cultures were grown
overnight at 37 °C. Cultures were then diluted 1:100 into LB liquid medium
supplemented with the desired antibiotic and incubated at 37 °C with shaking
until the desired time point was reached. The culture density was measured with
a spectrophotometer (ODy,,) and 200 pl of the sample was added to 800 ul of
permeabilization solution. Cells were mixed via inversion and vortexed for 1 min
to permeabilize the cells. 200 ul ONPG (4 mgml~') was added and the samples
were incubated at 30 °C until the sample turned yellow. The enzymatic reaction
was stopped by the addition of 300 ul 1 M Na,CO,. The samples were centrifuged
at 13,000¢ for 5min to remove debris and 200 pl supernatant was moved to a
96-well plate to read the absorbances at 420 and 550 nm. The Miller units were
calculated using the Miller equation: 1 Miller unit= (1,000 X OD,,,— 1.75X ODx,,)/
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(T,

min

reaction volume (ml).

X V1 X ODy,), where T,

min

indicates reaction time (min) and V,; indicates

Phage transduction of kinB::Tn alleles. Transposon insertions in kinB from

a csy3:lacZ background were transduced into WT PA14 to test CRISPR-Cas
function with the same transposon insertion. Phage phiPA3 was used to infect the
donor strain (kinB::Th) on plates with top agar overlays using ~10*p.f.u. to generate
near confluent lysis. The plates were soaked in 3-4 ml of phage SM buffer and 2ml
was collected over chloroform, vortexed and pelleted to isolate the transducing
phage in the supernatant. The lysates were used to infect recipient strains

(WT PA14); ~10°p.f.u. were used to infect a culture at a multiplicity of infection
of 1. After 30 min of static incubation on the bench, the cultures were gently
shaken at 37°C for 20 min and then pelleted at 5,000g. Cells were washed twice
with LB and subsequently incubated at 37°C for 1h to allow recombination and
gentamicin-resistance outgrowth. The cultures were pelleted and resuspended in
200 pl LB and plated on LB plates containing gentamicin. The controls included
uninfected cells and cells infected with phages not propagated on a gentamicin-
resistant donor strain. In addition, phage lysate was directly plated under selection
to confirm that there was no residual donor strain in the phage preparation.

The plates were incubated overnight at 37°C and their identity (that is, CRISPR-
Cas intact) confirmed with a plaque assay using DMS3m,,;; as the target phage
and PCR of the kinB locus.

Introduction of csy3::lacZ P. aeruginosa UCBPP-PA14 strains. The lacZ gene was
introduced into PA14 strains of interest via allelic replacement. The recombination
vector pMQ30, which contained lacZ flanked by homology arms matching csy2
and csy4, was introduced via conjugation. PA14 strains and E. coli containing

the vector were mixed at a ratio of 1:2 (recipient:donor). The mixture was heat
shocked at 42°C for 10 min. The mating spot was then plated on a LB agar plate
and incubated overnight at 30 °C. The mating spot was then collected, resuspended
in 1ml LB liquid media and plated on VBMM plates supplemented with 50 ug ml~!
gentamicin to select for colonies with the integrated homology plasmid. The
colonies were cultured overnight in LB in the absence of selection at 37°C and
were then diluted and counter-selected on no-salt LB agar plates supplemented
with 15% sucrose. The surviving colonies were then grown on LB agar plates
supplemented with gentamicin and X-gal to check for lacZ insertion via colour
change; lacZ insertion was further verified via PCR.

RT-qPCR. Total RNA extracts were harvested using an acid-phenol chloroform
extraction from liquid cultures subcultured 1:100 and grown for 8h in LB media.
RNA treated with DNAse (Ambion) to remove DNA and 1 ng total RNA was used
in a series of RT-qPCR reactions. The reactions were conducted in a BioRad CFX
connect gPCR cycler using clear BioRad plates with the Luna Universal One-Step
Reaction Mix (NEB). A standard curve for each primer set was generated using
pooled RNA samples. The housekeeping gene rpsL was used for normalization and
gene-specific primers against cas3 and csy3 (Supplementary Table 1) were used to
quantify expression from the cas and csy operons. For RT-qPCR reactions, 1 ng
total RNA was used in each reaction, performed in triplicate. Reverse transcription
was conducted using Luna WarmStart RT Enzyme Mix (NEB). Standard curves
were used to calculate the relative abundance of target transcripts; cas3 and csy3
transcript levels were then normalized to rpsL levels.

