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Pseudomonas aeruginosa is capable of thriving in diverse environments due to
its network of regulatory components for effective response to stress factors.
The survival of the bacteria is also dependent on the ability to discriminate
between the acquisition of beneficial and non-beneficial genetic materials
via horizontal gene transfer (HGT). Thus, bacteria have evolved the CRISPR-
Cas adaptive immune system for defense against the deleterious effect of
phage infection and HGT. By using the transposon mutagenesis approach,
we identified the virulence factor regulator (Vfr) as a key regulator of the type
[-F CRISPR-Cas system in P. aeruginosa. We showed that Vfr influences the
expression of the CRISPR-Cas system through two signaling pathways in
response to changes in calcium levels. Under calcium-rich conditions, Vfr
indirectly regulates the CRISPR-Cas system via modulation of the AHL-QS
gene expression, which could be vital for defense against phage infection at
high cell density. When encountering calcium deficiency, however, Vfr can
directly regulate the CRISPR-Cas system via a cAMP-dependent pathway.
Furthermore, we provide evidence that mutation of vfr reduces the CRISPR-
Cas spacer acquisition and interference of HGT. The results from this study
add to the regulatory network of factors controlling the CRISPR-Cas system
in response to abiotic factors in the environment. The findings may facilitate
the design of effective and reliable phage therapies against P. aeruginosa
infections, as targeting Vfr could prevent the development of the CRISPR-Cas
mediated phage resistance.

KEYWORDS
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Introduction

Pseudomonas aeruginosa is a ubiquitous opportunistic
pathogen that thrives in diverse habitats and often infects
immunocompromised patients, causing various forms of acute
and chronic infections. P. aeruginosa is capable of transforming
into a virulent pathogen upon sensing favorable changes in the
host (Passador et al., 1993). This bacterium accounts for over 10%
of nosocomial infections, making it a highly significant pathogen
in hospital settings (Jones, 2010). It causes hard-to-treat infections
due to the development of resistance mechanisms against most
conventional antibiotics (Drenkard and Ausubel, 2002; Mah et al.,
2003; Wolfgang et al., 2003a).

As P, aeruginosa becomes increasingly antibiotic-resistant,
there is an urgent need for developing novel treatments and
disease prevention strategies. Over the last few years, various
non-antibiotic disease control treatments have been tested,
including quorum quenching (Dong et al., 2007), bacterial
vaccines, and phage therapy (Hoggarth et al., 2019). The interest
in phage therapy is based on the ubiquity of bacteriophages
(phages), host specificity, and their ability to cause detrimental
effects on host cells reminiscent of the action of antibiotics. Phages
attach to the bacterial host cell via surface receptors and inject
their genetic material into the host cell. By hijacking the host’s
molecular building blocks and enzymes, they replicate their
genetic materials and produce more progeny phages that are
released by the lysis of the host cell (Doss et al., 2017). To date,
over 130 phages that attack P. aeruginosa have been reported with
the fully sequenced genome (Hoggarth et al., 2019), signifying a
large repository of natural genetic resources to be exploited in
developing practical and effective phage therapy. However, similar
to the development of antibiotic resistance, bacteria evolve
resistance to phages, in part due to the clustered regularly
interspaced short palindromic repeats (CRISPR) and the CRISPR
Associated (Cas) proteins, which are widespread in bacteria and
archaea (Makarova et al., 2015). This adaptive immune system is
composed of a genomic CRISPR array with short sequences
known as spacers acquired for previously encountered foreign
genetic materials (Jansen et al., 2002). The acquisition of the
spacers results in adaptive or heritable immunity. Therefore, upon
reinfection or exposure to complementary sequences, the CRISPR
array is transcribed and processed into short non-coding CRISPR
RNAs (crRNA), which form a complex with the Cas proteins and
targets the invading complementary sequences to mediate their
cleavage (Fineran and Charpentier, 2012).

Given the essential roles of the CRISPR-Cas system in
bacterial defense against phage infection and the deleterious effect
of horizontal gene transfer (HGT), its expression and maintenance
are controlled by factors in the cell in response to biotic and
abiotic factors in the bacterial external environment (Westra et al.,
2015; Alseth et al., 2019). So far, a few regulators such as the cAMP
receptor protein (CRP), H-NS (Agari et al., 2010; Patterson et al.,
2015), and LeuO (Westra et al., 2010), and environmental factors
such as membrane stress (Perez-Rodriguez et al, 2011),
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temperature (Hoyland-Kroghsbo et al., 2018), and metabolic
stress (Yang et al., 2014; Patterson et al., 2015), and nutrient
availability (Westra et al., 2015) has been associated with the
regulation of the CRISPR-Cas system. Noticeably, the Crp can
modulate the CRISPR-Cas system either as a positive or negative
regulator depending on the host bacterial species. In Escherichia
coli, the cAMP-Crp complex, which controls catabolite repression
(Saier Jr and Ramseier, 1996), acts to inhibit the transcription
expression of the CRISPR-Cas system (Yang et al., 2014), whereas
in Thermus thermophiles and Pectobacterium atrosepticum the
cAMP-Crp complex functions as a positive regulator for the
regulation of the CRISPR-Cas system (Agari et al., 2010; Patterson
etal., 2015).

Several Pseudomonas species possess the type I-F CRISPR-Cas
system made up of 6 cas genes flanked by two CRISPR arrays
(Wiedenheft et al, 2011). The CRISPR-Cas system in
Pseudomonas aeruginosa PA14 is inducible, with its expression
and function dependent on biotic and abiotic factors such as
temperature, microbial interactions, phage exposure, nutrient
availability, and population density (Hoyland-Kroghsbo et al.,
2017, 2018). The Type I-F CRISPR-Cas system in P, aeruginosa is
regulated by the AHL QS system, where the Cas genes are
significantly upregulated at high cell density but repressed by
about 50% when the lasI and rhiI genes encoding biosynthesis of
AHL signals were deleted (Hoyland-Kroghsbo et al., 2017). The
population density-dependent regulation of the CRISPR-Cas
system is particularly vital as it allows the bacteria to defend
against phage infection and the detrimental effects of horizontal
gene transfer at a high cell density where it is vulnerable to phage
infection (Abedon, 2012; Heoyland-Kroghsbo et al., 2017).

