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carP, encoding a Ca2+-regulated putative phytase, is 
evolutionarily conserved in Pseudomonas aeruginosa and has 
potential as a biomarker

Sergio E. Mares†, Michelle M. King†, Aya Kubo, Anna A. Khanov, Erika I. Lutter, Noha Youssef and Marianna 

A. Patrauchan*

RESEARCH ARTICLE
Mares et al., Microbiology

DOI 10.1099/mic.0.001004

001004 © 2020 The Authors

Graphical abstract

Abstract

Pseudomonas aeruginosa infects patients with cystic fibrosis, burns, wounds and implants. Previously, our group showed that 
elevated Ca2+ positively regulates the production of several virulence factors in P. aeruginosa, such as biofilm formation, pro-
duction of pyocyanin and secreted proteases. We have identified a Ca2+-regulated β-propeller putative phytase, CarP, which is 
required for Ca2+ tolerance, regulation of the intracellular Ca2+ levels, and plays a role in Ca2+ regulation of P. aeruginosa viru-
lence. Here, we studied the conservation of carP sequence and its occurrence in diverse phylogenetic groups of bacteria. In 
silico analysis revealed that carP and its two paralogues PA2017 and PA0319 are primarily present in P. aeruginosa and belong 
to the core genome of the species. We identified 155 single nucleotide alterations within carP, 42 of which lead to missense 
mutations with only three that affected the predicted 3D structure of the protein. PCR analyses with carP-specific primers 
detected P. aeruginosa specifically in 70 clinical and environmental samples. Sequence comparison demonstrated that carP is 
overall highly conserved in P. aeruginosa isolated from diverse environments. Such evolutionary preservation of carP illustrates 
its importance for P. aeruginosa adaptations to diverse environments and demonstrates its potential as a biomarker.
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INTRODUCTION
Pseudomonas aeruginosa resides in diverse environmental 
niches, but is mostly known as a human opportunistic 
pathogen that infects individuals with a variety of under-
lying medical conditions, including cystic fibrosis (CF) 
[1], HIV-1 [2] and causes severe corneal and urinary tract 
infections [3, 4]. In 2017, the Centers for Disease Control 
(CDC) recognized multi-drug-resistant P. aeruginosa as a 
pathogen of a critical priority [5]. P. aeruginosa produces 
an arsenal of virulence factors [6, 7, 8], and its resistance to 
antibiotics and host immune protection further enhances 
its virulence [9, 10, 11]. Current research efforts are focused 
on P. aeruginosa regulatory and signalling networks that 
enhance the pathogen’s virulence and resistance in the host.

Calcium ions (Ca2+) serve multiple functions in living 
organisms and are particularly important for cell signal-
ling. In eukaryotes, Ca2+ signalling regulates most essential 
cellular functions (reviewed in [12]) and therefore, aberra-
tions in Ca2+ homeostasis are commonly associated with 
human diseases, as exemplified by CF, where Ca2+ imbal-
ance alters the immune response (reviewed in [13]), which 
can predispose to bacterial infections. Previously, our group 
reported that elevated Ca2+ increases the production of 
several virulence factors in P. aeruginosa [14, 15, 16]. We 
have also shown that P. aeruginosa tightly regulates intracel-
lular Ca2+ homeostasis, which mediates Ca2+ regulation of 
its physiology [17]. We have identified several components 
of the Ca2+ signalling network that can be grouped into 
two categories: proteins with eukaryotic orthologs (Ca2+ 
transporters [17] and Ca2+-binding proteins) and proteins 
with no eukaryotic orthologues, exemplified by a Ca2+-
regulated putative β-propeller phytase, designated as CarP 
(PA0327) [15].

Sequence analysis of CarP has indicated the presence of 
three domains: a transmembrane helix domain (TMH), 
a phytase-like domain, and an SdiA-regulated domain, 
suggesting its potential role as a phytase that is regulated 
by a quorum-sensing system [15]. Earlier, we showed that, 
in addition to being regulated by a Ca2+-induced two-
component system CarSR, CarP contributes to the regula-
tion of intracellular Ca2+ homeostasis and is required for P. 
aeruginosa tolerance to elevated Ca2+ [15]. Furthermore, 
disruption of carP reduced Ca2+-induced swarming motility 
and production of pyocyanin, potent virulence factors [15]. 
Taken together, these data suggest the important role of 
CarP in Ca2+-regulated virulence and adaptations to envi-
ronments with elevated Ca2+, such as those in a human host.

During the course of infection, P. aeruginosa acquires 
numerous mutations. Some mutations cause alterations in 
gene expression, which lead to enhanced adaptations to the 
host and thus enable persistent infections [18, 19]. These 
include activation of genes essential for survival during 
infections, for example, antibiotic resistance genes, mexXY, 
armZ and ftsH [20], or inactivation of genes whose impact on 
survival declines with progression of infection, for example, 
lasR [21, 19]. Whereas other genes that are also important 
for the pathogen’s survival within a host can be preserved 
from mutations. These genes have a potential to serve as 
therapeutic drug targets or as biomarkers.

The early established and commonly used strategies for 
detecting P. aeruginosa in clinics mostly rely on using selec-
tive growth media, phenotypic characterization, or ampli-
fication and sequencing of 16S rRNA gene, oprL [22], algD 
[23] or toxA genes [24]. More recently proposed methods 
for identifying P. aeruginosa include detection of pyocyanin 
by a silver/gold chip [25], mass spectrometry (MS) of vola-
tile compounds, such as 2-aminoacetophenone, in patient 
breath samples [26, 27] and detection of specific host proteins 
produced in response to P. aeruginosa infections [28]. While 
these methodologies are proven useful, they require expensive 
equipment and processing. Therefore, there is still a need for 
fast, accurate and inexpensive ways to detect P. aeruginosa 
in clinical samples. This is of particular significance for CF 
patients, where appearance of this pathogen in the lungs 
commonly leads to worsening of prognosis [29] and requires 
timely therapy adjustments.

