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ABSTRACT

Pseudomonas aeruginosa is an opportunistic human pathogen that causes severe, life-threatening infections in patients with cystic
fibrosis (CF), endocarditis, wounds, or artificial implants. During CF pulmonary infections, P. aeruginosa often encounters environ-
ments where the levels of calcium (Ca>*) are elevated. Previously, we showed that P. aeruginosa responds to externally added Ca>*
through enhanced biofilm formation, increased production of several secreted virulence factors, and by developing a transient increase
in the intracellular Ca>”* level, followed by its removal to the basal submicromolar level. However, the molecular mechanisms responsi-
ble for regulating Ca>* -induced virulence factor production and Ca®* homeostasis are not known. Here, we characterized the genome-
wide transcriptional response of P. aeruginosa to elevated [Ca*>* ] in both planktonic cultures and biofilms. Among the genes induced
by CaCl, in strain PAO1 was an operon containing the two-component regulator PA2656-PA2657 (here called carS and carR), while
the closely related two-component regulators phoPQ and pmrAB were repressed by CaCl, addition. To identify the regulatory targets
of CarSR, we constructed a deletion mutant of carR and performed transcriptome analysis of the mutant strain at low and high [Ca**].
Among the genes regulated by CarSR in response to CaCl, are the predicted periplasmic OB-fold protein, PA0320 (here called carO),
and the inner membrane-anchored five-bladed 3-propeller protein, PA0327 (here called carP). Mutations in both carO and carP af-
fected Ca®* homeostasis, reducing the ability of P. aeruginosa to export excess Ca>*. In addition, a mutation in carP had a pleotropic
effect in a Ca®"-dependent manner, altering swarming motility, pyocyanin production, and tobramycin sensitivity. Overall, the results
indicate that the two-component system CarSR is responsible for sensing high levels of external Ca>* and responding through its regu-
latory targets that modulate Ca®>* homeostasis, surface-associated motility, and the production of the virulence factor pyocyanin.

IMPORTANCE

During infectious disease, Pseudomonas aeruginosa encounters environments with high calcium (Ca>*) concentrations, yet the
cells maintain intracellular Ca®" at levels that are orders of magnitude less than that of the external environment. In addition,
Ca’" signals P. aeruginosa to induce the production of several virulence factors. Compared to eukaryotes, little is known about
how bacteria maintain Ca>* homeostasis or how Ca”>* acts as a signal. In this study, we identified a two-component regulatory
system in P. aeruginosa PAO1, termed CarRS$, that is induced at elevated Ca>* levels. CarRS modulates Ca*>* signaling and Ca>*
homeostasis through its regulatory targets, CarO and CarP. The results demonstrate that P. aeruginosa uses a two-component
regulatory system to sense external Ca®>" and relays that information for Ca>*-dependent cellular processes.
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external Ca®™ levels are in the millimolar range, varying from 10
mM in soil (7) to 40 mM in hypersaline lakes (8). As a plant and
human pathogen, P. aeruginosa may be exposed to lower but also
varying Ca>" levels. For example, in plants, the Ca** concentra-
tion ranges from 0.01 to 1 mM in extracellular spaces (9) and from
1 to 10 mM in apoplasts (10). In a human body, Ca** levels may
reach about 1 to 2 mM in extracellular fluids and saliva (11) (12)
and 5 mM in blood (13) and human milk (14). In the case of
disease, for example, during cystic fibrosis (CF) pulmonary infec-
tions, both intracellular and extracellular Ca®>" levels fluctuate in
response to inflammation (15, 16), and the overall Ca** levels in
nasal secretions and sputum increase at least 2-fold (12), reaching
up to 3to 7 mM (17, 18).

In a previous study, we demonstrated that P. aeruginosa main-
tains a submicromolar intracellular concentration of Ca**
([Ca**],,) (6). However, when the cells are exposed to high levels
of extracellular Ca®", characteristic of the environments described
above, the cells undergo a transient increase of [Ca**];,.. The tran-
sient increase is followed by a return to submicromolar levels of
[Ca**];, and a maintenance of homeostatic concentrations of in-
ternal Ca’", apparently due to the transport of excess Ca**
through Ca** export pumps. Interestingly, in addition to the
maintenance of Ca®" homeostasis, P. aeruginosa recognizes the
external concentration of Ca®" as a physiological signal and re-
sponds through changes in the abundances of intracellular pro-
teins and secreted virulence factors, alginate, pyocyanin, and se-
creted proteases (19, 20). This Ca**-triggered change in P.
aeruginosa physiology leads to enhanced plant infectivity (21),
biofilm formation, and swarming motility (6, 19, 20). Further-
more, Ca®" alters the abundance of P. aeruginosa proteins in-
volved in iron acquisition, quinolone signaling, nitrogen metab-
olism, and stress responses (19, 20). These observations suggest
that Ca®* plays an important regulatory role in P. aeruginosa vir-
ulence. However, the molecular mechanisms responsible for sens-
ing environmental Ca®>" and regulating the Ca®"-induced re-
sponses are not known. Therefore, the goals of this study were to
identify and characterize Ca**-mediated molecular responses.

Bacteria use two-component regulatory systems (TCSs) to
sense and respond to diverse and continuously changing environ-
mental stimuli, including changing cation concentrations. TCSs
help regulate responses to Na*, Mg>™, and other cations; there-
fore, they likely are involved in Ca®*-dependent regulation. A
typical TCS contains a sensor kinase located partially in the cyto-
plasmic membrane and a cognate response regulator (22). Upon
exposure to a stimulus, the sensor kinase autophosphorylates at
histidine residues. The consequent conformation change enables
the transfer of a phosphate group to the aspartate residue on the
cognate response regulator, which typically results in DNA bind-
ing to an activator DNA sequence and changes in gene expression
(5,23). P. aeruginosa has many TCSs, and some of these have been
characterized. For example, PhoPQ and PmrAB regulate resis-
tance to polymyxin B and antimicrobial peptides via lipid A mod-
ification at a low magnesium (Mg>*) concentration (24-27).
PhoPQ also regulates aminoglycoside resistance, twitching and
swarming motility, surface attachment, and biofilm formation,
ultimately contributing to the regulation of virulence (28, 29).
PmrAB is induced by cationic antimicrobial peptides, including
polymyxins (25), whereas PhoPQ is induced by polyamines and
low [Mg>*] (30). Other TCSs respond to metals, including the
CzcRS and CopRS systems that regulate resistance to zinc and
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copper, respectively (31, 32). CzcRS also regulates the transcrip-
tion of the CzcrBCA resistance-nodulation-division (RND) efflux
pump, which is responsible for carbapenem resistance (31).
GacAS and AIgRZ regulate the production of several virulence
factors, including pyocyanin, cyanide, lipase, and alginate, as well
as systemic virulence and motility (29, 33-37). GacAS also con-
trols the production of the quorum-sensing signaling molecule
N-butyryl-homoserine lactone (38) and resistance to diverse an-
tibiotics, including the aminoglycosides (such as gentamicin) and
chloramphenicol (29). The transcription of gacS is repressed by
subinhibitory concentrations of tobramycin, ciprofloxacin, and
tetracycline (39). AlgRZ also regulates early stages of biofilm for-
mation (40) and the expression of quorum-sensing genes (41).
Another TCS, FleRS, regulates flagellar synthesis, adhesion (42),
motility, and antibiotic resistance (43). Five TCS response regula-
tors, PA1099, PA3702, PA4547, PA4493, and PA5261, are in-
volved in coordinating the interactions of the bacterium with the
host lung epithelium (44). However, most other TCSs on the P.
aeruginosa genome remain uncharacterized, with their signals and
regulatory targets yet to be identified.