Generation of endogenous Csyl-sfCherry and Cas3-sfCherry reporters.
Endogenous Csyl-sfCherry and Cas3-sfCherry reporters were constructed

in a similar way to csy3::lacZ. We initially verified that Csyl and Cas3 tagged

with sfCherry at the N-terminus are functional when expressed from a plasmid.
pMQ30-sfCherry-Csy1, which contains the sfCherry sequence flanked by 657 bp
upstream of csyl and 701 bp downstream of the csyI start codon, was cloned in

the pMQ30 plasmid between HindIII and BamHI sites using Gibson assembly.
pMQ30-sfCherry-Cas3, which contains the sfCherry sequence flanked by 353 bp
upstream of cas3 and 350 bp downstream of the cas3 start codon, was cloned in the
PMQ30 plasmid between HindIII and BamHI sites using Gibson assembly. The
4bp that overlap between the end of casI and the beginning of cas3 were duplicated
in the final construct. Both pMQ30-sfCherry-Csyl and pMQ30-sfCherry-Cas3
contain the GGAGGCGGTGGAGCC sequence (encoding GGGGA) as a linker
between sfCherry and the respective tagged proteins. The Csyl-sfCherry and
Cas3-sfCherry constructs were introduced into PA14 strains of interest via allelic
replacement. Strains containing the appropriate insertion were verified via PCR.

sfCherry reporter profiling. Liquid. Cells were diluted 1:100 from an overnight
culture into fresh LB (with 0.1% arabinose and 50 ugml~! gentamicin if required for
plasmid induction and maintenance) and grown for the indicated number of hours
in biological triplicate. 500 ul of each sample was then spun down at 8,000g for

2 min and resuspended in 500 ul M9 media. The samples were loaded onto a
96-well plate (150 ul per well) in technical triplicate and red fluorescence
(excitation, 580 nm; emission, 610 nm) and OD,,, were measured using a Biotek
H4 Synergy 96-well plate reader. M9 media alone was measured to obtain a
background fluorescence and absorbance reading. To calculate the relative
fluorescence units (RFU) for each sample, the background fluorescence and
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background ODy, values obtained were subtracted from the sample values, and the
sample fluorescence was then normalized to the sample ODy,.

Solid. Cells were diluted 1:100 from an overnight culture into fresh LB and 20 ul
was plated in individual wells in biological triplicate in a 24-well plate with each
well containing solidified 1.5% LB agar (with 0.1% arabinose and 50 pg ml™
gentamicin if required for plasmid induction and maintenance). The 24-well
plate was then covered with a breathable Aeraseal and incubated at 37 °C with
no shaking. At the indicated time point, the cells were harvested by flooding
each well with 500 ul M9 buffer, then spun down at 8,000¢ for 2min and
resuspended in 500 ul M9 media. The samples were loaded onto a 96-well plate
(150 ul per well) in technical triplicate and red fluorescence (excitation: 580 nm;
emission: 610 nm) and ODy,, were measured using a Biotek H4 Synergy 96-well
plate reader. M9 media alone was measured to obtain a background fluorescence
and absorbance reading. To calculate the relative fluorescence units for each
sample, the background fluorescence and background ODy, values obtained
were subtracted from the sample values and the sample fluorescence was then
normalized to the sample ODy,.

Generation of PA14 AamrZ using the endogenous I-F CRISPR-Cas system.
Complementary oligonucleotides encoding a crRNA targeting the amrZ gene of
PA14 were annealed and ligated into the multiple cloning site of the pHERD30T
vector. A fragment possessing homology arms flanking the desired mutation

(500 bp upstream and 500 bp downstream) around amrZ was cloned into a distinct
location (Nhel site) of the same vector via Gibson assembly. The new plasmid
containing both a crRNA and a homology region was introduced into WT

PA14 via electroporation. The transformation efficiency dropped dramatically

in the presence of the crRNA due to the toxicity caused by self-targeting. All
surviving colonies had the desired clean deletion of the amrZ gene. Deletions were
confirmed by PCR of the region of interest and subsequent Sanger sequencing of
the amplicon. A 2,000-bp region flanking amrZ was PCR amplified and sequencing
primers were designed to sequence the deletion junction to confirm the removal of
the amrZ gene.

Liquid phage infection assay. Liquid phage infections were performed as
described in ref. *. In brief, an overnight culture of cells was diluted 1:100 into
fresh media and infected with 10°p.f.u. virulent phage DMS3m,,, in biological
triplicate in a 96-well Costar plate. Cells were incubated at 37 °C with constant
rotation and the ODg, was measured every 5min in a Biotek H4 Synergy plate
reader. Phages were harvested from each well and quantified by plaque assay
after 24 h. In these experiments, all strains used in the assays carried two spacers
against the DMS3m,,;, phage to prevent phage escape: one endogenous spacer
(CRISPR2_sp1) and one provided on a pHERD30T plasmid.

