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Abstract

The CRISPR integrases Cas1-Cas2 create immunological memories of viral infection by storing phage-derived DNA in CRISPR arrays, a process
known as CRISPR adaptation. A number of host factors have been shown to influence adaptation, but the full pathway from infection to a fully
integrated, phage-derived sequences in the array remains incomplete. Here, we deploy a new CRISPRi-based screen to identify putative host
factors that participate in CRISPR adaptation in the Escherichia coli Type I-E system. Our screen and subsequent mechanistic characterization
reveal that SspA, through its role as a global transcriptional regulator of cellular stress, is required for functional CRISPR adaptation. One target
of SspA is H-NS, a known repressor of CRISPR interference proteins, but we find that the role of SspA on adaptation is not H-NS-dependent.
We propose a new model of CRISPR-Cas defense that includes independent cellular control of adaptation and interference by SspA.

Graphical abstract

Adaptation

Introduction

CRISPR-Cas is an adaptive immune system found in archaea
and bacteria that is used to defend the host from foreign
invaders, such as viruses or mobile genetic elements (1-5).
This defence is mediated by Cas (CRISPR associated) proteins,
which are capable of creating immune memories of invading
nucleic acids and using those memories to mount RNA-guided
degradation of invaders in the event of a future encounter (6—
9). This process of storing immunological memory is known
as CRISPR adaptation, and it is mediated by a phylogeneti-

Interference

cally conserved duo of proteins, Cas1 and Cas2, that form an
integrase complex capable of inserting new DNA fragments
(prespacers) into the cell’s CRISPR array (10-13).

Studies spanning the past two decades have uncovered sub-
stantial mechanistic understanding of how CRISPR adapta-
tion works and some of the key host factors that assist the
CRISPR Cas1-Cas2 integrase complex in creating immune
memories (14-24). Double-stranded DNA fragments are the
preferred substrate for the CRISPR Cas1-Cas2 integrases and
can arise from a variety of sources, such as foreign DNA
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degradation by helicase-nuclease enzymatic complexes like
the RecBCD complex (25) or AddAB (26) as well as from
the replicating bacterial and phage genomes (27). Fragments
captured by the CRISPR Cas1-Cas2 integrases can then un-
dergo trimming by Cas4 (28), DnaQ (29) or other host ex-
onucleases (30), generating free 3’ OH groups required as
substrates for spacer integration (21,29). Cas1-Cas2 integrase
docking at the Leader-Repeat junction of the CRISPR array
requires the Integration Host Factor (IHF) (31-34), which
generates a bend in the Leader sequence that accommodates
the integrase complex and allows it to form stabilising con-
tacts with the DNA (33). Docking enables the CRISPR in-
tegrase complex to catalyse a series of two nucleophilic at-
tacks and add a new spacer at the Leader-Repeat junction
(12,22,33).

Spacer integration creates staggered double strand breaks
at either end of the duplicated repeat. Recent in vitro evidence
suggests that host polymerases, in coordination with genome
replication or transcription, could aid in repairing the CRISPR
array (22) (Figure 1A). The expanded and repaired CRISPR
array is capable of supporting further rounds of spacer
acquisition.

Despite this knowledge, several open questions remain, in-
cluding what host factors are responsible for regulation of
CRISPR-Cas activity (35-39), and repair of the CRISPR ar-
ray post-spacer integration (22,40), though some factors have
been recently suggested play a role in this process (18,22). Fur-
thermore, in contrast to noteworthy successes in heterologous
reconstitution and harnessing of the CRISPR interference ma-
chinery across the tree of life, most notably CRISPR-Cas9,
there are conspicuously few reports of successful heterologous
expression of a CRISPR adaptation system outside of its na-
tive host (41,42) and no reports in eukaryotic systems. We,
therefore, set out to discover additional host factors required
for CRISPR adaptation.

Here, we develop and use a CRISPRi-based genetic screen
to identify new host factors that participate in CRISPR adap-
tation in the Type I-E Escherichia coli system. We report that
a novel host factor, SspA, acts as a transcriptional-level reg-
ulator of CRISPR adaptation through its role as a global
transcriptional regulator of cellular stress. Transcript level-
measurements of Casl and Cas2 expression in the ASspA
background along with lac-inducible promoter-driven expres-
sion of the CRISPR integrases further confirmed that SspA
does not directly regulate the expression of the CRISPR adap-
tation complex; rather, SspA must affect the expression of
other coding or non-coding genes that in turn affect CRISPR
adaptation. Lastly, we find that SspA regulation of CRISPR
adaptation does not function via H-NS, a known regulator of
CRISPR interference and a member of the SspA regulon. Our
data support independent pathways for regulating the adapta-
tion and interference components of CRISPR immunity, both
downstream of SspA.

Material and methods

Bacterial strains and culturing

All strains used in this study can be found in Supplementary
Table S2. Wild-type E. coli K-12 W3110 (BW25113) strain,
generously provided by Joseph Bondy-Denomy, was used for
all experiments in this study, unless specified. Escherichia coli
K-12 MG1655 and LC-E75 (43) (derivative of MG1655,
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Addgene #115925) were used for the CRISPRi screen. Es-
cherichia coli NEB-5-alpha (NEB C2987) was used for plas-
mid cloning. Keio collection (44) single-gene knock-out (KO)
mutants, derivatives of BW25113, were generously provided
by Carol Gross.

Additional deletions on Keio single-gene KO backgrounds
were generated by Ar.y recombinase-mediated insertion of
an FRT-flanked chloramphenicol (CmR) resistance cassette
(45). This cassette was amplified from pKD3 (45) (Addgene
#45604) with homology arms (50bp each) corresponding
to the genomic sequences immediately up- and downstream
of the intended deletion site. This amplicon was electro-
porated into the Keio strains expressing the Ag.q recombi-
nase from pKD46 (45). Clones were isolated by selection on
LB + chloramphenicol (10 pg/mL) plates. After polymerase
chain reaction (PCR) genotyping and sequencing to confirm
locus-specific insertion, the chloramphenicol and pre-existing
kanamycin cassettes was excised by transient expression of
FLP recombinase from pE-FLP (46) (Addgene #45978) to
leave a single FRT scar, whenever specified in the text (i.e.
Agene::FRT).

The polA AKlenow mutant was generated by Areq
recombinase-mediated insertion of an FRT-flanked CmR® resis-
tance cassette into the Klenow fragment of E. coli BW25113
Polymerase 1. This cassette was amplified from pKD3 with ho-
mology arms (50bp each), corresponding to the genomic re-
gions flanking the Klenow fragment, as reported previously
(47). This amplicon was electroporated into BW25113, ex-
pressing the Ag.q recombinase from pKD46. Clones were iso-
lated by selection on LB + chloramphenicol (10 pg/mL) plates.
PCR genotyping and sequencing confirmed the locus-specific
insertion.

For the CRISPRi screen and CRISPR-Cas adaptation exper-
iments, LB containing 1.5% w:v agar was used to grow strains
on plates (growth at 37°C until single colonies became visible,
usually ~16 h). Strains were subsequently grown in LB broth
at 37°C with 250 r.p.m. shaking, with appropriate inducers
and antibiotics as described below.

For CRISPR-Cas adaptation experiments, strains were
grown in LB broth at 37°C with 250 r.p.m. shaking, with ap-
propriate antibiotics as described below. All experiments were
performed without induction. We opted to not induce expres-
sion of Cas1-Cas2 as well as do rescue experiments on low-
copy plasmids with genes in their native genomic architecture
to avoid the cellular burden of potentially-toxic protein over-
expression. Differences in spacer acquisition rates were ob-
served with and without Cas1-Cas2 overexpression, but we
observed more variability in cell growth and subsequent adap-
tation rates when overexpressing proteins, and thus opted
against this strategy.

For CRISPR-Cas defence experiments, strains were grown
in LB broth supplemented with 10 mM MgSO4 and 0.2%
maltose at 30°C with 250 r.p.m. shaking, with appropriate
inducers and antibiotics as described below. For plaque as-
says, cells were mixed with top agar (0.5% w:v LB agar, sup-
plemented with 10 mM MgSO4 and 0.2% maltose and the
appropriate antibiotics) poured over LB plates supplemented
with the appropriate antibiotics and grown at 30°C overnight.

Inducers and antibiotics were used at the following work-
ing concentrations: 2 mg/mL L-Arabinose (GoldBio A-300),
1 mM IPTG (GoldBio 12481C), 1mM m-Toluic acid, 1 ug/mL
anhydrotetracycline, 35 pg/mL kanamycin (GoldBio K-120),
25 ug/mL spectinomycin (GoldBio S-140), 100 pg/mL car-
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Figure 1. CRISPRI screen identifies adaptation host factors. (A) Overview of the CRISPR adaptation process, highlighting key known host factors. (B)
Schematic of the CRISPRi adaptation host factor screen. (C) Binned coverage plot of sgRNAs across the Escherichia coli genome. sgRNA occupancy
was calculated as the difference between the normalised (post/pre-screen) binned sgRNA counts per base of the experimental (+dCas9) and paired
control (-dCas9) conditions. Regions of the genome with high (‘enriched’) sgRNA coverage are interpreted to be genomic loci that positively regulate
CRISPR adaptation; regions of the genome with low (or negative, i.e. ‘depleted’) sgRNA coverage are interpreted to be genomic loci that negatively
regulate CRISPR adaptation. The highest-ranking regions with attributable genes are labelled; other labelled loci are the Oriand Ter regions, the murA
gene and the CRISPR-Il array. n = 9 biological replicates. (D) Volcano plot showing log, fold change for all genes versus their adjusted —logo P-values

(n = 9 biological replicates). The horizontal dashed line represents an adjusted P-value of 0.05; the vertical lines represent log, fold changes of —0.75 and
0.75. Genes targeted by sgRNAs differentially enriched that were selected for individual validation are labelled on the plot. (E) Top: deep-sequencing
based measurement of the rates of new spacer acquisition in Keio knockouts harbouring pSCL565, after growth for 48h in liquid culture without
induction of Cas1-Cas2 expression. Acquisition rates are shown relative to the wild-type parental strain. Open circles represent biological replicates

(n > 3), bars are the mean (one-way ANOVA effect of strain P < 0.0001; Sidak’s corrected multiple comparisons for wild-type versus knockouts, ApcnB
P =0.00217, AsspA P = 0.000102, polA AKlenow P < 0.0001; others ns). Bottom: representative agarose gel for the data shown. Expansions of the
CRISPR array can be seen as higher sized bands above the parental array length. Additional statistical details in Supplemental Table S1.

benicillin (GoldBio C-103) and 25 pg/mL chloramphenicol
(GoldBio C-105).