In this study, we explored the unique nature of carP in pseu-
domonads and, particularly, in P. aeruginosa. We performed 
a comparative sequence analysis of carP homologues repre-
senting isolates from diverse sources to determine whether 
carP sequence conservation reflects potential adaptation to 
specific ecological niches. We also tested the potential of carP 
as a biomarker for identifying P. aeruginosa in environmental 
and clinical samples. Overall, the results showed that carP is 
highly conserved, belongs to the core genome of P. aeruginosa, 
and may serve as a biomarker for detecting this pathogen in 
diverse settings.

METHODS
Bacterial strains and growth conditions
Ten CF patient sputa samples were collected at the OU 
Children’s Hospital in Oklahoma City, OK, USA and plated 
onto Pseudomonas isolation agar (PIA, BD Biosciences). 
The samples represented ten patients, from 6 to 55 years old 
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Table 1. PCR amplification of carP in diverse bacterial species

Strains Isolation source PCR carP PCR 16S rRNA Source/reference

P. aeruginosa PAO1 Wound isolate + + [55]

P. aeruginosa PA14 Human isolate + + [56]

P. aeruginosa FRD1 CF isolate + + [57]

P. aeruginosa OSDH 1 Blood + + Oklahoma State Department of Health

P. aeruginosa OSDH 2 Trachea + + Oklahoma State Department of Health

P. aeruginosa OSDH 3 Blood + + Oklahoma State Department of Health

P. aeruginosa OSDH 4 Wound + + Oklahoma State Department of Health

P. aeruginosa Hot spring + + Fathepure Lab

Pooled Pseudomonas strains CF Sputum Sample 5814A + + Lutter Lab

Pooled Pseudomonas strains CF Sputum Sample 102314A + + Lutter Lab

Pooled Pseudomonas strains CF Sputum Sample 2515D + + Lutter Lab

Pooled Pseudomonas strains CF Sputum Sample 6514D + + Lutter Lab

Pooled Pseudomonas strains CF Sputum Sample 61214C + + Lutter Lab

Pooled Pseudomonas strains CF Sputum Sample 6514C + + Lutter Lab

96 Pseudomonas strains CF Sputum Sample 31314A + + Lutter Lab

96 Pseudomonas strains CF Sputum Sample 22014D + + Lutter Lab

96 Pseudomonas strains CF Sputum Sample 22714D + + Lutter Lab

96 Pseudomonas strains CF Sputum Sample 22014B + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014B_A1 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014B_B1 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014B_H12 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014B_G12 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014B_F12 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014B_E12 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014B_D12 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014B_C12 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014B_H11 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014B_G11 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014B_F11 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014B_H10 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014D_A1 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014D_B1 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014D_A2 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014D_A3 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014D_B4 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014D_B5 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014D_C1 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014D_C3 + + Lutter Lab

Continued
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Strains Isolation source PCR carP PCR 16S rRNA Source/reference

P. aeruginosa CF Sputum Sample 22014D_C4 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22014D_E1 + + Lutter Lab

P. aeruginosa CF Sputum Sample 31314A_A1 + + Lutter Lab

P. aeruginosa CF Sputum Sample 31314A_B1 + + Lutter Lab

P. aeruginosa CF Sputum Sample 31314A_A2 + + Lutter Lab

P. aeruginosa CF Sputum Sample 31314A_A3 + + Lutter Lab

P. aeruginosa CF Sputum Sample 31314A_A4 + + Lutter Lab

P. aeruginosa CF Sputum Sample 31314A_A5 + + Lutter Lab

P. aeruginosa CF Sputum Sample 31314A_B3 + + Lutter Lab

P. aeruginosa CF Sputum Sample 3 314A_B6 + + Lutter Lab

P. aeruginosa CF Sputum Sample 31314A_E6 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22714D_A1 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22714D_D1 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22714D_B2 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22714D_C2 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22714D_E3 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22714D_F3 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22714D_C3 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22714D_D1 + + Lutter Lab

P. aeruginosa CF Sputum Sample 22714D_D2 + + Lutter Lab

P. aeruginosa Ocular infections_E1 + + Callegan Lab

P. aeruginosa Ocular infections_E2 + + Callegan Lab

P. aeruginosa Ocular infections_H3 + + Callegan Lab

P. aeruginosa Ocular infections_C2 + + Callegan Lab

P. aeruginosa Ocular infections_F4 + + Callegan Lab

P. aeruginosa Ocular infections_H5 + + Callegan Lab

P. aeruginosa Ocular infections_C4 + + Callegan Lab

P. aeruginosa Ocular infections_C1 + + Callegan Lab

P. aeruginosa Ocular infections_C3 + + Callegan Lab

P. aeruginosa Ocular infections_F3 + + Callegan Lab

P. aeruginosa Ocular infections_C11 + + Callegan Lab

P. aeruginosa Ocular infections_G10 + + Callegan Lab

P. fluorescens Pf-5 Soil − + [58]

P. protegens CHAO Soil − + [59]

P. fluorescens SBW25 Soil, Water, Plant − + [59]

P. chlororaphis 30–84 Soil − + [59]

P. veronii 24 Stream − + Mavrodi Lab

Table 1.  Continued

Continued
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(Table 1). For the first group including four sputum samples, 
96 randomly selected individual isolates for each sample were 
stored frozen in 10 % (w/v) skim milk in 96-well blocks. The 
identity of at least ten random isolates from each plate was 
verified by sequencing their 16S rRNA gene. To study carP 
sequence conservation during infection, the 96 isolates from 
each plate were grown and pooled as described below. For 
the second group of six sputum samples, individual strains 
were not isolated, and instead, all colonies grown on PIA were 
pooled for the following carP sequencing and analyses.