In P, aeruginosa, the population density-dependent regulation
of the CRISPR-Cas system is mediated particularly by the acyl-
homoserine lactone (AHL) quorum sensing (QS) systems, the las,
and rhl (Hoyland-Kroghsbo et al., 2017). In this bacterium, the QS
system is hierarchically organized, with the las on top of the
hierarchy controlling the expression of the pgs, which in turn
positively regulates the rhl systems (Lee and Zhang, 2015). The las
system also directly regulates some rhl-controlled genes as both
systems share overlapping regulon (Dekimpe and Déziel, 2009;
Luo et al., 2015; Kostylev et al,, 2019). In the las system, the
transcriptional regulator LasR controls the expression of the
autoinducer synthase LasI, which produces 30C12HSL (N-3-oxo-
dodecanoyl-L-homoserine lactone, OdDHL). The rhl system
includes the autoinducer synthases RhlI, which produces the
C4HSL (N-butanoyl-L-homoserine lactone). Expression of the
rhil is the under control of the transcriptional regulator RhIR. The
pgs system produces the quinolone signal PQS (2-heptyl-3-
hydroxy-4 (1H)-quinolone) encoded by the pgs gene cluster and
regulated by MvfR (Ahator and Zhang, 2019). The regulation of
the QS system in P. aeruginosa is influenced by environmental
cues and cross-talk from other global regulators in the bacteria.
One global regulator involves in cross-talk with the QS system is
the Virulence factor regulator (Vfr) which positively regulates the
LasR and RhIR. The Vfr-mediated induction of the AHL QS
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regulators is an essential part of the QS regulatory cascade as the
autoinducer synthases LasI and RhlI depend on their cognate
regulators for maximal expression (Albus et al., 1997).

The P. aeruginosa Vir is a homolog of the Escherichia coli
cAMP regulatory protein (CRP). However, Vir does not function
in catabolite repression control as seen in E. coli or other bacteria
(Suh et al, 2002). Under the Vfr regulon, the expression of
virulence genes is either indirectly via the QS system or through
direct interaction with the Vfr binding sites in the promoter region
of the genes. Such virulence factors include pyocyanin, elastase,
exotoxin A, protease, type IV pili, and the type III secretion system
(T3SS) (West et al., 1994; Albus et al., 1997; Fuchs et al., 2010;
Berry et al., 2018). The function of Vir is reported to depend on
environmental factors such as calcium availability which
influences the production of cAMP in P. aeruginosa (Beatson
etal., 2002; Wolfgang et al., 2003b). The second messenger cAMP
is an allosteric activator of Vir. However, in P. aeruginosa both
cAMP-dependent and -independent Vfr regulation of the las QS
system has been detected (Fuchs et al., 2010), which shows that
Vfr may be involved in other roles in P. aeruginosa via a cAMP-
independent pathway.

P. aeruginosa thrives in diverse environments with varying
levels of nutrients and trace elements, where they are outnumbered
by phages. Given the importance of the CRISPR-Cas system for
defense against phage infection and HGT, it was speculated that
other endogenous and environmental factors were involved in
regulating the CRISPR-Cas system. In this study, a genome-wide
transposon screen was performed to identify regulators of the
CRISPR-Cas system in P. aeruginosa. By exploiting the inducible
property of the CRISPR-Cas system and the random insertion
property of transposons, inactivation of the virulence factor
regulator (Vir) was identified to reduce cas expression. Further
analysis showed that Vfr could modulate the expression of the
type I-F CRISPR-Cas system via QS-dependent and -independent
pathways. This regulatory cascade is vital for the CRISPR-Cas
interference of HGT and the acquisition of spacers.

Experimental procedures
Culture conditions, strains, and plasmids

Supplementary Table S1, S2 list all the strains, plasmids and
oligonucleotides used in this study. P. aeruginosa strain PA14 and
mutants were grown at 37°C in tryptic soy broth (TSB)
supplemented with 5mM CaCl, (Sigma) for calcium-rich media
and or 5mM EGTA (Sigma) for calcium-depleted media as
indicated. Exogenous QS (AHL) molecules were added at a final
concentration of 10 pM OdDHL (Sigma) + 50 pM BHL (Sigma)
when necessary. For P aeruginosa strains, carbenicillin,
tetracycline, and gentamicin were added to the media at a final
concentration of 300, 50, and 30 pg/ml, respectively, when needed.
For E. coli strains, carbenicillin, tetracycline, and gentamicin were
added to the media when necessary, at a final concentration of
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200, 10, and 5 pg/ml, respectively. The plasmid pUCPT, a
derivative of pUCP19 containing the oriT fragment from
pK18mobsacB, which enhances transfer from E. coli Sil7 to
P aeruginosa was used as the CRISPR non-targeted plasmid
control, and for the construction of CRISPR-Cas targeted plasmid
following the methods described previously with minor
modifications (Patterson et al., 2015). The CRISPR 2 spacerl
fragment from P. aeruginosa PA14 was inserted into the HindIII/
EcoRI multiple cloning sites of pUCPT to generate the CRISPR-
targeted plasmid, pUCTSp1. The CRISPR-Cas targeted constructs
pUCPTSp2n and pUCPTSp4n were created by inserting the
CRISPR 2 spacerl fragment with 2 and 4 nucleotide substitutions,
respectively, into the HindIII/EcoRI multiple cloning sites of
pUCPT using the ClonExpress MultiS One Step Cloning Kit
(Vazyme Biotech). Sequences were verified by PCR and DNA
sequencing using the M13F and M13R primers.