AmrZ homolog discovery and characterization. BLASTp was used to search the
non-redundant protein database for AmrZ homologs (accession: ABJ12639.1) in
December 2018 using BLAST v.2.8.1 (ref. ). This homolog list (e value > 0.001,
where e represents the expect value) was then examined for homologs found on
phage or plasmid genomes. Representative homologs were aligned using Clustal
Omega v.1.2.2 (ref. ) and the alignment visualized in Jalview v.2.10.02 (ref. ).
Key conserved residues were mapped onto the structure in Pymol v.2.0.7 (PDB ID:
3QO0Q). Select homologs were synthesized (TWIST Biosciences) and cloned into
the SacI/PstI site of the arabinose-inducible plasmid pHERD30T using Gibson
assembly. Vectors were electroporated into P. aeruginosa strains for functional
testing, where they were induced with 0.1% arabinose and maintained with

50 ugml~! gentamicin.

Construction of recombinant DMS3m AmrZ phages. Phages were generated
as previously described”. Briefly, Gibson assembly was used to generate a
recombination plasmid on pHERD30T with amrZ,,; or amrZ,,; flanked by
homology arms up and downstream of the DMS3m Acr locus. This plasmid was
transformed into PA14 ACRISPR and infected with phage DMS3m,,.,., (2 phage
that is sick as a result of the insertion of a large gentamicin-resistance cassette
into its anti-CRISPR locus). Healthy plaques resulting from the recombination
were screened using PCR for incorporation of amrZ,,; or amrZ,,, into the
anti-CRISPR locus.

Construction of PA14 lysogens. Lysogens were obtained by first spotting phage
onto a bacterial lawn, then streaking out surviving colonies from phage spots.
These colonies were screened for phage resistance using a cross-streak method and
lysogeny was verified by prophage induction.

Pyocyanin repression assay. The pyocyanin repression assay was performed as
previously described”. Lysogens were transformed with a plasmid encoding a Type
I-F crRNA targeting the promoter region of the gene phzM, which is required for
the synthesis of the green pigment pyocyanin. As a control, each lysogen was also
transformed with the empty vector. These strains were grown overnight (~16h)

in 5ml LB media supplemented with 50 pgml~" gentamicin and 0.1% arabinose,

to induce crRNA expression. Pyocyanin was extracted with an equal volume of
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chloroform and then mixed with a half volume of 0.2 M HCI, which produces a
pink colour proportional to the amount of pyocyanin and can be quantified by

measuring absorbance at 520 nm. The absorbance value of each crRNA-expressing
lysogen was expressed as a percentage of the pyocyanin level measured in the EV
control lysogen. Samples were measured in technical triplicate.

Statistical testing. This study used a two-tailed unpaired Student’s ¢ test for
statistical testing. In all cases, the sample size was n=3, the degrees of freedom
n—1 and the confidence interval 95%. In all plots, bar or data point height is
equivalent to the mean and error bars are shown as +1s.d.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Source data and statistics used to generate figures are provided with the paper.
Additional data supporting the findings of this paper are available from the
corresponding author on request.
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B-gal activity (%
Gene with insertion | Transposon Location | unmutagenized)
pchH 797705 127%
hH 798159 131%

S-type pyocin 1196879 145%

utative membrane protein 1400718 118%
minD 1915545 N/D (growth defect)
deaD 2373899 N/D (growth defect)
putative Zn-dependent
oxidoreductase 2820446 115% (growth defect)
anylL 3434168 87%
bacA 3490008 75%
Intergenic; zipA and smc + 3979746 N/D (growth defect)
lasR 4085810 135%
ooxidoreductase FMN
binding 4188602 N/D (growth defect)
pyoS3A 4404303 145%
tolA 4595505 158%

urM 4618060 134%
Intergenic; fstA and fstZ 5104077 111% _(growth defect)
cytochrome c1 precursor 5126449 94%
putative plasmid
stabilization protein 5347104 N/D (growth defect)

araquat inducible protein 5532785 108%
glycosyl transferase 5889967 81%

ItB 5943637 108%
ghiHlyhil 6162134 108%
crc 6275250 91%
kinB (3) 6447811 53%
kinB (2) 6447945 50%
kinB (1) 6448519 59%
kinB (5) 6449345 98%
kinB (4) 6449373 54%
polA 6457284 N/D (growth defect)
QidB 6530337 88%