A total of 70 individual Pseudomonas strains were tested for 
the presence of carP (Table 1). They included 40 sequence-
verified P. aeruginosa CF isolates randomly selected from 
the 96-well blocks described above; 12 P. aeruginosa isolates 
from ocular infections obtained from Dr Michelle Callegan, 
University of Oklahoma Health Sciences Center; four P. 
aeruginosa isolates from blood, trachea and wound provided 
by Oklahoma State Department of Health; 11 Pseudomonas 
environmental isolates mostly shared by Drs Dmitri and Olga 
Mavrodi, University of Southern Mississippi; three common 
laboratory strains; and one P. monteilii strain isolated from 
the laboratory sink. In addition, we included seven non-
Pseudomonas species. The identity of strains in question was 
determined or verified by 16S rRNA gene sequencing. The 
universal 16S rRNA primers 27F/1492R [30] were obtained 
from Integrated DNA Technologies (Table 2). Prior to PCR 
analyses, bacterial strains were either struck on Luria–Bertani 
(LB, VWR) plates or grown in LB in 96-well plates for 16–24 h 
at 37 °C.

The deletion mutant, ∆carP, was generated using Gibson 
cloning [31]. In brief, 500 bp regions flanking carP were 
amplified using the primers carPupF, carPupR, carPdownF, 
carPdownR (Table 2) and cloned into pEXG2 by using the 

HiFi DNA assembly kit (NEB). The generated plasmid 
pcarPDM was then electroporated into E. coli SM10 for 
biparental mating with PAO1. The successful transformants 
were selected on Pseudomonas Isolation Agar (PIA) with 
30 µg ml−1 gentamicin. To facilitate homologous recom-
bination, the cultures were grown in liquid LB for 6 h 
followed by SacB-based counter selection using LB agar 
supplemented with 5 % sucrose. The loss of the gene in the 
sucrose-sensitive and gentamicin-resistant transformants 
was verified by PCR using gene-specific primers carPupF 
and carPdownR (Table 2).

Gene-expression analysis by RT-PCR
Wild-type P. aeruginosa PAO1 and ΔcarP mutant were 
grown in Biofilm Mineral Media (BMM) [14] until mid-
log phase (12 h; OD600=0.18±0.03). Total RNA was isolated, 
and cDNA was synthesized as previously described [16]. 
Briefly, total RNA was isolated from P. aeruginosa mid-log 
cultures grown in BMM grown without Ca2+ or with 5 mM 
Ca2+ by using RNeasy Protect Bacteria Mini kit (Qiagen). 
The quality of the purified RNA was assessed by 1.2 % 
agarose gel electrophoresis. The absence of genomic DNA 
in total RNA samples was confirmed by using DreamTaq 
Green PCR Master Mix (Thermo Fisher Scientific) and a 
primer set 16 S-533-F /16 S-1100-R for the amplification 
of the 16S rRNA gene (Table 2). For reverse transcription-
PCR (RT-PCR) reactions, 1 µl of the cDNA was used 
with carP-, PA0319- and PA2017-specific primer sets 
F_carP_+21/New_carP_R, PA0319_123_F/PA0319_990_R 
and PA2017_1_F/PA2017_476_R, respectively (Table 2). 
The 16S rRNA gene was amplified as an internal control. 
Amplification was performed using Dream Taq Green PCR 
Master Mix following the manufacturer’s instructions and 

Strains Isolation source PCR carP PCR 16S rRNA Source/reference

P. aridius R1-43-08 Rhizosphere − + [60]

P. mosselii KM2404 Clinical Strain − + [61]

P. synxantha 2–79 Rhizosphere − + [62]

P. brassicacearum Soil − + [59]

P. monteilii Lab Sink − + Patrauchan Lab

E. coli DH5α Lab Strain − + Patrauchan Lab

S. aureus strain NRS70 Lab Strain − + [63]

M. luteus Lab Strain − + OSU Teaching Lab

K. oxtoca Lab Strain − + OSU Teaching Lab

B. aryabhattai Lab Strain − + [63]

Arthrobacteria sp. Rumen − + Fathepure Lab

Alcaligenes sp. 3K Nigeria − + Fathepure Lab

*The identity of the isolates was verified by sequencing their amplified 16S rRNA gene.

Table 1.  Continued
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the following protocol for annealing: 56 °C, 35 cycle for 
carP; 63 °C, 30 cycle for PA0319; 72 °C, 35 cycle for PA2017; 
56 °C, 16 cycle for 16S rRNA gene. The PCR products were 
subjected to electrophoresis in 1.0 % agarose gel, stained 
with ethidium bromide, and the signals were quantified 
using ImageJ software (NIH, USA). RT-PCR was repeated 
three times for consistency. A representative gel image is 
presented. Densitometry analysis was performed based 
on three independent experiments using ImageJ software 
[32]. The intensities of carP, PA0319 and PA2017 bands 
were averaged and normalized by the intensity of the 16S 
rRNA gene.