Phage strains and culturing

A virulent variant of phage Lambda (A;;) (48), generously
provided by Luciano Marraffini, was used throughout this
study. Ayir was propagated on BW25113 grown in LB at 30°C
based on previous studies (49). Briefly, overnights of E. coli
BW25113 were grown at 30°C in SmL LB + 10 mM MgSO;4
and 0.2% maltose. The next day, 300 uL of bacterial cul-

ture was infected with 10 ul of serial dilutions of Ay in
LB + 10 mM MgSO4 and 0.2% maltose, incubated at 30°C
for 15 min, and added to 5 mL top agar, mixed gently and
poured over LB agar plates. Plates were grown overnight at
30°C. Plates from the dilution series that showed evidence of
confluent lysing of E. coli were covered in 5 mL LB supple-
mented with 10 mM MgSO4 and 0.2% maltose, placed on
a shaker to agitate gently at room temperature for 2 h. Then,
the lysate was transferred to a 15 mL conical tube, centrifuged
at 4500 g x 15 min to remove the bacterial debris, and fil-
tered through a 0.2 um filter. Phage titres were determined by
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preparing 1:10 dilutions of Ay;; in LB supplemented with 10
mM MgSOy4 and 0.2% maltose, and spotting 2.5 uL of the
dilutions over top agar lawns of BW25113, which had been
previously prepared by mixing 100 uL of the overnight cul-
ture with 5 mL of top agar (0.5% w:v LB agar, supplemented
with 10 mM MgSO4 and 0.2% maltose) and poured over LB
agar plates. Serial dilutions of A;; were prepared in LB sup-
plemented with 10 mM MgSOy4 and 0.2% maltose, and 2.5ul
of each dilution was spotted on the top agar using a multi-
channel pipette. Plates were tilted to allow phage spots to drip
down the plate for easier quantification and left to dry com-
pletely at room temperature. Plates were incubated at 30°C
overnight.

Plasmids

Plasmid pSCL563, encoding an IPTG-inducible E. coli Cas1-
Cas2 cassette, spectinomycin resistance cassette and a pCDF
ori, was constructed by PCR amplification of pCas1 + 2 (14)
(Addgene #72676) to replace the T7 promoter by an IPTG-
inducible Lac promoter.

Plasmid pSCL563, encoding an m-Tol-inducible E. coli
Cas3-Cascade operon, carbenicillin resistance cassette and a
pRSF ori was constructed by Gibson cloning.

The sspAB rescue set of plasmids, designed to rescue
the loss of CRISPR adaptation phenotype of the AsspA
mutant, were constructed by first Gibson cloning the
sspAB operon (including 236bp upstream of sspA, con-
taining the predicted promoter (50) between rpsI and
sspA) into a low copy plasmid backbone (pSC101 ori)
containing a carbenicillin resistance cassette. This yielded
pSCL735 (sspAB rescue). Variants of the sspAB operon
were generated by targeted PCRs to yield pSCL747 (sspA
rescue, not tested because toxic in AsspA background);
pSCL748 (sspB rescue); pSCL751 (sspA frameshifted
AN >  AQ*® GCCIAAC > GCTICAAIC + sspB);
pSCL752 (sspA + sspB frameshifted PR%10 > PS>-10
CCAICGT > CCAITCGIT); pSCL753 (sspA frameshifted
AN > AQ>® GCCIAAC > GCTICAAIC + sspB frameshifted
PR%10 > PS*10 CCAICGT > CCAITCGIT); and pSCL770
(sspA PHP3*+86 > AAAB486 4 sspB).

The CRISPR defence set of plasmids, designed to pre-
immunise E. coli strains against Ay;, by expressing an E. coli
CRISPR-I array with a first spacer encoding either a Tar-
get (complementary to the A genome (1,51) or a Non-Target
(NT) spacer, were constructed by cloning a spacer;-swapped
E. coli CRISPR-I array (Cas-adjacent array in K-12 E. coli)
into a high copy plasmid backbone (ColE1l) containing a
kanamycin resistance cassette. This yielded pSCL787 (Target,
spacer; complementary to the AR gene (1) and pSCL788
(Non-Target, spacer; complementary to the S. cerevisiae ade2
gene).

The sspAB-hns rescue set of plasmids, designed to res-
cue the loss of CRISPR adaptation phenotype of the Ahns
and AsspA Abns mutants, were constructed by Gibson
cloning the hns operon (including 419-bp upstream and
122-bp downstream of hns, containing the predicted pro-
moter (50), regulatory and terminator regions contained be-
tween tdk-hns-galU, respectively) and/or sspAB operons (as
above) into a low copy plasmid backbone (pSC101 ori)
containing a carbenicillin resistance cassette. This yielded
pSCL785 (hns rescue) and pSCL786 (hns |/ sspAB

rescue).
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pSCL832 was constructed from pSCL565 by swapping
the E. coli Cas1-Cas2 CDS with an eGFP CDS via Gibson
Assembly.

Additional plasmid
Supplementary Table S3.

information can be found in

CRISPRi adaptation host factor screen

LC-E75 (43), a derivative of MG1655 E. coli encoding a
Tetracycline-inducible dCas9 cassette integrated at the Phage
186 aitB site, and E. coli MG1655 were electroporated with
pSCL565, and transformants were isolated on LB + spectino-
mycin after overnight growth at 37°C. Single colonies were in-
oculated into 5 mL LB + spectinomycin and grown overnight.
Each experiment was repeated three times in triplicates for a
total of nine paired LC-E75 (experiment) - MG1655 (control)
screens.

The next day, cultures were electroporated with a library
of 92, 919 sgRNAs (psgRNA (43) Pooled Library #115927,
Addgene), targeting coding and non-coding regions across the
E. coli genome, as described in (43,52). Briefly, 4 mL of the
overnight cultures were diluted into 400 mL LB + spectino-
mycin and grown for 2 h at 37°C with shaking (250 r.p.m.).
Cells were then subjected to an electroporation prep: cul-
tures were split into 50 mL falcon tubes, chilled on ice for
10 min, and pelleted at 4000g for 15min at 4°C. The super-
natants were discarded, and cells were washed with 30 mL
of ice-cold ultra-pure, DNAse/RNAse free, pyrogen-free H, O
(updH,O). The resuspended cultures were chilled on ice for
another 10 min and then pelleted at 4000 g for 15 min at 4°C.
These wash steps were repeated twice, for three total washes.
After the last wash, cells were resuspended in 600 uL of 10%
glycerol in updH, O (~800 uL final volume).

Then, 180 uL of cells were added to 0.2-cm gap electropo-
ration cuvettes (BioRad #1652086), and ~1 ug of the sgRNA
library was mixed with the cells (total volume in electropo-
ration cuvette < 200 uL). Cells were electroporated with the
following settings: 2.5 kV, 25 uF, 200 Q. After the pulse, cells
were quickly recovered in 25 mL of pre-warmed LB + specti-
nomycin and placed in a shaking incubator for 1 h at 37°C.
The cultures were then transferred into 75 mL of pre-warmed
LB + spectinomycin + kanamycin, and dilutions were plated
on LB + spectinomycin + kanamycin to estimate CFUs.

The next day, CFUs were estimated, and the experiments
were continued only if the library coverage was estimated to
be >1000x. If so, 20 mL of the overnight cultures were di-
luted in 1 L warmed LB + spectinomycin + kanamycin + 1
uM anhydrotetracycline (aTc); the remainder of the overnight
cultures was collected by centrifugation for pre-experiment li-
brary quantification.

Cultures were grown for 3 h, after which the electropo-
ration prep was performed as described above. After the
last centrifugation step, each pellet was resuspended in 150
ul of a mix of murA targeting pre-spacer oligonucleotides
and ~1 ug of pSCL563 in updH,O. The murA targeting
prespacer mix was prepared by combining and annealing
complementary single-stranded oligos that encode a pres-
pacer targeting the essential gene murA (F and R sequences:
AGGTTATGGCAACCGATCTGCGTGCATCAGCAAGC;
GCTTGCTGATGCACGCAGATCGGTTGCCATAACCT),
to a final concentration of 3.125 uM per oligo. After elec-
troporation, cells were rescued with 5 mL of pre-warmed
LB + carbenicillin + kanamycin + 1 mM m-Toluic acid +
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1 uM aTc and placed in a shaking incubator for 1 h at 37°C.
Then, these cultures were then transferred into 20 mL of pre-
warmed LB + carbenicillin + kanamycin + 1 mM m-Toluic
acid + 1 uM aTc and placed in a shaking incubator overnight
at 37°C. Cultures (post-experiment library samples) were
harvested the next day by centrifugation, 4000 g x 30 min,
followed by plasmid extraction using the Qiagen Plasmid
Plus Midi kit (cat. no. 12143).

Sequencing of the sgRNA libraries was performed as fol-
lows. Around 1 uL of the plasmid extractions were used as
template in 50 uL PCR reactions, using 37 uL of updH, O, 10
uL 5X QS reaction buffer, 1 uL 10 mM dNTPs, 1 uL Q5 Hot
Start HiFi DNA polymerase and 0.25 uL 100 uM Forward
and Reverse primers. The primers used contained Illumina
adapters to make the amplicons compatible with our down-
stream sequencing prep, as well as 1-5 random nucleotides
between the Illumina adapter and the annealing sequence to
introduce diversity into the sequencing library. The PCR re-
action was run using the standard recommended QS5 cycling
conditions: 98°C initial denaturation x 30 s; 30 cycles of
98°C x 10 s, 62°C x 30s, 72°C x 30 s; final extension of
2 min at 72°C. Amplicons were then cleaned up using AM-
Pure XP beads (A63880), indexed using custom indexing oli-
gos and sequenced on an Illumina NextSeq instrument with
~2 million reads per biological replicate. A list of primers can
be found in Supplementary Table S4.

Fluorescence-based monitoring of the Lac
promoter activity

Escherichia coli BW25113 (control) and AsspA strains were
transformed with pSCL832 by electroporation, and transfor-
mants were isolated on LB + spectinomycin after overnight
growth at 37°C. Single colonies (1 > 3) were inoculated into
3 mL of LB + spectinomycin and grown overnight with 250
r.p.m shaking at 37°C. The next day, cultures were diluted
1:100 in 3 mL of LB + spectinomycin and grown to log phase
(~4 h). Subsequently, ODg of the cultures was measured on
a Spectramax i3 plate reader, and cultures were normalised to
an ODgpp = 0.05. Around 200 uL of cultures were placed on
clear-bottom plate and incubated at 37°C on a Spectramax
i3 plate reader, with fluorescence readings (wavelength = 508
nm) every 30 s for a total of 7.5 h.

qPCR

For experiments to estimate the relative plasmid copy num-
ber in AsspA cells versus the WT reference, E. coli BW25113
(control) and AsspA strains were transformed with pSCL565
by electroporation, and transformants were isolated on
LB + spectinomycin after overnight growth at 37°C. Single
colonies (7 > 3) were inoculated into 3 mL of LB + specti-
nomycin and grown overnight with 250 r.p.m shaking at
37°C. The next day, cultures were diluted 1:100 in 3 mL of
LB + spectinomycin and grown to log phase (~4 h). Then,
1mL of cultures was harvested by centrifugation (21 000 g x
1 min), then resuspended in 250 uL of updH,O. These sam-
ples were heated to 95°C for 15 min, then placed on ice to
cool. Then, lysates were treated with two units of Proteinase
K (NEB) for 30 min, followed by Proteinase K inactivation by
incubation at 95°C for 10 min. Lastly, lysates were centrifuged
at 21 000 g for 2 min, and supernatants were diluted 1:500 in
updH, O. Around 5 uL of the diluted supernatant was used in

20 uL gqPCR reactions, set up using the NEB Luna Universal
qPCR Master Mix following the manufacturer’s instructions.
Quantitative polymerase chain reaction (qQPCR) primers were
designed to target pSCL565’s CDF ori and cas1 regions, using
the genomic ompA as a reference.

