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ABSTRACT

CRISPR–Cas systems provide bacteria with adap-
tive immunity against phages and plasmids; how-
ever, pathways regulating their activity are not well
defined. We recently developed a high-throughput
genome-wide method (SorTn-seq) and used this to
uncover CRISPR–Cas regulators. Here, we demon-
strate that the widespread Rsm/Csr pathway regu-
lates the expression of multiple CRISPR–Cas sys-
tems in Serratia (type I-E, I-F and III-A). The main path-
way component, RsmA (CsrA), is an RNA-binding
post-transcriptional regulator of carbon utilisation,
virulence and motility. RsmA binds cas mRNAs and
suppresses type I and III CRISPR–Cas interference
in addition to adaptation by type I systems. Coregu-
lation of CRISPR–Cas and flagella by the Rsm path-
way allows modulation of adaptive immunity when
changes in receptor availability would alter suscepti-
bility to flagella-tropic phages. Furthermore, we show
that Rsm controls CRISPR–Cas in other genera, sug-
gesting conservation of this regulatory strategy. Fi-
nally, we identify genes encoding RsmA homologues
in phages, which have the potential to manipulate
the physiology of host bacteria and might provide an
anti-CRISPR activity.

INTRODUCTION

Bacteria have multiple defence systems to protect them-
selves from invasion by phages and mobile genetic ele-
ments (MGEs) (1). Their adaptive immunity is provided

by CRISPR–Cas (clustered regularly interspaced short
palindromic repeats and CRISPR-associated proteins) sys-
tems, which enable protection in a sequence-specific man-
ner (2,3). CRISPR–Cas defence has three phases: firstly,
adaptation occurs when the cell encounters an invader.
Here, a short segment of the invader nucleic acid gets in-
corporated into the CRISPR array as a ‘spacer’, separated
from other spacers by short repeats (4,5). During biogene-
sis, CRISPR arrays are expressed and processed into guide
CRISPR RNAs (crRNAs) (6). Finally, during interference,
Cas-crRNA complexes find the complementary sequence
in the foreign nucleic acid (the protospacer) and promote
its degradation (7). CRISPR–Cas systems are diverse, and
are divided into two classes (1 and 2) and six types (I-VI)
(8). Class 1 systems form multi-subunit complexes with cr-
RNAs, whereas class 2 utilise a single effector protein. In
the current study, we focus on type I and III systems (class
1). Type I systems target DNA, while type III systems de-
grade both RNA and DNA. The structures and mecha-
nisms of CRISPR–Cas systems, and their biotechnological
applications have been studied extensively (9). In contrast,
the mechanisms of CRISPR–Cas regulation are less well
understood (10,11).

Phage resistance provided by CRISPR–Cas can be ben-
eficial for bacteria; however, self-targeting and inhibition
of plasmid uptake can have downsides (12–16). Appropri-
ate regulation of CRISPR–Cas is proposed to be important
to maximise defence when required, while limiting poten-
tial costs (11). Indeed, a recent study demonstrated that a
natural single guide RNA directs Cas9 to autoregulate and
tune CRISPR–Cas defence while limiting autoimmunity
(17). Bacteria also control CRISPR–Cas through quorum
sensing communication to upregulate defence at high cell
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density when facing a heightened risk of a phage epidemic
(18,19). For example, in Serratia sp. ATCC 39006 (hereafter
Serratia), a Gram-negative Enterobacteriaceae, we showed
that all three CRISPR–Cas systems (type I-E, I-F and III-
A) are controlled by cell-cell communication (18). Although
various CRISPR–Cas regulatory pathways have been dis-
covered, this has been limited by the lack of techniques
to comprehensively identify regulators of gene expression
in bacteria. To overcome this limitation, we recently devel-
oped a high-throughput method––termed SorTn-seq––that
couples high-density transposon mutagenesis with reporter
genes, fluorescence activated cell sorting (FACS), and trans-
poson insertion sequencing to identify regulators of the type
III-A CRISPR–Cas system in Serratia (20,21). Amongst
the multiple genes discovered, transposon insertions within
three genes (pigW, pigQ and rsmB (i.e. homologues of Es-
cherichia coli barA, uvrY and csrB, respectively)––belonging
to the Rsm (regulator of secondary metabolism) post-
transcriptional regulatory pathway––were enriched in cells
with low type III-A expression (20).

The Rsm pathway is known as Csr (carbon storage
regulator) in Escherichia coli, and these regulatory circuits
are widespread, particularly in proteobacteria (for reviews
see (22–24)). Csr (Rsm) controls multiple processes, such as
stress responses, changes in metabolism and carbon utili-
sation, biofilm formation, virulence and motility (22–24).
Similarly, in Serratia, mutations in the Rsm pathway af-
fect pigmentation, virulence and motility (inversely control-
ling gas vesicle-mediated floating versus flagella-mediated
swarming) (25–29). CsrA (RsmA in Serratia) is the central
pathway component and is a dimeric RNA-binding pro-
tein that alters translation, RNA stability or transcription
elongation (23,24). CsrA binds target mRNAs in GGA mo-
tifs, sometimes within a loop structure in, or near, ribo-
some binding sites (RBS) within the 5′ untranslated region
(5′UTR) (23,30). When CsrA binds in this manner, it typi-
cally inhibits translation by impeding ribosome loading.

Here, we show that the Rsm pathway regulates all three
CRISPR–Cas systems (type I-E, I-F and III-A) in Serra-
tia. RsmA binds cas mRNAs, potentially altering their sta-
bility and/or repressing their translation, thereby reducing
CRISPR–Cas interference and adaptation. By coregulat-
ing CRISPR–Cas and flagella, the Rsm pathway enables
coordinated control of receptor-based versus adaptive im-
munity. We demonstrate that RsmA-mediated regulation of
CRISPR–Cas occurs in other genera, suggesting it could be
a more widespread mechanism to control bacterial adaptive
immunity. Finally, the identification of RsmA homologues
in phages indicates that the Rsm pathway could be exploited
by phages to manipulate bacteria, such as to suppress their
CRISPR–Cas immune responses.

MATERIALS AND METHODS

Strains and growth conditions

The bacterial strains used in this study are listed in Sup-
plementary Table S1. All plasmids are listed in Supple-
mentary Table S2, including details of their construction,
and oligonucleotides used are listed in Supplementary Ta-
ble S3. All strains and plasmids were confirmed by Sanger
sequencing. Serratia sp. ATCC 39006 strains were grown at

30◦C, Pectobacterium atrosepticum SCRI1043 at 25◦C and
E. coli strains at 37◦C in lysogeny broth (LB) medium and
on plates containing 1.5% (w/v) agar (LBA). Media was
supplemented with antibiotics at the following concentra-
tions: Kanamycin (Km) at 50 �g/ml; Ampicillin (Ap) at 100
�g/ml; Chloramphenicol (Cm) at 25 �g/ml, Spectinomycin
(Sp) at 50 �g/ml, Gentamicin (Gm) at 50 �g/ml and Tetra-
cycline (Tc) at 10 �g/ml. Five-aminolevulinic acid (ALA;
50 �g/ml) was added for growth of ST18. Bacterial growth
was measured as optical density using a Jenway 6300 Spec-
trophotometer at 600 nm (OD600). When grown in 96-well
plates, plates were incubated in an IncuMix shaker and op-
tical density was measured using a Varioskan LUX Multi-
mode Reader (Thermo Fisher Scientific) at 600 nm.

Reporter plasmids and gene expression assays

Serratia strains, each containing a plasmid with the fluores-
cent reporter zsGreen fused to a promoter of a different cas
gene, were used in plate reader assays to measure gene ex-
pression (Supplementary Figure S1). The major transcrip-
tional start sites were determined from an in-house unpub-
lished transcriptional start site RNA seq dataset. Plasmids
used to measure expression were: cas3 (type I-E, pPF1973),
cas1 (type I-F, pPF1891), cas10 (type III-A, pPF1890)
and rsmB (pPF1976) and were compared with the empty
vector (pPF1854). Pigmentless (prodigiosin-deficient) ver-
sions of all the strains were used for these assays to re-
move any overlap with fluorescence measurements (PCF396
�pigA-O background). Strains were generated by gener-
alised transduction of marked mutations into the PCF396
�pigA-O background as described previously (31). Mu-
tant derivatives of PCF396 were used in these assays as
follows: PCF398 (rsmA), PCF406 (rsmB), PCF629 (pigQ),
PCF630 (pigW), PCF631 (pigX), PCF694 (rsmS), PCF703
(rsmA, rsmS), PCF675 (rsmA, rsmB), PCF704 (rsmA, pigX),
PCF705 (rsmS, rsmB), PCF706 (rsmS, pigX) and PCF717
(rsmB, pigX). Strains carrying appropriate plasmids were
grown in a 96 deep-well plate overnight in 1 ml LB contain-
ing Gm. For all reporter assays, the OD600 of the overnight
cultures was measured and adjusted to 0.02 to inoculate a
96-well black sided, clear bottom plate (with the appropri-
ate antibiotics) to monitor OD600 as well as fluorescence
with excitation at 490 nm and emission at 510 nm for 23 h.
For all endpoint reporter data presented, fluorescence was
normalised by the OD600.

Complementation assays were performed similarly using
the strains listed above, but containing either an empty vec-
tor control (pPF781) or the expression vector for each gene:
rsmA (pPF1958), rsmB (pPF1959), pigQ (pPF1960), pigW
(pPF1961), pigX (pPF1962) and rsmS (pPF1964). Comple-
mentation strains were grown in LB containing Gm + Cm.

Sample and library preparation for RNA sequencing

Overnight cultures of Serratia LacA (WT) and the rsmA
mutant (NMW7) were subcultured into 25 ml LB medium
in 250 ml flasks in biological triplicates to a starting OD600
of 0.05. The cultures were grown in LB broth for 12 h
at 30◦C with shaking at 200 rpm, and 2 ml samples were
collected for RNA extraction. The twelve-hour time point
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(early stationary phase) was previously established as a
point of elevated CRISPR–Cas activity due to the rising
density of bacterial populations (18). Bacterial cells were
harvested by centrifugation and the resulting cell pellets
were resuspended in RNAlater (Thermo Fisher Scientific)
and stored at -20◦C until further processing. The Qiagen
RNeasy kit was used to extract total cellular RNA. Tur-
boDNase (Thermo Fisher Scientific) was added to remove
genomic DNA (gDNA). Samples were confirmed to be
gDNA-free by means of PCR analysis with primers PF796
and PF797 that are designed to amplify the flhDC operon of
Serratia. Quality control checks of the resulting RNA sam-
ples were performed using the nanodrop (Thermo Fisher
Nanodrop one) and 2100 Bioanalyzer (Agilent Genomics).

Ribosomal RNA (rRNA) was depleted using a Ribo-
Cop rRNA depletion kit (Lexogen). Synthesis of antisense
cDNA was initiated through ligation of a TruSeq adaptor
sequence (Illumina) to the 3′ OH end of the fragmented
RNA. Next, the antisense cDNA was purified, followed by
a ligation of a 5′ sequencing adaptor to the 3′ end of the anti-
sense cDNA. The cDNA was then amplified using PCR and
the resulting products were gel fractionated to satisfy the
size requirements for Illumina sequencing. Lastly, cDNA
libraries were sequenced with the Illumina HiSeq 2500 V2
Rapid sequencing system to an average depth of around 10
million reads per library, generating an output in the form
of 100 bp demultiplexed reads in FASTQ format.

RNA sequencing data analysis

Generated reads in FASTQ format were initially pro-
cessed by removing adaptors and low-quality reads us-
ing Trimmomatic (32). Additionally, quality assessment
of the reads was carried out using FastQC (Babraham
Bioinformatics, [https://www.bioinformatics.babraham.ac.
uk/projects/fastqc/]). Bowtie2 (33) was used with default pa-
rameters for mapping reads to the reference genome of Ser-
ratia sp. ATCC 39006 (accession number: CP025085), fol-
lowed by a conversion to BAM format for analysis using
SAMtools (34). Statistical analysis was performed using the
default settings of the DESeq2 package of R/Bioconductor
to identify differentially expressed transcripts with a false
discovery rate (FDR) of less than 5% and a fold change >1.5
(i.e. log2 >0.58) (35). Full RNA-seq outputs from DESeq2
are provided in Supplementary Table S4.