In-frame deletion and integrative
Pcasl-lacZ reporter construction

To create chromosomal in-frame deletion in P. aeruginosa
strains, the upstream and downstream DNA fragments flanking
the gene of interest were amplified and ligated with the EcoRI/
HindIII-digested pK18mobsacB using the ClonExpress MultiS
One Step Cloning Kit (Vazyme Biotech). For chromosomal
integrative casl-lacZ, the up and down DNA fragments flanking
the ATG of casl and the lacZ gene were amplified with primers
stated in Supplementary Table S2 and ligated with the EcoRI/
HindIII-digested pK18mobsacB using the ClonExpress MultiS
One Step Cloning Kit (Vazyme Biotech). The ligation products
were transformed into E. coli DH5x and positive colonies selected
by colony PCR and DNA sequencing. The correct constructs with
the right fragment orientation were transformed into E. coli
S17-1A for conjugation with P, aeruginosa strains. Transconjugants
were selected on minimal medium (MM) [0.2% (w/v) (NH,),SO,
(Sigma), 0.41 mM MgSO, (Sigma), 0.2% (w/v) mannitol (Oxoid),
40mM K,HPO, (Sigma), 14.7mM KH,PO,,(Sigma) 32.9 pM
FeSO,,(Sigma), 90 pM CaCl,,(Sigma), 16 pM MnCl, (Sigma)(pH
7.2)] containing gentamicin (30 pg/ml), followed by selection of
in-frame deletion mutants on MM supplemented with sucrose
(Sigma) (10% w/v). Mutants were further confirmed by PCR and
DNA sequencing.

Transposon mutagenesis

The Mariner transposon, pBT20 was transferred from E. coli
S17 to PAl4 carrying the construct pMEPcasl-lacZ by
conjugation. The resulting mating spot was scrapped and
resuspended in 500 ml MM from which aliquot of serial dilution
(107?) was spread on MM agar (1.5% w/v) supplemented with
Tetracycline, 50 pg/ml and X-gal [5-bromo-4-chloro-3-indoyl-D-
galactopyranoside (Sigma)], 50 pg/ml. Single colonies of the

frontiersin.org


https://doi.org/10.3389/fmicb.2022.987656
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Dela Ahator et al.

transconjugants were picked onto the selection media composed
of MM agar (1.5% w/v) and X-gal (50 pg/ml). Plates were
incubated for 48 h and transposon mutants visually inspected for
altered expression of the PcasI-lacZ construct evident by the blue
coloration of the colonies in comparison to wild-type. Colonies or
transposon mutants with altered coloration were selected by
colony tail PCR and DNA sequencing using primers listed in
Supplementary Table S2 to map the position of transposon
insertion through blast search against the P. aeruginosa UCBPP-
PA14 genome.

Qrt PCR

Cells were harvested after growth in specified media to
ODgp =1.5. RNA was extracted using the RNA extraction kit
according to the manufacturer’s protocol (Qiagen). The quantity
and integrity of the RNA was determined by Nanodrop and gel
electrophoresis. One step Qrt PCR reaction were performed using
the Tiangen One-step SYBR Green kit with the Applied
Biosystems QuantStudio 6 Flex RT-PCR System.

Electromobility shift assay

DNA promoter fragments for the EMSA probes were
constructed by PCR wusing the indicated primers in
Supplementary Table S2 and end-labeled with biotin using the
biotin 3' end DNA labeling kit (Thermo Fisher Scientific) as
described in the kit protocol. EMSAs were performed using the
LightShift chemiluminescent EMSA kit (Thermo Fisher Scientific)
according to the kit protocol. Briefly, 1 nm of DNA fragments was
incubated with cAMP-Vfr or Vfr and the binding buffer containing
1 pg/pL Poly (dI.dC), 50% Glycerol, 1% NP-40 1 M KCI 100 mM
MgCl, and 200mM EDTA supplied with the kit for 25min at
25°C. The cAMP was added at a concentration of 20 pM (Ferrell
etal., 2008; Fuchs et al., 2010). The binding products were resolved
on a 6% native polyacrylamide gel in 0.5X TBE and transferred to
the nylon membrane at 380mA (~100V) for 30min. The
membrane was crosslinked at 120 mJ/cm? for 45-60s followed by
detection of the biotin-labeled DNA by chemiluminescence using

the Tanon 5,200 imaging system.

Conjugation efficiency assay

The conjugation efficiency was performs using the method
described by Patterson A.G. and colleagues (Patterson et al., 2015)
with minor modification. The E. coli S17A was used to transfer the
CRISPR-targeted plasmids; pUCPTSpl, pUCPTSp2n, and
pUCPTSp4n, and non-targeted plasmid, pUCPT into the
P aeruginosa strains through conjugation. Overnight cultures of
E. coli and P, aeruginosa were mixed at a ratio of 1:1, washed twice
and pellets resuspended in LB from which 50 pl were spotted on
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LB agar gently to prevent splatter. The mating spot was allowed to
dry and incubated for 16 h at 37°C. The mating spot was scrapped
completely and resuspended in 250 pl TSB from which serial
dilutions of 107° were platted on TSB+EGTA and TSB+ CaCl,
agar supplemented with carbenicillin (200 pg/ml). The conjugation
efficiency was calculated as the ratio of transformants with the
targeted plasmid compared with the transformants with the
non-targeted plasmid.

Plasmid loss and spacer acquisition

The plasmid loss and spacer acquisition assay was performed
using a method described by Patterson A.G. and colleagues
(Patterson et al.,, 2015) with modifications. The non-targeted
plasmid pUCPT and the CRISPR2 spacerl-targeted plasmid,
pUCPTSp1 were used to test CRISPR-Cas mediated interference
assay. The plasmids were transferred to P. aeruginosa by mating
with E. coli S17. Selected colonies were cultured overnight in 5ml
TSB with or without 5mM EGTA or 5mM CacCl, and passaged for
5days by sub-culturing 20 pl into 5ml of fresh media. Each
passage was serially diluted and 107° dilutions plated on LB with
or without carbenicillin to count colonies that retain the plasmid.
The CRISPR-Cas pUCPTSp2n and
pUCPTSp4n, which contain a protospacer similar to CRISPR2

targeted constructs

spacerl with adaptation-priming mutations of 2 and 4 nucleotide
substitutions, respectively, were used for the adaptation assay.
P aeruginosa strains initially transformed and passaged with
pUCPTSp2n were further transformed with pUCPTSp4n to assay
for primed adaptation. The genomic DNA from the samples of the
final passage was extracted for the identification of expanded
CRISPR?2 arrays using primers stated in Supplementary Table S2.
PCR products were resolved by 3% agarose gel electrophoresis to
detect expansion of the CRISPR array.