In this study, we used microarray analysis to characterize the
global transcriptional response of P. aeruginosa to elevated exter-
nal Ca®" levels. From these analyses, we identified the TCS
PA2656-PA2657 (here referred to as carSR, for calcium regulator
sensor and regulator), whose transcription is highly induced by
elevated Ca®" in planktonic cultures of P. aeruginosa PAO1. Using
deletion mutations and microarray analysis, we identified the
regulatory targets of carSR, which include the hypothetical
proteins PA0320 and PA0327. Further characterization of
PA0320 and PA0327 indicate that they play roles in maintain-
ing Ca®" homeostasis. PA0327 also influences the production
of the virulence factor pyocyanin and swarming motility in a
Ca’"-dependent manner.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. Strains and plasmids used in this
study are listed in Table S1 in the supplemental material. P. aeruginosa
PAOL1 is a nonmucoid strain with the complete genome sequence avail-
able (2). P. aeruginosa FRD1 is a mucoid cystic fibrosis isolate that also has
an available genome (45) sequence. Isogenic mutants were constructed in
PAOI. The gene PA2657 (carR) was deleted from PAO1 using allelic ex-
change as described previously (19). PAO1 mutants with transposon in-
sertion in PA0320 (PA0320-HO07::ISlacZ/hah) and PA0327 (PA0327-B11::
ISphoA/hah) were provide by the University of Washington two-allele
library. The sites of transposon insertions were confirmed by two-step
PCR, using the primer sequences available at www.gs.washington.edu.
For convenience, the transposon mutants were designated PA:Tn5,
where PA is the identifying number of the disrupted gene from the P.
aeruginosa PAO1 genome (www.pseudomonas.com). Each mutant gene
was complemented by cloning the gene behind the arabinose-inducible
Pyap promoter in the Tn7 vector pTJ1 (46) (graciously provided by Jo-
anna Goldberg). For complementing vectors, PA0320 and PA0327 were
amplified using PCR with the gene-specific primers listed in Table S1. The
PCR products were cloned into TA cloning vectors (Invitrogen). The
resulting plasmids were digested with Ncol and Hindlll, and the bands
containing PA0320 and PA0327 were ligated into pTJ1, producing plas-
mids pTA56 and pTA57, respectively. A Tn7-based construct containing
both PA2657 and PA2656 was used to complement the PA2657 mutant to
correct for any possible polar effects due to the disruption of PA2657.
PA2656 and PA2657 were amplified separately using Phusion high-fidel-
ity DNA polymerase (NEB). After the addition of a 3" A overhang by Tagq
DNA polymerase, PCR products were cloned into TA cloning vectors. The
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EcoRI-EcoRV fragment containing PA2656 was ligated into pTJ1, fol-
lowed by ligation of the EcoRI fragment containing PA2657. The resulting
plasmid was labeled pTA104. The Tn7-based vectors were integrated into
the chromosome of the respective P. aeruginosa mutant strains using elec-
troporation, along with the Tn7 transposase helper plasmid, pTNS1, with
selection for trimethoprim resistance. The trimethoprim resistance
marker then was removed using pFLP2 (47). pTNSI and pFLP2 were
graciously provided by Herbert Schweizer.

For the estimation of free intracellular calcium ([Ca®*];,), PAO1 and
mutant derivatives were transformed with pMMB66EH-AEQ (graciously
provided by D. Dominguez and A. Campbell), which carries the gene for
aequorin (48), and was selected for by carbenicillin resistance (49). The
presence of the aequorin gene in the resulting strains was verified by PCR
using the aequorin-specific primers (see Table S1 in the supplemental
material).

Biofilm and planktonic cultures were cultivated in biofilm minimal
medium (BMM) (19) which contained (per liter) 9.0 mM sodium gluta-
mate, 50 mM glycerol, 0.02 mM MgSO,, 0.15 mM NaH,PO,, 0.34 mM
K,HPO,, 145 mM NaCl, 20 pl trace metals, and 1 ml vitamin solution.
The trace-metal solution consisted of (per liter of 0.83 M HCl) 5.0 g
CuSO, - 5H,0, 5.0 gZnSO, - 7H,0, 5.0 g FeSO, - 7H,0, and 2.0 g MnCl, -
4H,0. Vitamins solution contained (per liter) 0.5 g thiamine and 1 mg
biotin. The pH of the medium was adjusted to 7.0. When required, CaCl, -
2H,0 was added to a final concentration of 10 mM.

Growth of planktonic cultures and biofilms. P. aeruginosa strains
PAO1 and FRD1 were cultured planktonically for 18 h at 37°C, with shak-
ingat 250 rpm, in BMM with 10 mM added CaCl, or with no added CaCl,.
Biofilms were cultured on the surface of silicone tubing at 37°C in a single
flowthrough system for 72 h with and without 10 mM added CaCl, as
described previously (19). Biofilms were detached from the interior sur-
face of the silicone tubing with the plunger from a 3-ml syringe. For FRD1,
the cells were plunged into 150 ml of 110 mM sodium citrate. All resulting
cell suspensions were collected by centrifugation at 10,000 rpm at 4°C for
3 min.

For physiological studies of PAO1 and its mutant derivatives, cells
were cultured by inoculating 100 .l of a mid-exponential-phase culture
into 100 ml of BMM alone or with 10 mM CaCl,. Cultures were incubated
at 37°C at 200 rpm with absorbance sampling every 2 to 4 h in a Biomate
3 spectrophotometer (Thermo Scientific).

RNA extraction, processing, and microarray analysis. RNA was iso-
lated from cells using a hot phenol extraction method (50). Briefly, pel-
leted cells were suspended in 1.5 ml lysis buffer (0.15 M sucrose, 0.01 M
sodium acetate, pH 4.5) and 1.5 ml 2% sodium dodecyl sulfate. Following
the addition of 3 ml of water-saturated phenol, the mixture was incubated
for 5 min at 65°C with frequent vortexing. Three milliliters of chloroform
was added, and the mixture was centrifuged for 30 min at 4°C. The aque-
ous phase was precipitated overnight, washed, and resuspended in RNase-
free water. The RNA was cleaned on an RNeasy column (Qiagen) by
following the manufacturer’s mini cleanup protocol and then subjected to
two 30-min Turbo DNase (Ambion) treatments before precipitation and
resuspension. RNA quality was assessed using an RNA6000 nano assay
(Bioanalyzer 2100; Agilent Technologies, Palo Alto, CA). Labeled cDNA
was synthesized from 8 g of total RNA according to SOP#MO007 (from
the J. Craig Venter Institute [JCVI], formerly The Institute for Genomic
Research [TIGR]), using a 2:1 ratio of amino-allyl dUTP to dTTP and
Superscript II. cDNA quality and dye incorporation were assessed with a
NanoDrop 1000.