Type III-A CRISPR–Cas interference assays

CRISPR–Cas interference assays are based on conjugation
efficiency and were carried out as described previously (18).
Briefly, E. coli ST18 was used as the donor for conjuga-
tion of an untargeted control (pPF781) and type III-A tar-
geting plasmid (pPF1043). Plasmid pPF1043 has a pro-
tospacer targeted by a spacer in CRISPR3. Strains were
grown overnight in LB with appropriate antibiotics, follow-
ing which, 1 ml of culture was centrifuged at 17 000 × g and
the supernatant removed. Cell pellets were washed with 500
�l LB + ALA to remove antibiotics and resuspended in 1
ml LB + ALA. Washed and resuspended cells were adjusted
to an OD600 of 1. E. coli donors and Serratia recipients
(WT or NMW7 (rsmA)) were mixed in a 1:1 ratio and 20

�l spotted on LBA + ALA + glucose (0.2% w/v) and incu-
bated at 30◦C for 20 h. Conjugation spots were scraped from
the plate and added to 500 �l phosphate buffered saline
(PBS) to resuspend cells. Resuspended cells were serially
diluted (undiluted to 10−8) and plated onto LBA + ara-
binose (0.02% w/v) for recipient counts or LBA + arabi-
nose + Cm for selection of transconjugants. Arabinose was
included to induce the protospacer transcription necessary
for type III-A targeting. CRISPR–Cas interference was as-
sessed using conjugation efficiency, which was measured as
a ratio of transconjugants divided by recipients. In addition,
to assess the effects of rsmA overexpression on interference,
conjugation efficiency assays were performed similarly with
the following recipients (NMW7 (rsmA) + pQE-80L-oriT
(control) and NMW7 (rsmA) + pPF513 (RsmA)). Bacte-
ria were plated onto LBA + Ap + arabinose (0.02%) for
recipient counts or LBA + Ap + Cm + arabinose for se-
lection of transconjugants. Conjugation efficiency data was
log-transformed and normality was assessed using Shapiro-
Wilk and Kolmogorov-Smirnov tests. A Student’s t-test
(two-sided) was used on log-transformed data to determine
statistical significance.

Type I CRISPR–Cas interference assays

Serratia type I conjugation efficiency assays were performed
the same as type III, but with the following variations.
An untargeted control (pPF719) and type I-E (pPF724) or
type I-F (pPF722) targeting plasmids were used. Plasmids
pPF724 and pPF722 each contain a protospacer targeted
by a spacer from either CRISPR1 (type I-E) or CRISPR2
(type I-F). Recipient Serratia strains used were WT (LacA)
and an rsmA mutant (NMW7). Following conjugation,
bacteria were plated onto LBA for recipient counts or
LBA + Tc for selection of transconjugants. In addition,
to assess the effects of rsmA overexpression on interfer-
ence, conjugation efficiency assays were performed with
the following recipients (NMW7 (rsmA) + pPF781 (con-
trol) and NMW7 (rsmA) + pPF1958 (RsmA)), which were
grown with arabinose (0.1% w/v). Bacteria were plated onto
LBA + Cm + arabinose (0.1% w/v) for recipient counts
or LBA + Cm + Tc + arabinose for selection of transcon-
jugants. Pectobacterium type I-F conjugation efficiency as-
says were carried out the same as for Serratia type I sys-
tems, with the following variations. An untargeted control
(pPF571) and type I-F targeting plasmid (pPF572) were
used. Plasmid pPF572 contains a protospacer targeted by
a spacer from CRISPR1. Strains used were WT (P. atrosep-
ticum SCRI1043) and an rsmA mutant (AE9). Conjugation
efficiency data was log-transformed and normality was as-
sessed using Shapiro-Wilk and Kolmogorov-Smirnov tests.
A Student’s t-test (two-sided) was used on log-transformed
data to determine statistical significance.

Primed CRISPR adaptation assay

Primed CRISPR adaptation was analysed using priming
plasmids that lead to acquisition of new spacers. Plas-
mids (pPF953, naı̈ve; pPF1233, I-E primed; pPF1236, I-
F primed) were conjugated into Serratia WT (LacA) and
rsmA (NMW7) from E. coli ST18 donors and the transcon-
jugants were grown in LB with Tc selection and 25 �M

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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IPTG for 24 h. The I-E and I-F primed plasmids con-
tain a protospacer with a non-canonical protospacer ad-
jacent motif, that promotes acquisition of new spacers
through priming. From those cultures, new overnight cul-
tures without antibiotic selection, but containing IPTG,
were inoculated and grown for 24 h. From those cultures,
10 �l were used to inoculate new overnight cultures con-
taining 5 ml of LB without selection and grown for 24 h
at 30◦C. New cultures were inoculated every 24 h for up
to two days to observe priming. Aliquots of culture from
each day were mixed 1:1 with 50% glycerol and frozen
at -80◦C for future use. CRISPR array expansion (in-
dicative of adaptation) was assessed via PCR (20 cycles)
with primers PF633/PF2177 for type I-E (CRISPR1) and
PF1888/PF1990 for type I-F (CRISPR2). PCR samples
were run on a 2% (w/v) agarose gel with ethidium bromide
in sodium borate buffer. To assess the effect of rsmA ex-
pression on CRISPR adaptation, plasmids (pPF953, naı̈ve;
pPF1233, I-E primed; pPF1236, I-F primed) were conju-
gated into strains NMW7 (rsmA) + pPF781 (control) and
NMW7 (rsmA) + pPF1958 (RsmA) in the presence of Cm
for expression plasmid maintenance and arabinose (0.1%
w/v) for rsmA expression. Serial passaging and PCR was
performed as described above, with the addition of Cm and
arabinose (0.1% w/v) to culture media.

Construction of a FLAG-tagged RsmA strain

A C-terminal rsmA-3xFLAG chromosomal fusion was con-
structed using allelic exchange mutagenesis with sucrose
selection. A plasmid (pPF1811) was constructed using a
gBlock (PF3562) containing 500 bp upstream and down-
stream the rsmA gene and the 3xFLAG, and the sacB-
containing suicide plasmid pPF1117 as a backbone. The
plasmid pPF1811 was then conjugated into Serratia and
plated onto LBA containing Cm to select for recombination
of the plasmid with the chromosome. An overnight culture
without selection was plated on LBA with 10% (w/v) su-
crose to select for recombination leading to plasmid (sacB)
loss. The rsmA region was screened by PCR (PF3563 and
PF3565) and the mutant confirmed by Sanger sequencing.

Co-IP and RIP-seq sample preparation

Co-immunoprecipitation of RsmA-3xFLAG with an anti-
FLAG antibody and Protein A-Sepharose beads was per-
formed from Serratia lysates of WT (LacA control) and
isogenic RsmA-3xFLAG strain (PCF624). The cells were
grown overnight and 100 ml LB cultures were inoculated to
an OD600 of 0.05 in 500 ml flasks and grown to late exponen-
tial phase (OD600 of 0.6) at 30◦C as described earlier. Cells
were harvested by centrifugation at 6000 × g for 20 min at
4◦C. The cell pellets corresponding to a total OD600 of 60
were then resuspended in 1 ml of Buffer A (20 mM Tris–HCl
pH 8.0, 150 mM KCl, 1 mM MgCl2 and 1 mM dithiothre-
itol (DTT)) and subsequently harvested by centrifugation
(10 min, 11 000 × g, 4◦C). The pellets were snap-frozen in
liquid nitrogen and stored at -80◦C.

When required, the pellets were thawed on ice and re-
suspended in 1 ml of lysis buffer (Buffer A containing 1
mM PMSF, 0.2% (v/v) Triton X-100, DNase I 0.02 U/�l

and RNase inhibitor 0.4 U/�l) and transferred to FastPrep
tubes (MP biomedicals) containing silica spheres. Cells were
lysed using FastPrep24 running two lysis steps at the speed
of 4 m/s for 15 s, with 5 min cooling on ice between each
step. Cell debris was then separated by centrifugation at
17 000 × g for 10 min at 4◦C and the supernatant (lysate
fraction) was collected into a new tube. Incubation of the
samples with 35 �l of anti-FLAG antibody (Monoclonal
anti-FLAG M2, Sigma, #F1804) was carried out for 30
min at 4◦C on an orbital shaker. Then 75 �l of ProteinA-
Sepharose (Sigma P6649 6MB aqueous ethanol suspension)
were washed with Buffer A and added to the lysate contain-
ing the antibody. Solutions were then incubated for a fur-
ther 30 min at 4◦C on an orbital shaker. The beads with
the lysate were then subjected to centrifugation at 15 000
× g for 1 min at 4◦C. After centrifugation, the supernatant
was removed. The beads were washed 5 times with 500 �l
of Buffer A. A phenol–chloroform–isoamyl (PCI) extrac-
tion was performed, adding 500 �l of Buffer A and 500 �l
of PCI to the beads, followed by inversion of the tube and
5 min incubation at room temperature (RT). A 30 min cen-
trifugation step at 17 000 × g at 4◦C was performed to pellet
the RNA.

An overnight precipitation at –20◦C was performed by
adding the supernatant to a tube containing 1 ml of 30:1 mix
(absolute ethanol:sodium acetate) plus 1 �l of GlycoBlue.
The RNA precipitate was subjected to centrifugation at 17
000 × g for 30 min at 4◦C and washed with 500 �l of ice-
cold 70% ethanol followed by a further 10 min centrifuga-
tion in the same conditions. Then the pellet was left to dry
by opening the tube at room temperature. A DNase I di-
gestion was carried out to eliminate all possible DNA, fol-
lowed by a PCI extraction, overnight precipitation in 30:1
mix (absolute ethanol:sodium acetate) and final wash in
70% ice-cold ethanol as previously explained. The absence
of DNA contamination was confirmed by PCR of the pigQ
gene (PF3143 and PF3144).

SDS-PAGE and western blotting of RsmA-3xFLAG

Protein samples (equivalent to an OD600 of 1) were col-
lected during Co-IP experiments to confirm enrichment of
RsmA-3xFLAG by western blotting. These cell pellets were
resuspended in the appropriate volume of protein loading
buffer (62.5 mM Tris–HCl pH 6.8, 100 mM DTT, 10%
(v/v) glycerol, 2% (w/v) SDS and 0.01% (w/v) bromophe-
nol blue) to make final concentration of 0.1 OD600/�l per
sample and boiled at 95◦C for 8 min. A total volume of 20
�l for culture protein (C), lysate (L), supernatant 1 (SN1),
supernatant 2 (SN2) and wash (W) fractions (correspond-
ing to 0.2 OD600) and 20 �l from the elution (E) frac-
tion (equivalent to an OD600 of 10) were resolved using
15% SDS-polyacrylamide gels and transferred onto nitro-
cellulose membrane using semi-dry blotting. After trans-
fer, membranes were blocked for 1 h in a 10% milk pow-
der solution in 1× phosphate-buffered saline containing
0.01% sodium azide (PBS-A) buffer followed by washing.
An overnight incubation at 4◦C of the primary antibody
(monoclonal anti-FLAG 1:1000 or monoclonal antibody
specific for GroEL 1:10 000 were diluted in PBS-A) was per-
formed, followed by washing with 1× Tris-buffered saline
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with 0.001% Tween 20 (TBST20) and incubation with the
horseradish peroxidase (HRP)-coupled secondary antibody
(anti-mouse IgG 1:10 000 in TBST20 for anti-FLAG or
anti-rabbit IgG 1:10 000 in TBST20 for anti-GroEL) for 1
h at 4◦C. After washing, the membrane was developed us-
ing the HRP catalyzed oxidation of its substrate luminol,
in presence of hydrogen peroxidase and p-hydroxicoumaric
acid as an enhancer. The chemiluminescence output was de-
tected using a CCD camera-equipped Image Quant LAS
4000 machine.

RIP-seq and data analysis

RNA was converted to cDNA using the adapter liga-
tion method by Vertis Biotechnologie AG, Germany (http:
//www.vertis-biotech.com). Briefly, the eluted RNA after
DNase I treatment was subjected to oligonucleotide adapter
ligation on the 3′ end, first-strand cDNA synthesis using M-
MLV reverse transcriptase (Agilent), and Illumina TruSeq
sequencing adapter ligation on the 3′ end. The resulting
cDNA was PCR-amplified using Herculase II Fusion DNA
Polymerase (Agilent) with 13 amplification cycles following
the manufacturer’s instructions, purified using Agencourt
AMPure XP kit (Beckman Coulter Genomics) following
the manufacturer’s instructions, and analyzed by capil-
lary electrophoresis. After cDNA purification and quan-
tification with capillary electrophoresis, two cDNA pools
were constructed, according to ratios calculated from the
quantification, for Illumina NextSeq sequencing (data col-
lected from a protocol provided by Vertis Biotechnologie
AG). The resulting samples were then run on an Illumina
NextSeq 500 instrument with 76 cycles in single-read mode
(Supplementary Table S5).