Extended Data Fig. 1| Mapped insertions from transposon mutagenesis screen. All independent transposon insertions identified and mapped by visual
screening with increased or decreased csy3:lacZ B-galactosidase activity. B-galactosidase activity is expressed as a percentage of the unmutagenized
parent strain, and measurements were taken at a single timepoint after 8 h of growth in liquid culture. The insertion location in the PA14 genome is shown,
along with the measured level of B-galactosidase enzyme at the 8 hour timepoint. These measurements were not determined (N/D) for strains with a

growth defect.
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a b 300

sy3::lacZ
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= kinB::Tn1-3

csy3::lacZ expression
(Miller units)

kinB::Tn 3 kinB::Tn 2 4 8 16

kinB::Tn1
+ pkinB

kinB::Tn1 kinB::Tn2 ~ ACR-Cas

Extended Data Fig. 2 | Characterization of kinB::Th mutants. a. A streak plate on X-gal plates, showing strains involved in this study and isolated
transposon (Tn) insertions. csy3::lacZ is a derivative of WT PA14, and is the unmutagenized parent of kinB::Tn 1-3. b. p-galactosidase measurements of
strains grown in liquid culture for the indicuated time. Measurements for the unmutagenized (csy3::lacZ) parent strain and three isolated kinB transposon
mutants (kinB::Tn1-3) are shown, as well as a control PA14 culture with no lacZ insertion. c. Phage titration on lawns of the kinB::TnT mutant transformed
with empty vector or kinB. d. Spot titration of phages JBD26 (CR2_sp17, sp20-targeted, possessing acrlF4), JBD25 (CR1_sp1 targeted) on kinB::Th mutants
and ACRISPR-Cas. These experiments have been replicated at least 2 times with consistent results.
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Extended Data Fig. 3 | Double knockouts of pathway members. a, b. Efficiency of immunity measurements for indicated mutants relative to WT. a. Double
knockouts show AkinB combined with algB, algU, algR, or amrZ. EOl measurements are shown as the mean of 3 biological replicates, + S.D. Mutants show
increased EOl against DMS3m,,, relative to WT (AkinBAalgB, P=3.8 x 10?2, AkinBAalgU, P=5.9 x 103, AkinBAalgR, P=1.5 x 102, AkinBAamrZ, P=3.2 x 10%)
Two-tailed unpaired Student’s T-test was used to calculate P value, *p < 0.05, **p < 0.01. b. Indicated knockouts were combined with csy3::lacZ, EOl shown
as the mean of two biological replicates.. These experiments have been replicated at least 2 times with consistent results.
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Extended Data Fig. 4 | AmrZ activity in liquid growth. a. gRT-PCR measurements of transcript levels of csy3 (light grey) and cas3 (dark grey) normalized
to the housekeeping gene rpsL after 8 h of growth in liquid culture. Measurements are represented as the mean of 3 technical replicates. b. Measurement
of the fluorescence levels of Csyl-sfCherry (light grey) or Cas3-sfCherry (dark grey) reporter strains after 10 h of growth in liquid culture. Fluorescence
measurements are represented as the mean of 3 biological replicates +/- SD. Cas3-sfCherry (P=0.26) and Csy1-sfCherry levels (P=0.35) in AamrZ

did not differ significantly from WT. Two-tailed unpaired Student’s T-test was used to calculate P value, ns =not significant c. csy3::lacZ p-galactosidase
activity from PA14 WT csy3:lacZ transformed with either empty vector (EV) or a plasmid overexpressing AmrZ (+ AmrZ). -galactosidase reporter
activity was measured after 8 hin liquid growth and is represented as the mean of 3 technical replicates. Experiment was replicated two times with

consistent results.
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Name Accession MGE type

PA14 AmrZ ABJ12639.1

Pseudomonas phage Noxifer ARV77275.1 Lytic Myovirus

Pseudomonas phage phi3

YP_009276432.1

Integrated prophage

Pseudomonas phage PaBG

YP_008433620.1

Lytic Myovirus

Pseudomonas phage SM1 ALT58107.1 Siphoviridae (temperate)
Pseudomonas phage F10 YP_001293379.1 Siphoviridae (temperate)
Pseudomonas phage JBD68 ARM70500.1 Siphoviridae (temperate)
Pseudomonas sp. VLB120 plasmid pSTY AGZ38169.1 Plasmid
Pseudomonas putida plasmid pKF715B BAW27310.1 Plasmid
Pseudomonas veronii_plasmid PVE plasmid SBW85251.1 Plasmid
Pseudomonas koreensis plasmid p3 AV X93364.1 Plasmid
Pseudomonas sp. Leaf58 plasmid pBASL58 AYG48213.1 Plasmid
Pseudomonas sp. XWY-1 plasmid AUZ62175.1 Plasmid
Pseudomonas putida KF715C pA870 BAW26592.1 Plasmid
Pseudomonas putida S12 plasmid pTTS12 AJA17154.1 Plasmid
Pseudomonas putida p12969-DIM ALZ46341.1 Plasmid