Pseudomonas aeruginosa version 1 glass slide DNA microarrays were
obtained from the JCVI and prepared according to SOP#M008, with mi-
nor modifications. For each condition (PAO1 planktonic, PAO1 biofilm,
FRD1 planktonic, and FRD1 biofilm), labeled cDNA from cells grown
with 10 mM added CaCl, and cells grown with no added CaCl, were
cohybridized to the same slide, and a dye swap was performed. In this
manner, for each of the four growth conditions, a minimum of four bio-
logical samples was hybridized to four microarrays.
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Microarray slides were scanned using a GenePix 4000B scanner (Mo-
lecular Devices), and emissions at 532 and 650 nm were recorded.
GenePix Pro software v 6.0 (Molecular Devices) was used to obtain me-
dian pixel intensity values for each spot on the array and generate GenePix
Results (gpr) files. gpr files were imported into Flexarray v 1.6.1 for nor-
malization and analysis. Background correction was performed using the
normexp algorithm. The LOESS algorithm was used for within-array nor-
malization, followed by scaling for between-array normalization. The
Limma TREAT (¢ tests relative to a threshold) method was used to gener-
ate symmetrical fold changes to conservatively assess differential expres-
sion due to calcium addition. Empty and reserved spots were not included
in the data set. Replicate spots (three per gene) were averaged, and genes
with a greater than 2-fold change at P < 0.05 were selected for further
analysis.

For validation of the JCVI microarray data, two additional biological
replicates of PAO1 were grown planktonically with and without 10 mM
added CaCl, as described above. Affymetrix microarrays were performed
with these samples as described previously (51). Transcripts identified as
upregulated in two-color arrays (JCVI) also were found to be upregulated
on the Affymetrix platform, with 92% (33/36) being greater than 2-fold
upregulated (P <10~ '*). Transcripts identified as downregulated in two-
color arrays also were downregulated on the Affymetrix platform, with
90% (26/29) being greater than 2-fold (P < 10~ '%).

RT-qPCR. At 6, 12, and 24 h, 1-ml aliquots of wild-type and AcarR
mutant cells were removed from a 25-ml volume of BMM (with or with-
out 10 mM CaCl, added), pelleted, and frozen at —80°C. RNA was ex-
tracted with the hot phenol method, cleaned on RNA Clean & Concen-
trator-25 columns (Zymo Research), and turbo DNase treated (Ambion).
One-step reverse transcription-quantitative PCR (RT-qPCR) was per-
formed with the Rotor-Gene SYBR green RT-PCR kit (Qiagen) as de-
scribed previously (52). Three biological replicates for each strain, time
point, and Ca®" level were assayed in triplicate using primers designed for
the acpP, PA0320, and PA0327 transcripts (see Table S1 in the supplemen-
tal material). Negative controls lacking reverse transcriptase were per-
formed with each of the 36 samples and revealed that samples were free
from DNA contamination. RT-qPCR efficiencies, calculated from the
slope of standard curves using Rotor-Gene software, were similar for acpP
(1.06), PA0320 (0.97), and PAO327 (1.03), with r* > 0.98 for each. The
Relative Expression Software Tool (REST) (53) was used to calculate
mean fold changes of PA0320 (carO) and PA0327 (carP) transcripts due to
the addition of 10 mM Ca** (compared to no added Ca**) using acpP as
a normalizer. To determine if transcripts were significantly upregulated
by Ca>*, a nonparametric one-tailed Mann-Whitney test, assuming un-
equal variation, was performed using GraphPad Prism version 6.04 for
Windows. This test also was used to determine if there was a significant
increase in fold change due to Ca>* addition between the wild-type strain
PAOI and the AcarR mutant strain.

Measurement of [Ca*]; . Luminescence measurements and the es-
timation of free cellular calcium concentrations ([Ca”]in) were done as
described previously (6), with slight modifications. Briefly, mid-log-phase
cells were induced with IPTG (1 mM) for 2 h for apoaequorin production
and then harvested by centrifugation at 6,000 X g for 5 min at 4°C. Ae-
quorin was reconstituted by incubating the cells in the presence of 2.5 uM
coelenterazine for 30 min. One hundred microliters of cells with recon-
stituted aequorin were equilibrated for 10 min in the dark at room
temperature. Luminescence was measured using a Synergy Mx multi-
mode microplate reader (Biotek). To estimate the basal level of [Ca®*];,
the measurements were recorded for 1 min at 5-s intervals, the cells were
challenged with 1 mM Ca®" and mixed for 1 s, and then the luminescence
was recorded for 20 min at 5-s intervals. The injection of buffer alone was
used as a negative control and did not cause any significant fluctuations in
[Ca®*],,. [Ca®*],, was calculated by using the formula pCa = 0.612
(—log, k) + 3.745, where k is a rate constant for luminescence decay (per
second) (54). The results were normalized against the total amount of
available aequorin as described previously (6). The discharge was per-
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formed by permeabilizing cells with 2% Nonidet 40 (NP-40) in the pres-
ence of 12.5 mM CaCl,. The luminescence released during the discharge
was monitored for 10 min at 5-s intervals. The estimated remaining avail-
able aequorin was at least 10% of the total amount of aequorin. The
experimental conditions reported here were optimized to prevent any
significant cell lysis.

Swarming motility assay. Swarming motility was assayed as described
in reference 6. PAO1 and mutants were grown in 5 ml BMM with no
added or 10 mM CaCl,. Two microliters of the mid-log cultures normal-
ized to an optical density at 600 nm (ODyy,) of 0.3 were spot inoculated
onto the surface of BM2 agar plates (62 mM potassium phosphate buffer
[pH 7], 0.02 mM MgSO,, 10 uM FeSO,, 0.4% [wt/vol] glucose, 0.5%
[wt/vol] Casamino Acids, and 0.5% [wt/vol] Difco agar) (34). After inoc-
ulation, the plates were incubated for 24 h, and then the colony diameters
and morphology were recorded.

Pyocyanin analysis. Pyocyanin production was assayed by using chlo-
roform extraction as described previously (21), with modifications.
Briefly, P. aeruginosa cultures grown in BMM until late log phase were
normalized to an ODg, of 0.3. Two microliters of the normalized culture
was inoculated in the middle of a BM2 agar plate (34) and incubated for
24 h at 37°C. Since swarming colonies spread within agar matrix, they
were excised from the agar and split in halves, one to be used for pyocya-
nin extraction and the other for total cellular protein quantification. Agar
slices of the same size were used as negative controls. The samples were
mashed into fine pieces. Pyocyanin was extracted with 30 ml chloroform
followed by 15 ml of 0.2N HCI. The absorbance of the extract was mea-
sured at 520 nm, and the amount of pyocyanin was calculated by using a
coefficient of extinction of 17.1 M~" cm ™" (55) and normalized per mil-
ligram of total cell protein. The latter was determined by using the Brad-
ford assay (EMD) by following the manufacturer’s protocol. The data
shown represent one of three independent experiments, each including
three biological replicates. Statistical significance was calculated using
Student’s  test.

Antibiotic susceptibility assays. Antibiotic susceptibility assays were
performed using tobramycin and polymyxin B E-strips (bioMérieux). In
brief, strains were cultured in BMM with no added CaCl, or 10 mM CaCl,
for 18 h and normalized to an ODy,, of 0.1. One hundred microliters of
the normalized cultures then was spread on BMM agar plates with or
without added CaCl,. E-strips with tobramycin and polymyxin B gradi-
ents were placed onto the inoculated plates. After 24 h of incubation at
37°C, the MICs were recorded by determining the concentration of anti-
biotics on the strip at which no bacterial growth was detected. At least
three replicates were tested in at least two independent experiments; the
reported MICs are the mean values of the collected measurements. The
coefficient of variation between biological replicates was less than 25%.