RIP-seq data analysis was performed as follows. First, de-
multiplexing was performed using bcl2fastq v2.20.0.422. Il-
lumina reads were quality controlled and adapter trimmed
with Cutadapt (36) version 2.5 using a cutoff Phred score
of 20 in NextSeq mode and reads without any remain-
ing bases were discarded (command line parameters: –
nextseq-trim=20 -m 1 -a AGATCGGAAGAGCACACG
TCTGAACTCCAGTCAC). Afterwards, we applied the
pipeline READemption (37) version 0.4.5 to align all reads
longer than 11 nt (-l 12) to the Serratia reference genome
(RefSeq assembly accession: GCF 002847015.1) using sege-
mehl version 0.2.0 (38) with an accuracy cut-off of 95%
(-a 95). We used READemption gene quanti to quan-
tify aligned reads overlapping genomic features by at least
10 nts (-o 10) on the sense strand (-a). For this, we ap-
plied RefSeq annotations (antisense RNA, CDS, ncRNA,
riboswitch, RNase P RNA, rRNA, SRP RNA, tmRNA,
tRNA, direct repeat) for assembly GCF 002847015.1 (an-
notation date 16 March 2017) in GFF format supple-
mented with annotations for strand-specific intergenic re-
gions, and sRNAs based upon homology to Salmonella sR-
NAs. For annotation-based identification of enriched ge-
nomic regions based on biological duplicates, we used DE-
Seq2 (35) version 1.24.0. Size factors for normalization
were calculated manually by dividing the total number of
aligned reads for each library by the minimum over all li-
braries. Fold-change shrinkage was applied by setting ‘be-
taPrior = TRUE’ and testing only for enrichment in the

RsmA-3xFLAG compared to the WT CoIP libraries was
conducted by setting altHypothesis = ‘greater’. Features
were considered significantly enriched with a adjusted P-
value <0.005 (Supplementary Table S6). In addition, we ap-
plied READemption to generate coverage plots represent-
ing the numbers of mapped reads per nucleotide. Here, we
used sequencing depth-normalized plots from output folder
coverage-tnoar min normalized for visualization in the In-
tegrated Genome Browser (IGB) (39).

Peak calling and RsmA motif analysis

Peak calling for RIP-seq libraries was per-
formed using the sliding window approach im-
plemented in the tool PEAKachu (https://github.
com/tbischler/PEAKachu, version 0.1.0, commit
c869dc5583c0ccd9981c0576d38ce388f2df958c). The tool
was run using as input READemption BAM files for the
two replicates of RsmA-3xFLAG and WT, respectively. By
calling peakachu window, we calculated library-specific read
count values of genomic regions using window size (-w)
25 and step size (-l) 5. Window count normalization and
detection of significantly enriched windows subsequently
merged into peaks was conducted via methods imple-
mented in DESeq2 (35) using the following PEAKachu
parameters: normalization method (-n) manual, statistical
test (-d) deseq, mad-multiplier (-m) 6.0, fold change (-f)
10.0 and Benjamini-Hochberg adjusted P-value (-Q) 0.05.
Size factors for normalization (-s) were calculated by
dividing the total number of aligned reads for each library
by the minimum over all libraries and annotations in GFF
format (see above) were used to map overlapping features to
called peaks. Enriched Co-IP sequences from PEAKachu
that reached significance were analyzed by MEME version
5.2.0 to generate consensus motifs (http://meme-suite.org/)
(40). The analysis was run using default settings, except for
restricting the motif width to 6-10 characters.

Phage infection assays

To test for the effects of RsmA on phage sensitivity indepen-
dently of CRISPR immunity, the WT (LacA) and an rsmA
mutant (NMW7) were grown overnight in LB with no sup-
plements. Stationary phase cultures were normalised to an
OD600 of 0.05 in 180 �l LB in a 96-well plate. Dilutions of
�JS26 lysate were prepared in phage buffer (10 mM Tris–
HCl pH 7.4, 10 mM MgSO4 and 0.01% (w/v) gelatine) and
20 �l was added to each well to produce the desired MOI.
For the uninfected controls, 20 �l of phage buffer was added
to wells. Plates (96-well) were incubated in a plate reader
(Varioskan Flash, Thermo Scientific) at 30◦C with shaking
at 300 rpm and OD600 measurements taken every 12 min
for 20 h. Each condition was repeated in triplicate with data
plotted as the mean +/− the standard deviation.

To assess CRISPR–Cas protection against phage infec-
tion, plasmids harbouring mini-CRISPR arrays express-
ing anti-�JS26 spacers (pPF1473 - type III; pPF1485 -
type I-E; pPF1489 - type I-F) or a control plasmid con-
taining no mini-CRISPR array (pPF260 - control) were
introduced into strains WT (LacA) and an rsmA mu-
tant (NW64). Strains were grown overnight in LB with

http://www.vertis-biotech.com
https://github.com/tbischler/PEAKachu
http://meme-suite.org/
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kanamycin (50 �g/ml) for plasmid maintenance and IPTG
(0.1 mM) for CRISPR-array expression. Stationary phase
cultures were normalised to an OD600 of 0.05 in 180 �l
LB + kanamycin + IPTG in a 96-well plate and the growth
conditions performed as described in the previous para-
graph.

Identification and analyses of RsmA in phage genomes

We first searched Caudovirale, Kalamavirale, Levivirale,
Mindivirale, Tubulavirale and Vinavirale genomes in Gen-
Bank for RsmA homologs via a hidden Markov model
(HMM) search using the Pfam CsrA/RsmA HMM
(PF02599) with HMMER3 (hmmer.org). We used a full se-
quence E-value cut-off of 10−4 and a 50% coverage thresh-
old for the HMM and 30% coverage of the target se-
quence. The phage CsrA/RsmA sequences were filtered
to remove duplicates using CD-HIT (41), aligned using
MUSCLE (42), manually curated, then used to build a
phage-CsrA/RsmA HMM with HMMER3. The phage-
CsrA/RsmA HMM was used to search the GenBank Cau-
dovirale, Kalamavirale, Levivirale, Mindivirale, Tubulavi-
rale and Vinavirale genomes and non-eukaryotic viral con-
tigs in the IMG/VR database v3 (September 2020). We ap-
plied a full sequence E-value cut-off of 10−4 and a 50%
coverage threshold for the HMM and 30% coverage of the
target sequence. Classification of whether host bacteria en-
coded CsrA/RsmA was based on the prevalence of RsmA
homologs within sequenced genomes (RefSeq) of the corre-
sponding host taxonomic genus. First, we used an HMM
search (as above) to determine whether each bacterial
genome in RefSeq (September 2020) encoded CsrA/RsmA.
For each bacterial genus, based on the NCBI taxon-
omy, we then determined the proportion of CsrA/RsmA-
encoding genomes, which revealed that CsrA/RsmA is
generally either very common or almost entirely absent
from any given genus (Supplementary Figure S9). Gen-
era where <20% of genomes encoded CsrA/RsmA were
classed as typically lacking CsrA/RsmA, whereas genera
with >80% of genomes encoding CsrA/RsmA were classed
as hosts with CsrA/RsmA. Alignment of CsrA/RsmA
homologs was performed using MUSCLE (42). Pro-
tein accessions (NCBI) for Figure 6E are: NP 417176.1
(E. coli K12), WP 005972168.1 (Serratia ATCC 39006),
QBQ72211.1 (Serratia phage Parlo), AXF51437.1 (Erwinia
phage Pavtok), AEZ50864.1 (Burkholderia phage DC1),
AXG67699.1 (Ralstonia phage GP4) and QIW86647.1
(Klebsiella phage LASTA).

RESULTS

The Rsm pathway regulates the type III-A CRISPR–Cas sys-
tem

In our SorTn-seq screen to find regulators of the Serratia
type III-A CRISPR–Cas system, we identified transposon
insertions in Rsm pathway genes pigW (barA), pigQ (uvrY)
and rsmB (csrB) (20). The activity of CsrA (RsmA) pro-
teins is controlled by inhibitory non-coding RNAs (ncR-
NAs) that bind and sequester multiple CsrA dimers to
out-compete mRNA targets (30) (Figure 1A). E. coli has

Figure 1. The Rsm (Csr) pathway regulates type III CRISPR–Cas. (A)
Overview of the Rsm pathway. Gene names provided in the figure and leg-
end are for Serratia. In the following description the E. coli homologues are
in parentheses. The histidine kinase, PigW (BarA), phosphorylates the re-
sponse regulator, PigQ (UvrY). PigQ∼P activates transcription of the non-
coding RNA, RsmB (CsrB/C). RsmB sequesters and inhibits the RNA
binding protein, RsmA (CsrA). RsmB can be degraded via PigX (CsrD)
(and RNaseE). The activity of RsmA is also supported by RsmS (YbaM)
through direct protein interactions. RsmA typically binds mRNA to in-
hibit translation, but can have other effects on expression. (B) Schematic
of the Serratia type III-A CRISPR–Cas system. Arrows represent the pro-
moters for the cas genes and CRISPR arrays. n = number of spacers. (C)
Mutation of genes encoding the Rsm components affects cas10 (csm) ex-
pression (a.u., arbitrary units; n = 4 biologically independent samples).
Pathway organisation is indicated below the graph. All bars represent the
mean and error bars represent the standard deviation. To determine statis-
tical significance, two-sided t-tests were used to compare the mutants with
the WT (****P < 0.0001; ***P < 0.001; **P < 0.01). See also Supplemen-
tary Figures S1, S2. (D) RNA fold changes determined by RNA-seq in the
type III-A CRISPR–Cas region for the rsmA mutant compared with the
WT. Dashed line represents no change relative to WT (i.e. fold change = 1).
Grey bars indicate features outside of the significance and fold change
threshold (see Materials and Methods). For full RNA-seq (DESeq2) data
and statistics see Supplementary Table S4.
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two such ncRNAs, CsrB and CsrC, and their transcrip-
tion is regulated by the BarA/UvrY GacAS-family two-
component signal transduction system (43). In Serratia,
the homologous two-component system is PigW/PigQ and
RsmB is a CsrB homologue (Figure 1A). As these genes are
part of the Rsm pathway (25,27), we proposed that this reg-
ulatory cascade affected type III-A CRISPR–Cas expres-
sion (Figure 1B). Although RsmA was not identified in the
SorTn-Seq screen (due to small gene size and reduced fitness
in mixed culture), it is the central player in the Rsm pathway,
combining signals from multiple inputs. Since RsmA acts
post-transcriptionally (23), a transcriptional/translational
reporter was constructed by fusing the major promoter
(cas10) and the 5′ UTR including the native RBS of the type
III-A cas (aka csm) interference operon to a fluorescent re-
porter (zsGreen) (Supplementary Figure S1A, B).

Expression of the cas10 reporter was elevated ∼10-fold
in an rsmA (csrA) mutant compared with the wild-type
(WT), demonstrating that RsmA represses the type III-A
cas operon (Figure 1C, Supplementary Figure S2A). Based
on work in E. coli, we predicted and then demonstrated that
the Serratia PigQW two-component system activates ex-
pression of RsmB (Supplementary Figure S2B). This is con-
sistent with our identification of a putative PigQ inverted re-
peat binding site upstream of the rsmB promoter (TGTAA-
GATATCTCTTACA), which is an 18/20 nt match with the
UvrY-box in E. coli (43). In agreement, mutation of rsmB
or the genes encoding the PigQW two-component system
resulted in lower cas expression (Figure 1C, Supplementary
Figure S2A) – i.e. reduced levels of the RsmB ncRNA re-
sults in increased free RsmA, which leads to stronger cas
repression.

In E. coli, the membrane-bound CsrD protein controls
CsrB/C post-transcriptionally by interacting with the sugar
phosphotransferase (PTS) system EIIAGlc during glucose
uptake and stimulates RNaseE-mediated decay of CsrB/C
(44,45). In a Serratia pigX (csrD) mutant, RsmB was ele-
vated and cas expression increased, likely due to sequestra-
tion of RsmA (Figure 1C, Supplementary Figure S2A, B).
These results are consistent with increased RsmB RNA in
pigX (and csrD) mutants (27,44). Another protein, RsmS
(E. coli YbaM), was recently shown to directly interact with
RsmA in Pectobacterium, and potentially increases the ef-
ficiency of RsmA binding to target mRNAs (46). In agree-
ment, mutation of rsmS in Serratia resulted in higher type
III-A cas expression, likely due to decreased RsmA activity
(46) (Figure 1C, Supplementary Figure S2A).