For experiments to investigate the possible YeaO-
dependent mobilisation of the insG-containing 1S4 element,
single colonies (n = 3) of E. coli BW25113 (control) and
AvyeaO strains were inoculated into 3 mL of LB and grown
overnight with 250 r.p.m shaking at 37°C. The next day,
cultures were diluted 1:100 in 3 mL of LB and grown to
log phase (~4 h). Then, 1 mL of cultures was harvested by
centrifugation (21 000 g x 1min). Then, 1 mL of cultures
was harvested by centrifugation (21 000 g x 1 min), then
resuspended in 250 ul of updH,O. These samples were
heated to 95°C for 15 min, then placed on ice to cool. Then,
lysates were treated with two units of Proteinase K (NEB) for
30 min, followed by Proteinase K inactivation by incubation
at 95°C for 10 min. Lastly, lysates were centrifuged at 21 000
g for 2 min, and supernatants were diluted 1:500 in updH,O.
Around 5 uL of the diluted supernatant was used in 20ulL
qPCR reactions, set up using the NEB Luna Universal qPCR
Master Mix following the manufacturer’s instructions. qPCR
primers were designed to target three endogenous regions
across the predicted IS4 element: the left end; the region
from which most insG-derived CRISPR-acquired spacers had
originated; and the right end of the 1S4 element. The genomic
ompA was used as a reference.

Primers are listed in Supplementary Table $4.

RT-gPCR

Single colonies (7 = 3) of E. coli BW25113 (control) and
AsspA strains were inoculated into 3 mL of LB and grown
overnight with 250 r.p.m shaking at 37°C. The next day, cul-
tures were diluted 1:100 in 3 mL of LB and grown to log phase
(~4 h). Then, 1 mL of cultures was harvested by centrifu-
gation (21 000 g x 1 min). The pellets were resuspended in
1:2 parts TE:RNAprotect (Qiagen), and resuspended pellets
were incubated at room temperature for 5 min. Then, sam-
ples were centrifuged for 10 min at 5000 g, the supernatant
decanted, and the resulting pellets gently resuspended and in-
cubated in 200 uL of TE containing 15 mg/mL lysozyme and
10 uL Proteinase K (NEB) at room temperature for 10 min.
Around 700 uL of Buffer RLT was added to the samples and
these were vortexed vigorously, followed by addition of 500
ul of 100% ethanol and additional mixing. RNA was then
extracted using the Qiagen RNeasy Mini Kit, following man-
ufacturer’s instructions. Eluted in 100 uL of updH,O, and
DNase I (NEB) treated for 1 h at 37°C. Lastly, the DNase-
treated RNA was cleaned up using the RNA clean & concen-
trate kit (Zymo), eluted in 150 uL of updH, O, and normalised
to a final concentration of 50 ng/uL in updH,O. 100 ng of to-
tal RNA was used as input in 20 uL. RT-qPCR reactions, set
up using the NEB Luna Universal One-Step RT-qPCR kit fol-
lowing the manufacturer’s instructions. qQPCR was performed
in technical triplicates of three biological replicates (three in-
dependent colonies). Relative gene expression was calculated
using the AACt method after normalisation of genomic cas1
(up- and downstream) gene, cas2 gene expression to expres-
sion of the genomic mreB and GAPDH genes. Primers are
listed in Supplementary Table S4.
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RNAseq

Single colonies (7 = 3) of E. coli BW25113 (control) and
AsspA strains were inoculated into 3 mL of LB and grown
overnight with 250 r.p.m shaking at 37°C. The next day, cul-
tures were diluted 1:100 in 10 mL of LB and grown to log
phase (~4 h). Then, RNA was stabilized by adding 1.1 mL of
stop solution (95% ethanol, 5% acid-buffered phenol) to the
cultures and placing these in a dry ice — ethanol bath. Then,
the cultures were split in 1mL aliquots for safekeeping, and
cells were collected by spinning the samples at 21 000 g for
30 s. After removing the supernatant, cells were flash-frozen
in by placing the tubes on the dry ice — ethanol slurry. Samples
were then stored at 80°C until RNA extraction.

RNA was isolated from the frozen pellets through two
rounds of extraction with 1 mL acid-buffered phenol-
chloroform (Thermo Fisher Scientific), pre-heated to 67°C.
RNA was further precipitated on a dry ice — ethanol bath for
30min after addition of 1 volume of isopropanol and 1/10
volume of 3 M sodium acetate (NaOAc, pH 5.5). Follow-
ing incubation on a dry ice — ethanol, RNA was pelleted via
centrifugation at 4°C and 21 000 g for 30 min. Pellets were
washed twice with 500 uL of ice-cold 70% ethanol, air-dried
and resuspended in 90 uL updH,O. Then, to remove contam-
inant DNA, samples were treated with 4 ulL Turbo DNase I
(Invitrogen) and 10 uL 10 x Turbo DNase I buffer (Invitro-
gen) for 40 min at 37C. Samples were then mixed with 96 uL
updH, O, and the RNA was subsequently re-extracted with
200 uL buffered acid phenol-chloroform. RNA was precipi-
tated by addition of 20 uL 3M NaOAc, and 600 uL of iso-
propanol, followed by placing the samples at —80°C for 4 h.
RNA was pelleted by centrifugation at 4°C and 21 000 g for
30 min. Pellets were washed twice with 500 uL of ice-cold
70% ethanol, air-dried and resuspended in 30 uL updH,O.
Finally, the RNA concentration and integrity were assessed us-
ing Qbit RNA High Sensitivity and TapeStation RNA Screen-
Tape (Agilent) procedures, respectively.

Around 4 uL of total RNA in 11 uL updH,O was used as
starting material for RNAseq library preparation, using the
NEBNext rRNA Depletion Kit (NEB #E7850) and NEBNext
Ultra IT RNA Library Prep Kit for Illumina (NEB #E7770)
kits, following the manufacturer’s protocols (Section 5 of the
NEBNext rRNA Depletion Kit (Bacteria) Instruction Man-
ual, Version 5.0, 9/22). All steps were performed assuming
degraded RNA (RIN < 2), i.e. without additional RNA frag-
mentation. TapeStation RNA ScreenTapes were used to assess
the rRNA-depleted RNA and ¢cDNA integrity.

Following NEB adaptor ligation, PCR enrichment of
adaptor-ligated DNA was performed using custom Illumina-
compatible indexing primers that allowed for subsequent
quantification and pooling of the samples, as described previ-
ously (53). Lastly, the indexed, pooled samples were sequenced
on an Illumina NextSeq instrument, alloting 15 M reads per
biological replicate. The corresponding data analysis is de-
scribed below.

CRISPR-Cas adaptation experiments
Naive CRISPR-Cas adaptation

E. coli BW25113 (control) and strains of interest were trans-
formed with pSCL565 by electroporation, and transformants
were isolated on LB + spectinomycin after overnight growth
at 37°C. In the case of ‘plasmid rescue’ experiments, strains
of interest we co-transformed with pSCL565 and the rescue
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plasmid by electroporation, and transformants were isolated
on LB + spectinomycin + carbenicillin after overnight growth
at 37°C.

Single colonies (7 > 3) were inoculated into individual wells
of a 96-well deep well plate containing 500 uL of LB + specti-
nomycin (and carbenicillin, if needed), and grown for 48 h
with 1000 r.p.m shaking at 37°C. After 48 h of growth, 75 uL
of the cultures were mixed with 75 uL of updH,O, heated to
95°C for 10 min and spun-down. Around 0.5 uL of the super-
natant was used as template for 25 uL. PCR reactions (same
recipe and cycling protocol as above). We designed primers
to amplify a region of the E. coli CRISPR-II array, contained
between the end of the Leader sequence and the second pre-
existing spacer. To reduce the number of indices needed per
sample, we designed three barcoded F primers (one per biolog-
ical replicate) to amplify the CRISPR arrays — these would en-
able us to pool the samples post-CRISPR array amplification
and de-multiplex the biological replicates during data analy-
sis. A list of primers can be found in Supplementary Table S4.

In some cases, CRISPR array expansions are visible on an
agarose gel as laddering caused by larger arrays (expanded)
migrating slower than the shorter parental arrays. We visu-
alised this by running 5 uL of the pooled PCR products on In-
vitrogen 2% Agarose SYBR safe E-Gels (A42135). Gels were
re-stained with SYBR Gold before imaging.

Spacer electroporation assays

E. coli BW25113 (control) and strains of interest were trans-
formed with pSCL5635 by electroporation, and transformants
were isolated on LB + spectinomycin after overnight growth
at 37°C. The next day, single colonies (# > 3) were inocu-
lated in 5 mL of LB + spectinomycin and grown for 2 h with
250 r.p.m shaking at 37°C. At this point, cells were harvested
by centrifugation (4000 g for 15 min at 4°C), washed three
times with 1 mL of updH,O, and resuspended in a 150 ulL
mix of prespacer psAA33. This prespacer mix was generated
by annealing two complementary 35 bp single-stranded oligos
that encode a prespacer that has been previously reported to
be acquired efficiently by the E. coli Type I-E CRISPR adapta-
tion machinery (54) (final concentration: 3.125 uM per oligo).
The cells were then transferred to a 0.2 cm gap electropora-
tion cuvettes (BioRad #1652086), these were electroporated
with the following settings: 2.5 kV, 25 uF, 200 . After the
pulse, cells were quickly recovered in 5 mL of pre-warmed
LB + spectinomycin, and placed in a shaking incubator, to
incubate for 3 h at 37°C. After 3 h of growth, the cultures
were harvested by centrifugation (4000 r.p.m. x 15 min). The
pellets were resuspended in 100 ulL of updH,O, heated to
95°C for 10 min and spun-down. Around 0.5 uL of the su-
pernatant was used as template for 25 ul. PCR reactions, us-
ing the same recipe, cycling protocol and CRISPR-II array-
targeting primers as described above. A list of primers can be
found in Supplementary Table S4.

CRISPR-Cas interference experiments

Phage plaque assays

BW25113  (control), AsspA:=:FRT, Abns:FRT  and
AsspA:=:FRT  Abns:FRT strains were transformed with
plasmids encoding either Target or Non-Target CRISPR-I
arrays (pSCL787 and pSCL788, respectively), and trans-
formants were isolated on LB + kanamycin after overnight
growth at 37°C. Single colonies (1 > 3) were inoculated into
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3 mL of LB + kanamycin supplemented with 10 mM MgSOy4
and 0.2% maltose and grown overnight with 250 r.p.m shak-
ing at 30°C. The next day, top agar lawns of each bacterial
culture were prepared by mixing 100 uL of overnight cultures
with 5 mL of top agar (0.5% w:v LB agar, supplemented
with 10 mM MgSO4 and 0.2% maltose and kanamycin).
Top agar mixtures were poured over LB agar + kanamycin
plates and left to dry at room temperature, partially open by
a sterilizing flame. Serial dilutions of Ay;; were prepared in LB
supplemented with 10 mM MgSO,4 and 0.2% maltose, and
2.5 uL of each dilution was spotted on the top agar using
a multichannel pipette, and left to dry completely at room
temperature. Plates were incubated at 30°C overnight.