Beta-galactosidase assay

Pseudomonas aeruginosa cells were grown under specified
culture conditions to appropriate time point and optical density
(ODggg). Briefly, 200 pl of cells was removed, pelleted and
supernatants removed completely. Subsequently, 200 pl of Z buffer
(8.52g Na,HPO,, 5.5g NaH,PO,.H,0, 0.75g KCl and 0.246¢g
MgSO,.7H,0, pH 7.0), 20 pl 0.1% SDS and 20 pl chloroform was
added and vortexed for 3 min. A volume of 200 pl ONPG (ortho-
Nitrophenyl-B-galactoside) (Sigma), 4mg/ml (dissolved in Z
buffer) was added to the reaction mix and incubated at 37°C for a
specified period of time. Finally, 600 pl of 1 M Na,CO; was added
to stop the reaction and the absorbance measured at A420nm. The
blank sample was composed of 200 pl Z bufter; 200 pl ONPG and
600 pl Na,CO; B-galactosidase activity was calculated as (1,000 x
Aux)/ (ODgy X Volume (ml) x time of reaction (min)) and
expressed as miller units (MU) as previously described
(Miller, 1972).
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Vfr protein expression and purification

The vector pET-28b (+) was used for Vfr protein expression.
The Vfr coding sequence was amplified using the primer pairs
listed in Supplementary Table S2 and ligated with the pET-28b (+)
resulting in C-terminal His-tagged fusion. The resulting construct
pET-VirHis was transformed into E. coli BL21 (DE3) and grown in
LB broth supplemented with kanamycin at 37°C to ODg =0.5
followed by induction with isopropyl p-D-thiogalactoside (IPTG)
(Invitrogen) (0.5mM) at 16°C overnight. Bacterial pellets obtained
were resuspended in ice-cold lysis buffer [50mM NaH,PO4
(Sigma), 300mM NaCl (Sigma), 1mM DTT (Sigma), 10mM
imidazole (Sigma), pH 7.5] containing protease inhibitors
(Complete mini, EDTA free, Roche) and lysed by sonification.
Cell-free supernatants incubated with ProteinIso Ni-NTA Resin
(TransGene Biotech, China) at 4°C for 2h. Subsequently, the resins
were washed 4 times with wash buffer (50 mM NaH,PO4, 300 mM
NaCl, ImM DTT, 50mM imidazole, pH 7.5) and the proteins
eluted with the elution buffer (50 mM NaH,PO4, 300 mM NaCl,
1 mM DTT, 300mM imidazole, pH 7.5). The protein purity was
determined by SDS-PAGE analysis (Supplementary Figure S1C)
and dialyzed against the PBS buffer (PBS, 5% glycerol, pH
7.4) at 4°C.

Intracellular cAMP assay

Quantification of intracellular cAMP was performed by
adapting the method used by Fulcher et al. (2010). Bacteria were
grown in TSB supplemented with EGTA or CaCl, to ODgy, = 1.0.
Briefly, 1 ml of bacterial culture was centrifuged at 12,000 rpm
for 2min at 4°C and the pellets washed twice with 1ml of
ice-cold 0.9 M NaCl. The cells were lysed by resuspension in
100 pl of 0.1 N HCI, incubated on ice for 15 min with intermittent
agitation every 5min. The lysates were centrifuged at 12,000 rpm
for 5min at 4°C and the cell-free supernatant obtained for cAMP
quantification using the cAMP enzyme immunoassay kit
(Sigma-Aldrich) as per the manufacturer’s recommendation for
sample acetylation. For protein determination, duplicate samples
were suspended in 100 pl of ice-cold phosphate buffered saline
(PBS), lysed by 3 freeze-thaw cycles and centrifuged at 1,200 rpm
for 5min. The protein concentration was determined by the
Pierce BCA protein assay kit (Thermo Fisher Scientific). The
intracellular cAMP values were presented as pmole per pg of
total protein.

Results

Mutations in Vfr reduce Cas gene
expression

In this study, the Pseudomonas aeruginosa UCBPP_PA14,
which contains the type I-F CRISPR-Cas system with six cas
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genes flanked by two CRISPR arrays (Figure 1A), was the wild-
type (WT) strain used. Screening for the potential regulators of
the CRISPR-Cas system was performed by genome-wide random
transposon mutagenesis with the mariner transposon in the WT
expressing the PcasI-lacZ reporter construct. The lacZ gene was
placed under the control of the casl promoter to identify
transposon insertion sites that result in the downregulation of
cas1 promoter activity. Colonies with downregulated PcasI-lacZ
expression resulting in lighter blue color to the WT parental
mating strains were selected for transposon insertion mapping
(Supplementary Figure SIA). Of particular interest among the
transposon mutants identified from the screening was the
insertion into the genes encoding the Virulence factor regulator
(Vir) (Supplementary Figure S1A). Additional bioassay of the casl
promoter in the vfr transposon mutant showed a reduction in the
activity of the promoter (Supplementary Figure S1B).

Since the secondary messenger cAMP required for Vir
function is dependent on calcium availability (Dasgupta et al.,
2006), the effect of Vir on the Cas gene expression was examined
in calcium-rich and calcium-depleted media. Using the in-frame
deletion mutant showed that Vfr positively regulates the Cas gene
expression under both calcium depleted and calcium-rich
conditions (WT/Avfr in TSB+EGTA: p <0.0001, t =65, df=9;
WT/Avfr in TSB+ CaCl,: p <0.0001, t =37, df=9) (Figure 1B;
Supplementary Figure S2C). This shows that Vir can regulate the
CRISPR-Cas system in the presence or absence of cAMP, which is
not surprising as the cAMP-independent functionality of Vir is
possible in P. aeruginosa (Fuchs et al., 2010).