Sequence analyses and predictions
At the time of the analyses, the Pseudomonas database 
v. 17.2 (​www.​pseudomonas.​com) [33] consisted of 3348 
complete and incomplete genomes of 426 Pseudomonas 
species. To test the sequence conservation of carP among 
Pseudomonas species, we used blastn and blastp [34] and 
considered homologues that share at least 20 % sequence 
identity over the full length of the gene with the E-value 
of 10 as a cutoff. Additional sequence alignments were 
performed using ClustalW [35]. The taxonomy of strains 
carrying homologues was either verified by using the 
software GTDB-Tk [36] or by calculating their average 
nucleotide identity values (ANI) in Kbase [37]. To identify 
integrative conjugative elements (ICE), we used ICEfinder 

algorithms run through the web version of ICEberg 2.0 [38] 
To identify the residues naturally mutated in carP in diverse 
isolates and find the regions of high conservation, the multi-
sequence alignment software mega 7.0 [39] was used. The 
isolation source for each of these sequences was extracted 
using an in-house python script programmed by Eric King 
[40]. To identify and visualize single nucleotide mutations 
within carP homologues in verified P. aeruginosa sequences, 
Unipro UGENE software was used [41]. The nucleotide 
sequences were translated by using mega, and mutations 
in amino acids were identified and visualized by Unipro 
UGENE. Sequences were clustered using CD-HIT suite [42] 
at 99.5 % similarity cutoff. Aligned sequences were used to 
construct maximum-likelihood phylogenetic trees based 
on JTT matrix model [43] in mega 7.0 [39]. The secondary 
structures of CarP and its homologues were predicted by 
CFSSP [44]. Protein three-dimensional (3D) structure 
was predicted using I-TASSER [45] and SWISS-MODEL. 
I-TASSER predicts 3D structure using Protein Data Bank 
templates and the multiple threading approach LOMETS. 
The predicted structures were visualized using PyMOL [46] 
(version 1.8.6.0; Schrödinger, LLC). The overall hydropho-
bicity and the transmembrane tendency of TMH domain 
in CarP and its in silico mutated version were predicted by 
using ExPASy Bioinformatics Resource Portal. Selection 
pressure was estimated for each codon using the HyPhy 
method [47] implemented in mega 7.0 [39]. In addition, 

Table 2. Primers used in this study

Primer name Sequence Source

F_carP AGAGAGCATATGATGACTATCCACGCC This study

R_carP AGAGAGGGATCCTCAGGGCTGCGC This study

- 326_XhoI 5’ TAAGCACTCGAGGCTGAATTCCATGCA This study

carPup_F TGCGCACCCGTGGAAATTAATTAAGGTACCGAATTC 
CGGCAGGCCTTCCATGTGTTC

This study

carPup_R GACGCTCCTGAGCATAGAGCCTGTACGCTG This study

carPdown_F GCTCTATGCT CAGGAGCGTCCCCTGGCC This study

carPdown_R TTATACGAGCCGGAAGCATAAATGTAAAGC 
AAGCTTAGCGTCTGTCGGGCGACAC

This study

F_carP_+21 CCCGAGCCGTTTTCCATGTC This study

New_carP_R TCAGGGCTGCGCCGGCTCGTC This study

PA0319_123_F CGTGGTGCTGACCATCGTC This study

PA0319_990_R TTAATCGGCGTCGCTGGTGGC This study

PA2017_1_F ATGAGTCGGCTGATGACCTACAGG This study

PA2017_476_R AACTTCCGGGCGTTGCGCG This study

16 S-533-F GTGCCAGCAGCCGCGGTAA [64]

16 S-1100-R AGGGTTGCGCTCGTTG [65]

16S 27F AGAGTTTGATCCTGGCTCAG [30]

16S 1492R ACGGCTACCTTGTTACGACTT [30]

www.pseudomonas.com
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an analysis of the rates of non-synonymous versus synony-
mous mutations was conducted using codon-based Z-test 
of selection in mega 7.0 [39]. The entire full-length carP 
gene was compared to truncated regions representing the 
transmembrane helix (TMH) (bases 68–129), and the SdiA-
regulated (bases 187–942) domains to identify portions of 
the gene that are potentially experiencing selection.

Detecting carP by PCR
To study carP sequence variability during infection, we 
used sputum samples from ten CF patients of different 

ages (Table 1). For each patient, a pooled sample of clinical 
isolates was prepared for DNA isolation, carP amplifica-
tion and sequencing. For each sample of the first group 
(2.1), 96 individual Pseudomonas isolates were grown in 
LB in a 96-well plate for 16–24 h. After measuring OD600, 
the cultures were pooled for DNA extraction. For their 
equal representation, their volumes were proportional to 
their OD600. Each sample of the second group (2.1) was 
struck on Pseudomonas selective PIA plates, and for each, 
all grown isolates were pooled and prepared for DNA 
extraction. DNA was extracted by using Wizard Genomic 

Fig. 1. Phylogenetic analysis of sequences obtained from in silico analysis. (a) The 7665 sequences identified as significant hits to 
carP using blastn were aligned using MAFFT and the alignment was used to construct a maximum-likelihood phylogenetic tree using 
FastTree. The tree is midpoint rooted. The sequences clearly clustered into three groups; group 1 (shown in red) with 95.34–100% 
sequence identity to carp, group 2 (shown in green) with 98.7–100% sequence identity to PA2017 and group 3 (shown in blue) with 
98–100 % sequence identity to PA0319. (b) Distribution of carP homologues in Pseudomonads. Overall, 2269 out of 3348 Pseudomonas 
genomes containing carP homologues that share at least 96 % sequence identity. P. sp represents Pseudomonads that have not been 
identified to species. The ANI analyses revealed that all P. sp. isolates belong to P. aeruginosa. *P. protegens (NZ_JVPC01000103), P. otitidis 
(NZ_JGYF01000074), and P. mendocina (NZ_JVSG01000050, NZ_JVWH01000013) were later reclassified as P. aeruginosa. (c) Distribution 
of P. aeruginosa strains harbouring carP homologues according to their isolation source. A total of 1427 isolates with the available 
information on isolation sources were included into the analysis. Isolate-search script was used to extract the information about the 
isolation source for each sequence [40].
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DNA Purification Kit (Promega, MD) according to the 
manufacturer's instruction. The carP primers (Table 2) were 
designed and their specificity was tested by using blastn 
against the NCBI nr and Pseudomonas databases in silico 
and verified by using the deletion carP mutant. Physical 
parameters and quality of the primers were analysed by 
using the IDT OligoAnalyzer. All primers were obtained 
from IDT.