Efficiency of plating was calculated as the number of
plaques formed by Ayi; on lawns of a strain harbouring
pSCL787 (Target) divided by the plaques formed by Ay on
lawns of a strain harbouring pSCL788 (Non-Target). Full
plaque assay plates for all # = 3 biological replicates in
Supplementary Figure S35.

Phage resistance infection growth curves

BW25113  (control), AsspA:=:FRT, Abns:FRT  and
AsspA:=FRT Abns:FRT strains were transformed with
plasmids encoding either Target or Non-Target CRISPR-I
arrays (pSCL787 and pSCL788, respectively), and trans-
formants were isolated on LB + kanamycin after overnight
growth at 37°C. Single colonies (z > 3) were inoculated
into 3 mL of LB + kanamycin supplemented with 10 mM
MgSO4 and 0.2% maltose and grown overnight with 250
r.p.m shaking at 30°C. The next day, cultures were diluted
1:100 in 3 mL of LB + kanamycin supplemented with 10
mM MgSOy4 and 0.2% maltose and grown to log phase (~4
h). Subsequently, ODggo of the cultures was measured on a
Spectramax i3 plate reader, and cultures were normalised to
an ODygpp = 0.05. Around 200 uL of cultures was infected
with a range of MOIs (10 — 107%), using serial dilutions
of Ayir prepared in LB supplemented with 10 mM MgSOy4
and 0.2% maltose. Cultures were loaded on clear-bottom
plate and incubated at 30°C on a Spectramax i3 plate
reader, with ODggo readings every 2.5 min for a total of
16 h.

CRISPR-Cas primed adaptation after phage infection
BW25113  (control), AsspA:=:FRT, Abns:FRT and
AsspA=:FRT Abns:FRT strains were transformed with
plasmids encoding either Target or Non-Target CRISPR-I
arrays (pSCL787 and pSCL788, respectively), and trans-
formants were isolated on LB + kanamycin after overnight
growth at 37°C. Single colonies (n > 3) were inoculated
into 3 mL of LB + kanamycin supplemented with 10 mM
MgSO4 and 0.2% maltose and grown overnight with 250
r.p.m shaking at 30°C. The next day, cultures were diluted
1:100 in 3 mL of LB + kanamycin supplemented with 10
mM MgSO4 and 0.2% maltose and grown to log phase (~4
h). Subsequently, ODggo of the cultures was measured on a
Spectramax i3 plate reader, and cultures were normalised to
an ODygpp = 0.05. Around 200 uL of cultures was infected
with Ay at an MOI of 0.1, and cultures were loaded on
clear-bottom plate and incubated at 30°C on a Spectramax
i3 plate reader, with ODgg readings every 1.5 min for a total
of 3 h.

After 3 h, the cultures were harvested by centrifugation, re-
suspended in 100 uL of updH, O, heated to 95°C for 10 min
and spun-down. Around 1 uL of the supernatant was used as

template for 25 uL PCR reactions (same recipe and cycling
protocol as above). We designed primers to amplify a region
of the E. coli CRISPR-II array contained between the end of
the Leader sequence and the second pre-existing spacer. The
barcoded F primer approach, described above, was used to
pool PCRs and de-multiplex biological replicates during data
analysis.

Protein model structures

Protein model coordinates were retrieved from the RSCB Pro-
tein Data Bank (codes 7DY6 and 8ET3). Figures were pre-
pared using UCSF ChimeraX (55).

Data analysis

The data analysis for this project can be broken down into six
modules: (1) processing of the sequencing reads to extract,
count and group sgRNAs by gene/gene-adjacent regions;
(2) generate binned coverage plots of sgRNAs across the
E. coli genome; (3) identify the statistically enriched/depleted
sgRNAs, using PyDESeq2 (56), a Python implementation of
DEseq2 (57); (4) quantify the rates of CRISPR adaptation;
(5) extract new spacers perform spacer analysis; and some-
what separately, (6) RNAseq analysis of differentially ex-
pressed genes between the WT and AsspA strains and sub-
sequent GO enrichment analysis. All data analysis was per-
formed in Jupyter Lab (58), and all code to replicate this
analysis can be found here: https://github.com/Shipman-Lab/
CRISPRi_host_factor_screen.

Sequencing data processing: from reads to sgRNA
counts

First, fastq reads were trimmed using sickle-trim (59). For
each fastq, a counter of sgRNAs was generated by ex-
tracting the sgRNA from each read, provided that this
sgRNA could be found in the original synthesised ps-
gRNA library (43). Then, the sgRNAs were BLASTed (60)
against the E. coli MG1655 genome and the top hit was
saved. For each sample, a DataFrame of genomic_location—
sgRNA-count was generated and used for downstream
analysis. All data corresponding to the screens can
be found in Supplementary Tables S5-S6. The Jupyter
Notebook for this analysis can be found here: https:
/Igithub.com/Shipman-Lab/CRISPRi_host_factor_screen/
blob/main/blast_screen_hits_clean.ipynb.

Binned coverage plot of sgRNAs across the E. coli
genome

We generated occupancy arrays for each sample, using counts
generated above. These arrays contain cumulative counts of
sgRNAs per base, i.e. occupancy O = [cq, ¢2, ..., C,], Where
n is the size of the E. coli MG1655 genome and ¢; are the
total sgRNA counts at that position. We then normalised
the counts to the total sgRNA count in that sample, i.e. O
= [c1/sum_sgRNAs, ¢, /sum_sgRNAs, ..., ¢,,/sum_sgRNAs],
where sum_sgRNAs is total sgRNA count. Next, we calcu-
lated the mean occupancy for the experimental and control
conditions, ie. Opcers = (Obiorepl + Obiorepl + .. +Obiorep9)
/ 9, where Oj c.g7sis the mean occupancy for the experimen-
tal condition, and Opjyep_; are the normalised counts for each
biological replicate of the screen run in the experimental con-
dition. Lastly, we calculated the delta occupancy, or difference
between the mean sgRNA occupancies of the experimental
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and control conditions, and posteriorly calculated the mean
delta sgRNA occupancy in a sliding window, in the interest of
interpretability. We used pyCirclize (61) to generate the final
occupancy plot.

The Jupyter Notebook for this analysis can
be found here: https://github.com/Shipman-
Lab/CRISPRi_host_factor_screen/blob/main/
plot_genome_coverage_clean.ipynb.

Identification of enriched/depleted sgRNAs

We performed statistical testing for enriched/depleted sgR-
NAs from binned sgRNA (sum of all sgRNAs per gene) count
data generated in (1) using the PyDESeq2 package (56) and
compared each experimental sample to its paired control,
and controlled for pre-experimental variation in the relative
sgRNA library composition by including the sgRNA counts
from the pre-experiment library as an interactor factor (i.e.
sgRNA_counts ~ input_lib_counts + knockdown (yes/no)).
Genes that have less than a total of 10 reads for all of their
sgRNAs in the dataset were removed from the analysis. The
log, FoldChange (log, FC) value represents the enrichment or
depletion of each gene. The lists of all genes, log, FC and ad-
justed P-values can be found in Supplementary Table S6. The
Jupyter Notebook for this analysis can be found here: https:
/lgithub.com/Shipman-Lab/CRISPRi_host_factor_screen/
blob/main/deseq2_volcano_allhits_clean.ipynb.

Quantification of the rates of CRISPR adaptation

First, fastq reads were trimmed using sickle-trim. For each
fastq, we filtered for reads containing the Leader-repeat
junction of the E. coli CRISPR-II array. We then identified
newly acquired spacers from the array sequences by recur-
sive identification of CRISPR repeats and comparison of
putative new spacers to pre-existing spacers in the array,
using a lenient search algorithm allowing for a maximum
of 3bp mismatches. We generated sums of new expansions
in CRISPR arrays per condition, and used these to calculate
the rate of CRISPR adaptation (100 * number of newly ex-
panded CRISPR arrays / total number of arrays sequenced).
Lastly, we normalised the rate of CRISPR adaptation for
each condition by the wild-type rate CRISPR adaptation,
so as to make inter-experiment comparisons feasible and
more interpretable. All normalised rates corresponding to
the CRISPR adaptation experiments, as well as the ‘run’
label (i.e. batch in which the experiment were run and se-
quenced) can be found in Supplementary Tables S7. The
Jupyter Notebook for this analysis can be found here: https:
/lgithub.com/Shipman-Lab/CRISPRi_host_factor_screen/
blob/main/spacer_fishing_clean.ipynb.

Newly-acquired spacer analysis
Spacer analysis involves in several steps:

Extraction of new spacers

We began by using the same recursive new spacer search al-
gorithm described above to extract new spacers. In paral-
lel to extracting spacers, we also stored information regard-
ing the total number of arrays sequenced and the fraction of
those that were expanded, to use as normalisation for compar-
isons across samples that might vary in sequencing depth or
quality.
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Identification of spacer origin

Next, we generated a counter of newly acquired spacers and
their frequencies. We used this to generate FASTA files of new
spacers and their counts, which were subsequently BLASTed
to two databases: the E. coli K-12 genome (taxid 511145)
and pSCL565, to capture spacers derived from the Casl-
Cas2 expression plasmid. To identify the source of acquired
spacers during CRISPR-Cas primed adaptation amid phage
infection experiments, unique spacers extracted in steps de-
scribed above were BLASTed to four databases: the E. coli K-
12 genome (taxid 511145); the bacteriophage lambda genome
(taxid 2681611); and pSCL787 or pSCL788, to capture spac-
ers derived from the defence plasmids. In both cases, BLAST
searches were performed with high stringency (>90% identity,
i.e. 30/33-bp match between spacer and reference query) to
obtain unique matches to the reference maps. We then parsed
the BLAST results and filtered the genome-matching spacers
for Lacl, Casl and Cas2, as we assumed that spacers from
these sources were most likely plasmid derived.

Mapping spacers to reference genomes

Using the spacer genomic (lambda or E. coli K-12) or plas-
midic (pSCLS565, pSCL787 and pSCL788) location, target lo-
cus and counts, we generated coverage maps of the differ-
ent genomes and plasmids where the spacers could have been
sourced from, as well as spacer counts per location (i.e. counts
of how many of the new spacers were E. coli, lambda or plas-
mid derived). Briefly, for each BLAST record, we first checked
whether the BLAST record mapped to any of our reference
genomes, and if so, added counts (from b.) to spacer origin
and occupancy counters. The occupancy array is generated
analogously to those used to estimate sgRNA coverage (see 2.
above), and is genome-size aware (i.e. accounts for start-end
junctions).

Spacer neighbourhood analysis

We also used the spacer <—— genome information to look
into the 15-bp up- and downstream of the genomic origin of
the new spacer, in the hopes of capturing information regard-
ing the PAM (canonically, AAG for this CRISPR adaptation
system) and any other discernible motifs. This was done by
mapping the spacer back to its reference genome, using the
BLAST results and extracting 15 bases upstream and down-
stream of the spacer. These sequences were compiled and Lo-
gomaker (62) was used to generate sequence logos for the up
and downstream region. This yielded Figure 2D.

Spacer origin distribution

Next, we used the spacer origin counters to obtain informa-
tion about the breakdown of spacers by their origin (E. coli,
lambda or plasmids). To do so, we first normalised the spacer
count per location to the number of arrays sequenced. In par-
allel, we also normalised the spacer count per location to the
total number of new spacers identified, converting this met-
ric to the percent of spacers mapping to each location. This
allowed us to then plot the new spacer count with respect to
spacer origin and strain of interest (Figure 2B), in addition to
the percent of new spacers belonging to each spacer origin and
strain of interest (Figure 2C).