A

CRISPR 2 m@mmmm CRISPR

900 H TSB+EGTA

TSB+CaCl,
800 P<0.0001, =65,df=9
L |
700 P<0.001, t=37, df=9

—_——
600 T I
500
400
300 I
200
100
0

WT Avfr Avfr(vfr)

Pcas1-lacZ activity(MU)

FIGURE 1

Identification of Vfr as a regulator of Type 1F CRISPR-Cas system
(A). Organization of the type I-F CRISPR-Cas system in
Pseudomonas aeruginosa UCBPP-PA14 (B). The p galactosidase
assay showing the expression of casl in the wild-type PA14, and
vfr in-frame deletion mutants, and the vfr complement, Avfr (vfr),
grown in calcium-deplete (TSB+CaCl,) and calcium-rich
(TSB+CaCl,) media. Data represent mean+SD from three
independent repeats. Statistical analysis was conducted by
student'’s t-test with a p value of <0.05 is considered significant.
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Vfr binding site is required for direct
regulation of the CRISPR-Cas system

The Virulence factor regulator, Vir in P. aeruginosa recognizes
the nucleotide sequence “tgnga-N6tcaca” in its target promoter
region as the binding site. Typically, Vfr binding sites show a high
degree of variability at the left palindromic sequence portion
(Fuchs et al., 2010; Figure 2A). Nucleotide sequence alignment
revealed the sequence “gctca N6 tcaca” in the promoter region of
cas1, which shares similarity with the conserved binding sequence
of Vfr (Figure 2A) in known Vfr-regulated genes in P. aeruginosa
(Figure 2A; Supplementary Figure S3; Yahr and Wolfgang, 2006;
Ferrell et al., 2008; Fuchs et al., 2010). This implies that Vfr could
regulate casl expression through protein-promoter interaction.
Since Vfr regulates its target genes via interacting with specific
sequences (Vfr box) in the presence of the second messenger
cAMP (West et al, 1994), an EMSA analysis was used to
investigate the interaction between Vfr and the nucleotide
sequence of the casl promoter (Pcasl). The EMSA analysis
showed an interaction between the Vfr and the Pcas] DNA
fragment occurred when cAMP was added to the reaction mix
(Figure 2B). By mutating the putative Vfr binding sequence in

10.3389/fmicb.2022.987656

Pcasl to “atatg N6 atccc,” Vir did not interact with the Pcasl
fragment with and without cAMP (Figure 2B). Furthermore, the
Vir interaction was examined using the DNA probe from the
promoter region of the cyaB (PcyaB), a major intracellular cAMP
synthase in P. aeruginosa which lacks the Vir binding site as a
negative control (Smith et al., 2004; Topal et al., 2012) and the
DNA probe from the promoter region of ptxR (PptxR), a
Vir-regulated transcriptional regulator as a positive control
(Ferrell et al., 2008). Vfr showed interaction with the PptxR but
not PcyaB (Figure 2B).

To further investigate the casl gene expression, the
transcriptional lacZ fusion constructs composed of the promoter
region of the casl gene with intact (Pcasl) and mutated Vir
binding site (Pcas1:VBS) were constructed and transformed into
the WT and vfr mutant (Avfr). In the WT, the expression of the
casl promoter with the mutant Vfr binding site was reduced
compared with the reporter containing the intact Vir binding site
(Pcasl/ PcasIVBS expression in WT (+CaCl,): p <0.0001,
t =31.47 df=7.37; (-CaCL): p <0.0001, t =43.64 df=6.63))
(Figure 2C). In the Avfr, a similar effect of the Pcasl expression
from the intact Vfr binding site was observed as in the WT
possessing the mutated Vfr binding site (WT (PcasIVBS)/Avfr

WT
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Vfr directly regulates the CRISPR-Cas system via a cAMP-dependent pathway. (A) The Vfr-binding consensus binding site [Vfr (CBS)] in P
aeruginosa and the Vfr binding sites in the promoter region of selected Vfr-regulated gene, ptxR, lasR, and rh(R share similarities with that of the
cas1 promoter (Pcasl). The bottom sequence is an altered Pcasl Vfr binding sequence (Pcasl:VBS), which was generated to investigate Vfr binding
and regulation of casl. (B) EMSA analysis of Vfr with the casl promoter and its derivative Pcasl (VBS) with an altered Vfr binding site. The probes of
cyaB and ptxR promoter were used as negative and positive controls, respectively. Different Vfr concentrations were used as indicated with or
without 10 pM cAMP. (C) Expression of the Pcasl promoter construct composed of intact and altered VBS-binding sites in WT and vfr mutant
grown in TSB+CaCl, and TSB+EGTA. Data shown are the mean+SD (n = 6). Statistical analysis was conducted by student’s t-test with a p value of

Frontiers in Microbiology

06

frontiersin.org



https://doi.org/10.3389/fmicb.2022.987656
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Dela Ahator et al.

(PcasI) in (+CaCly): p =0.076, t =2.95 df=8.33; (-CaCl,):
p=0.069, t=2.112 df=7.79) (Figure 2C). Unexpectedly, in the vfr
mutant, expression of casI from PcasI:VBS construct significantly
reduced compared to the expression from the Pcasl construct
under both calcium-rich and depleted conditions (Avfr (Pcas1/
PcasIVBS) +CaCl,: p <0.0001, ¢t =13.86 df=8.221; -CaCl,:
p <0.0001, t =9.70 df=8.46)) (Figure 2C). These results
demonstrate that Vfr and its binding site are required for activation
of the cas operon and that Vfr can control activation of the cas
genes via an alternative pathway.