To verify the presence of carP in the individual isolates, 70 
individual Pseudomonas strains were selected and grown on 
LB agar plates. Colony-based PCR amplification [48] with 
specific primers for 16S rRNA and carP genes was conducted. 

The 16S rRNA amplicons were sequenced at the OSU DNA 
Sequencing Core Facility.

PCR amplification was conducted in 25 µl reaction mixtures 
containing: 15.5 µl of nuclease free H2O, 5.0 µl of 5 x GC 
buffer (Thermo Fischer Scientific, F519L), 0.5 µl of 10 mM 
dTNPs, 0.75 µl DMSO, 0.5 µl Phusion polymerase, 1.25 µl 
of each forward and reverse primers. PCR amplification 
was initiated by denaturation for 30 s at 98 °C, followed 
by 30 cycles of denaturation at 98 °C for 30 s, annealing at 
63 °C for 30 s, and elongation at 72 °C for 10.5 min. For 16S 
rRNA amplification, the PCR reaction followed the same 
protocol, except for the melting temperature of 56 °C. All 

Fig. 2. Comparison of CarP and homologues in P. aeruginosa. (a) Alignment of CarP, PA2017 and PA0319 sequences using ClustalOmega 
[66]. TMH is highlighted in light grey, phytase-like domain in dark grey and the NHL repeat domain is outlined in black. Asterisks 
indicate identical residues and the dots represent similar residues. (b) RT-PCR analysis of carP, PA0319, PA2017 and 16S rRNA gene 
in WT PAO1 and ΔcarP strains. 16S rRNA gene was used as a control. M, MassRuler DNA Ladder (Thermo Scientific). RT-PCR was 
repeated three times, each with consistent results. A representative gel is presented. (c) Densitometry analysis was performed based 
on three independent experiments by using ImageJ software [32]. The intensities of carP, PA0319 and PA2017 bands were averaged and 
normalized by the intensity of the 16S rRNA gene.
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PCR reactions were carried out using Applied Biosystems 
2720 Thermal cycler.

RESULTS AND DISCUSSION
carP is present primarily in P. aeruginosa genomes
Surveying the non-redundant NCBI database for carP homo-
logues revealed that the gene homologues are only present 
in the genomes of Pseudomonas genus and no homologous 
genes were identified in other genera. We have also performed 
blastp analyses, and a few significant hits were returned as 

non-P. aeruginosa. However, upon further analysis using 
both the genome classification software GTDB-TK and ANI 
analysis, we verified that all these hits were misclassified and 
in fact belong to the species P. aeruginosa. To study the conser-
vation of carP sequence amongst Pseudomonas species, we 
performed blastn analysis using the Pseudomonas database 
with, at the time of the analyses, a total of 3348 complete and 
incomplete genomes representing 426 identified species and 
2197 strains of P. aeruginosa. The blastn alignments yielded 
7665 significant hits with sequence identity ranging from 
54–100 %. Considering the presence of two carP-homologous 
genes in PAO1 genome (PA2017 and PA0319), we binned 

Fig. 3. Mutations identified in 2269 carP homologues. (a) The grid profiles of the mutations identified in the nucleotide sequences of 
carP homologues graphed as a percent of sequences with altered nucleotide at each position among 2269 sequence in comparison to 
the carP sequence in PAO1. (b) The 2269 nucleotide sequences were translated to amino acid sequences and graphed in a grid profile 
showing the missense mutations. White gaps indicate 100 % conservation in all sequences. * indicate the mutations with a normalized 
dN-dS values higher than 1, indicating a positive selection (Table S1).
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the sequences into three groups (Fig. 1a). The first group 
included 2269 sequences that shared 95–100 % sequence 
identity with carP, but below 70 % identity with PA2017 
and PA0319. The majority of the sequences (n=2218) in 
this group belong to P. aeruginosa (Fig. 1b). The three other 
species, P. protegens (NZ_JVPC01000103; one sequences), P. 
otitidis (NZ_JGYF01000074; one sequence) and P. mendocina 
(NZ_JVSG01000050, NZ_JVWH01000013; two sequences) 
have been reclassified as P. aeruginosa. Forty-eight strains in 
this group were not identified at the species level. We verified 
the taxonomy of these 48 strains by calculating their average 
nucleotide identity values (ANI) using the software GTDB-Tk 
[36]. They all showed ANI values above 98 % (98.04–99.41 %) 

to the reference P. aeruginosa strain NCTC10332 (GenBank 
assembly accession number GCF_001457615.1), supporting 
their classification as P. aeruginosa. Thus, we concluded that 
the first group includes only P. aeruginosa species.

The second group of 1394 sequences shared 98–100 % iden-
tity with PA2017. This group is represented only by P. 
aeruginosa strains. Because of the higher similarity to 
PA2017, we attributed them to be homologous primarily 
to PA2017. This group is 71.3–71.7 % identical to carP, and 
58.2–59 % identical to PA0319. The third group contains 4002 
sequences that are 98–100 % identical to PA0319. This group 

Fig. 4. Protein sequence alterations in CarP homologues detected in 60 environmental and 1367 clinical isolates of P. aeruginosa. (a) Grid 
profiles of mutations identified in 60 environmental isolates graphed as a percent of sequences with altered nucleotide at each position 
among 60 sequences in comparison to the CarP sequence in PAO1. (b) Grid profiles of mutations identified in 1367 clinical isolates 
graphed as a percent of sequences with altered nucleotide at each position among 1367 sequence in comparison to the CarP sequence 
in PAO1. White gaps indicate 100 % conservation in all sequences.
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is 57.6–58.4 % identical to carP, and 55.8–56.5 % identical to 
PA2017 and is comprised of all P. aeruginosa strains.