RNA binding by CsrA (RsmA) can influence not only
translation, but also RNA stability (23,24). Therefore, we
examined the effects of the Rsm pathway on mRNA abun-
dance for each gene within the type III-A CRISPR–Cas
system by RNA sequencing (RNA-seq) the rsmA mutant
compared with the WT in early stationary phase (Supple-
mentary Table S4). Transcript levels for each gene within
the interference operon that is expressed from the cas10 pro-
moter (cas10, csm2, csm3, csm4, csm5 and cas6) were signif-
icantly elevated by approximately 3- to 5.5-fold in the rsmA
mutant (Figure 1D). Therefore, the effects of the Rsm path-
way on the cas10 transcriptional/translational reporter cor-
relate with an accumulation of csm interference gene tran-
scripts. This type III system has a proposed accessory nu-

clease (nucC) convergently transcribed at the end of the
csm operon (47), which, in contrast, showed a decrease in
mRNA abundance (Figure 1D). Similarly, cas1 and cas2,
which are expected to be involved in type III CRISPR adap-
tation and are expressed from a very weak promoter (18)
displayed lower mRNA levels in the rsmA mutant (Figure
1D). Next, we examined the effects of RsmA on the type
III CRISPR arrays (CRISPR3/CRISPR4). Both CRISPR
arrays showed no significant change in RNA levels in the
rsmA mutant when compared with the WT (Figure 1D).
In conclusion, the Rsm pathway controls the type III-A
CRISPR–Cas system in Serratia by repressing interference
cas gene expression and affecting mRNA abundance.

Modulation of free RsmA levels regulates type III-A
CRISPR–Cas

The Rsm (Csr) pathway is well characterised in E. coli but
is less understood in Serratia. To verify the role of the entire
Rsm pathway in type III expression, we first complemented
each mutant with the corresponding gene expressed from
a plasmid and assessed cas10-zsGreen expression (Supple-
mentary Figure S3). All genes functioned as expected, ei-
ther restoring cas expression in the mutants to WT levels, or
further decreasing or increasing expression, depending on
their positive or negative role in the pathway (Supplemen-
tary Figure S3). Our data suggested that the organisation
of the Serratia Rsm pathway was similar to E. coli. Indeed,
Serratia RsmA shares 98% amino acid identity with E. coli
CsrA. Therefore, the different genes in the pathway were ex-
pected to exert their effects by controlling the availability
of active RsmA. Indeed, we observed cas repression with
increased RsmA expression (Supplementary Figure S3). In
contrast, expression of RsmB caused increased cas expres-
sion, predicted to be due to RsmA sequestration (Supple-
mentary Figure S3). In contrast to the two anti-CsrA ncR-
NAs in E. coli, Serratia appears to have a single antagonis-
tic ncRNA (RsmB), since mutations in rsmB, pigQ or pigW
reduce cas expression to similar levels (Figure 1C).

To further test the role of each component in the path-
way, double mutants were analysed for cas expression. We
confirmed that RsmA is the dominant member of the Ser-
ratia Rsm pathway, because the same phenotype was ob-
served for the rsmA single mutant or in combination with
all other key mutations (i.e. no difference in two sided
t-tests) (Figure 2A). PigX (CsrD) decreases RsmB levels
(27,44) (Supplementary Figure S2B), and in agreement, the
elevated cas expression in the pigX mutant is lost upon
rsmB mutation (two sided t-test; P < 0.0001) (Figure 2A).
RsmS is the least characterised Rsm member, but it binds
RsmA and assists its function (46). Mutation of rsmB in
the rsmS background caused a slight reduction in cas ex-
pression compared with an rsmS single mutant (two sided
t-test; P < 0.001), supporting that RsmS influences RsmA
independently of RsmB (Figure 2A). Confirming that PigX
and RsmS act independently on RsmA to affect cas ex-
pression, a pigX, rsmS double mutant showed elevated ex-
pression compared to the single mutants (two sided t-test;
P < 0.0001) (Figure 2A). We reason that this double mutant
has low levels of free active RsmA (due to abundant RsmB
in the absence of PigX-mediated degradation) and since the
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Figure 2. The Rsm pathway acts through RsmA to regulate type III
CRISPR–Cas interference. (A) Mutation of rsmA is epistatic to other genes
in the Rsm pathway for type III cas expression. Expression of cas10 (csm)
was assessed in single pigX, rsmB and rsmS mutants for the three different
branches of the pathway (see Figure 1A), the rsmA mutant and in various
double mutant combinations (a.u., arbitrary units; n = 4 biologically inde-
pendent samples). (B) RsmA represses type III-A CRISPR–Cas interfer-
ence. CRISPR–Cas interference in the WT and an rsmA mutant measured
as conjugation efficiency of a plasmid with a protospacer targeted by the
CRISPR3 array (targeted) or a control lacking a protospacer (untargeted)
(n = 5 biologically independent samples). (C) CRISPR–Cas interference
measured by conjugation efficiency of a plasmid targeted by the CRISPR3
array (targeted) or a control lacking a protospacer (untargeted) in the ab-
sence (–, rsmA mutant background with vector control) or presence (+,
rsmA mutant with a plasmid encoding RsmA) of RsmA (n = 3 biologically
independent samples). All bars represent the mean and error bars repre-
sent the standard deviation. To determine statistical significance, two-sided
t-tests were used for (A) and on the log-transformed data for (B) and (C)
(****P < 0.0001; ***P < 0.001; *P < 0.05; ns = not significant). For clar-
ity, P values for the relevant statistical tests for (A) are provided in the main
text. In (B) and (C) the dashed lines indicate the limit of detection.

absence of RsmS will reduce RsmA function (46). Together,
these results demonstrate that members of the Serratia Rsm
pathway affect type III-A cas expression by modulating the
activity or availability of free RsmA.

RsmA represses type III-A CRISPR–Cas interference

Since the Rsm pathway affects type III-A cas genes via
RsmA, we hypothesised that CRISPR interference would
be affected by RsmA. To elicit interference, type III com-

plexes first bind RNA complementary to the crRNA, trig-
gering non-specific cleavage of nearby ssDNA (via the
Cas10 HD domain) (48–50). Upon binding to target RNA,
the Cas10 Palm domain produces cyclic oligoadenylate sig-
nals that activate separate accessory non-specific RNases or
DNases (51–57). The non-specific nucleic acid degradation
is thought to induce dormancy and ‘buy time’ for Cas10 to
clear invader DNA (58,59). This response is self-limiting,
being shut off when invader DNA and RNA are destroyed.

To test if RsmA-mediated control of CRISPR–Cas ex-
pression affects interference, we measured the ability of the
type III-A system to interfere with plasmid uptake via con-
jugation. Conjugation efficiency of a targeted plasmid con-
taining a transcribed protospacer that is complementary to
the crRNA from spacer 1 in the native CRISPR3 array was
compared with an untargeted control (Figure 2B). As ex-
pected, conjugation of the untargeted plasmid was simi-
lar between the WT and rsmA mutant (Figure 2B), indi-
cating that mutation of rsmA has no significant CRISPR-
independent effects on plasmid acquisition. The WT dis-
played strong type III-A CRISPR–Cas interference when
the plasmid had the matching protospacer target (Figure
2B). As predicted, mutation of rsmA significantly increased
interference, and led to an ∼10-fold reduction in conjuga-
tion efficiency (Figure 2B). Since interference is highly effi-
cient in this assay and is reaching the limit of detection, it is
difficult to see any further increase in interference. Similarly,
under conditions where RsmA is sequestered by RsmB, mu-
tation of rsmA may only display a subtle effect. In contrast,
expression of RsmA in trans should overcome sequestra-
tion by RsmB and result in increased RsmA-mediated sup-
pression of type III-A CRISPR–Cas interference. Indeed,
expression of RsmA in the rsmA mutant completely abol-
ished interference (i.e. a ∼104-fold decrease), confirming the
role of RsmA in inhibiting type III-A CRISPR interference
(Figure 2C). There was a minor increase in uptake of the un-
targeted control plasmid upon RsmA overexpression, po-
tentially due some CRISPR independent rsmA effects (Fig-
ure 2C). Previously, in Serratia we demonstrated that the
Palm (cOA) and NucC activities are the major factors to
elicit plasmid immunity, whereas the HD domain only has
a minimal role (47). Overall, our current data demonstrate
that the elevated type III interference gene expression in the
rsmA mutant leads to increased interference, despite a de-
crease in the mRNA encoding the NucC accessory nuclease
(Figure 1D). In summary, RsmA represses the interference
activities of the type III-A CRISPR–Cas system in Serratia,
leading to increased acquisition of plasmids by conjugation.

The Rsm pathway regulates the type I CRISPR–Cas systems

In addition to the type III-A CRISPR–Cas system, Serra-
tia also encodes DNA-targeting type I-E and I-F systems
(Figure 3A, B). Previously, we observed coordinate regu-
lation of all three CRISPR–Cas systems by quorum sens-
ing (18) and the Rcs membrane stress response (20), and we
hypothesised that the Rsm pathway may act similarly. To
test for Rsm-mediated control of type I CRISPR–Cas im-
munity, we generated reporter plasmids of the type I-E and
I-F operons (Supplementary Figure S1A, C, D). The ma-
jor promoter of the type I-F operon (cas1) including its 5′
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Figure 3. The Rsm pathway represses both type I CRISPR–Cas systems. Schematic of the (A) type I-E and (B) type I-F Serratia CRISPR–Cas systems, with
the cas and CRISPR promoters indicated by arrows. n = number of spacers per CRISPR array. (C) Expression of a type I-E cas3 promoter-zsGreen fusion
in Rsm pathway mutants (n = 4 biologically independent samples). (D) Expression of a type I-F cas1 promoter-zsGreen fusion in Rsm pathway mutants
and the WT (n = 4 biologically independent samples). a.u., arbitrary units. All bars represent the mean and error bars represent the standard deviation.
To determine statistical significance, two-sided t-tests were used to compare the mutants with the WT (****P < 0.0001; ***P < 0.001; **P < 0.01). See
also Supplementary Figure S4. RNA fold changes determined by RNA-seq in the (E) type I-E and (F) type I-F CRISPR–Cas regions for the rsmA mutant
compared with the WT. Dashed line represents no change relative to WT (i.e. fold change = 1). Grey bars indicate features outside of the significance and
fold change threshold (see Materials and Methods). For full RNA-seq (DESeq2) data and statistics see Supplementary Table S4.

UTR and native RBS was fused to zsGreen to create a tran-
scriptional and translational reporter (Supplementary Fig-
ure S1C). To detect expression from the major promoter of
the type I-E operon (cas3) it was necessary to omit 79 nt of
the 5′ UTR containing the native RBS and replace it with an
artificial RBS (Supplementary Figure S1D). Similar trends
in type I cas gene expression were detected in the different
Rsm pathway mutants as observed for type III-A expres-
sion (Figure 3C, D, Supplementary Figure S4A, B). Specif-
ically, mutation of rsmA, pigX or rsmS led to significantly
increased cas expression, whereas rsmB, pigQ or pigW mu-
tants displayed significantly lower cas reporter activity.