Coverage plots

Lastly, we generated genome coverage plots for E. coli,
lambda, and the plasmids, as described in 2. above. For
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Figure 2. Features of spacers acquired in knockout strains. (A) Prespacer substrates for CRISPR adaptation arise from a variety of sources. (B)
Breakdown of percent normalised spacer count (total number of new spacers/number of CRISPR arrays sequenced x 100) according to spacer origin
(E. coli or plasmid) and strain of interest after naive CRISPR adaptation assays. b-e: ApolA: polA AKlenow fragment mutant. (C) Breakdown of percent of
spacer attributable to each spacer origin (E. coli or plasmid) and strain of interest after naive CRISPR adaptation assays. (D) Breakdown of percent
normalised spacer count (total number of new spacers / number of CRISPR arrays sequenced x 100) according to spacer origin (E. coli or plasmid) and
strain of interest after prespacer electroporation CRISPR adaptation assays. (E) Breakdown of percent of spacer attributable to each spacer origin (E. coli
or plasmid) and strain of interest after prespacer electroporation CRISPR adaptation assays. (F) Motifs in the 15-bp up- and downstream of the newly
acquired spacer in its source location. (G) Binned coverage plot of newly acquired spacer across the E. coli genome (outer, purple) and pSCL565 plasmid
(inner, tan) for the wild-type strain (top-left) and derivatives. See Supplementary Figure S1 for the full set. h. gPCR-based measurement of the relative
copy number of pSCL565 Oriand cas’ sequences in the wild-type and polA AKlenow mutant. Delta CT values in Supplemental Table S8. Open circles
represent biological replicates (n > 3), bars are the mean (one-way ANOVA effect of strain and target P < 0.0001; Sidak's corrected multiple comparisons
for wild-type versus AsspA, CDF ori copy number P < 0.0001, cas? copy number P < 0.0001). Additional statistical details in Supplemental Table S1.

the E. coli and lambda genomes, we generated binned cov-
erage plots by calculating the coverage as a sliding mean,
or binned coverage. The spacer coverage for plasmids was
generated without binning spacer occupancy. This analysis
yielded Figure 2E-H, Figure 5C, Supplementary Figure S1 and
Supplementary Figure SS5.

The Jupyter Notebook for this analysis can
be found here: https://github.com/Shipman-
Lab/CRISPRi_host_factor_screen/blob/main/
map_new_spacers_clean.ipynb.

RNAseq analysis

First, fastq reads were trimmed using sickle-trim. For each
fastq, we then aligned the reads to an indexed reference E. coli
BW25113 genome (GCF_000750555.1_ASM75055v1), us-
ing Bowtie2 (63). Following some SAM — BAM — sorting
— index data finagling using Samtools (64), we used fea-
tureCounts (65) to generate a table of read counts per
genomic feature across the E. coli genome (GCF reference file

GCF_000750555.1). We then used the PyDESeq2 package
(56) to statistically test for genes that were significantly under
or overexpressed in the AsspA condition in comparison to
the WT reference. Genes with less than a total of 10 reads
in the dataset were removed from the analysis. The lists of
all genes for which an adjusted P-value could be calculated
along with their log,FC and adjusted P-values can be found
in Supplementary Table S10. Subsequent GO enrichment
analyses were performed using GOATOOLS (66). With a
significance cutoff of 0.05 and Benjamini—-Hochberg multiple
correction test for follow-up multiple comparisons. The
Jupyter Notebook for this analysis can be found here: https:
/github.com/Shipman-Lab/CRISPRi_host_factor_screen/
blob/main/RNAseq_clean.ipynb.

Biological replicates

Biological replicates were taken from distinct samples, not the
same sample measured repeatedly.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1244#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1244#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1244#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1244#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1244#supplementary-data
https://github.com/Shipman-Lab/CRISPRi_host_factor_screen/blob/main/map_new_spacers_clean.ipynb
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1244#supplementary-data
https://github.com/Shipman-Lab/CRISPRi_host_factor_screen/blob/main/RNAseq_clean.ipynb

10

Data availability

All data supporting the findings of this study are avail-
able within the article and its supplementary information.
Data used to generate all figures and perform statisti-
cal analysis, alongside a Jupyter Notebook to recre-
ate our figures is available on GitHub here: https:
/lgithub.com/Shipman-Lab/CRISPRi_host_factor_screen/
blob/main/plot_run_stats_clean.ipynb. All sequencing data
associated with this study is available on NCBI SRA (PR-
JNA1109382).

Code availability

All code used to process or analyse data from this study is
available on GitHub here: https:/github.com/Shipman-Lab/
CRISPRi_host_factor_screen.

Results

CRISPRi screen identifies adaptation host factors

We designed a genome-wide CRISPRI screen to identify po-
tential host factors that participate in Type I-E CRISPR adap-
tation (Figure 1A). This screen utilizes a library of 92 919
gRNAs that are distributed across a population of E. coli,
each of which direct a catalytically dead Cas9 (dCas9) to
knock down transcription at a single locus, with multiple re-
dundant gRNAs per gene (43,52). We utilized this CRISPRi
library in a negative selection scheme designed to deplete
adaptation-competent cells. Specifically, we electroporated
oligonucleotide prespacers that matched an essential gene into
E. coli expressing a Type I-E CRISPR system. Integration of
this prespacer into the CRISPR array would lead to the gen-
eration of a self-targeting crRNA and ultimately death of the
adaptation-competent library members. CRISPRi knockdown
of host factors involved in CRISPR adaptation or CRISPR in-
terference would reduce self-targeting, leading to enrichment
of host factor gRNAs in the population following selection
(Figure 1B). While our screen will capture both adaptation
and interference relevant genes, subsequent validation for this
work focuses on adaptation host factors.

For this screen, we used E. coli LC-E735, a derivative of K-12
MG1655, which encodes a Tetracycline-inducible dCas9 cas-
sette integrated at the Phage 186 attB site (43). We built an LC-
E75 strain that carried a plasmid-encoded, IPTG-inducible
Cas1-Cas2 cassette (plasmid hereon referred to as pSCL5635).
We then electroporated this strain and E. coli K-12 MG1655
(parental strain serving as a control) with a library of 92 919
plasmid-encoded sgRNAs, which target both coding and non-
coding regions across the E. coli genome (43). The libraries
were grown overnight, and subsequently passaged and grown
to mid-log phase (~3h) with dCas9 induction; the remainder
of the overnight library cultures were harvested for sgRNA
library sequencing (pre-screen library). Then, cells were co-
electroporated with (1) a plasmid encoding an m-Toluic acid-
inducible E. coli Cas3-Cascade, the effector of the Type I-E
CRISPR interference system, and (2) a 35-bp dsDNA spacer
targeting the essential gene murA. Cells were rescued in media
containing inducers for Cas3-Cascade and dCas9 and antibi-
otics to select for their respective plasmids, cultured overnight,
and harvested for sgRNA library sequencing (post-screen li-
brary). We extracted the sgRNA plasmid libraries and pre-
pared samples for sequencing by amplifying the sgRNAs us-
ing a primer pool targeting the region upstream of the sgRNA
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promoter and downstream of the tracrRNA. The primers con-
tained Illumina adapters to make the amplicons compatible
with our downstream sequencing prep. Sequencing of the sgR-
NAs libraries yielded sgRNA counts for the dCas9-expressing
LC-E75 and control dCas9-less parental strains, which al-
lowed the calculation of the binned enrichment/depletion of
sgRNAs across the E. coli genome (Figure 1C).

We found peaks of sgRNA enrichment that were distributed
across the E. coli genome and did not cluster around the
murA locus. Additionally, we identified polA, priA and gyrA,
essential genes previously suggested to play a role in the
CRISPR adaptation process. This highlights the advantage
of a knock-down approach over transposon-based KO ap-
proaches, where essential genes would have been lost from
the library altogether. We found several other regions of the
E. coli genome where sgRNAs were strongly enriched, sug-
gesting additional host factors (18).

We quantified differentially enriched or depleted sgRNAs
from their cumulative sgRNA counts (sum of all sgRNAs per
gene), by comparing each experimental sample (+dCas9) to its
paired control (-dCas9) using PyDESeq2 package (43,52,56).
We filtered out genes with less than 10 cumulative reads, and
controlled for variation in relative sgRNA library composition
by including pre-screen sgRNA counts as an interaction factor
in the model. We found 571 differentially enriched/depleted
genes and gene-adjacent regions, out of a total of 12 809
gene/gene-adjacent regions considered in our analysis (Figure
1D). Interestingly, a subset of the differentially enriched genes
(i.e. CRISPR adaptation deficient when knocked-down) also
had their gene-adjacent regions differentially enriched (shown
with asterisked gene names).

We selected the top eight gene regions with highest log,
fold changes for individual validation using knockout mutants
from the Keio collection (44) in a naive adaptation assay. One
additional gene, gyrA, is essential and could not be validated
with a knockout. Although polA knockouts are non-viable,
a polA Klenow fragment deletion mutant is viable (47), and
was thus used in validation assays alongside the other non-
essential genes.

We electroporated wild-type and knockout strains with
pSCL565 and grew them in liquid culture for 48h without
inducers for Cas1-Cas2 to achieve a moderate level of expres-
sion from transcriptional leak, as employed previously (25).
We then sequenced the CRISPR 1II array of these cells (i.e. en-
dogenous CRISPR array flanked by the ygcE and ygcF genes
(67), hereon referred to as CRISPR-II) and quantified the rate
of CRISPR adaptation as the fraction of sequenced arrays that
had acquired new spacers. Biological replicates run on differ-
ent days were normalised to the CRISPR adaptation rate of
the wild-type parental Keio strain (Figure 1E). We found that
three mutants showed significantly decreased rates of CRISPR
adaptation compared to the wild-type strain: pcnB, sspA and
polA AKlenow.

Features of spacers acquired in knockout strains

Spacers captured by the CRISPR Cas1-Cas2 integrases come
from a variety of sources. Defence associated sources include
mobile genetic elements and phages. However, in the absence
of interference machinery, spacers derived from the bacterial
genome and plasmids accumulate (Figure 2A). We next tested
whether any of the hits that we chose for validation modified
the source of new spacers. We found that, consistent with pre-
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vious findings (14,54), the majority of new spacers acquired
in the wild-type strain were plasmid-derived (Figure 2B). This
finding held for all mutants except polA AKlenow, which ac-
quired spacers solely from the genome. The breakdown of
spacer origin as a percent of all newly acquired spacers starkly
illustrates this finding (Figure 2C).

Next, given that our screen’s success hinges partly on the
relative ability of a given knockdown to acquire the electropo-
rated self-targeting spacer, it is conceivable that knockdowns
that for whatever reason were defective in their ability to ac-
quire exogenously-provided spacers would show up as hits in
our screen. Thus, we performed spacer electroporation assays
on our deletion strains to determine whether any of these are
defective in acquiring electroporated spacers.