Bioinformatics analyses. Sequence homology searches were per-
formed using the NCBI nr database (GenBank release 160.1). Sequence
alignments and phylogenetic analysis of histidine kinases and response
regulators were performed using MEGA software (56). Homologous pro-
teins were selected based on at least 25% identity over the full length of
amino acid sequence. Functional domains were predicted using Pfam
(57). Protein subcellular localization was predicted using pSORTb v3.0
(58) and Loc tree (59) analysis. Predictions of transmembrane helices and
signal peptides were performed using TMHMM (60) and SignalP 4.0,
respectively (61). Protein three-dimensional (3D) structure was predicted
using HHpred (62) and iTASSER (63) and visualized using PyMOL (ver-
sion 1.7.6; Schrodinger, LLC).

Microarray data accession number. The microarray data have been
deposited in NCBI’s Gene Expression Omnibus (64) and are accessible
through GEO Series accession number GSE74491.

RESULTS

Transcriptome response of P. aeruginosa to Ca>*. We per-
formed whole-genome transcriptome analysis of P. aeruginosa
strain PAO1 and the mucoid cystic fibrosis strain FRD1 in order to
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identify P. aeruginosa genes whose transcription is positively or
negatively regulated by Ca®>*. The strains were cultured under low
and high CaCl, concentrations (no added or 10 mM added CaCl,)
in both planktonic cultures and in biofilms. As with our prior
proteomics results (20), the transcriptomics data showed both
strain- and condition-specific effects on gene expression due to
added Ca®". Table 1 shows genes differentially regulated by Ca**
(atleast 2-fold change in expression and P < 0.05) for strain PAO1
and the same genes in strain FRD1. Among the genes upregulated
by Ca*>* in PAO1 is the operon PA0102-PA0104, encoding a car-
bonic anhydrase and permease that likely are involved in CO,-
mediated calcification (M. A. Patrauchan, unpublished data). The
upregulated genes also included PA0320 and PA0327, encoding
hypothetical proteins, whose role in calcium-dependent processes
is described below. Also significantly upregulated by Ca** are the
genes involved in quorum sensing, lasI and rhiR, as well as several
genes that are regulated by the quorum-sensing systems. The latter
include henA, encoding hydrogen cyanide production, and many
of the pvd genes responsible for pyoverdine biosynthesis. Pyover-
dine biosynthetic proteins were shown to increase in abundance
in response to Ca®" in our prior proteomics study (20).

Ca?* influences the expression of three TCSs, carSR, phoPQ,
and pmrAB. The expression of the novel TCS PA2656-PA2657
(here termed carSR) increased 10- to 12-fold in response to Ca*™,
while the TCSs phoPQ and pmrAB had significantly reduced ex-
pression (Table 1). The carSR operon contains four genes, which
include the histidine kinase, carS, and the response regulator,
carR, as well as two small periplasmic lipoproteins (PA2658 and
PA2659), that both contain peptidase propeptide domains with
possible protease inhibitory function. The increased expression of
this operon was observed during the growth of PAO1 in plank-
tonic culture but not in biofilms or in FRD1 cultures. The expres-
sion of both phoPQ and pmrAB TCSs was downregulated by Ca**
in planktonic and biofilm cultures of both PAO1 and FRD1 (Table
1). Other studies have shown that PhoPQ affects the expression of
the arn operon (PA3552-PA3559), which is involved in the mod-
ification of lipopolysaccharide (LPS) and enhanced resistance to
cationic peptide antibiotics (28, 65). The transcriptomics results
here are consistent with those results and indicate that Ca** also
caused the reduced expression of the arn operon in biofilm and
planktonic cultures of both PAO1 and FRD1 (Table 1).

P. aeruginosa encodes multiple TCSs from each of the OmpR,
NarL, and NtrC subgroups. We performed a sequence alignment
of paralogs from each of the TCS clades for both the histidine
kinases and the response regulators. The results of the OmpR sub-
clade for the response regulators are shown in Fig. 1. Interestingly,
although having regulatory responses opposite those of Ca®™",
CarSR, PhoPQ, and PmrAB are closely related paralogs within the
OmpR group, and all are involved in divalent cation sensing and
osmoregulation (24).

CarSR regulates PA0320 and PA0327 in a Ca®*-dependent
manner. To identify the regulatory targets of CarSR, we con-
structed a deletion mutation of the carR response regulator in
strain PAO1 and performed transcriptome analysis of the mutant
strain grown at low and high CaCl, concentrations. The results
were compared to the responses of wild-type strain PAO1 to Ca®™".
The expression of PA0320 and PA0327, which was highly upregu-
lated by Ca*>* in the PAOI strain, was unaffected by Ca*" in the
AcarR mutant strain, suggesting that CarSR directly (or indi-
rectly) regulates the transcription of PA0320 and PA0327 in a
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TABLE 1 P. aeruginosa PAOI genes affected by high calcium levels

Two-Component System CarSR

PA no. and regulation status

Gene or domain

Change in growth between 0 and 10 mM CacCl, conditions for strain:

PAO1

FRD1

Planktonic

Biofilm

Planktonic

Biofilm

Fold change P value

Fold change P value

Fold change P value

Fold change P value

Upregulated by high Ca during
growth in planktonic culture
PA0102
PA0103
PA0104
PA0122
PA0320
PAO327
PA0940
PA0941
PA0942
PA1134
PA1432
PA2081
PA2193
PA2384
PA2386
PA2397
PA2412
PA2413
PA2424
PA2425
PA2427
PA2656
PA2657
PA2658
PA2659
PA3322
PA3407
PA3477
PA3478
PA3885
PA4141
PA4378
PA4379
PA4469
PA4517
PA5530

Upregulated by calcium during
growth in biofilms, PA4570

Downregulated by high Ca
during planktonic growth
PA0391
PA0603
PA0610
PA0733
PA0865
PA1336
PA1541
PA1559
PA2780
PA3217
PA4555
PA4556

Carbonic anhydrase
Permease
Hypothetical

rahU

OB-fold

Ca**-binding B-propeller

DUF2024
Thioredoxin
DNA binding
DUF393

lasI

kynB

henA

Fur-like

pvdA

pvdE
Pyoverdine synthesis
pvdH

pvdL

pvdG
Hypothetical
Histidine kinase
Response regulator
PepSY domain
PepSY domain
DNA binding
hasAp

rhIR

rhiB

tpbA
Hypothetical
inaA
Hypothetical
Hypothetical
DUF1705
Permease

Hypothetical

Hypothetical
Transporter

ptrN
Pseudouridine synthase
hpd

Histidine kinase
Efflux transporter
Epimerase

DNA binding
cyaB

pilY2

PpilE

7.1 <0.01
5.6 <0.01
3.5 0.03
6.0 0.02
17.1 <0.01
13.0 <0.01
10.6 <0.01
10.3 <0.01
2.9 0.04
3.0 0.02
3.1 0.01
3.3 0.02
2.4 0.04
3.1 0.02
4.1 <0.01
2.6 0.02
7.6 <0.01
3.4 <0.01
2.6 0.03
4.0 <0.01
3.8 <0.01
9.7 <0.01
12.6 <0.01
12.1 <0.01
12.4 <0.01
2.8 0.03
4.2 <0.01
4.4 0.04
6.9 0.04
7.1 <0.01
3.7 0.03
3.1 0.02
5.1 <0.01
2.9 0.02
5.0 0.01
5.7 <0.01
1.0 1.00
—2.6 0.02
—2.5 0.03
—4.3 0.03
—3.5 0.01
—6.5 <0.01
—4.2 <0.01
—2.6 0.03
—3.0 0.01
—2.7 0.01
—2.6 0.03
—4.8 0.02
—3.8 0.01