To examine if the Rsm pathway influenced mRNA abun-
dance for each cas gene within the type I CRISPR–Cas sys-
tems, we analysed the transcriptome of the rsmA mutant

(Supplementary Table S4). For the type I-E system, mRNA
levels of all cas genes except cas2 were significantly higher
(ranging from ∼2- to 5-fold) in the rsmA mutant compared
with the WT (Figure 3E). Similar effects were observed in
the type I-F system, with the mRNA abundance of all cas
genes significantly higher in the absence of RsmA (∼2- to
6-fold) (Figure 3F). These results support the type I cas re-
porter data in the rsmA mutant and further demonstrate
the accumulation of transcripts from all genes within both
type I systems. The effect of RsmA is independent of the
CRISPR arrays since RNA levels of both CRISPR1 (type I-
E) and CRISPR2 (type I-F) were not significantly altered in
the rsmA mutant (Figure 3E, F). Therefore, the Rsm path-
way regulates both type I and the type III CRISPR–Cas
defence systems in Serratia.
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RsmA represses type I CRISPR–Cas interference and adap-
tation

Since the Rsm pathway regulated cas genes involved in in-
terference of both type I systems, we predicted that RsmA
would control type I interference capabilities. Interference
was tested by measuring conjugation efficiency of plas-
mids targeted by crRNAs derived from spacer 1 in either
CRISPR array of the type I-E or I-F systems (CRISPR1
and CRISPR2, respectively) in comparison to an untar-
geted control. As predicted, the untargeted plasmid conju-
gated efficiently into both WT and the rsmA mutant (Fig-
ure 4A). In contrast, the WT had robust type I-E and
I-F interference against plasmids containing a matching
target sequence (Figure 4A). We observed no statistically
significant increase in type I-E or I-F interference in the
rsmA mutant (Figure 4A). However, the robust WT inter-
ference is already nearing the limits of detection in this as-
say, making it difficult to identify further increases in in-
terference (Figure 4A; dashed line). Therefore, as with the
type III system, we overexpressed RsmA in trans to clar-
ify its role in CRISPR–Cas interference. Conjugation effi-
ciency assays were performed in the presence or absence of
RsmA expressed from a plasmid in an rsmA mutant back-
ground. The untargeted plasmid conjugated efficiently ir-
respective of whether RsmA was present (Figure 4B). Al-
though there was a small, yet significant, decrease in type
I-E CRISPR interference in the presence of RsmA, a sim-
ilar reduction was present in the untargeted control (Fig-
ure 4B). Therefore, the regulatory effects of the Rsm path-
way on type I-E CRISPR–Cas did not correlate with plas-
mid interference under these conditions. In contrast, and
similar to the type III-A system, RsmA expression in the
rsmA mutant led to complete repression of type I-F inter-
ference (i.e. a ∼104-fold decrease) (Figure 4B). Therefore,
RsmA represses interference of type I-F system, but effects
on type I-E interference were not detectable under these
conditions.

Since the altered type I cas levels in Rsm pathway mu-
tants includes proteins involved in spacer acquisition (Cas1
and Cas2 for I-E and Cas1 and Cas2-3 for I-F), we hypothe-
sised that CRISPR adaptation would be affected by RsmA.
To measure CRISPR adaptation, a priming assay was per-
formed by introducing plasmids that stimulate new spacer
acquisition due to imperfect targeting (60,61). The effects
of RsmA on CRISPR adaptation were examined using a
priming plasmid for each system (type I-E and I-F) as well
as a naı̈ve (untargeted) control plasmid with no matching
protospacer. Acquisition of new spacers was visualised as
CRISPR array expansion in the bacterial population for the
type I arrays (CRISPR1 and CRISPR2) using PCR (Fig-
ure 4C). Compared with the WT, the rsmA mutant shows a
small increase in priming, with more CRISPR array expan-
sion for both type I-E and I-F systems (Figure 4C). Because
the RsmA phenotypes were easier to detect with RsmA ex-
pressed in trans, we performed similar priming assays with
or without RsmA expression in the rsmA mutant (Figure
4D). CRISPR adaptation by both type I-E and I-F systems
was reduced in the presence of RsmA (Figure 4D). In con-
trast to the type I systems, type III adaptation is not well
understood and we are yet to detect adaptation under lab-
oratory conditions. Therefore, we could not assess the ef-

fects of altered type III cas1 and cas2 levels on adaptation in
Serratia (Figure 1D). In conclusion, the Rsm pathway, via
RsmA, represses the type I adaptation genes, consequently
decreasing spacer acquisition.

RsmA represses type I CRISPR–Cas interference in other
bacteria genera

Since the Rsm pathway is widespread in many bacteria and
was controlling CRISPR–Cas in Serratia, we tested whether
similar regulation occurs in a different genus. Pectobac-
terium atrosepticum SCRI1043 has a type I-F CRISPR–Cas
system and genes encoding the Rsm pathway (62,63). We
tested type I-F interference by assessing conjugation effi-
ciency of a plasmid targeted by spacer 1 in the CRISPR1
array of P. atrosepticum compared with an untargeted con-
trol plasmid. As predicted, the untargeted plasmid conju-
gated efficiently into both the WT and a mutant disrupted
for RsmA production (Supplementary Figure S5). The WT
elicited interference against the targeted plasmid. Similar to
the results with Serratia, we observed a significant ∼10-fold
increase in interference in the rsmA mutant compared with
the WT. Therefore, Rsm regulation of CRISPR–Cas immu-
nity occurs in other genera.

RsmA binds to CRISPR–Cas transcripts

We have demonstrated that the Rsm pathway controls
CRISPR–Cas but we did not know whether this regula-
tion was direct or indirect. We hypothesised that RsmA
directly affects CRISPR–Cas adaptive immunity by bind-
ing to cas mRNAs. To identify the specific genome-wide
RNA targets directly bound by RsmA, we exploited RNA
co-immunoprecipitation combined with deep sequencing
(RIP-seq) (64). A chromosomal copy of rsmA was engi-
neered with a C-terminal 3xFLAG epitope which allows
for immunoprecipitation and isolation of native ribonu-
cleoprotein complexes using an anti-FLAG antibody. Co-
immunoprecipitation (Co-IP) was performed for both the
RsmA-3xFLAG tagged and the WT untagged strains (Fig-
ure 5A) to compare and identify transcripts that are specifi-
cally bound to the RsmA-3xFLAG protein. The co-purified
RNAs were converted to cDNA and deep sequenced. Ap-
proximately 94–95% of the ∼3.1–4.2 million reads per repli-
cate library were mapped to the Serratia genome (Sup-
plementary Table S5). Abundant cellular RNAs constitute
∼67% of reads from the untagged strain, which represents
the background of non-specific binding (Figure 5B). In
comparison, the RsmA-3xFLAG strain showed increased
reads mapping to protein coding sequences (∼2.6-fold in-
crease) and intergenic regions (∼6-fold increase) with a
striking co-purification of RsmB (∼40-fold enrichment)
(Figure 5B, Supplementary Table S6, Figure S6). We also
identified enrichment of the rsmA transcript and other
genes within the Rsm pathway, which suggests regulatory
feedback that is proposed to enable rapid responses (Sup-
plementary Figure S6) (23,24). As expected, transcripts pre-
viously shown to be regulated by RsmA in Serratia, such as
the prodigiosin operon, were enriched by RsmA (29) (Sup-
plementary Figure S7A, Supplementary Table S6).

We analysed whether RNAs originating from the
CRISPR–Cas regions are specifically co-purified with the
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Figure 4. RsmA represses type I CRISPR–Cas interference and adaptation. (A) Type I-E and I-F CRISPR–Cas interference in the WT and an rsmA
mutant measured as conjugation efficiency of plasmids with a protospacer targeted by the CRISPR1 (I-E) and CRISPR2 (I-F) arrays (targeted) or a
control lacking a protospacer (untargeted) (n = 6 biologically independent samples). (B) Type I CRISPR–Cas interference measured by conjugation
efficiency of plasmids with a protospacer targeted by the CRISPR1 (I-E) and CRISPR2 (I-F) arrays (targeted) or control (untargeted) in the absence (−,
rsmA mutant background with vector control) or presence (+, rsmA mutant with a plasmid encoding RsmA) of RsmA (n = 6 biologically independent
samples). In (A) and (B), all bars represent the mean and error bars represent the standard deviation and the dashed lines indicate the limit of detection.
To determine statistical significance, two-sided t-tests were used on log-transformed data (****P < 0.0001; **P < 0.01; *P < 0.05; ns = not significant).
(C) CRISPR adaptation in the WT and rsmA mutant measured by expansion of CRISPR1 (I-E; left) and CRISPR2 (I-F; right) arrays following one (I-E)
or two (I-F) days of growth with a priming-inducing plasmid or naive control plasmid (n = 3 biologically independent samples in lanes 1, 2 and 3). (D)
CRISPR adaptation measured by expansion of CRISPR1 (I-E; left) and CRISPR2 (I-F; right) arrays following one day of growth with a priming-inducing
plasmid or naive control in the absence (–, rsmA mutant background with vector control) or presence (+, rsmA mutant with a plasmid encoding RsmA)
of RsmA (n = 3 biologically independent samples in lanes 1, 2 and 3). In (C) and (D), N = naive control; M = molecular weight marker.

RsmA-3xFLAG protein (Figure 5C–E). There was a strong
enrichment of type I-E and type I-F cas operons in RsmA-
3xFLAG Co-IP samples (Figure 5C, D, Supplementary Ta-
ble S6). In agreement with the expression data, enrichment
peaks were observed in the 5′UTR of cas3 (I-E), with fur-
ther peaks identified within the cas coding sequences, in
particular within cas8e and cas2 from the type I-E and
cas1, cas2-3, cas7f1 and cas6f from the type I-F systems
(Figure 5C, D and Supplementary Table S6). In agreement
with our RNA-seq analysis, which showed that RNA lev-
els from the non-coding CRISPR arrays were not signifi-
cantly altered (Figures 1D, 3E, F), no enrichment in type I
CRISPR RNAs by RsmA was detected (Figure 5C, D and
Supplementary Table S6). We also did not detect enrich-
ment in type III-A cas gene mRNAs by RsmA (Figure 5E).
However, abundant non-specific RNA from the type III-A
CRISPR3 and CRISPR4 loci were present in the control
Co-IP in both replicates (Figure 5E, Supplementary Figure
S7B and Supplementary Table S6). As the type III system
in Serratia is contained within an integrative and conjuga-
tive element (ICE) (29), it is feasible that it is under indirect
RsmA control, due to a more recent acquisition than the
type I systems. In summary, Rsm-mediated control of type
III-A CRISPR–Cas might occur indirectly via other inter-
mediate regulators, whereas type I cas mRNAs are bound
by RsmA.

Enriched type I cas transcripts contain RsmA motifs

To characterise the binding motif for RsmA in Serratia
we used an automated peak calling algorithm to identify
and extract RNA regions specifically enriched by RsmA-
3xFLAG. A conserved binding motif was identified in
459 of 827 peaks analysed using MEME (ANGGA; e-
value = 2.8 × 10−20) (Figure 5F). This binding motif is con-
sistent with an optimal E. coli CsrA site determined through
in vitro binding and selection (ARGGAU; core binding mo-
tif in bold) (65). We searched for the ANGGA RsmA motif
within the CRISPR–Cas regions where an enrichment of
RNA binding by RsmA was observed.

Within the type I-E region there were three RsmA mo-
tifs in the 5′UTR of cas3 (Figure 5C, Supplementary Figure
S8). In agreement, this RsmA-enriched region and motifs
were present in our cas3-zsGreen reporter, which was re-
pressed by RsmA (Figure 3C). Another RsmA binding site
is located 5′ of cas8e in a loop region of a predicted RNA
hairpin and adjacent to a GGA within the RBS, suggest-
ing a potential mechanism of translational control (Figure
5C, Supplementary Figure S8). We also detected a strong
enrichment in type I-E cas2 mRNA and three RsmA mo-
tifs were present within this gene. Since cas2 is the final gene
of the type I-E operon and involved in the adaptation step,
these RsmA binding sites might explain the stronger effect
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Figure 5. RsmA binds to type I cas mRNAs. (A) Western blot of Co-IP samples from WT and RsmA-3xFLAG strains using an anti-FLAG antibody
confirms that RsmA-3xFLAG has been purified from the tagged strain. Samples were loaded per the OD600 of Serratia as indicated with GroEL used as
control. C = culture protein, L = lysate, SN1 = supernatant 1, SN2 = supernatant 2, W = wash and E = elution fractions. (B) The relative proportions of
RNA-seq reads of different RNA classes in the WT and RsmA-3xFLAG Co-IP libraries. RNA-seq reads mapping to the (C) type I-E, (D) type I-F and (E)
type III-A CRISPR–Cas regions for the WT control (grey) and RsmA-3xFLAG Co-IP (green). Replicate 1 (R1) samples are shown for the top strand (no
significant enrichment was observed on the bottom strand). Zoomed in regions show the predicted binding motif (red) with flanking nucleotides (black).
(F) RsmA-binding motif predicted by MEME. See also Supplementary Figures S6, S7, S8 and Supplementary Tables S5, S6.
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of the Rsm pathway on type I-E adaptation when compared
with interference (Figure 3). These data suggest direct con-
trol of the I-E cas operon by RsmA, but do not rule out the
possibility of additional indirect effects.