We found, broadly speaking, similar patterns in the rates of
CRISPR adaptation to those observed when subjecting cells
strictly to naive CRISPR adaptation (Figure 2D, E), that is,
reduced rates of CRISPR adaptation from most mutants. We
also found that, overall, the electroporated spacer either added
to or replaced part of the pool of spacers that were previously
acquired from the plasmid: this is particularly noticeable in the
case of AosmF and AompC, where the electroporated spacers
are acquired readily and replace almost entirely what were
previously plasmid-derived spacers.

We also found some notable differences between the naive
and electroporated spacer acquisition patterns. For instance,
although in naive spacer acquisition assays, the spacer reper-
toire in the ApcnB strain was similar to the WT, both in rel-
ative makeup and relative distribution of spacers from E. coli
genome and plasmid, the ApcnB mutant acquired electropo-
rated spacers readily, suggesting that pcnB might be involved
in the prespacer generation step. In contrast to the ApncB
mutant, the ApolA mutant remained significantly impaired
in its ability to acquire new spacers, particularly from plas-
mids, though it was able to acquire electroporated spacers.
The AsspA mutant remained comparably incapable of acquir-
ing spacers, even those electroporated, suggesting that sspA’s
role on CRISPR adaptation is downstream of the prespacer
processing step.

We next sought to determine whether the differences in new
spacer acquisition could be explained by a change in PAM
preference or other motifs up- or downstream of the spacer.
We searched 15-bp up- and downstream of the newly ac-
quired spacer in its source location, and found that all mu-
tants showed similar PAM preferences to the wild-type strain,
consistent with previous reports (68). Similarly, all mutants
except the yeaO deletion mutant showed no additional up-
and downstream motif preferences of preference, beyond the
AAG PAM.

The yeaO mutant displayed strong motif preferences up-
and downstream of the genome-derived spacers (Figure 2F),
which prompted us to map all newly acquired spacers for
each mutant to their respective source on either the E. coli
genome or pSCLS5635 plasmid (Figures 2G; see Supplementary
Figure S1 for an expanded view of these figures). We found
that the distribution of new spacers from both sources were
mostly consistent between the wild-type and the mutants
tested (Supplementary Figure STA-I) with two exceptions: the
yeaO and polA AKlenow mutants.

We found that, as suggested by the prespacer neighbour-
hood motif analysis (Figure 2F), the yeaO mutant acquired
spacers almost uniquely from one location in the genome,
which maps to the gene insG, encoding an IS4 transposase

"

(Figure 2G, bottom-left; Supplementary Figure S1H). We ini-
tially hypothesised that YeaO could be a transcriptional reg-
ulator of the InsG-mediated mobilisation of 1S4, explain-
ing the increased spacer acquisition from a transposable el-
ement. However, in a new set of experiments we did not de-
tect this enrichment of insG in the yeaO mutant and qPCR
assays from those follow-up experiments measuring the rel-
ative abundance of the left and right ends of the putative
IS4 element in the AyeaO versus WT backgrounds failed to
find evidence for mobilization (Supplementary Figure S2A,
B). Thus, either the insG is not reliably mobilized across
replicates or the single peak we observed initially was the
result of a jackpot event during acquisition or sequencing
preparation.

The polA AKlenow mutant had a similar distribution of
prespacers originating from the genome when compared to
the wild-type, but we were unable to map any prespacers to
the plasmid, suggesting that the plasmid was unable to serve
as a source of prespacers in this mutant (Figure 2G, bottom-
right; Supplementary Figure S1f). Given the loss of CRISPR
adaptation from the pSCLS565 plasmid but wild-type levels
of CRISPR adaptation from the genome (Figure 2B), we hy-
pothesised that the polA AKlenow mutant could be deficient
in plasmid replication (69). To test this, we measured the rela-
tive number of copies of the pSCL565 Ori and cas1 sequences
(the latter also found in the genome) in the wild-type and
polA AKlenow mutant. We found a nearly 80-fold difference
in the relative number of copies of pSCL56S5 that the polA
AKlenow mutant contains compared to the wild-type strain,
which would explain this strain’s decreased ability to acquire
new spacers from the plasmid (significantly decreased number
of plasmid copies per cell) and also why it was identified as a
hit in the initial screen (Figure 2H).

SspA is a transcriptional regulator of CRISPR
adaptation

Our CRISPR adaptation assays and downstream analysis of
acquired spacers revealed that AsspA was consistently and
significantly defective in naive CRISPR adaptation, despite
no other noticeable differences in the features of its acquired
spacers when compared to the wild-type parental strain (Fig-
ure 2B, C, E and F). Additionally, we found that the decrease in
CRISPR adaptation in the AsspA background was not due to
decreased levels of protein expression from the lac-inducible
promoter used in our assays (Supplementary Figure S3). We
thus selected sspA for further mechanistic characterisation.
E. coli SspA was discovered four decades ago during
a screen for proteins induced by the stringent response
(70). Over the years, its reported cellular functions have in-
creased, and SspA has become particularly linked to global
stress response (71,72) through its action as an RNA poly-
merase (RNAP)-associated protein (73,74). Crystal structures
of E. coli RNAP-promoter open complex with SspA have re-
vealed that SspA inhibits ¢7° promoter escape through con-
tacts with both RNAP and ¢’ through a conserved PHP
motif (71,74-76). This promoter escape inhibition induces a
rewiring of the cellular transcriptomic landscape towards ex-
pression of o genes, with implications on stress tolerance,
motility and virulence (71,74-76). The sspA gene is encoded
in a two-member operon, upstream of sspB. SspB acts as a
specificity-enhancing factor for the ClpXP protease (77). It
helps maintain protein homeostasis by escorting SsrA-tagged
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peptides, resulting from stalled ribosomes, to the ClpXP pro-
tease and promoting their degradation (Figure 3A), thus si-
multaneously freeing ribosomes and replenishing the pool of
amino-acids that can become a precious resource in conditions
of starvation.

Though we found sspA and not sspB as a significant hit in
our screen, we sought to confirm that the defects in CRISPR
adaptation observed in the AsspA mutant were due strictly
to the lack of SspA, and not due to polar effects of this
mutation on the downstream sspB gene. We compared the
rates of CRISPR adaptation in wild-type strains to those in
AsspA::kan® and AsspB::kan® mutants carrying pSCL565
(Figure 3B). We found that the AsspA mutant was deficient at
new spacer acquisition, but the AsspB mutant acquired spac-
ers at rates indistinguishable from the wild-type strain (Figure
3C). We attempted to deliver an sspA rescue plasmid into the
AsspA::kan® strain, but this yielded no transformants over
multiple attempts. However, we found that we could rescue
the CRISPR adaptation phenotype to wild-type levels when
AsspA::kan® carrying pSCL565 were additionally electropo-
rated with an sspAB cassette, encoding the SspA and SspB pro-
teins under control of their native promoter and on a low-copy
(~5) plasmid. This suggests that lack of sspA alone is sufficient
to cause the loss of adaptation phenotype, and that this can be
rescued by supplying a copy of the sspA gene in #rans, under
its native regulation.

Given these findings, we next sought to determine which
part of the SspA protein was responsible for the loss of adap-
tation phenotype. We were particularly interested in the SspA
PHP343¢ motif, which has been reported to be indispensable
for stabilisation of interactions between SspA, ¢’ and the
RNAP complex. Via this interaction, SspA acts as a tran-
scriptional repressor of ¢’ promoters by inhibiting promoter
escape (74). Triple-Alanine substitutions in this motif cause
pleiotropic cellular effects such as increased swarming and de-
fects in acid-resistance and phage P1 growth (72,78). Thus,
given SspA’s role as a transcriptional rewiring agent, we de-
cided to test whether an SspA PHP343¢ >~ AAA348¢ mutant,
deficient in o’°-RNAP binding, would also phenocopy the
AsspA mutant in terms of loss of CRISPR adaptation. To do
this, we designed rescue plasmids, encoding variants of the ss-
pAB operon under endogenous regulation, on low-copy (~5)
plasmids (Figure 3D).

We found that rescue plasmids encoding the full sspAB
operon or an early frameshifted sspB could rescue CRISPR
adaptation to levels comparable to wild-type. However, res-
cue plasmids encoding SspB, an early frameshifted sspA,
early frameshifted sspA and sspB, and crucially, the SspA
PHP%4-3¢ ~ AAAS486_SspB RNAP binding mutant were all de-
ficient in CRISPR adaptation (Figure 3E).

Having performed our previous CRISPR adaptation assays
with Cas1-Cas2 expression under control of a Lac-inducible
promoter, we believed that SspA has an indirect transcrip-
tional regulatory role on adaptation: rather than acting di-
rectly on the Cas1-Cas2 shared promoter, SspA would affect
the expression of other coding or non-coding genes that in
turn affect CRISPR adaptation, through direct or indirect ef-
fects on the Cas1-Cas2 integrase. To confirm that the Casl-
Cas2 transcript levels remained unchanged in the AsspA back-
ground, we quantified the expression levels of Cas1 and Cas2
in the WT and AsspA backgrounds by RT-qPCR. We found
that cas1 and cas2 transcript levels were not significantly de-
creased in the AsspA background (Figure 3F).
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In a further attempt to identify the differentially expressed
genes that could help explain the loss of adaptation pheno-
type observed in the AsspA strain, we performed RNAseq
experiments to compare the transcriptomes of wild-type and
AsspA strains. We found nearly a thousand genes that were
differentially expressed (Figure 3G). We clustered these genes
through GO term enrichment analyses, and found that sta-
tistically significant genes groups included those involved
in chemotaxis/cell motility, transmembrane transport, DNA
damage response and repair, as well as regulation of transcrip-
tion (Supplementary Figure S4A).

Lastly, we hypothesized that if other genes, transcription-
ally affected by the loss of sspA, were to participate in CRISPR
adaptation, there is a possibility that they also be significant
hits in our CRISPRi screen. Following this hypothesis, we eval-
uated the set of genes that are at the overlap between CRISPRi
screen hits and those found to be differentially expressed in
our AsspA versus WT RNAseq experiment. The hope was to
find a gene or set of genes that are both differentially expressed
in the RNAseq experiments and are statistically significant in
the CRISPRi screen.

We found nearly 250 genes that were significant hits in both
the CRISPRi screen and differentially expressed in the AsspA
KO versus WT (Supplementary Figure S4B). In an attempt to
find patterns among this set of genes, we once again performed
GO term enrichment analyses (Supplementary Figure S4C).
Though there were statistically significant gene groups, no-
tably those associated to ATP biosynthesis, protein transla-
tion and ribosomal function, we are unable to speculate fur-
ther as to what the SspA interactor network is, in terms of its
ability to affect CRISPR adaptation. Experiments to identify
the next layer in this mechanism go beyond the scope of this
manuscript, but this set of genes will help inform future work.

Taken together, our data is consistent with a model in
which SspA’s role as RNAP-¢7? interactor and transcriptional
rewiring agent is required for functional CRISPR adaptation.

H-NS regulates CRISPR interference downstream of
SspA

Having established SspA’s role as a regulator of CRISPR adap-
tation, we sought to test whether it could also play a role
in regulating CRISPR interference. As SspA has been shown
to be rapidly and highly upregulated following lambda infec-
tion (79), it could serve as a link between phage infection and
CRISPR defence generally. Given previous reports of the role
of SspA in downregulating levels of H-NS (72,80), a repressor
of the CRISPR interference machinery, we hypothesised that
SspA could be acting on the CRISPR-Cas system via H-NS
(51,81,82) (Figure 4A).