PA2017 and PA0319 are 64 and 53% identical to carP, respec-
tively. They share predicted 3D structure and the presence of 
transmembrane helix, putative phytase and SdiA-regulated 
domains (Fig. 2a). PA0319 has an additional predicted NHL 
repeat domain (named after ncl-1, HT2A and lin-41) [49], 
that the other two proteins do not possess. The GC content of 
each of these genes is 65–67 %, which is similar to the average 
GC content of P. aeruginosa genome (66.6 %). No sequence 
signatures of mobile elements within the immediate genomic 
environment were identified, which was supported by the 
genome-wide analyses using ICEfinder and agreed with the 
previous report [50]. Taken together, these observations 

suggest that all three genes are native to P. aeruginosa. Further, 
these genes share the carP conservation pattern, and are 
present in all the sequenced P. aeruginosa genomes, indicating 
they belong to the core genome of P. aeruginosa.

Based on the sequence similarities, we hypothesized that 
PA2017 and PA0319 may share a CarP function and serve as a 
functional backup and that, if carP is deleted, their expression 
may increase to functionally complement the lack of CarP. 
We observed the precedent for the P. aeruginosa β-carbonic 
anhydrases [51]. To test this, we performed RT-PCR of the 
three genes in wild-type PAO1 and a ΔcarP strain (Fig. 2b, 
c). However, the RT-PCR results (Fig. 2b, c) showed that all 
three homologues appeared to be transcribed at similar levels 
in PAO1, and the expression of PA2017 and PA0319 remained 

Fig. 5. Correlative analyses of phylogenetic relationship, isolation sources and frequency of mutations in carP homologues. The 2248 
sequences of carP homologues and carP were clustered using CD-Suite [42]. One representative from each cluster was used to build a 
phylogenetic tree in mega [39]. The clustering together with distribution of the isolation sources formed three apparent groups depicted 
using the shaded boxes. Top group represents 1559 sequences, middle group represents 667 sequences, bottom group represents 22 
sequences. The isolation sources shown are those that represent at least 8 % of the sequences shown in Fig. 1c. All other sources are 
represented as others. Mutation profiles are depicted for each group. The arrows indicate missense mutations.
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unchanged in the absence of carP. Further, according to our 
previous microarray data, in contrast to carP, the expression 
of PA0319 and PA2017 is not regulated by Ca2+, nor it is regu-
lated by the Ca2+-induced two component system CarSR [15], 
suggesting that PA2017 and PA0319 are not a part of the Ca2+ 
response in P. aeruginosa and may serve different roles in the 
cell. In support, all three genes are embedded into different 
genomic environments as single open reading frames and, 
according to the genomic data repository, GEO [52], are regu-
lated differently under different growth conditions, with the 
exception of the three following conditions: during stationary 
growth phase in artificial medium mimicking CF lung sputum 
(GDS4250), in vivo growth in CF sputum (GDS2869), and in 
response to airway epithelia (GDS2502). Taken together, this 

indicates that carP and its two paralogues are likely involved 
in different cellular processes, differentially regulated, but all 
are important during infection.

carP is conserved in a wide range of P. aeruginosa 
clinical and environmental isolates
Considering the role of CarP in P. aeruginosa virulence, we 
hypothesized that its sequence may be preserved and there-
fore more conserved among clinical isolates of the species. To 
test this hypothesis, we first retrieved the information on the 
isolation sources for each strain carrying a carP homologue 
in group 1 (described above). From the 2269 P. aeruginosa 
strains combined in this group, only 1427 had the information 

Table 3. Conservation of carP sequence among 2269 sequenced P. aeruginosa retrieved from Pseudomonas.com database*

Isolation source No. of seq. Regions Full gene length

TMH SdiA regulated Phytase-like

Abscess 4 100.0 % 100.0 % 100.0 % 99.9 %

Blood 20 97.1 % 99.98 % 99.98 % 99.8 %

Burn 61 96.4% 99.9 % 99.9 % 99.7 %

Cancer 1 100.0 % 100.0 % 100.0 % 100.0 %

CF 469 98.6 % 100.0 % 100.0 % 99.9 %

Clinical isolates 92 96.0 % 100.0 % 100.0 % 99.7 %

Clinical non-CF 2 95.2% 100.0% 100.0% 99.7%

Ear infection 2 90.0% 98.9% 98.7% 98.1%

Eye infection 30 96.8% 100.0% 100.0% 99.8%

Respiratory tract 167 96.9% 100.0% 100.0% 99.7%

Urinary tract 120 96.9% 100.0% 100.0% 99.8%

Intra-abdominal 132 96.6% 99.9% 99.9% 99.7%

Wounds 42 96.94% 100.0% 100.0% 99.7%

Veterinary 5 97.3% 100.0% 100.0% 99.8%

Hospital 220 96.2% 99.9% 99.9% 99.6%

Laboratory culture 21 96.0% 100.0% 100.0% 99.8%

Environmental 24 97% 100.0% 100.0% 99.8%

Water 18 97.8% 100.0% 100.0% 99.6%

Wastewater 5 95.0% 100.0% 100.0% 99.8%

Wastewater 1 95.0% 100.0% 100.0% 99.7%

Industrial 23 98.0% 100.0% 100.0% 99.9%

Soil 13 97.6% 100.0% 100.0% 99.8%

Abscess 3 100.0% 100.0% 100.0% 100.0%

n/a 795 96.6% 99.9% 99.9% 99.7%

n/a 2 96.7% 100.0% 100.0% 99.8%

*Percentages represent the nucleotide sequence identity within the corresponding region of the gene in comparison to PAO1 carP.