Within the type I-F system, two RsmA motifs within the
enriched RNA regions were present in the cas1 coding se-
quence, one near the 5′ of the gene and another near the
3′ (Figure 5D and Supplementary Figure S8). Other RsmA
motifs occurred near the middle of cas7f1 and one site per-
fectly overlapped the ATG initiation codon of cas6f, con-
sistent with a role in altering translation of these Cas pro-
teins (Figure 5D). RNA-seq of the type I-F operon showed
that the rsmA mutation caused an increasing amount of
mRNA towards the 3′ end of the polycistronic transcript
when compared with the WT (i.e. higher mRNA from genes
towards the end of the operon) (Figure 3F). The consider-
able RsmA binding towards the 3′ end of the operon tran-
script (Figure 5D) might not only inhibit translation, but
could lead to mRNA instability or aid Rho loading to in-
crease transcriptional termination as observed for E. coli glg
and pga, respectively (66,67). All of the predicted type I-
F RsmA motifs were absent in the cas1-zsGreen reporter,
which still displayed RsmA-dependency, suggesting addi-
tional indirect Rsm-mediated regulatory control of the type
I-F operon. In combination, our data demonstrate that the
RsmA-mediated regulation of the type I-E and I-F systems
involves multiple binding sites throughout the cas tran-
scripts.

Phage sensitivity due to rsmA mutation is rescued by
CRISPR immunity and some phages harbour rsmA

One major function of the Rsm pathway is regulating the
transition between sessile and motile states in response to
metabolic cues (23). In Serratia, RsmA represses flagella-
mediated swarming via the FlhDC master regulators of
flagella biosynthesis (27–29). Accordingly, direct RsmA-
mediated control of flagella synthesis was detected as a
strong enrichment in the flhDC and other flagellar mRNAs
by RIP-seq (Figure 6A, Supplementary Figure S8, Supple-
mentary Table S6). Surprisingly, of the phages isolated that
infect Serratia sp. ATCC 39006, almost all utilise flagella as
a receptor (20,68). This led us to speculate that, by control-
ling flagella and CRISPR–Cas, the Rsm pathway promotes
adaptive immunity when heightened motility would lead
to elevated receptor availability and increased sensitivity to
flagella-tropic phages. Conversely, free RsmA will repress
flagella (27), rendering cells surface-immune to flagella-
tropic phages and, as such, CRISPR–Cas immunity is con-
comitantly downregulated. To investigate if RsmA influ-
ences CRISPR-independent immunity, the flagella-tropic
phage JS26 (69) was used to infect the WT and the rsmA
mutant in the absence of CRISPR immunity. Consistent
with increased flagella in rsmA mutants (27), the rsmA mu-
tant was more sensitive to phage JS26 than the WT (Figure
6B). We reasoned that in the presence of CRISPR immu-
nity, the increased sensitivity to phages in the rsmA mutant
would be alleviated. To test this, we infected the WT and
the rsmA mutant with phage JS26 in the presence of immu-
nity provided by each of the three CRISPR–Cas systems
(Figure 6C). In each case, the increased sensitivity of the

rsmA mutant to JS26, presumably due to more phage recep-
tor, was rescued by CRISPR immunity (Figure 6C). There-
fore, when the Rsm pathway leads to increased sensitivity
to a flagella-tropic phage, adaptive immunity can counter-
act phage sensitivity.

The selective pressure of CRISPR–Cas systems has led
to the evolution of phage-encoded anti-defence strate-
gies, such as anti-CRISPRs (70,71). We hypothesised that,
since RsmA represses CRISPR–Cas systems, mobile ge-
netic elements may exploit this by encoding similar pro-
teins. We searched phage genomes in the GenBank and
Integrated Microbial Genome/Virus (IMG/VR) databases
for RsmA/CsrA homologs and discovered many exam-
ples of phage-encoded RsmA proteins (Figure 6D). For
phages with known or predicted hosts, we then exam-
ined whether the corresponding bacteria encode their own
RsmA/CsrA proteins, which revealed a significant correla-
tion between the presence of phage and host RsmA/CsrA
(� 2 < 0.001). To reduce potential biases due to similar
phage sequences or overrepresentation of phages infect-
ing specific genera, we also examined the data at the host
genus level, finding a similar correlation between the pres-
ence of RsmA/CsrA in phages and hosts (� 2 < 0.001).
Phage-encoded RsmA/CsrA were highly similar in se-
quence to bacterial RsmA/CsrA (Figure 6E). A recent
bioinformatic analysis of RsmA/CsrA family proteins sup-
ports and extends our findings by demonstrating that ho-
mologues are not only present in phages, but are also car-
ried by prophages, plasmids and integrative and conjuga-
tive elements (72). These RsmA/CsrA family proteins in
mobile elements belong to different clusters and seem to
have been acquired independently from bacteria multiple
times (72). These bioinformatic analyses are supported by
earlier studies showing RsmA-like proteins on a plasmid
in Sinorhizobium meliloti and on integrative conjugative
elements in Legionella pneumophila (73,74). Furthermore,
the S. meliloti plasmid-encoded RsmA was functionally ex-
changeable with RsmA in Pseudomonas fluorescens (74).
Taken together, we propose that mobile genetic elements
have acquired host RsmA proteins, which may manipulate
their bacterial hosts by regulating various cellular processes
including CRISPR–Cas immunity.

DISCUSSION

Here we demonstrated that the Rsm pathway controls the
three CRISPR–Cas adaptive immune systems (I-E, I-F
and III-A) in Serratia. The post-transcriptional regulator
RsmA binds to type I-E and I-F transcripts in 5′UTRs
and within coding sequences of these operons, and de-
creases cas gene expression, interference and adaptation.
RsmA binding to these mRNAs likely influences transla-
tion and/or mRNA stability because increased cas gene
mRNA levels occur in an rsmA mutant. The type III-A
cas genes are also repressed by RsmA; however, this might
occur indirectly through other pathways shown to affect
type III expression (20). The CRISPR arrays of type I and
III systems were unaffected by RsmA, consistent with the
non-coding nature of these RNAs and their coupled pro-
cessing and loading into CRISPR–Cas complexes. RsmA
is the dominant component of the pathway and is se-
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Figure 6. Mutation of rsmA results in sensitivity to phage infection, but is overcome by CRISPR–Cas immunity. (A) Mapping of the Co-IP RNA-seq reads
demonstrates direct binding of RsmA to flagella loci, including the mRNA of the flhDC master regulator. The WT control (grey) and RsmA-3xFLAG
Co-IP (green) are shown. Replicate 1 (R1) samples are shown for the top strand (no significant enrichment was observed on the bottom strand). (B) The
rsmA mutant has increased sensitivity to phage JS26 compared with the WT strain (n = 3 biologically independent samples). (C) CRISPR immunity
conferred by the type I-E, type I-F and type III-A CRISPR–Cas systems provides phage resistance to both the WT and rsmA mutant strains. In graphs,
lines represent the mean ± the standard deviation. MOI = multiplicity of infection. (D) Bioinformatic identification of phages encoding RsmA. *For the
IMG/VR dataset, only viral assemblies with an estimated completeness of >80% were searched. **Inference of the hosts encoding CsrA/RsmA is based
on whether the corresponding host genus typically encodes CsrA/RsmA. ***Only host genera with five or more sequenced phages or viral contigs in the
dataset are included. (E) Sequence comparison of select CsrA/RsmA homologs from bacteria and phages. See also Supplementary Figure S9.
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questered by its antagonistic ncRNA, RsmB. In turn, RsmB
is activated by the GacAS-family two-component system
(PigW/PigQ) and antagonised by the membrane protein
PigX (CsrD). We also demonstrated that RsmS acts in-
dependently of RsmB to control RsmA-dependent cas ex-
pression. Therefore, through the Rsm pathway, the activity
of multiple CRISPR–Cas systems is being controlled post-
transcriptionally by an RNA binding protein (RsmA) and
a ncRNA (RsmB).

The Rsm pathway is a major regulator of bacterial be-
haviour in response to carbon sources (24). For example,
in E. coli, the BarA/UvrY two-component system is acti-
vated by small carboxylic acids, such as formate and ac-
etate, which are end products of glucose metabolism (75).
These acids accumulate when carbon sources are scarce,
a likely situation at high cell density (76) when bacterial
populations are at risk of a phage epidemic (18,77). Fur-
thermore, RNaseE-dependent CsrB/C turnover in E. coli is
stimulated in response to glucose transport due to an inter-
action between unphosphorylated EIIAGlc and CsrD (45).
The net result of this pathway suggests that CRISPR–Cas
activity will be enhanced when bacterial populations are
reaching a high density upon exhausting preferred carbon
sources. This may enable the integration of quorum sensing
signalling with metabolic status to fine-tune adaptive im-
munity. The cAMP receptor protein (CRP), which is also
involved in carbon utilisation, regulates CRISPR–Cas sys-
tems in E. coli, Serratia, P. atrosepticum and Thermus ther-
mophilus (20,78–81), and is connected to the Csr pathways
(82). Therefore, in Serratia, CRP might integrate further in-
formation into the Rsm pathway to control adaptive immu-
nity.

The Rsm pathway plays an important role in control-
ling motility in Serratia (26–29), which can alter the vul-
nerability of cells to flagella-tropic phages, such as JS26.
We propose that by simultaneously upregulating motility
and CRISPR–Cas, the Rsm pathway may enable bacteria
to offset the risks associated with elevated phage surface re-
ceptors through enhanced adaptive immunity. Conversely,
when free RsmA is elevated, flagella and CRISPR–Cas are
repressed, with cell surface immunity rendering CRISPR–
Cas superfluous. Given the role of the Csr pathway in al-
tering cellular behaviour in response to metabolic status, it
is likely that the Rsm pathway uses similar signals to con-
trol CRISPR–Cas and motility in Serratia. We recently dis-
covered similar coordinate control of surface-based phage
immunity and CRISPR–Cas by the Rcs envelope stress re-
sponse phosphorelay (20). Interestingly, a recent study in
Salmonella discovered that SirA (PigQ in Serratia) activated
the rcsDB operon and that BarA (Serratia PigW) could
phosphorylate the RcsB transcriptional regulator (83). We
have also previously shown that pigQ transcription is quo-
rum sensing-dependent (25). Therefore, it appears that mul-
tiple regulatory pathways are interconnected and converge
to control CRISPR–Cas in response to different signals and
stresses (10,11).

The importance of RsmA as an inhibitor of three dif-
ferent CRISPR–Cas systems was supported by the discov-
ery of RsmA/CsrA proteins in multiple phages, and sug-
gested that these virally-encoded proteins might have been
selected to suppress bacterial defences. RsmA/CsrA homo-

logues have been previously identified in phages; for ex-
ample, Burkholderia phage DC1 (84) and the P. aerugi-
nosa F116 transducing phage (85). Furthermore, plasmids
and genomic islands have independently acquired RsmA-
family proteins (72–74). In one case, a mobile Rsm protein
could regulate cellular Rsm-dependent pathways in a dif-
ferent genus (74), supporting our proposal that mobile ele-
ments have acquired RsmA-family proteins to control bac-
terial physiology, including CRISPR–Cas immunity. Due to
the pleiotropic nature of the Rsm pathway, mobile RsmA-
family proteins are also likely to be involved in broad-
scale manipulation of the bacterial host during infection
to favour invader replication (72). In fact, csrA was engi-
neered into an M13 filamentous phage, which led to ma-
nipulation of biofilm and antibiotic sensitivity properties of
E. coli (86). Our work adds to the concept that regulatory
proteins in phage genomes may have anti-CRISPR activity
(71). Indeed, a regulator of alginate biosynthesis in P. aerug-
inosa was recently shown to be encoded by some phages and
repress CRISPR–Cas expression (87).

The existence of RsmA homologues encoded by multi-
ple phages and other mobile elements indicates that RsmA
is likely to control CRISPR–Cas in other bacteria. Indeed,
we demonstrated that RsmA affects interference by the P.
atrosepticum type I-F CRISPR–Cas system. Furthermore,
in an RNA-seq study, type I-E cas genes were elevated in a
csrA mutant of Erwinia amylovora (88). During the prepa-
ration of our manuscript, a calcium-responsive kinase was
shown to act via RsmA to control type I-F CRISPR–Cas in
P. aeruginosa (89). Taken together, regulation of CRISPR–
Cas adaptive immunity by the Rsm pathway is not re-
stricted to Serratia and occurs more widely in different bac-
terial genera. The presence of RsmA/CsrA homologues in
some Gram-positive bacteria, raises the further possibility
that CRISPR–Cas control by these proteins might be even
broader (90).