1.0 1.00
1.1 0.98
1.3 0.91
1.6 0.74
1.0 1.00
1.0 1.00
1.2 0.97
1.4 0.89
1.0 1.00
1.9 0.58
1.0 1.00
1.0 1.00
1.0 1.00
2.1 0.32
2.0 0.49
2.2 0.29
1.9 0.54
1.4 0.98
2.2 0.35
2.3 0.21
1.4 0.89
—1.1 1.00
—1.5 0.89
—1.0 1.00
—1.1 1.00
1.0 1.00
1.1 1.00
2.0 0.50
2.1 0.47
—1.0 1.00
2.4 0.30
—-1.3 0.99
—1.6 0.83
2.8 0.08
1.1 1.00
—14 0.79
4.3 0.01
—1.2 0.95
—1.0 1.00
—-1.9 0.56
1.0 1.00
—14 0.86
1.2 1.00
1.1 1.00
—2.0 0.45
1.1 0.99
—1.4 0.76
1.3 0.98
1.2 0.95

—=1.1 1.00
1.1 0.98
—1.3 1.00
2.1 0.28
1.3 0.96
—-1.0 1.00
—1.3 1.00
—1.3 1.00
—1.3 0.99
—1.2 1.00
—-1.9 0.54
—2.1 0.34
—1.8 0.72
1.0 1.00
—1.3 0.99
1.1 1.00
—1.1 1.00
—-1.0 1.00
—1.3 0.94
—1.5 0.92
—1.1 1.00
1.1 1.00
1.0 1.00
1.1 1.00
—1.2 1.00
—-1.0 1.00
1.1 1.00
1.3 1.00
1.2 1.00
4.3 0.07
2.1 0.41
2.7 0.05
3.8 <0.01
1.1 0.89
15.0 <0.01
4.6 <0.01
—2.0 0.37
—1.3 0.96
—2.6 0.05
—1.3 1.00
1.1 1.00
1.6 0.89
1.1 1.00
—1.1 1.00
—16.6 <0.01
1.2 0.99
1.0 1.00
1.0 1.00
1.1 1.00

—1.3 0.91
—1.5 0.83
—-1.0 1.00
—2.6 0.26
1.8 0.69
1.0 1.00
1.1 1.00
1.3 0.99
—1.2 1.00
1.2 0.99
—1.2 0.97
1.1 1.00
—1.4 0.89
1.1 1.00
1.1 1.00
—1.2 1.00
1.4 1.00
1.1 1.00
1.8 0.74
1.5 0.99
1.7 0.77
1.1 1.00
1.1 1.00
1.4 0.98
=11 1.00
1.0 1.00
—1.2 0.99
—1.8 0.79
—-1.7 0.81
2.4 0.16
—1.4 0.94
1.4 0.93
1.9 0.65
1.3 1.00
1.1 1.00
1.3 1.00
—-1.0 1.00
—3.7 0.01
—1.1 1.00
—2.0 0.48
1.1 1.00
—1.2 0.98
1.1 1.00
1.3 0.98
—13.1 <0.01
—14 0.94
—-1.0 1.00
—1.6 0.90
—=1.5 0.92
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TABLE 1 (Continued)

Change in growth between 0 and 10 mM CacCl, conditions for strain:

PAO1 FRD1
Planktonic Biofilm Planktonic Biofilm
PA no. and regulation status Gene or domain Fold change Pvalue Fold change Pvalue Fold change Pvalue Fold change P value
PA4568 rpmA —2.6 0.04 —1.1 1.00 1.3 1.00 1.3 0.99
PA4699 TPR domain —2.5 0.03 —1.1 1.00 —1.0 1.00 1.3 0.99
PA4823 Hypothetical —3.3 0.02 —1.2 1.00 —1.4 0.90 1.2 0.99
PA5024 Permease —2.5 0.02 1.3 0.98 1.0 1.00 1.2 0.99
Downregulated by high Ca
during biofilm growth
PA0316 serA 1.3 1.00 —3.1 <0.01 1.0 1.00 —1.4 0.97
PA0890 aotM 1.5 0.98 —4.0 0.01 —5.2 <0.01 —5.6 <0.01
PA1053 Hypothetical —14 0.90 —3.2 <0.01 6.7 0.12 —3.0 0.02
PA1927 metE —1.1 1.00 —10.6 <0.01 —23.0 <0.01 —1.5 0.73
PA4453 ABC transporter 1.1 1.00 —2.6 0.03 —1.1 1.00 —-1.9 0.65
PA4455 ABC transporter —1.1 1.00 —3.0 0.03 —1.1 1.00 —-1.9 0.65
PA4773 decarboxylase —1.8 0.72 —9.1 0.01 —27.6 <0.01 —23.1 <0.01
PA4774 Spermidine biosynthesis ~ —2.3 0.28 —12.3 <0.01 —429 <0.01 —374 <0.01
PA4775 Hypothetical —1.2 1.00 —4.9 0.01 —10.0 <0.01 —13.8 <0.01
PA4776 pmrA —-1.3 1.00 —4.3 0.02 —7.4 <0.01 —94 <0.01
PA4777 pmrB 1.1 1.00 —6.9 <0.01 —5.6 <0.01 —12.5 <0.01
PA4781 Response regulator —-1.9 1.00 —3.0 0.03 —15 0.98 —2.2 0.14
PA4782 Hypothetical —2.7 0.19 —12.0 <0.01 —11.6 <0.01 —23.4 <0.01
PA4826 Hypothetical —1.1 0.94 —4.7 0.01 —4.9 0.01 —1.3 0.99
Downregulated by high Ca
during both planktonic and
biofilm growth
PA1178 oprH —58.8 <0.01 —28.2 <0.01 -—1.5 0.89 —12.8 0.04
PA1179 phoP —15.1 <0.01 —18.1 <0.01 —1.3 0.98 —11.6 <0.01
PA1180 phoQ —12.5 <0.01 —14.7 <0.01 -—14 0.96 —11.2 <0.01
PA1343 Hypothetical —12.2 <0.01 —13.5 <0.01 55 <0.01 —6.3 0.07
PA3552 arnB —12.5 <0.01 —4.8 <0.01 =52 <0.01 —20.3 <0.01
PA3553 arnC —11.1 <0.01 —4.7 <0.01 —83 <0.01 —294 <0.01
PA3554 arnA —11.5 <0.01 —6.5 0.02 —27.5 <0.01 —43.5 <0.01
PA3556 arnT —5.6 0.01 —5.1 0.01 —22.8 <0.01 —37.1 <0.01
PA3559 arnG —5.2 0.02 —5.9 0.01 —5.9 0.04 —14.4 0.01
PA4010 Glycosylase —4.7 <0.01 —43 0.01 —29 0.10 —4.7 <0.01
PA4011 Hypothetical —3.5 0.02 —4.1 0.01 —3.2 0.11 —5.1 <0.01
PA4359 Transport —4.2 <0.01 —3.8 0.01 —4.1 0.01 —11.5 <0.01
PA4825 mgtA —4.0 0.05 —3.5 0.12 —3.7 0.06 —1.2 0.95