13

Mares et al., Microbiology 2020

describing their isolation source. The majority of the strains, 
93.2 %, were isolated from clinical sources (Fig. 1c) with the 
largest group, 31.9 %, isolated from CF patients. The other 
clinical isolates were obtained from burn wounds, ear infec-
tions, urinary tract infections, intra-abdominal infections 
and respiratory tract infections, as well as hospital environ-
ments. A smaller fraction of the isolates, 5.6 %, were isolated 
from environmental samples, including water and industrial 
sources (Fig. 1c). The presence of P. aeruginosa in such a 
variety of environmental niches illustrates the reported versa-
tility of this organism. Although the distribution of sequences 
is heavily skewed towards clinical isolates, overall, the data 
suggest that carP homologues are present in strains residing 
in both clinical and environmental settings, suggesting its 
potential importance for P. aeruginosa survival in diverse 
ecological niches.

Second, we aligned the nucleotide sequences of all 2269 
homologues in group 1 and for each nucleotide, we deter-
mined the number of homologues with altered sequence. 
In Fig. 3a, the bars indicate the percent of sequences (out 

of 2269) that have a nucleotide change in comparison to the 
aligned nucleotide in the carP sequence. The majority of the 
identified sequence variations occurred in the proximity of 5′ 
and 3′ ends of the gene and within the phytase/SdiA-regulated 
domain. Overall, for the entire length of carP sequence, we 
detected 155 nucleotide mutations, 42 of which are missense 
mutations (Fig. 3b). When selection was estimated on a per-
codon basis, 24 of the missense mutations showed normalized 
dN-dS values higher than 1, indicating a positive selection 
(Fig.  3b, Table S1, available in the online version of this 
article). Using the alignment of the 2269 homologues in group 
1, we also compared the rates of non-synonymous versus 
synonymous mutations over the entire full-length carP gene, 
as opposed to the regions representing the transmembrane 
helix (TMH) (bases 68–129), and the SdiA regulated (bases 
187–942) domains to identify positive selection regions. Only 
the SdiA-regulated region seemed to be under a positive selec-
tion (P-value=0.01) indicating an advantageous mutation.

Then, we grouped the homologues with sequence variations 
according to their sources: clinical or environmental (Fig. 4). A 
total of 39 amino acid mutations were detected in CarP homo-
logues harboured by 1367 clinical isolates and 13 mutations 
were detected in 60 environmental isolates. Considering the 
total number of sequences, mutations in the environmental 
strains occur five times more frequently (13/60=0.2) than in 
the clinical isolates (54/1367=0.04). The overall distribution of 
the mutations within the sequence, however, were similar in 
the two groups. The functional significance of these mutations 
will be the focus of further studies.

Third, we clustered 2248 selected full-length sequences, and 
the representative sequences of the 26 obtained clusters were 
aligned to construct a maximum-likelihood phylogenetic 
tree with PA0319 as an outgroup (Fig. 5). Considering the 
phylogenetic relationship and the isolation sources, the clus-
ters fell into three groups, which showed distinct profiles of 
mutations. Interestingly, 40 % of sequences in the first group 
originated from CF isolates, compared to about 8 and 5 % 
of those in the second, and third groups, respectively. This 
pattern was reversed for hospital isolates that represented 13, 
20 and 38 % of the sequences in the first, second and third 
group, respectively. The mutation profiles showed a smaller 
number of mutations identified in the first group of sequences 
that increased substantially in the second, and particularly, 
the third group. It is worth noting, that none of the muta-
tions identified in this first group showed a normalized dN-dS 
values higher than 1 in our per-codon selection analysis. 

Fig. 6. Impact of the detected missense mutations on the predicted 
3D structure of CarP. Forty mutations identified in the phytase-like 
domain during analysis of 2269 P. aeruginosa sequenced genomes 
were introduced in silico into CarP sequence and the mutated 
sequence was submitted to I-Tasser [67]. The predicted structure of 
the mutated protein is shown in cyan, the wild-type CarP is in green, 
and the mutations within the sequence are highlighted in red. TMH is 
highlighted in yellow.

Table 4. Alterations in 2D structure of CarP and its domains due to identified mutations

Protein/domain (no. of mutations) α-Helix Β-sheets Loops

Wild type CarP 249 (77.6 %) 129 (40.2 %) 42 (13.1 %)

Mutations within TMH domain (6) 254 (79.1 %) 127 (39.6 %) 44 (13.7 %)

Mutations within phytase-like domain (23) 264 (82.2 %) 119 (37.1 %) 43 (13.4 %)

All CarP mutations (40) 267 (83.2 %) 165 (51.4 %) 44 (13.7 %)
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Considering that CF isolates represent the largest number of 
sequences (40 %) in the largest first group (n=1559), these data 
suggest the highest conservation of carP among CF isolates. 
This may indicate a particular importance of carP during 
P. aeruginosa infections in the lungs of these patients. The 
results, however, may be skewed by unequal representation 
of P. aeruginosa isolates from other sources.