Unlike most CRISPR–Cas regulation characterised thus
far, the Rsm pathway is based on an RNA binding
protein that provides post-transcriptional control. Post-
transcriptional control can enable faster responses, since re-
lease of translational inhibition can result in protein pro-
duction independently of nascent transcription. Because
CRISPR–Cas regulation acts both transcriptionally and
post-transcriptionally, we predict this enables both tighter
and integrated control of adaptive immunity.
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DFG (Deutsche Forschungsgemeinschaft) [SH 580/9-1 to
C.M.S.] within the priority program SPP 2141 ‘Much
more than defence: the multiple functions and facets of
CRISPR–Cas’; Interdisciplinary Center for Clinical Re-
search Würzburg (IZKF) project Z-6; P.C.F. was supported
by an Experienced Researcher Fellowship from the Alexan-
der von Humboldt Foundation; L.M.S. was supported
by a University of Otago Doctoral Scholarship; A.R.C.
and L.M.S. were supported by University of Otago Post-
graduate Publishing Bursaries. Funding for open access
charge: Marsden Fund, RSNZ.
Conflict of interest statement. None declared.

REFERENCES
1. Hampton,H.G., Watson,B.N.J. and Fineran,P.C. (2020) The arms

race between bacteria and their phage foes. Nature, 577, 327–336.
2. Barrangou,R., Fremaux,C., Deveau,H., Richards,M., Boyaval,P.,

Moineau,S., Romero,D.A. and Horvath,P. (2007) CRISPR provides
acquired resistance against viruses in prokaryotes. Science, 315,
1709–1712.

3. Marraffini,L.A. and Sontheimer,E.J. (2008) CRISPR interference
limits horizontal gene transfer in staphylococci by targeting DNA.
Science, 322, 1843–1845.

4. Jackson,S.A., McKenzie,R.E., Fagerlund,R.D., Kieper,S.N.,
Fineran,P.C. and Brouns,S.J. (2017) CRISPR–Cas: adapting to
change. Science, 356, eaal5056.

5. Sternberg,S.H., Richter,H., Charpentier,E. and Qimron,U. (2016)
Adaptation in CRISPR–Cas systems. Mol. Cell, 61, 797–808.

6. Charpentier,E., Richter,H., van der Oost,J. and White,M.F. (2015)
Biogenesis pathways of RNA guides in archaeal and bacterial
CRISPR–Cas adaptive immunity. FEMS Microbiol. Rev., 39,
428–441.

7. Hille,F., Richter,H., Wong,S.P., Bratovic,M., Ressel,S. and
Charpentier,E. (2018) The biology of CRISPR–Cas: backward and
forward. Cell, 172, 1239–1259.

8. Makarova,K.S., Wolf,Y.I., Iranzo,J., Shmakov,S.A., Alkhnbashi,O.S.,
Brouns,S.J.J., Charpentier,E., Cheng,D., Haft,D.H., Horvath,P. et al.
(2020) Evolutionary classification of CRISPR–Cas systems: a burst
of class 2 and derived variants. Nat. Rev. Microbiol., 18, 67–83.

9. Knott,G.J. and Doudna,J.A. (2018) CRISPR–Cas guides the future
of genetic engineering. Science, 361, 866–869.

10. Patterson,A.G., Yevstigneyeva,M.S. and Fineran,P.C. (2017)
Regulation of CRISPR–Cas adaptive immune systems. Curr. Opin.
Microbiol., 37, 1–7.

11. Smith,L.M., Rey Campa,A. and Fineran,P.C. (2021) In:
Marraffini,L.A., Barrangou,R. and Sontheimer,E.J. (eds).
CRISPR–Cas systems. ASM Press.

12. Weissman,J.L., Stoltzfus,A., Westra,E.R. and Johnson,P.L.F. (2020)
Avoidance of Self during CRISPR Immunization. Trends Microbiol.,
28, 543–553.

13. Vercoe,R.B., Chang,J.T., Dy,R.L., Taylor,C., Gristwood,T.,
Clulow,J.S., Richter,C., Przybilski,R., Pitman,A.R. and Fineran,P.C.
(2013) Cytotoxic chromosomal targeting by CRISPR/Cas systems
Can reshape bacterial genomes and expel or remodel pathogenicity
islands. PLos Genet., 9, e1003454.

14. Stern,A., Keren,L., Wurtzel,O., Amitai,G. and Sorek,R. (2010)
Self-targeting by CRISPR: gene regulation or autoimmunity? Trends
Genet., 26, 335–340.

15. Staals,R.H., Jackson,S.A., Biswas,A., Brouns,S.J., Brown,C.M. and
Fineran,P.C. (2016) Interference-driven spacer acquisition is
dominant over naive and primed adaptation in a native CRISPR–Cas
system. Nat. Commun., 7, 12853.

16. Jiang,W., Maniv,I., Arain,F., Wang,Y., Levin,B.R. and
Marraffini,L.A. (2013) Dealing with the evolutionary downside of
CRISPR immunity: bacteria and beneficial plasmids. PLos Genet., 9,
e1003844.

17. Workman,R.E., Pammi,T., Nguyen,B.T.K., Graeff,L.W., Smith,E.,
Sebald,S.M., Stoltzfus,M.J., Euler,C.W. and Modell,J.W. (2021) A
natural single-guide RNA repurposes Cas9 to autoregulate
CRISPR–Cas expression. Cell, 184, 675–688.

18. Patterson,A.G., Jackson,S.A., Taylor,C., Evans,G.B., Salmond,G.P.,
Przybilski,R., Staals,R.H. and Fineran,P.C. (2016) Quorum sensing
controls adaptive immunity through the regulation of multiple
CRISPR–Cas systems. Mol. Cell, 64, 1102–1108.

19. Høyland-Kroghsbo,N.M., Paczkowski,J., Mukherjee,S.,
Broniewski,J., Westra,E., Bondy-Denomy,J. and Bassler,B.L. (2017)
Quorum sensing controls the Pseudomonas aeruginosa CRISPR–Cas
adaptive immune system. Proc. Natl. Acad. Sci. U.S.A., 114, 131–135.

20. Smith,L.M., Jackson,S.A., Malone,L.M., Ussher,J.E., Gardner,P.P.
and Fineran,P.C. (2021) The Rcs stress response inversely controls
surface and CRISPR–Cas adaptive immunity to discriminate
plasmids and phages. Nat Microbiol, 6, 162–172.

21. Smith,L.M., Jackson,S.A., Gardner,P.P. and Fineran,P.C. (2021)
SorTn-seq: a high-throughput functional genomcis approach to
discovering regulators of bacterial gene expression. Nat. Protoc.,
https://doi.org/10.1038/s41596-021-00582-6.

22. Kusmierek,M. and Dersch,P. (2018) Regulation of host-pathogen
interactions via the post-transcriptional Csr/Rsm system. Curr. Opin.
Microbiol., 41, 58–67.

23. Romeo,T. and Babitzke,P. (2018) Global regulation by CsrA and its
RNA antagonists. Microbiol. Spectr., 6,
https://doi.org/10.1128/microbiolspec.RWR-0009-2017.

24. Vakulskas,C.A., Potts,A.H., Babitzke,P., Ahmer,B.M. and Romeo,T.
(2015) Regulation of bacterial virulence by Csr (Rsm) systems.
Microbiol. Mol. Biol. Rev., 79, 193–224.

25. Fineran,P.C., Slater,H., Everson,L., Hughes,K. and Salmond,G.P.
(2005) Biosynthesis of tripyrrole and beta-lactam secondary
metabolites in Serratia: integration of quorum sensing with multiple
new regulatory components in the control of prodigiosin and
carbapenem antibiotic production. Mol. Microbiol., 56, 1495–1517.

26. Ramsay,J.P., Williamson,N.R., Spring,D.R. and Salmond,G.P. (2011)
A quorum-sensing molecule acts as a morphogen controlling gas
vesicle organelle biogenesis and adaptive flotation in an
enterobacterium. Proc. Natl. Acad. Sci. U.S.A., 108, 14932–14937.

27. Williamson,N.R., Fineran,P.C., Ogawa,W., Woodley,L.R. and
Salmond,G.P. (2008) Integrated regulation involving quorum sensing,
a two-component system, a GGDEF/EAL domain protein and a
post-transcriptional regulator controls swarming and

https://www.doi.org/10.1038/s41596-021-00582-6
https://www.doi.org/10.1128/microbiolspec.RWR-0009-2017


9524 Nucleic Acids Research, 2021, Vol. 49, No. 16

RhlA-dependent surfactant biosynthesis in Serratia. Environ.
Microbiol., 10, 1202–1217.

28. Hampton,H.G., McNeil,M.B., Paterson,T.J., Ney,B.,
Williamson,N.R., Easingwood,R.A., Bostina,M., Salmond,G.P. and
Fineran,P.C. (2016) CRISPR–Cas gene-editing reveals RsmA and
RsmC act through FlhDC to repress the SdhE flavinylation factor
and control motility and prodigiosin production in Serratia.
Microbiology, 162, 1047–1058.

29. Wilf,N.M., Reid,A.J., Ramsay,J.P., Williamson,N.R., Croucher,N.J.,
Gatto,L., Hester,S.S., Goulding,D., Barquist,L., Lilley,K.S. et al.
(2013) RNA-seq reveals the RNA binding proteins, Hfq and RsmA,
play various roles in virulence, antibiotic production and genomic
flux in Serratia sp. ATCC 39006. BMC Genomics, 14, 822.

30. Baker,C.S., Morozov,I., Suzuki,K., Romeo,T. and Babitzke,P. (2002)
CsrA regulates glycogen biosynthesis by preventing translation of
glgC in Escherichia coli. Mol. Microbiol., 44, 1599–1610.

31. Thomson,N.R., Crow,M.A., McGowan,S.J., Cox,A. and
Salmond,G.P. (2000) Biosynthesis of carbapenem antibiotic and
prodigiosin pigment in Serratia is under quorum sensing control.
Mol. Microbiol., 36, 539–556.

32. Bolger,A.M., Lohse,M. and Usadel,B. (2014) Trimmomatic: a flexible
trimmer for Illumina sequence data. Bioinformatics, 30, 2114–2120.

33. Langmead,B. and Salzberg,S.L. (2012) Fast gapped-read alignment
with Bowtie 2. Nat. Methods, 9, 357–359.

34. Li,H., Handsaker,B., Wysoker,A., Fennell,T., Ruan,J., Homer,N.,
Marth,G., Abecasis,G., Durbin,R. and Genome Project Data
Processing, S. (2009) The Sequence Alignment/Map format and
SAMtools. Bioinformatics, 25, 2078–2079.

35. Love,M.I., Huber,W. and Anders,S. (2014) Moderated estimation of
fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol., 15, 550.

36. Martin,M. (2011) Cutadapt removes adapter sequences from
high-throughput sequencing reads. EMBnet.journal, 17, 10–12.

37. Förstner,K.U., Vogel,J. and Sharma,C.M. (2014) READemption-a
tool for the computational analysis of deep-sequencing-based
transcriptome data. Bioinformatics, 30, 3421–3423.

38. Hoffmann,S., Otto,C., Kurtz,S., Sharma,C.M., Khaitovich,P.,
Vogel,J., Stadler,P.F. and Hackermuller,J. (2009) Fast mapping of
short sequences with mismatches, insertions and deletions using index
structures. PLoS Comput. Biol., 5, e1000502.

39. Freese,N.H., Norris,D.C. and Loraine,A.E. (2016) Integrated
genome browser: visual analytics platform for genomics.
Bioinformatics, 32, 2089–2095.

40. Bailey,T.L., Boden,M., Buske,F.A., Frith,M., Grant,C.E.,
Clementi,L., Ren,J., Li,W.W. and Noble,W.S. (2009) MEME SUITE:
tools for motif discovery and searching. Nucleic Acids Res., 37,
W202–W208.

41. Li,W. and Godzik,A. (2006) Cd-hit: a fast program for clustering and
comparing large sets of protein or nucleotide sequences.
Bioinformatics, 22, 1658–1659.

42. Edgar,R.C. (2004) MUSCLE: a multiple sequence alignment method
with reduced time and space complexity. BMC Bioinformatics, 5, 113.

43. Zere,T.R., Vakulskas,C.A., Leng,Y., Pannuri,A., Potts,A.H., Dias,R.,
Tang,D., Kolaczkowski,B., Georgellis,D., Ahmer,B.M. et al. (2015)
Genomic targets and features of BarA-UvrY (-SirA) signal
transduction systems. PLoS One, 10, e0145035.

44. Suzuki,K., Babitzke,P., Kushner,S.R. and Romeo,T. (2006)
Identification of a novel regulatory protein (CsrD) that targets the
global regulatory RNAs CsrB and CsrC for degradation by RNase E.
Genes Dev., 20, 2605–2617.

45. Vakulskas,C.A., Leng,Y., Abe,H., Amaki,T., Okayama,A.,
Babitzke,P., Suzuki,K. and Romeo,T. (2016) Antagonistic control of
the turnover pathway for the global regulatory sRNA CsrB by the
CsrA and CsrD proteins. Nucleic Acids Res., 44, 7896–7910.