Ca**-dependent manner. To confirm the role of CarSR in the
regulation of PA0320 and PA0327, we performed RT-qPCR on
PAOI and on the PAOl AcarR mutant using PA0320- and
PA0327-specific primers. The results show that at the 6-h time
point, PA0320 and PA0327 were slightly repressed by Ca*" in
both strains (Fig. 2A and B). However, after 12 and 24 h of growth,
the expression of both PA0320 and PA0327 was induced by Ca**
in strain PAO1 but not in the AcarR mutant. PA0320 had a 4.5-
fold increase in mRNA abundance due to Ca®>* at 24 h (P = 0.05)
and PA0327 had a 4.1-fold increase due to Ca*>* (P = 0.05), as
determined by a Mann-Whitney test. In the AcarR mutant strain,
PA0320 and PA0327 mRNA was slightly reduced by Ca*", con-
firming the role of carR in the Ca®*-dependent transcription of
PA0320 and PA0327.

Predicted roles of PA0320 and PA0327 based on protein
structural models. Structural modeling of PA0320 using HHpred
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and iTASSER indicates that this protein contains an OB-fold
(oligonucleotide/oligosaccharide binding motif) (see Fig. SIA and
B in the supplemental material) with similarity to YgiW of Esche-
richia coli (66), which is required for cell survival in hydrogen
peroxide and cadmium (67). PA0320 is predicted to have a signal
peptide for transport of the protein to the periplasm. The 3D
structure of PA0327, predicted by HHPred and I-Tasser, forms a
5-bladed B-propeller (see Fig. S1C and D). Structural homologs of
PA0327 included YjiK, hemagglutinin-neuraminidase, o-L-arabi-
nofuranosidases, and levansucrase, the latter two of which require
Ca*™ for stability (reviewed in reference 68). The predicted SdiA-
regulated domain is commonly found in TolB proteins, which
include Ca®>"-dependent phosphotriesterases. Sequence analysis
predicts that the N terminus of PA0327 has an uncleaved trans-
membrane domain, suggesting that PA0327 is anchored in the
cytoplasmic membrane with the rest of the protein facing the
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PA5200 OmpR
PA4101 BfmR
PA3192 GItR
PA4983
PA1799 ParR
PA1157
PA3204
PA2686 PfeR
PA0929
PA5360 PhoB
PA0463 CreB
PA4032
PA1637 KdpE
PA1437
PA2523 CzcR
PA2809 CopR
79 PA4885 IrlR

PA3077 CprR
PA4381 ColR

PA0756

PA2479

97 PA4776 PmrA

PA2657 CarR

94 PA1179 PhoP

0.1

FIG 1 Phylogenetic analysis of P. aeruginosa response regulators in the OmpR
clade of two-component systems. The OmpR response regulator protein se-
quences were aligned using MEGA software (56). Phylogenetic relationships
were constructed by using neighbor-joining and bootstrapping analysis within
the MEGA program. The shaded region shows the subclade that includes
PhoP, PmrA, and CarR.

periplasm. Overall, the predicted structure of PA0327 suggests
that it binds Ca®" in a central pocket, and that Ca®" binding is
required for protein stability. PAOL possesses two paralogs of
PA0327 (PA0319 and PA2017) with 38 to 47% amino acid se-
quence identity. However, the expression of PA0319 and PA2017
is not affected by Ca>*. Therefore, although PA0319 is adjacent to
and in the same orientation as PA0320, these two genes have dif-
ferent regulatory mechanisms. From the structural predictions,
we refer to PA0320 as CarO (for calcium-regulated OB-fold pro-
tein) and PA0327 as CarP (for calcium-regulated 3-propeller pro-
tein).

CarP is required for optimal growth of PAO1 in high [Ca®*]
medium. In order to characterize the functional roles of carO and
carPin response to Ca® ", we obtained transposon mutants of each
gene from the University of Washington two-allele library (69).
Each mutation was complemented by cloning the respective gene
into the single-copy Tn7 expression vector pTJ1 (46). To deter-
mine the effect of Ca®" on growth, each mutant strain and its
respective complemented counterpart was cultured in BMM with
or without 10 mM CaCl,. The mutations in carR and carO did not
affect growth at either Ca** level (Fig. 3). However, the carP
mutation caused a defect in growth at high [Ca®"]. The lag
phase of the carP::Tn5 mutant increased by 4 h, and the strain
had a 2-fold decrease in growth rate. The maximum growth
yield of the carP::Tn5 mutant also was reduced in the presence
of 10 mM CacCl,. No effect on growth was observed for the
carP::Tn5 mutant when no Ca®" was added to the medium.
Complementation of carP restored the wild-type growth char-
acteristics (Fig. 3).
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Two-Component System CarSR

A. PA0320 (car0O)

4 @ PAOI
— AcarR

Relative Expression
Fold Change (10 mM/ 0 mM
CaCly)

0 L - 1
6 12 24
Time (h)

B. PA0370 (carP)

CaCly)

4 1m pAO1
. AcarR

Relative Expression
Fold Change (10 mM/ 0 mM

6 12 24
Time (h)

FIG 2 RT-qPCR analysis of PA0320 (carO) and PA0327 (carP) in P. aerugi-
nosa PAOI and in the P. aeruginosa AcarR mutant. (A) Relative expression of
carO in BMM with 10 mM CaCl, compared to that with 0 mM CaCl, for P.
aeruginosa PAO1 and the P. aeruginosa AcarR mutant. (B) Relative expression
of carP in BMM with 10 mM CaCl, compared to that with 0 mM CaCl, for P.
aeruginosa PAO1 and the P. aeruginosa AcarR mutant. Data show the means
and standard deviations for three biological replicates (three technical repli-
cates for each biological replicate) at each time point. Asterisks represent a
significant difference (at P = 0.05) in fold change, as determined by a Mann-
Whitney test.