To assess the effects of SspA on CRISPR mediated
anti-phage defence and the potential interactions between
SspA and H-NS in regulating this defence, we constructed
AsspA:z:FRT, Abns::FRT and AsspA::FRT Abns::FRT E. coli
strains (Figure 4B). Previous studies have shown that H-NS
is a strong repressor of CRISPR-Cas gene expression, but
that this repression can be relieved by knocking out H-NS
(51,81). This de-repression can result in defence against bac-
teriophages, provided that these cells’ CRISPR arrays encode
one or more spacers targeting the phage genome (hereinafter
referred to as ‘pre-immunised E. cols’) (1,51,81).

We electroporated our mutant strains with a plasmid car-
rying a CRISPR array encoding a first spacer complementary
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Figure 3. sspA is a transcriptional regulator of CRISPR adaptation. A. sspAB operon, proteins and function. Bottom left: crystal structure of an SspA
dimer in complex with E. coli RNAP-promoter open complex, showing the conserved SspA PHP8486 residues interacting with RNAP and ¢’ (PDB 7DY6
(74)). Top right: crystal structure of SspB escorting an SsrA-tagged substrate being delivered to the ClpXP protease complex (PDB 8ET3 (77)). B.
Schematic of the sspAB operon of WT, AsspA::kan” and AsspB::kan” strains. kan’’: kanamycin resistance cassette. C. Deep-sequencing based
measurement of the rates of new spacer acquisition in strains harbouring pSCL565 and, in the case of the AsspA::kan”, either an empty plasmid or a
low (~5) copy plasmid encoding the sspAB operon, after growth for 48 h in liquid culture. Adaptation rates are shown relative to the wild-type parental
strain. The AjhfA strain was used as a negative control, as it is required for in vivo spacer acquisition in the E. coli type I-E CRISPR system (31,32). Open
circles represent biological replicates (n > 3), bars are the mean. Horizontal dashed line represents the mean rate of spacer acquisition in the wild-type
strain (one-way ANOVA effect of strain P < 0.0001; Sidak's corrected multiple comparisons for wild-type versus knockouts, AsspA P < 0.0001, AsspB
P =0.109807; AsspA versus AsspB P < 0.0001). D. Schematic of the sspAB operon variant rescue plasmids. All plasmids are low (~5) copy, and
encode variants of the sspAB operon under its native regulation. Frameshift mutants of SspA (AN%® > AQ%® GCC|AAC > GCT|CAA|C) and SspB

(PR%10 > PS%10 CCA|CGT > CCA|TCG|T) encode sequences with single base insertions to cause protein translation to terminate early. The SspA
PHP8486 — AAAB486 mytant is RNAP-binding deficient and thus does not enable the shift in promoter use (07° — ¢°) (74). A single sspA rescue plasmid
yielded no transformants into the AsspA::kan” strain over multiple attempts. E. Top: deep-sequencing based measurement of the rates of new spacer
acquisition in strains harbouring pSCL565 and, in the case of the AsspA::kan”, either an empty plasmid or a low (~5) copy plasmid encoding variants of
the sspAB operon as described in d., after growth for 48 h in liquid culture. Adaptation rates are shown relative to the wild-type parental strain. Open
circles represent biological replicates (n > 3), bars are the mean. Horizontal dashed line represents the mean rate of spacer acquisition in the wild-type
strain (one-way ANOVA effect of strain P < 0.0001; Sidak's corrected multiple comparisons for wild-type versus knockouts, AsspA P < 0.0001,

AsspA + empty plasmid P < 0.0001, AsspA + sspAB rescue P =1, AsspA + sspA* (PHP84-86 > AAA84-86) & sspB rescue P < 0.0001; AsspA versus
rescues, ASspA + empty vector P= 0.997758, AsspA + sspA* (PHP84-86 > AAAB4-86) & sspB P = 0.334315, AsspA + sspAB P < 0.0001,

ASSPA + sspB P=0.892991, AsspA + sspA* & sspB* (frameshifted) P = 1). Bottom: representative agarose gel for the data shown. Expansions of the
CRISPR array can be seen as higher sized bands above the parental array length. . RT-gPCR of the fold-change in RNA copy number of cas7 and cas2 in
the AsspA versus WT strains, measured relative to mreB and GAPDH. g. Volcano plot showing the log, fold change in expression of genes in the AsspA
versus WT strains versus their adjusted —logqg P-values (n = 3 biological replicates). The horizontal dashed line represents an adjusted P-value of 0.05;
the vertical lines represent log, fold changes of —=0.75 and 0.75. We identified nearly a thousand genes that were differentially expressed. Additional
statistical details in Supplemental Table S1.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1244#supplementary-data

14 Nucleic Acids Research, 2025, Vol. 53, No. 4

A }% B c old spacers 1, ..., 10
\_—V SSpA sspABp H-NSp T % m l/ﬁ\._/

CRISPRl ——

| wr Carrmerm-Lame-

ssspnerr T et -
non-target
Ahns:FRT .Eigz'. -//-%— @ " Gmen)

_L_J7 M,}Qv

NT& H B A

defence plasmids

<
genome

target

- AsspA:FRT o — WT/ AsspA/ Ahns / AsspA Ahns
cas3g cascade Leader{SH B == Ahns<FRT o / P P
Cas operon CRISPR array c:as Coasf?f b || )
D ;}\ E F 5 =
i E———
— — 10 0.5 1
S TY T EN 5
WT =] o —
1 - ]
100008 - 3 2 g 04
2
2 10 3 3
2 =2 S
2 902 £ o
2 © 3
b= o [a)
2 100 g o
< -
o -
2 |
=
= 10°
g 4
o ot R time post-infection (h)
K Ko
vy b"v\é‘ - T T @ T AsspA T
BW - Ah,
@@ NT ASSPA--NT " @ o NT  Ahns NT

Figure 4. H-NS regulates CRISPR interference downstream of SspA. (A) Model for SspA-mediated regulation of CRISPR-Cas defence. Phage infection
triggers upregulation of SspA (79), which in turn induces a global transcriptional shift towards o-regulated promoters. This results in H-NS
downregulation (72,80), induction of CRISPR-Cas mediated defence through de-repression Cas gene expression (51,81), leading to increased rates of
CRISPR adaptation and interference. (B) Schematic of the sspAB and hns operons of WT, AsspA::FRT Ahns::FRT and AsspA::FRT Ahns::FRT strains.
FRT: flippase recognition target, a scar left after the removal of resistance cassettes. (C) Schematic of the CRISPR interference-mediated defence assays
in pre-immunised E. coli strains. Top: schematic of the CRISPR-l immunisation (defence) plasmids. All plasmids are low (~5) copy and encode an E. coli
CRISPR-I array with a first spacer encoding either a Target (complementary to the A genome (1,51)), or a Non-Target (NT) spacer. Bottom: The
experimental strains were electroporated with either the T or NT plasmid, and infected to varying titres of A,;;. Note that the strains encode a complete
endogenous E. coli Type I-E CRISPR-Cas system. (D) Representative plague assays of A, on experimental strains (described above) pre-immunised with

either T or NT defence plasmids. Strains were infected with A,y and grown on plates at 30°C for 16 h. Full plague assay plates for n = 3 biological
replicates in Supplementary Figure Sb. (E) Efficiency of plating of Ay, on experimental strains; raw plague counts and subsequent analysis in
Supplemental Table S9. Open circles represent biological replicates (n > 3) of individual plaque assays, bars are the mean (one-way ANOVA effect of
strain P = 0.033454; Sidak’s corrected multiple comparisons for wild-type versus knockouts, AsspA P= 0.181757 Ahns P = 0.043319, AsspA Ahns
P =0.043316; for Ahns versus AsspA Ahns P=1). E. Anti-phage defence and growth in overnight liquid culture of experimental strains, post Ay
infection (MOI: 0.1). Hue around solid line (mean) represents the standard deviation across three biological replicates.

to the lambda genome (T: target (1,51)) or a control CRISPR
array with a non-target first spacer (NT: non-target). Then,
we infected these pre-immunised strains with varying titres
of Ayir and quantified phage defence (Figure 4C). Because of
the pre-immunisation, this assay measures the ability of mu-
tants to mount anti-phage defence via CRISPR interference
and should be CRISPR adaptation-independent.

Plaque assays revealed that a wild-type strain was un-
able to mount defence against new rounds of infection even
when pre-immunised with an anti-A spacer, as reported previ-
ously (1,51,81) (Figure 4D). Pre-immunised AsspA mutants
were similarly unable to defend against Ayi;. However, pre-
immunised Abns mutants were capable of mounting consid-
erable defence against Ay;. Interestingly, we saw no differ-
ences in anti-Ay;; defence between the Abns and Abns AsspA
pre-immunised mutants, suggesting that the CRISPR-Cas me-
diated anti-phage defence observed in the Abns AsspA mu-

tants was determined solely by the lack of CRISPR interfer-
ence repression by H-NS, and that AsspA has no additive ef-
fect on CRISPR interference-mediated anti-phage defence on
the Abns background. Quantification of efficiency of plating
confirmed these findings (Figure 4E), as did additional exper-
iments measuring anti-phage defence in overnight liquid cul-
ture growth assays (Figure 4F). Together, these results suggest
that H-NS and SspA are epistatic for CRISPR interference,
with H-NS acting downstream of SspA on the regulation of
CRISPR interference-mediated anti-phage defence.

SspA regulates CRISPR adaptation independently
of H-NS

Given that SspA may regulate CRISPR interference via H-
NS, we sought to determine whether SspA, in turn, regulates
CRISPR adaptation via H-NS as well. To do so, we performed
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deep sequencing of the CRISPR arrays from samples harvested
3 h post Ay;; infection in liquid cultures of wild-type, Abns,
AsspA and Abns AsspA mutants harbouring either T or NT
plasmids. We found no differences in the rates of CRISPR
adaptation across conditions, except in the Abns + T cul-
tures, which substantially increased rates of CRISPR adapta-
tion (Figure 5A). These new spacers were primarily Ay, de-
rived (Figure 5B), and that the majority of the acquired spacers
are found immediately downstream and on same strand as the
immunising spacer, consistent with primed CRISPR adapta-
tion (Figure 5C, D, Supplementary Figure S6A). Interestingly,
we saw a substantial decrease in Ay derived spacers in the
Ahns AsspA + T conditions (Supplementary Figure S6B). Al-
though the rates of CRISPR adaptation in the Abns + T condi-
tion were low (0.5% of CRISPR arrays expanded, i.e. five cells
per thousand with a newly expanded array) and could not ex-
plain the defence demonstrated by the Abns + T cultures at
the time of sample collection (Figure 4F), our results under-
score the requirement for SspA for adequate primed CRISPR
acquisition, in a closer-to-natural and defence-relevant setting
(10,18,30).

We next sought to determine whether SspA modulates
naive CRISPR adaptation via H-NS. For this, we used the
AsspA::FRT, Abns::FRT and AsspA::FRT Abns::FRT E. coli
strains (Figure SE), and assessed the mutants’ ability to ac-
quire new spacers after co-electroporation of pSCL565 along-
side a low (~5) copy rescue plasmid encoding the sspAB
operon, hns operon, or both, under their native genomic con-
texts and regulation (Figure 5F). We found that AsspA, Abns,
and AsspA Abns mutant strains all showed defects in CRISPR
adaptation, with the double AsspA Abns mutant showing
the strongest defect (Figure 5G). Complementation of the
knockout strains with their respective rescue plasmids re-
stored CRISPR adaptation to levels comparable to wild-type.