Also, the deletion of cyaB, the major cAMP synthase in
P, aeruginosa under calcium depleted conditions (Wolfgang et al.,
2003b; Supplementary Figure S4), resulted in a reduction in the cas
gene expression in calcium depleted media but not in the calcium-
rich media (AcyaB/WT in (+EGTA): p <0.0001, t =36.1 df=7; in
(+CaCl,): p =0.055, t =2.39 df=5.8) (Figure 3). This implies that the
second messenger CAMP influences cas gene expression under
calcium-depleted conditions and that the Vfr regulation of the cas
gene expression under calcium-rich conditions may occur via an

alternative pathway independent of cAMP.

Vfr regulates the CRISPR-Cas system via
the AHL QS system

In P, aeruginosa, Vfr regulates the las QS system both in the
presence and  absence of cAMP 4A;
Supplementary Figure S5; Albus et al., 1997; Fuchs et al.,, 2010).
Prompted by the regulation of the CRISPR-Cas system by the
hierarchically organized AHL QS system (Lee and Zhang, 2015;
Hoyland-Kroghsbo et al., 2017) and the presence of the las/rhl box

(Figure
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FIGURE 3
The cAMP production affects cas gene expression. The
expression of casl in the wild-type PA14, and cyaB in-frame
deletion mutants, AcyaB and the cyaB complement, AcyaB
(cyaB), grown in calcium depleted (TSB+ EGTA) and calcium-rich
(TSB+CaCl,) media. Data represents the Mean + SD of six
independent experiments. Statistical analysis was conducted by
student's t-test with a p value of < 0.05 is considered significant.
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in the promoter region of the casl (Supplementary Figure S3),
we hypothesized that the Vir could indirectly regulate the
CRISPR-Cas system via the AHL system in the absence of
cAMP. To investigate this Vfr-QS-CRISPR regulatory cascade, the
cas gene expression was examined in the double deletion lasI and
rhll mutant designated as “Aahl” in the Avfr strain or WT
background grown under calcium depleted (+EGTA) and
calcium-rich (+CaCl,) conditions.

In both calcium depleted and calcium replete media, casl
expression was reduced in the AvfrAahl, Aahl, and Avfr strains
compared to the WT (Figures 4B,C). Addition of exogenous AHL
(10 pM OdDHL +50 pM BHL) to the Aahl strain rescued the
expression of the casI gene in both conditions (Aahl/Aahl + AHL
in (+EGTA): p <0.0001, t =24.45 df=6.67; Aahl + AHL /WT in
(+EGTA): p=0.14, t =1.62 df=9.45), however, casl expression in
the AvfrAahl strain was not fully rescued to the WT level when
the media was supplemented with exogenous AHL
(AvfrAahl + AHL/WT in (+CaClL,): p =0.004, t =4.83 df=10.17;
(+EGTA): p <0.0001, t =17.75 df=6.26) (Figure 4B). Due to the
global regulon of the Vfr and the QS system, there is a possibility
that other factors that are vital for complete regulation of the
Vir-QS-CRISPR regulatory cascade may be affected by the
deletion of both Vfr and the AHL QS synthases. Taken together,
these results show that the Vfr can regulate the CRISPR-Cas
system in P. aeruginosa either directly or via the AHL QS system.

Vfr influences plasmid retention and HGT
interference

The CRISPR-Cas system facilitates the targeted degradation
of invading genetic materials that share similarities with spacers
located in the CRISPR array. The spacers in the CRISPR arrays are
derived from the invaders and are essential for immunologic
memory and defense against previously encountered foreign
elements (Bhaya et al.,, 2011; Dy et al.,, 2014). Following the
transcriptional control of the Vir and the AHL QS system on the
cas gene expression, the impact of the Vir and QS on CRISPR-Cas
mediated interference, spacer acquisition, and conjugation
efficiency were further investigated.

Using the E. coli S17 as a donor, the WT, Avfr, Aahl, and
Acas3 strains were transformed with the CRISPR-targeted
plasmid containing a spacer with the GG PAM recognized by
CRISPR2 spacer 1 (pUCPTSp1) and the non-targeted plasmid
(pUCPT) devoid of spacers recognized by the CRISPR-Cas
system. The conjugation efficiency was calculated as the ratio of
the colonies retaining the CRISPR-targeted plasmid to that of the
non-targeted plasmid. In the Acas3 strain, which is defective in
CRISPR-mediated interference and spacer acquisition (Hoyland-
Kroghsbo et al., 2017), the conjugation efficiency of the targeted
plasmid was comparable to the non-targeted plasmid under both
conditions tested (Figure 5A). The WT showed the least
conjugation efficiency in comparison to the Avfr ((+EGTA):
p <0.0001, £ =10.75 df=5; (+CaCl,): p <0.0001, t=15.52 df=9)
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FIGURE 4
Vfr regulates the CRISPR-Cas system via AHL QS system. (A) Diagrammatic representation of Vfr and AHL QS regulation in P. aeruginosa. The
expression of casl in the WT and mutants Avfr, Alas/Arhll designated as (Aahl) and AvfrAahl strains grown in (B), calcium-rich and (C), calcium-rich
media. Exogenous QS molecules (AHL) were added to the media as indicated. Data shown are the mean+SD (n =6). Statistical analysis was
conducted by student’s t-test with a p value of < 0.05 is considered significant.