CarSR regulates Ca®>* homeostasis in PAO1 through the ac-
tivities of CarO and CarP. To characterize further the functional
roles of CarRS and its regulatory targets, carO and carP, we mea-
sured the intracellular concentration of Ca’* ([Ca®*];,) and
monitored its changes in response to a rapid increase in extracel-
lular CaCl,. For this, we expressed the recombinant Ca”—binding
luminescence protein, aequorin, in PAO1 and in its correspond-
ing mutant strains. We assayed each strain when first cultured
without CaCl, or with 10 mM CaCl,. In the former case, PAO1
maintained [Ca**];, at 0.14 = 0.05 wM, which transiently in-
creased in response to the addition of 1 mM CaCl, (Fig. 4A to C,
black lines) (6). Mutation in carR or carO did not affect the basal
level of [Ca**];,.. The increase in the level of [Ca** ], following the
addition of 1 mM CaCl, also was unaffected by the mutations (Fig.
4A and B, gray lines). However, the ensuing recovery to the resting
[Ca®*];, was impaired, and the remaining level of [Ca®"];, was
6-fold higher in the AcarR strain (Fig. 4A) and 2-fold higher in the
carO:Tnb5 strain (Fig. 4B) than in wild-type PAO1, suggesting that
CarR and CarO play roles in maintaining [Ca**];, homeostasis.
Unlike the AcarR and carO::Tn5 mutants, the carP::Tn5 strain had
a 2.5-fold higher basal level of [Ca®>*];, (0.34 + 0.17 uM) than
PAO1 (Fig. 4C, inset). Recovery to the resting [Ca**];, from an
immediate increase in response to external Ca®" also was impaired,
and the level of Ca®*;, remained 2.5-fold higher in the carP=Tn5
strain (Fig. 4C, gray lines) than in PAO1 (Fig. 4C, black lines).

The intracellular Ca** levels also were measured when the
strains first were cultured with 10 mM CaCl,. For these experi-
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FIG 3 Growth of P. aeruginosa PAO1 and mutant strains in BMM containing 0 mM CaCl, (black diamonds) or 10 mM CaCl, (open gray circles). (A) Growth
of P. aeruginosa PAO1 in BMM. (B) Growth of P. aeruginosa AcarR mutant. (C) Growth of P. aeruginosa carO::Tn5 mutant. (D) Growth of P. aeruginosa
carP::Tn5 mutant. Filled gray circles show the P. aeruginosa carP::Tn5 mutant complemented with carP. Data show the means and standard deviations for three

biological replicates.

ments, cells first were cultured in BMM with 10 mM CaCl,,
washed to remove excess CaCl,, and assayed for response to the
rapid addition of 1 mM Ca**. Under these conditions, the basal
[Ca®"];, for the wild-type strain was 0.35 % 0.09 wM, or 2.5-fold
higher than that when cultured in BMM without Ca®" (Fig. 4D to
F, black lines). The addition of 1 mM external Ca®>" resulted in
increased [Ca®*];, to 1.38 = 0.03 uM and only partial recovery of
resting [Ca®" ], after 4 min, followed by a slow increase to 2.17 =
0.48 wM after 20 min (Fig. 4D, black line). Mutation in carR or
carO did not significantly change the [Ca®" ];, profile compared to
that of the wild-type strain, with both strains showing partial re-
covery of the resting [Ca**];,, at 4 min, followed by a slow increase
in [Ca®"];, (Fig. 4D and E, gray lines). However, the carP::Tn5
mutant strain had a very different response to externally added
Ca®" (Fig. 4F, gray lines). First, the basal level of [Ca**];, was
3-fold higher than that in PAOI, at 0.98 * 0.16 uM (Fig. 4F,
inset). Second, recovery to basal levels following the addition of 1
mM CaCl, was impaired compared to that of the wild type, and
the [Ca®"];, remained elevated. The results indicate that [Ca**],,
homeostasis was impaired in all three mutant strains when grown
at low [Ca®"] and was impaired in the carP::Tn5 mutant strain
when first cultured with high [Ca**].

CarP modulates Ca>*-induced swarming motility and pyo-
cyanin production. In previous work, we noted that Ca** addi-
tion results in phenotypic changes to P. aeruginosa (6). In partic-
ular, growth at elevated Ca®" results in changes in swarming
motility and pyocyanin production in the wild-type strain. The
transcriptome data presented here show that elevated Ca*>" also
causes an increase in the expression of genes for pyocyanin pro-
duction (Table 1). Therefore, to determine if carR, carO, or carP
plays a role in either of these Ca®>"-dependent phenotypes, we
assayed the mutant and complemented strains for swarming mo-
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tility and pyocyanin production at low and high Ca*>* levels. As
seen in the prior study (6), 10 mM Ca** caused a 5-fold increase in
PAO1 swarming (Fig. 5A and B). Mutation of carR or carO did not
have a significant effect on swarming motility at any Ca®" level
(Fig. 5C to F). In contrast, the mutation in carP significantly al-
tered the morphology of swarming colonies at elevated [Ca**],
showing multiple branches that extended from the swarming col-
onies (Fig. 5G and H). The complementation of carP restored the
wild-type swarming morphology (Fig. 5I).

While the AcarR and carO:Tn5 mutants had pigment produc-
tion similar to that of PAO1 at both low and high Ca®" levels, the
carP::Tn5 mutant appeared impaired for pigment production in
swarming colonies. We extracted and quantified pyocyanin pro-
duced by the swarming colonies. Figure 6 shows that the Tn5
disruption of carP reduced the pyocyanin amount by 72%. The
carP complemented strain had levels of pyocyanin production
that were similar to those of the wild type.

carO and carP mutations cause increased sensitivity to to-
bramycin at high [Ca*>*]. Our earlier studies showed that growth
at elevated Ca®" increases the MIC of PAO1 to tobramycin and
polymyxin B (S. Khanam, D. L. Lenaburg, R. Kubat, and M. A.
Patrauchan, unpublished data). To assess the potential role of
carR, carO, and carP in Ca”—dependent resistance, we assayed
each mutant and complemented strain for MIC using Etest strips
(Fig. 7). In wild-type cells, the MIC for tobramycin was 8-fold
greater in cells cultured at elevated Ca®" levels. Both carO:Tn5
and carP::Tn5 strains had 2-fold reductions in tobramycin MIC
when grown at elevated Ca*>" levels. The MIC for tobramycin was
restored in these strains to the wild-type levels when the mutant
genes were complemented. No difference in tobramycin suscep-
tibility was detected in the carO::Tn5 and carP::Tn5 mutant cells
cultured at low Ca®" levels. The AcarR mutation did not affect
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profiles of P. aeruginosa wild-type strain PAO1 (black lines) and AcarR (A and D), carO::Tn5 (B and E), and carP::Tn5 (C and F) mutants

(gray lines). Cells were grown in BMM with 0 mM CaCl, (A, B, and C) or 10 mM CaCl, (D, E, and F). CaCl, (1 mM) was added at the time indicated by the arrow.
Changes in free [Ca®" ];, were calculated as described in Materials and Methods. Insets show the basal level of [Ca® " ];, monitored for 1 min before I mM Ca**
was added. Data show the means and standard deviations for at least three biological replicates.

tobramycin resistance at any Ca>" level. The MIC of polymyxin B
is 32-fold greater for the wild-type strain PAO1 when cells are
cultured in the presence of 10 mM CaCl, than when no CaCl, is
added to the medium. The mutations in carR, carO, or carP had no
effect on polymyxin B resistance compared to that of the wild type
at either Ca®>* concentration.