46. Monson,R.E., Apagyi,K., Bowden,S.D., Simpson,N.,
Williamson,N.R., Cubitt,M.F., Harris,S., Toth,I.K. and
Salmond,G.P.C. (2019) The rsmS (ybaM) mutation causes bypass
suppression of the RsmAB post-transcriptional virulence regulation
system in enterobacterial phytopathogens. Sci. Rep., 9, 4525.

47. Malone,L.M., Warring,S.L., Jackson,S.A., Warnecke,C.,
Gardner,P.P., Gumy,L.F. and Fineran,P.C. (2020) A jumbo phage
that forms a nucleus-like structure evades CRISPR–Cas DNA
targeting but is vulnerable to type III RNA-based immunity. Nat
Microbiol, 5, 48–55.

48. Elmore,J.R., Sheppard,N.F., Ramia,N., Deighan,T., Li,H.,
Terns,R.M. and Terns,M.P. (2016) Bipartite recognition of target
RNAs activates DNA cleavage by the Type III-B CRISPR–Cas
system. Genes Dev., 30, 447–459.

49. Kazlauskiene,M., Tamulaitis,G., Kostiuk,G., Venclovas,C. and
Siksnys,V. (2016) Spatiotemporal control of Type III-A CRISPR–Cas
immunity: coupling DNA degradation with the target RNA
recognition. Mol. Cell, 62, 295–306.

50. Samai,P., Pyenson,N., Jiang,W., Goldberg,G.W., Hatoum-Aslan,A.
and Marraffini,L.A. (2015) Co-transcriptional DNA and RNA
cleavage during type III CRISPR–Cas immunity. Cell, 161,
1164–1174.

51. Niewoehner,O., Garcia-Doval,C., Rostøl,J.T., Berk,C., Schwede,F.,
Bigler,L., Hall,J., Marraffini,L.A. and Jinek,M. (2017) Type III
CRISPR–Cas systems produce cyclic oligoadenylate second
messengers. Nature, 548, 543–548.

52. Niewoehner,O. and Jinek,M. (2016) Structural basis for the
endoribonuclease activity of the type III-A CRISPR-associated
protein Csm6. RNA, 22, 318–329.

53. Kazlauskiene,M., Kostiuk,G., Venclovas,C., Tamulaitis,G. and
Siksnys,V. (2017) A cyclic oligonucleotide signaling pathway in type
III CRISPR–Cas systems. Science, 357, 605–609.

54. Garcia-Doval,C., Schwede,F., Berk,C., Rostol,J.T., Niewoehner,O.,
Tejero,O., Hall,J., Marraffini,L.A. and Jinek,M. (2020) Activation
and self-inactivation mechanisms of the cyclic
oligoadenylate-dependent CRISPR ribonuclease Csm6. Nat.
Commun., 11, 1596.

55. McMahon,S.A., Zhu,W., Graham,S., Rambo,R., White,M.F. and
Gloster,T.M. (2020) Structure and mechanism of a Type III CRISPR
defence DNA nuclease activated by cyclic oligoadenylate. Nat.
Commun., 11, 500.

56. Zhu,W., McQuarrie,S., Gruschow,S., McMahon,S.A., Graham,S.,
Gloster,T.M. and White,M.F. (2021) The CRISPR ancillary effector
Can2 is a dual-specificity nuclease potentiating type III CRISPR
defence. Nucleic Acids Res., 49, 2777–2789.

57. Rostol,J.T., Xie,W., Kuryavyi,V., Maguin,P., Kao,K., Froom,R.,
Patel,D.J. and Marraffini,L.A. (2021) The Card1 nuclease provides
defence during type III CRISPR immunity. Nature, 590, 624–629.

58. Jiang,W., Samai,P. and Marraffini,L.A. (2016) Degradation of phage
transcripts by CRISPR-associated RNases enables Type III
CRISPR–Cas immunity. Cell, 164, 710–721.

59. Rostøl,J.T. and Marraffini,L.A. (2019) Non-specific degradation of
transcripts promotes plasmid clearance during type III-A
CRISPR–Cas immunity. Nat Microbiol, 4, 656–662.

60. Datsenko,K.A., Pougach,K., Tikhonov,A., Wanner,B.L.,
Severinov,K. and Semenova,E. (2012) Molecular memory of prior
infections activates the CRISPR/Cas adaptive bacterial immunity
system. Nat. Commun., 3, 945.

61. Swarts,D.C., Koehorst,J.J., Westra,E.R., Schaap,P.J. and van der
Oost,J. (2015) Effects of Argonaute on gene expression in Thermus
thermophilus. PLoS One, 10, e0124880.

62. Przybilski,R., Richter,C., Gristwood,T., Clulow,J.S., Vercoe,R.B. and
Fineran,P.C. (2011) Csy4 is responsible for CRISPR RNA processing
in Pectobacterium atrosepticum. RNA Biol, 8, 517–528.

63. Bell,K.S., Sebaihia,M., Pritchard,L., Holden,M.T., Hyman,L.J.,
Holeva,M.C., Thomson,N.R., Bentley,S.D., Churcher,L.J.,
Mungall,K. et al. (2004) Genome sequence of the enterobacterial
phytopathogen Erwinia carotovora subsp. atroseptica and
characterization of virulence factors. Proc. Natl. Acad. Sci. U.S.A.,
101, 11105–11110.

64. Dugar,G., Svensson,S.L., Bischler,T., Waldchen,S., Reinhardt,R.,
Sauer,M. and Sharma,C.M. (2016) The CsrA-FliW network controls
polar localization of the dual-function flagellin mRNA in
Campylobacter jejuni. Nat. Commun., 7, 11667.

65. Liu,M.Y., Gui,G., Wei,B., Preston,J.F. 3rd, Oakford,L., Yuksel,U.,
Giedroc,D.P. and Romeo,T. (1997) The RNA molecule CsrB binds to
the global regulatory protein CsrA and antagonizes its activity in
Escherichia coli. J. Biol. Chem., 272, 17502–17510.

66. Liu,M.Y., Yang,H. and Romeo,T. (1995) The product of the
pleiotropic Escherichia coli gene csrA modulates glycogen
biosynthesis via effects on mRNA stability. J. Bacteriol., 177,
2663–2672.

67. Figueroa-Bossi,N., Schwartz,A., Guillemardet,B., D’Heygere,F.,
Bossi,L. and Boudvillain,M. (2014) RNA remodeling by bacterial



Nucleic Acids Research, 2021, Vol. 49, No. 16 9525

global regulator CsrA promotes Rho-dependent transcription
termination. Genes Dev., 28, 1239–1251.

68. Evans,T.J., Crow,M.A., Williamson,N.R., Orme,W., Thomson,N.R.,
Komitopoulou,E. and Salmond,G.P. (2010) Characterization of a
broad-host-range flagellum-dependent phage that mediates
high-efficiency generalized transduction in, and between, Serratia and
Pantoea. Microbiology, 156, 240–247.

69. Jackson,S.A., Birkholz,N., Malone,L.M. and Fineran,P.C. (2019)
Imprecise spacer acquisition generates CRISPR–Cas immune
diversity through primed adaptation. Cell Host & Microbe, 25,
250–260.

70. Wiegand,T., Karambelkar,S., Bondy-Denomy,J. and Wiedenheft,B.
(2020) Structures and strategies of anti-CRISPR-mediated immune
suppression. Annu. Rev. Microbiol., 74, 21–37.

71. Malone,L.M., Birkholz,N. and Fineran,P.C. (2020) Conquering
CRISPR: how phages overcome bacterial adaptive immunity. Curr.
Opin. Biotechnol., 68, 30–36.

72. Sobrero,P.M. and Valverde,C. (2020) Comparative genomics and
evolutionary analysis of RNA-binding proteins of the CsrA family in
the genus Pseudomonas. Front. Mol. Biosci., 7, 127.

73. Abbott,J.C., Aanensen,D.M., Rutherford,K., Butcher,S. and
Spratt,B.G. (2005) WebACT–an online companion for the Artemis
Comparison Tool. Bioinformatics, 21, 3665–3666.

74. Agaras,B., Sobrero,P. and Valverde,C. (2013) A CsrA/RsmA
translational regulator gene encoded in the replication region of a
Sinorhizobium meliloti cryptic plasmid complements Pseudomonas
fluorescens rsmA/E mutants. Microbiology (Reading), 159, 230–242.

75. Chavez,R.G., Alvarez,A.F., Romeo,T. and Georgellis,D. (2010) The
physiological stimulus for the BarA sensor kinase. J. Bacteriol., 192,
2009–2012.

76. Wolfe,A.J. (2005) The acetate switch. Microbiol. Mol. Biol. Rev., 69,
12–50.

77. Abedon,S.T. (2012) Spatial vulnerability: bacterial arrangements,
microcolonies, and biofilms as responses to low rather than high
phage densities. Viruses, 4, 663–687.

78. Hampton,H.G., Patterson,A.G., Chang,J.T., Taylor,C. and
Fineran,P.C. (2019) GalK limits type I-F CRISPR–Cas expression in
a CRP-dependent manner. FEMS Microbiol. Lett., 366, fnz137.

79. Patterson,A.G., Chang,J.T., Taylor,C. and Fineran,P.C. (2015)
Regulation of the Type I-F CRISPR–Cas system by CRP-cAMP and
GalM controls spacer acquisition and interference. Nucleic Acids
Res., 43, 6038–6048.

80. Agari,Y., Sakamoto,K., Tamakoshi,M., Oshima,T., Kuramitsu,S. and
Shinkai,A. (2010) Transcription profile of Thermus thermophilus
CRISPR systems after phage infection. J. Mol. Biol., 395, 270–281.

81. Yang,C.D., Chen,Y.H., Huang,H.Y., Huang,H.D. and Tseng,C.P.
(2014) CRP represses the CRISPR/Cas system in Escherichia coli:
evidence that endogenous CRISPR spacers impede phage P1
replication. Mol. Microbiol., 92, 1072–1091.

82. Pannuri,A., Vakulskas,C.A., Zere,T., McGibbon,L.C.,
Edwards,A.N., Georgellis,D., Babitzke,P. and Romeo,T. (2016)
Circuitry linking the catabolite repression and Csr global regulatory
systems of Escherichia coli. J. Bacteriol., 198, 3000–3015.

83. Salvail,H. and Groisman,E.A. (2020) The phosphorelay BarA/SirA
activates the non-cognate regulator RcsB in Salmonella enterica.
PLos Genet., 16, e1008722.

84. Lynch,K.H., Stothard,P. and Dennis,J.J. (2012) Characterization of
DC1, a broad-host-range Bcep22-like podovirus. Appl. Environ.
Microbiol., 78, 889–891.

85. Byrne,M. and Kropinski,A.M. (2005) The genome of the
Pseudomonas aeruginosa generalized transducing bacteriophage
F116. Gene, 346, 187–194.

86. Lu,T.K. and Collins,J.J. (2009) Engineered bacteriophage targeting
gene networks as adjuvants for antibiotic therapy. Proc. Natl. Acad.
Sci. U.S.A., 106, 4629–4634.

87. Borges,A.L., Castro,B., Govindarajan,S., Solvik,T., Escalante,V. and
Bondy-Denomy,J. (2020) Bacterial alginate regulators and phage
homologs repress CRISPR–Cas immunity. Nat. Microbiol., 5,
679–687.

88. Lee,J.H., Ancona,V., Chatnaparat,T., Yang,H.W. and Zhao,Y. (2019)
The RNA-binding protein CsrA controls virulence in Erwinia
amylovora by regulating RelA, RcsB, and FlhD at the
posttranscriptional level. Mol. Plant Microbe Interact., 32,
1448–1459.

89. Zhou,C.M., Wu,Q., Wang,B., Lin,P., Wu,M. and Yu,X.J. (2021)
Calcium-responsive kinase LadS modulates type I-F CRISPR–Cas
adaptive immunity. Biochem. Biophys. Res. Commun., 546, 155–161.

90. Mukherjee,S., Yakhnin,H., Kysela,D., Sokoloski,J., Babitzke,P. and
Kearns,D.B. (2011) CsrA-FliW interaction governs flagellin
homeostasis and a checkpoint on flagellar morphogenesis in Bacillus
subtilis. Mol. Microbiol., 82, 447–461.

91. Edgar,R., Domrachev,M. and Lash,A.E. (2002) Gene Expression
Omnibus: NCBI gene expression and hybridization array data
repository. Nucleic Acids Res., 30, 207–210.