and Aahl (+CaClL): p <0.0001, t =10.62 df=9; (+EGTA): increased retention of the CRISPR-targeted plasmid compared to
p <0.0001, t =21.31 df=7) strains under both calcium-rich and the WT (Figures 5B, C). However, the retention of the
calcium depleted conditions (Figure 5A), showing that in the non-targeted plasmid was similar in the WT, Avfr, Aahl, and
absence of the Vir and the AHL QS system, the CRISPR-mediated AvfrAahl strains (Supplementary Figure S6).
interference of plasmid transfer is reduced. The CRISPR-Cas system builds immunological memory
Next, the impact of Vfr and AHL QS on CRISPR-mediated against previously encountered genetic elements by incorporating
plasmid loss was tested by transforming the CRISPR-targeted and the target sequence into the CRISPR array, which results in the
non-targeted plasmids into the P. aeruginosa strains followed by a expansion of the array. To investigate the impact of Vfr and the
5-day successive passage in calcium-depleted and calcium-rich AHL QS system on the expansion of the arrays, a PCR reaction
media. Aliquots of serial dilutions from each passage were plated targeting the CRISPR2 array, which has a higher frequency of
on LB agar supplemented with carbenicillin and X-gal. The adaptation (Westra et al., 2015; Hoyland-Kroghsbo et al., 2017)
plasmid loss was assessed by counting the colonies that grew on was performed. The plasmids pUCPTsp2n and pUCPTSp4n
the plates following overnight incubation at 37°C. Under both containing a protospacer similar to CRISPR2 spacerl with
calcium-rich and calcium-depleted conditions, over 5days of adaptation-priming mutations were transformed into the

passage, the Avfr, Aahl, and AvfrAahl showed significantly P, aeruginosa strains and assayed for the expansion of the CRISPR2
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Vfr influences Crispr-Cas adaptation and HGT interference

(A) Conjugation efficiency of the WT and Avfr, Aahl and Acas3
strains. The conjugation efficiency is calculated as the ratio of the
CRISPR-Cas targeted and non-targeted plasmids in the individual
strains following conjugation with E. coli S17 donor. The P,
aeruginosa strains were grown in TSB+EGTA and TSB+CaCl,.
Data shown are the mean+SD of n =6 experiments. Retention of
CRISPR-Cas targeted plasmid in P aeruginosa strains spread on
LB containing carbenicillin for selection over 5-day passage in
TSB+EGTA (B), and TSB+ CaCl, (C). Plasmid loss was scored by
counting positive colonies on plates. Data represent the
mean+SD (n =6). Statistical significance was calculated using
Bonferroni-Dunn method multiple comparison test (*p < 0.01,
**p < 0.001, and ***p < 0.0001).

locus in the colonies passaged in calcium-rich and calcium
depleted media. In the absence of cas3, no expansion of the
CRISPR array occurred under both conditions tested (Figure 6).
Also, the WT containing the naive plasmid with no protospacer
targeted by the CRISPR-Cas system did not induce the expansion
of the CRISPR array (Figure 6). In the WT there was an expansion
of the arrays with the incorporation of spacers when passaged in
both calcium-rich and depleted conditions. In comparison with
the WT, expansion of the CRISPR array was less in the Avfr strain
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when passaged in the calcium-depleted medium compared to the
calcium-rich medium (Supplementary Figure S7A). As expected,
expansion of the CRISPR array was reduced in the AcyaB when
passaged in calcium-depleted conditions compared to calcium-
rich conditions (p <0.022, t =3.8 df=3.7). Spacer acquisition in
the AvfrAahl and Aahl strains was significantly reduced, however,
the addition of exogenous AHLs to the AvfrAahl strain rescued
spacer acquisition to the WT level (Supplementary Figure S7B). In
general, these results demonstrate that the Vfr and the AHL QS
system are required for CRISPR-mediated spacer acquisition and
interference of HGT in P, aeruginosa.

Discussion

The CRISPR-Cas immune system is a defense mechanism for
most bacteria and archaea against phage infection and acquiring
deleterious genetic elements via HGT. Despite the remarkable
advancements in genetic engineering achieved by repurposing the
CRISPR-Cas system, the molecular mechanisms by which bacteria
regulate this defense mechanism are largely unknown. Identifying
the regulatory factors that control the CRISPR-Cas system in
bacteria will provide a platform for understanding its role in
bacterial lifestyle and exploitation for controlling bacterial
infections. Here, using Pseudomonas aeruginosa and the type I-F
CRISPR-Cas system, the global transcriptional regulator Vfr is
shown as a regulator of the CRISPR-Cas immune system. The
deletion of vfr reduces the cas gene expression and attenuates
CRISPR-mediated defense mechanisms such as the spacer
acquisition and interfering with previously encountered genetic
elements. This work provides evidence that Vfr can directly or
indirectly control the transcription of the genes required for the
maintenance CRISPR-Cas system function depending on the
availability of calcium in the local environment. Furthermore, the
Vir regulatory cascade is shown to act with or without the second
messenger cCAMP in controlling the CRISPR-Cas immune system
via an alternative pathway that involves the AHL QS systems,
lasIR, and rhlIR.

Given the previously known functions of Vir involve
interaction with the allosteric activator, cAMP, whose biosynthesis
is induced by calcium limitation (Wolfgang et al., 2003b), this
work highlights an alternative pathway for Vfr and the type I-F
CRISPR-Cas system regulation in P. aeruginosa dependent on
calcium availability. The Vfr-cAMP complex promotes direct
regulation of the CRISPR-Cas system under calcium-depleted
conditions whereas, under calcium-rich conditions, the AHL QS
system mediates the Vfr-CRISPR-Cas regulatory cascade
(Figure 4C). The ability of Vfr to regulate the QS system in
calcium-rich conditions where cAMP levels are reduced is
contrary to the previous reports that Vir is functionally dependent
on its allosteric regulator cAMP (Wolfgang et al., 2003b).
Prompted by the AHL QS regulation of the CRISPR-Cas system
in P. aeruginosa (Hoyland-Kroghsbo et al., 2017), we investigated
an alternative pathway under calcium-rich conditions, where Vir
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Vfr regulates CRISPR-Cas spacer acquisition. (A,B) Acquisition of spacers in the CRISPR2 locus was identified by PCR of transconjugants after

5 days of passage with the CRISPR-targeted plasmid. As a negative control, wild-type and cas3 mutant were transformed with the non-targeted
plasmid (naive) and targeted plasmid, respectively. The adaptation events are signified by expansion of the arrays and 60bp extension of the
CRISPR locus. The media for Avfraahl passage was supplemented with Exogenous QS molecules (+AHL). Figure presented is representative of
three identical repeats. The intensity of the bands was quantified by image J software. The WT mean is normalized to 100%. Statistical analysis was
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conducted by student’s t-test with a p value of < 0.05 is considered significant.
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regulates the expression of the CRISPR-Cas system via the AHL
QS system (Figure 4, Supplementary Figure S5). In support of this
regulatory cascade, Vir controls the expression of the AHL QS
genes under both calcium-rich and calcium-deplete conditions
(Supplementary Figure S5). Also, double deletion of the vfr and
AHL synthases (AvfrAahl) significantly reduced cas gene
expression (Figure 4), HGT interference (Figure 5), and spacer
acquisition (Figure 6) compared to the Avfr and Aahl single
mutants under calcium-rich conditions.