DISCUSSION

Our earlier studies showed that Ca*>* regulates a number of phys-
iological processes, including virulence, in the opportunistic
pathogen P. aeruginosa (6, 19-21). However, the molecular mech-
anisms responsible for sensing extracellular Ca®" and orchestrat-
ing the cellular responses are not known. Here, we applied a ge-
nome-wide transcriptome analysis of P. aeruginosa to identify
genes whose transcription is differentially regulated by Ca®".
Among the genes identified as being induced by Ca*" is an operon
(PA2656-2659) containing the two-component regulatory system
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carSR. The CarSR proteins are closely related to other P. aerugi-
nosa TCSs, PhoPQ and PmrAB, which are involved in Mg** sens-
ing (24). Other Gram-negative bacteria have been shown to rec-
ognize or respond to extracellular Ca** through TCSs. In
Salmonella enterica serovar Typhimurium, the PhoQ kinase of the
PhoPQ system binds Ca**, Mg®", and Mn** and regulates the
transcription of genes, including virulence factors (reviewed in
reference 70). PhoQ has distinct Ca>" and Mg>* binding sites
(71), suggesting an intricate nature of PhoPQ regulation by diva-
lent cations. In Vibrio cholerae, the expression of the CarSR TCS
negatively regulates polysaccharide production and biofilm for-
mation in response to elevated Ca*>" (72). In Escherichia coli,
AtoSC is induced by Ca®" and regulates the biosynthesis and the
intracellular distribution of cPHB [complexed poly-(R)-3-hy-
droxybutyrate], building the nonproteinaceous complexes that
actas voltage-gated Ca®* channels (73-75). Here, we demonstrate
that the expression of the P. aeruginosa TCS CarSR increases in
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0 mM CaCl,

10 mM CaCl,

carP::Tn5/carP

FIG 5 Swarming colonies of P. aeruginosa strains growing on BM2 agar with
0 or 10 mM CaCl,. PAO1, AcarR, carO::Tn5, carP::Tn5, and carP::Tn5/carP
strains were tested. The complemented mutant was grown on BM2 swarm agar
containing 10 mM CaCl, and 0.3 mM arabinose. The diameter and morphol-
ogy of the colonies were reported after 24 h of incubation. The pictures show
representative photographs selected from at least three biological replicates
collected from five independent experiments.

response to high levels of external Ca**. CarSR in turn regulates
the transcription of carO and carP genes, which are involved in
Ca**-dependent responses. Based on these results, we propose
that CarSR is a Ca®"-regulated TCS in P. aeruginosa PAO1.

In addition to inducing the transcription of carSR, elevated
Ca®" represses the transcription of two closely related TCSs,
phoPQ and pmrAB. McPhee showed that phoPQ and pmrAB also
are downregulated by elevated Mg " (24, 25). Changes in Mg**
concentrations in the media did not affect the transcription of
carSR (24). The transcriptional response of the TCSs due to Ca*"
addition is affected by the mode of growth: expression of carSR is
induced only in planktonic cultures, whereas expression of pmrAB
and phoPQ is reduced in biofilms and in planktonic cultures. The
results suggest an additional level of regulation coordinating re-
sponses to Ca>* during a switch from planktonic to biofilm
growth.

Comparison of the Ca**-induced regulon reported here and
the Mg®" -induced regulon reported previously (24) revealed that
36 PAO1 genes are positively regulated by elevated Ca®" but not
by elevated Mg”". These genes include PA0102-0104, encoding
carbonic anhydrase and permease, hypothetical proteins PA0320
(here named CarO) and PA0327 (here named CarP), which are
regulated by carSR, and quorum-sensing systems las and rhl, to-
gether with 14 genes regulated by these quorum-sensing proteins
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FIG 6 Pyocyanin production by P. aeruginosa PAO1, carP:Tn5, and carP:
Tn5/carP strains. Pyocyanin was extracted from swarming colonies grown on
BM2 plates in the presence of 10 mM CaCl,. The excised agar plugs containing
the colonies were cut into halves. Pyocyanin amounts were quantified from
half of the agar plug and then normalized to the total cellular protein extracted
from the other half of the plug. The data represent the means and standard
deviations for at least three biological replicates in three independent experi-
ments. Statistical significance of the differences was calculated using Student’s
t test. **, P < 0.005.

(76-78). The latter include rahU, involved in modulating biofilm
formation and interaction with host innate immunity, hcnA, in-
volved in hydrogen cyanide production, kynB, involved in the
anthranilate pathway, rhiB, essential for rhamnolipid biosynthe-
sis, and pvd genes, involved in pyoverdine biosynthesis. This com-
parison found no genes that were significantly induced by elevated
levels of both Ca** and Mg*". However, 20 genes were downregu-
lated by both cations. Most of these downregulated genes belong
to the regulons of PhoPQ and PmrAB, including the arn operon
(25, 28), which is involved in the modification of LPS with arabi-
nose groups. The arn-mediated LPS modifications were shown to
increase P. aeruginosa resistance to polymyxin B (27). However,
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FIG 7 MICs of tobramycin for P. aeruginosa PAO1, carO::Tn5, and carP::Tn5
mutants and their carO:Tn5-carO and carP::Tn5-carP complemented coun-
terparts grown on BMM with 0 mM CacCl, (dark gray bars) or 10 mM CaCl,
(light gray bars). Cells were grown in BMM without adding CaCl, until mid-
log phase, their ODg,s were normalized to 0.1, and aliquots of 100 pl were
plated onto BMM agar for MIC measurements. E-strips with tobramycin gra-
dient were placed on the bacterial lawns, and the MICs were recorded after 24
h of incubation. The data represent the means and standard deviations from at
least three biological replicates from two independent experiments. The sta-
tistical significance of the differences was calculated using Student’s ¢ test. *,
P <0.05.
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here we observed a decreased transcription of the arn operon and
an increase in resistance to polymyxin B in response to elevated
Ca®". This result suggests that P. aeruginosa possesses an alterna-
tive mechanism for resistance to polymyxin B that is positively
regulated by Ca®* and is independent of Arn modification of LPS.

The Ca®"-induced TCS CarSR regulates the expression of carO
and carPin a Ca®"-dependent manner. CarSR, CarO, and CarP all
are required for P. aeruginosa PAOI response to elevated Ca**
levels. In particular, CarSR, CarO, and CarP all are required to
maintain intracellular [Ca®" ] at alow level when cells are grown at
low [Ca**]. In addition, CarP is required for maintaining low
cytosolic [Ca®*] and for optimal growth when cells are exposed to
high [Ca**]. CarP also is involved in other processes that are in-
fluenced by high [Ca**], including modulating the amount of
pyocyanin production and affecting swarming motility. Both
CarO and CarP also contribute to Ca**-induced resistance to to-
bramycin.

The molecular roles of CarO and CarP in Ca**-dependent
processes presently are unknown. Since CarO and CarP are lo-
cated primarily in the periplasm, they likely are not involved in the
direct biosynthesis of pyocyanin, flagella, flagellum motor, or che-
motaxis system. However, they may allow the cells to sense or
modulate the periplasmic level of Ca®*, which itself plays a role in
regulating the production of these factors either directly or via
reducing the intracellular concentration of Ca®". Intracellular
[Ca®"] may in turn affect the expression of genes required for
pyocyanin production or swarming motility. Whether their activ-
ities are direct or indirect, CarO and CarP are important for P.
aeruginosa responses to high levels of Ca**, since the phenotypes
observed for the carO and carP mutants occur primarily at high
[Ca**].

The results presented here indicate that the two-component
system CarSR is responsible for P. aeruginosa sensing elevated lev-
els of external Ca®", and it is responding through the induction of
its regulatory targets, carO and carP. CarO and CarP affect intra-
cellular Ca®" homeostasis, surface-associated motility, resistance
to tobramycin, and the production of the virulence factor pyocy-
anin.
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