Since H-NS deletion de-represses CRISPR interference (Fig-
ure 4D-F), we hypothesised that its effect on CRISPR adap-
tation could be indirect, through the removal of cells that
acquired genome-derived spacers via CRISPR interference-
mediated self-targeting. To remove the confounding effect of
increased self-targeting in the Abns background, we built
Acas3-cascade::cm® knockouts on top of the AsspA and Abns
genetic backgrounds, and assessed the mutants’ ability to ac-
quire new spacers after electroporation with pSCL565. We
found that although the AsspA Acas3-cascade::cm® mutant
still remained substantially CRISPR adaptation deficient, the
Ahns Acas3-cascade::cm® mutant recovered CRISPR adap-
tation to levels comparable to wild-type (Figure SH). This
confirmed that the apparent CRISPR adaptation deficiency
of the Abns mutant was caused by self-targeting through de-
repression of CRISPR interference, and not additional effects
on CRISPR adaptation. Taken together, our data supports a
role for SspA in CRISPR adaptation that is independent of
H-NS.

P = 0.310715; Abns versus Ahbns Acas3-cascade
P < 0.0001; AsspA Acas3-cascade versus Abns Acas3-
cascade P < 0.0001). Horizontal dashed line represents
the mean rate of spacer acquisition in the wild-type strain.
Additional statistical details in Supplemental Table S1.

Discussion

We developed a novel negative selection CRISPRi screen,
designed around the concept of stimulated CRISPR self-
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immunity, to identify potential host factors that participate
in CRISPR adaptation in E. coli. We identified a new host fac-
tor in our screen, SspA. In validation experiments, adaptation
assays and downstream analysis of newly acquired spacers re-
vealed that a sspA knockout mutant is consistently and signifi-
cantly defective in naive CRISPR adaptation, despite no other
noticeable differences in the features of its acquired spacers
when compared to the wild-type parental strain. Further, we
found that mutations that abolish SspA’s ability to bind to the
RNAP complex cause a loss-of-adaptation phenotype, sug-
gesting that SspA acts as a transcriptional-level regulator of
CRISPR adaptation. A series of phage sensitivity and CRISPR
adaptation assays revealed that SspA regulates CRISPR adap-
tation independently of H-NS, a known regulator of CRISPR
interference-mediated anti-phage defence and a member of the
SspA regulon. Taken together, our data support independent
control of CRISPR adaptation and interference downstream
of SspA.

Importantly, SspA does not regulate CRISPR adaptation
through direct transcriptional regulation of the Cas1-Cas2
integrase expression (i.e. by regulation of their shared pro-
moter), as rates of CRISPR adaptation are significantly de-
creased in AsspA strains that these proteins from non-native
promoters. Rather, it is likely that SspA, by acting as a global
transcriptional regulator of cellular stress, affects the expres-
sion of other coding or non-coding genes that in turn affect
CRISPR adaptation.

We find that our data is consistent with a model where the
immunisation and interference steps could occur separately,
perhaps even temporally so. We speculate that phage infec-
tion could trigger the rapid accumulation of SspA (79), open-
ing a window for the acquisition of new spacers; this window
may close rapidly as the levels of SspA decline, but this sudden
SspA accumulation may be enough to cause downregulation
of H-NS (72), thus opening a second window for CRISPR in-
terference to occur (Figure 6). However, more studies are re-
quired to determine whether the sudden accumulation of SspA
in response to phage infection is a ubiquitous response beyond
lambda, what phage element or phage-induced signal triggers
this sudden spike in SspA levels, and whether this spike is in-
deed sufficient to significantly deplete levels of H-NS and open
a window for CRISPR interference to occur. Further, though
our data strongly suggest that SspA acts on CRISPR adapta-
tion at a transcriptional level, additional work is needed to
discover the target (s) of the SspA-mediated transcriptional
rewiring.

Despite the success of our host factor screen in revealing
SspA as a novel regulator of CRISPR adaptation, we have ev-
idence that the screen also resulted in both false positive and
false negatives, as is typical of genetic screens. For instance,
genes that affect the copy number of plasmids (e.g. pcnB) can
come through as false positives. Additionally, we were inter-
ested in host factors affecting adaptation, yet the screen we de-
signed will capture genes that affect not only adaptation, but
also CRISPR interference and even electroporation efficiency.
Though we did assess our candidate hits’ ability to acquire
electroporated spacers, we did not assess each of the KOs for
their ability to mediate CRISPR interference. An assay that is
solely (or mostly) reliant on CRISPR-mediated spacer acquisi-
tion, such as those used recently to identify more active Cas1-
Cas2 integrases (83), could help reduce these non-adaptation
related hits.

False negatives might arise from at least two sources. First,
from a screen design perspective, because we deliver pre-
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Figure 5. SspA regulates CRISPR adaptation independently of H-NS. (A) Deep-sequencing based measurement of the rates of new spacer acquisition in
strains pre-immunised with either a T or NT defence plasmid, harvested 3 h post A;; infection in liquid culture and growth at 30°C. Open circles
represent biological replicates (n > 3), bars are the mean (one-way ANOVA effect of strain P< <0.0001; Sidak’s corrected multiple comparisons for
wild-type + T versus knockouts + T, AsspA P = 082553, Ahns P < 0.0001, AsspA Ahns P = 0.999999; AsspA + T versus knockouts + T, Ahns

P < 0.0001, AsspA Ahns P=0.154762; Ahns + T versus Ahns + NT P < 0.0001; Ahns + T versus AsspA Ahns + T P < 0.0001). (B) Breakdown of
normalised spacer count (total number of new spacers / number of CRISPR arrays sequenced) according to spacer origin (E. coli, lambda or plasmid)
and strain of interest. (C) Binned coverage plot of Ahns + T newly acquired spacers across the lambda genome (outer, purple). The location of the T
immunisation spacer is shown on the lambda genome; ‘missing in A,;;" indicates a genomic region missing in our strain of Ai.. (D) Percent of spacers
acquired that are on the same strand as the T immunisation spacer, according to the spacer source (E. coli or lambda). (E) Schematic of the sspAB and
hns operonic rescue plasmids. All plasmids are low (~5) copy, and encode either 1. The sspAB operon, 2. The hns operon, or 3. both, under their native
regulation. (F) Schematic of the CRISPR adaptation assays in wild-type, sspA and/or hns mutant strains. Strains were electroporated with pSCL565 and
rescue plasmids 1., 2. or 3. (see E), and assessed for their ability to acquire new spacers into the endogenous CRISPR | array. (G) PCR-based detection
of new spacer acquisition into the CRISPR | array of wild-type, of WT, AsspA::FRT Ahns::FRT and AsspA::FRT Ahns::FRT strains harbouring pSCL565
and rescue plasmids 1., 2. or 3. (see E), after growth for 48 h in liquid culture. Open circles represent biological replicates (n > 3), bars are the mean.

Horizontal dashed line represents the mean rate of spacer acquisition in the wild-type strain (one-way ANOVA effect of strain P< <0.0001; Sidak’s
corrected multiple comparisons for wild-type versus knockouts, AsspA P < 0.0001, Ahns P < 0.0001, AsspA Ahns P < 0.0001; AsspA versus
knockouts, Ahns P=0.714182, AsspA Ahns P = 0.002269, AsspA + sspAB rescue P < 0.0001; Ahns versus knockouts, AsspA Ahns P < 0.0001,
Ahns + hns rescue P < 0.0001; AsspA Ahns versus AsspA Ahns + sspA & hns rescues P < 0.0001). (H) PCR-based detection of new spacer
acquisition into the CRISPR | array of WT, AsspA::FRT, Ahns::FRT, AsspA::FRT Acas3-Cascade::Cm”t or Ahns::FRT Acas3-Cascade::Cm” strains
harbouring pSCL565 after growth for 48h in liquid culture. Open circles represent biological replicates (n > 3), bars are the mean (one-way ANOVA effect
of strain P < 0.0001; Sidak’s corrected multiple comparisons for wild-type versus knockouts, AsspA P < 0.0001, Ahns P < 0.0001, AsspA
Acas3-cascade P < 0.0001, Ahns Acas3-cascade P = 0.125466; AsspA versus Ahns P= 0.004161; AsspA versus AsspA Acas3-cascade

trimmed self-targeting prespacers to the library-carrying cells,
we would not capture host factors involved in prespacer sub-
strate generation. Nonetheless, this was a deliberate screen de-
sign choice for the kinds of host factors we hoped to capture
(namely, genetic regulators of the process), and future itera-
tions on our approach could be used to detect factors at earlier
stages of the CRISPR adaptation process by delivering non-
trimmed spacers to identify host factors involved in prespacer
substrate generation. Additionally, future adaptations of our
screen could harness a more targeted library to assess whether
specific cellular pathways (i.e. DNA repair, stress responses)
are involved in the regulation of CRISPR adaptation. Second,

on a technical front, ineffective gRNAs that are partially or
completely unable to target a given gene for repression and
off-target gRNA effects that cause have been shown to cause
pervasive toxicity in past CRISPRIi screens in E. coli (43) can
both contribute to false negatives, likely explaining the fact
that we did not observe the known host factor IHF as a hit.
Another factor that could have influenced our signal / noise
ratio was the choice of control condition used to contrast our
screen hits to, to identify significantly enriched or depleted
genes. We reasoned that using a —dCas9 strain carrying the
sgRNA library would allow us to control for sgRNAs that
were preferentially propagated or lost from the pool in ways
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Figure 6. Proposed model for the independent control of CRISPR adaptation and interference. In both cases, the regulation of CRISPR immunity
happens downstream of SspA, through its role as a global transcriptional rewiring agent.

not related to our screen. However, only controls for changes
in sgRNA abundance that are not dCas9-dependent. Future
uses of this screen should carefully consider the choice of ad-
ditional appropriate controls and contrast conditions, such as
the use of one or more non-targeting spacers, or uninduced
dCas9 conditions.

One hit from our screen was polA, whose Klenow frag-
ment was reported to be capable of repairing CRISPR arrays
that have been cleared of the Cas1-Cas2 integrases in vitro
(22). However, our results do not support this role. Though
we found that CRISPR adaptation levels were significantly
diminished in the polA AKlenow mutant, this decrease was
attributable to the loss of acquisition of plasmid-derived spac-
ers; The loss-of-adaptation phenotype seen in the ApcnB mu-
tant is likely due to a similar effect, as pcnB has been shown to
be required for copy number maintenance of ColE1 and other
plasmids (84). We cannot, however, rule out a role for polA in
array repair, though it is conceivable that there is redundancy
in host factors capable of this task. Indeed, functional redun-
dancy of host factors is a possible explanation for not cap-
turing the comprehensive set of these proteins. We anticipate
that more complex combinatorial knockdown and activation
screens could be used to tackle this problem. Furthermore,
we believe that pairing genetic screens such as our CRISPRi
screen with orthogonal physical screens, such as proximity la-
belling and pull-down assays (85), will yield rich and infor-
mative datasets, which are likely to uncover a more compre-
hensive set of host factors required for CRISPR adaptation.
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