The identification of Vfr as a regulator of the CRISPR-Cas
system further expands the functional spectrum of the global
regulator in P. aeruginosa. Vir is a Crp-family transcriptional
regulator and shares a similar binding site as the cAMP receptor
protein (Crp) of E. coli, however, it is not functionally
complementary with Crp and is not involved in carbon catabolite
regulation as observed in E. coli (West et al., 1994). In P, aeruginosa,
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Vir regulates quorum sensing, pyocyanin, elastase, and exotoxin
A production (West et al., 1994; Albus et al., 1997). Transcriptome
analysis showed that deletion of vfr results in decreased expression
of over 200 genes, including those encoding the type III secretion
system, type IV pilus biogenesis, and type II secretion (Wolfgang
et al., 2003b). This work, therefore, extends the function of Vir
from a regulator of virulence factors (offense) to a regulator of an
adaptive immune system (defense), which ensures protection of
the bacterial cells while competing for survival under conditions
where it is prone to phage infection and harmful effects of HGT.
Acquiring genetic materials via HGT has added benefits for
bacteria as it drives evolutionary adaptive traits such as antibiotic
resistance, virulence, and adaptation to environmental stress
conditions (Vogan and Higgs, 2011). This implies that constitutive
expression of the CRISPR-Cas system will not be overall beneficial as
the bacteria may lose out on the benefits of HGT. Controlled
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expression of the CRISPR-Cas system in the bacteria will thus allow
the acquisition and incorporation of beneficial genetic elements. Also,
a hyperactive CRISPR-Cas system runs the risk of autoimmunity,
which can be particularly deleterious to the bacterial population (Stern
et al, 2010; Hoyland-Kroghsbo et al., 2017). Hence, the induction of
the CRISPR-Cas system by multiple pathways observed in the Vfr-QS-
CRISPR regulatory cascade in response to specific environmental
factors will be more beneficial to the bacterial population.

The Vfr is hierarchically above the AHL QS system and shares
regulon with the las and rhl systems which make up over 20% of
P aeruginosa genes (Coggan and Wolfgang, 2012; Ahator and
Zhang, 2019). It is unknown if other factors under the Vfr and QS
regulon may account for the inability of exogenous AHL to rescue
the Cas gene expression in the AvfrAahl strains (Figures 4B,C) but
restore its ability to incorporate spacers into its CRISPR array
(Figure 6B). Identifying such factors will help understand the
gamut of the Vfr-QS-CRISPR regulatory network.

In the casI promoter region, the Vir box partially overlaps with
one of the las/rhl box identified using the Prodoric database
(Supplementary Figure S3; Miinch et al., 2003), which may account
for the reduced expression of casI from the construct with altered
Vifr binding site (Figure 2). This partial overlap in binding sites
reveals the possibility of the Vfr and the AHL regulators competing
for the binding site but rules out simultaneous binding at the
overlapping site. Simultaneous binding at the other distant las/rhl
boxes may be possible but not yet experimentally verified. How the
bacteria coordinate the Vfr-QS-CRISPR regulatory cascade may
depend on the combination of bacterial metabolic requirements
and response to environmental factors. Despite the overlapping
regulon, the Vfr regulates pili formation (Coggan et al., 2022),
which serves as phage binding sites and entry portals for nucleic
acid (Craig et al., 2004; Harvey et al., 2018).

Identification of Vir as a central regulator of the CRISPR-Cas
immune system might have significant implications for
understanding bacterial physiology. The two mechanisms with
which Vfr controls the transcriptional expression and function of
the CRISPR-Cas immune system would enable the pathogen to
activate the immune system against phage infections and HGT
regardless of the changes in the bacterial quorum level or the local
calcium concentrations, which could vary drastically under either
in vivo or in vitro environmental conditions. For example, the
decontrolled calcium homeostasis in the Cystic Fibrosis lung
results in elevated calcium in body fluids (Broder et al., 2016).
Similarly, wounding accompanies a surge in calcium concentrations
from early in the post-wound period through the inflammatory
and proliferative phases and the remodeling phase (Lansdown,
2002). Furthermore, the Vir regulation of the CRISPR-Cas immune
system might facilitate the design and development of effective and
reliable phage therapy. Firstly, the Vir is hierarchically above the
AHL QS system in regulating the CRISPR-Cas system. Secondly,
the Vir-cAMP complex regulates factors such as type IV pili
biogenesis which is not under the control of QS (Beatson et al.,
2002). Aside from the roles in pathogenesis and biofilm formation,
the type IV pili of P aeruginosa is vital for transformation,
conjugation, phage adsorption, and infections (50-52; Craig et al.,
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2004). Also, pili-mediated twitching motility increases the chances
of phage-bacteria interactions due to the cell-cell aggregated
movement, which creates a spatial vulnerability for phage
interaction with the cells (Abedon, 2012; Alexandre, 2015).
Therefore, targeting Vfr could have dual effects in safeguarding
phage therapy by turning down the expression of the CRISPR-Cas
phage immune system and avoiding the formation of pili, which
serve as receptors and entry ports for phage particles (Craig et al.,
2004). The diagrammatic representation of the Vfr-QS-CRISPR
regulatory cascade under calcium-depleted and calcium-rich
conditions is in Supplementary Figure S7.
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