Extended Data Fig. 5 | Mobile AmrZ homologs. AmrZ homologs listed by the genome that encodes them, the accession number, and the mobile genetic

element type.
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Pseudomonas aeruginosa strain Accession Genomic coordinates
FDAARGOS 570, CP033835.1

AmrZ-1 AYZ87048.1 6274191 to 6274418, JBD68-like prophage
AmrZ-2 AYZ83165.1 1992281 to 1992508, JBD68-like prophage
AmrZ-3 AYZ81620.1 292461 to 292688, JBD68-like prophage
AmrZ-4 AYZ82758.1 1562237 to 1562392, phi3-like prophage
AmrZ-5 AYZ86193.1 5356309 to 5356461, core genome (endogenous AmrZ)

Pseudomonas aeruginosa strain Accession Genomic coordinates

PA11803, CP015003.1

AmrZ-1 AOX38089.1 1366154 to 1366381, unknown prophage type
AmrZ-2 AOX38026.1 1323851 to 1324078, JBD68-like prophage
AmrZ-3 AOX37649.1 937493 to 937720, JBD68-like prophage
AmrZ-4 AOX37592.1 896299 to 896526, JBD68-like prophage
AmrZ-5 AOX38565.1 1866517 to 1866654, core genome (endogenous AmrZ)

Extended Data Fig. 6 | AmrZ copy number analysis of two Pseudomonas aeruginosa strains. AmrZ copy number analysis of two different strains of
Pseudomonas aeruginosa. AmrZ homologs listed by accession number and their genomic coordinates. Phaster*® was used to identify the prophages

encoding mobile AmrZ copies.
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Extended Data Fig. 7 | Cas and Csy RNA and protein levels across growth conditions. a. Log2 of Fragments Per Kilobase of transcript per Million mapped

reads (FPKM) shown for each I-F cas gene in PA14 in the indicated growth condition®*. b. Log?2 of protein levels for each of the I-F Cas proteins in PA14 in
the indicated growth condition*“.
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Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Pictures of plaque assays and gels were taken using Image Lab (TM) Version 6.0.1 (C) 2017, Bio-Rad Laboratories, Inc. Growth curve
assays were collected using BioTek Synergy H1 software Gen5 3.05.11.

Data analysis Data were analyzed in Microsoft Excel Version 14.6.7 and plotted using GraphPad Prism 6.0 software. Clustal Omega was to generate a
multiple sequence alignment for AmrZ homologs through the EMBL-EBI webform on April 25, 2019. Sequence alignments were visualized
using Jalview 2, version 2.10.2. PBD structures were visualized using PyMol, version 2.0.7.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Source data and statistics used to generate Figures 1-4 and Extended Data Figures 2-4 are provided with the paper. Additional data supporting the findings of this
paper will be made available from the corresponding author by request.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed to determine sample size. The majority of experiments use a sample size of three, as is standard in
the field. This study uses isogenic, clonal bacterial strains that show a high degree of reproducibility.

Data exclusions  No data were excluded.

Replication Phage quantifcation (efficiency of plaquing, efficiency of immunity, total PFU counts, etc) and growth curves were all performed at least
twice, showing replication each time. Here we show representative examples. Pictures of plaque assays shown are representative examples of
phenotypes observed throughout the sample(s), with consistent results seen between replicates. lacZ activity profiling of csy3:lacZ and
sfCherry measurements were replicated for each mutant two times or more, with consistent results seen. Pyocyanin repression was visually
assessed in three independent replicates with consistent results seen. Pyocyanin levels were quantified for representative samples.

Randomization  Samples were organized into experimental groups depending on genotype, including genes and crRNAs encoded by the bacterial strain.
Randomization was not performed in this study.

Blinding Blinding was not performed in this study, all results are quantitative. No group allocation occurred.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|:| Antibodies IZI |:| ChlIP-seq

|:| Eukaryotic cell lines IZI |:| Flow cytometry
|:| Palaeontology IZI |:| MRI-based neuroimaging
IZI Animals and other organisms

Human research participants

NXOXXKX &

|:| Clinical data

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals This study did not involve laboratory animals

Wild animals This study did not involve wild animals

Field-collected samples This study did not involve field collected samples

Ethics oversight No ethical approval was required as this study uses only phages and bacteria which do not require ethical oversight in their
study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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