Conservation of CarP functional domains
To analyse whether the identified mutations have a potential 
to affect CarP functionality, we have mapped the nucleotide 
changes onto the predicted domains: a transmembrane 

helix (TMH) (bases 68–129) predicted to anchor CarP to 
the cytoplasmic membrane, SdiA regulated (bases 187–942) 
and phytase-like domain (bases 211–816) (Fig. 3). We also 
determined the percent identity within the domains in 
comparison to the wild-type carP in homologous sequences 
grouped according to their isolation source (Table  3). 
Overall, the highest sequence variation was observed within 
the TMH domain, where the sequence identity varied from 
90–100 % (Table  3). The overlapping phytase and SdiA-
regulated domains showed the lowest sequence variation 
with a minimum sequence identity of 98.7 %. Interestingly, 
the lowest sequence identity was observed for TMH domain 

Fig. 7. Conservation of carP in P. aeruginosa isolates from sputa samples of CF patients. The carP conservation during CF infection was 
examined by sequencing ten pooled cultures, each representing a CF patient and including 96 randomly selected isolates. Sequence 
alignment was performed using mega [39]. 1. PAO1 carP, 2. 5814A (age 6), 3. 102 314A (age 7), 4. 2515D (age 17), 5. 6514D (age 20), 6. 
61214C (age 22), 7. 31 314A (age 28), 8. 22 014D (age 29), 9. 22 714D (age 31), 10. 22 014B (age 39) and 11 6514C (age 55). Only the regions 
of the gene that have mutations are shown. The TMH is shaded in dark grey and the protein domains are shaded in light grey.

Table 5. Sequence identity of carP homologues amplified from pooled CF isolates, each pool representing one patient*

CF Sputum Sample ID Regions Total coverage

Age TMH SdiA regulated Phytase-like

5814A 6 100 % 99.74 % 99.83 % 99.79 %

102 314A 7 100 % 99.07 99.17 % 99.28 %

2515D 17 100 % 100 % 99.83 % 100 %

6514D 20 100 % 99.74 % 99.8 3% 99.79

61 214C 22 96.77 % 99.74 % 99.83 % 99.48 %

31 314A 28 100 % 100 % 99.83 % 100.00 %

22 014D 29 100 % 99.60 % 99.83 % 99.28 %

22 714D 31 100 % 99.74 % 99.67 % 99.79 %

22 014B 39 98.39 % 99.74 % 99.83 % 99.69%

6514C 55 100 % 99.03 % 98.42 % 99.35 %

*Percentages represent the nucleotide sequence identity within the corresponding region of the gene in comparison to PAO1 carP.
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(90 %) and phytase/SdiA-regulated domains (98.7 %) in two 
isolates from ear infections. More sequencing for isolates 
from diverse infections is required for identifying significant 
patterns in mutation rates.

To test whether the identified mutations would collectively 
affect the integrity of TMH domain, we introduced all six 
missense mutations (L23P, V26M, S32A, V35A, G38S and 
S40N) detected within this domain into the CarP protein 
sequence in silico and tested the prediction of the TMH 
domain. While the probability score was lower in the mutated 
protein (0.89 vs 0.98), the TMH domain was still predicted. 
We also compared the overall hydrophobicity, the transmem-
brane tendency, and the secondary structure of the in silico 
mutated TMH domain to that of CarP. Again, the differences 
were not substantial (Fig. S1), suggesting that these amino 
acid changes in CarP homologues do not impact the localiza-
tion of the protein.

Identified mutations do not impact the β-propeller 
fold of the protein
A large number of proteins with diverse functions form 
β-propeller structures that are well conserved among all 
branches of life (reviewed in [53]). Mutations disrupting the 
β-propeller structure commonly inactivate these proteins 
[54]. To test whether the 40 amino acid mutations identified 
within the phytase-like domain among 2269 CarP homo-
logues alter the secondary structure and β-propeller fold of 
the protein, we introduced these mutations into CarP in silico 
and predicted the secondary and 3D structures of the mutated 
protein. The secondary structure prediction showed only a 5 % 
gain in α-helixes and a 3 % loss in β-sheets, and no structural 
differences were observed within the predicted loop regions 
(Table 4). The alignment of the predicted 3D structures of 
the mutated and wild-type CarP (Fig. 6) showed that only 
two mutations (P93S and K232R) located within blade I and 
blade V, respectively, altered the β-propeller fold, but no major 
changes in the predicted 3D structure were observed. Future 
studies will investigate the impact of these mutations on the 
function of CarP.

carP was only detected in P. aeruginosa strains
Since the presented in silico analyses concluded that carP 
is primarily present and highly conserved in P. aeruginosa, 
we hypothesized that carP has potential as a biomarker. To 
test this, we designed primers specific to carP. Within 2269 
carP homologues identified among P. aeruginosa strains, 
the 5′ region complimentary to the forward primer showed 
0.04–0.97% mutation rate. The 3′ region recognized by the 
reverse primer showed even a lower occurrence of mutation, 
ranging from 0.66–0.79% sequences (Fig. S2).

PCR analyses using the designed carP primers showed a 
consistent amplification of carP in PAO1, but did not amplify 
any product from seven different bacterial genera, including 
Escherichia, Staphylococcus, Micrococcus, Bacillus, Alcaligenes, 
Arthrobacteria and Klebsiella (Table 1). 16S rRNA primers 
were used as a positive control for each strain. Further, no 

amplification of carP was observed in 11 environmental 
Pseudomonas species, excluding P. aeruginosa (Fig. S3). These 
included nine strains (shared by Dr Mavrodi) isolated from 
plants, soil, streams or the rhizosphere and represented eight 
species: P. protegens, P. fluorescens, P. chlororaphis, P. veronii, 
P. aridius, P. mosselii, P. synsaxatha and P. brassicacearum. 
In addition, no carP amplification was observed for nine 
environmental isolates collected from soil, ponds and a 
laboratory sink (Fig. S3). They included P. monteilii (Table 1) 
and eight isolates morphologically drastically distinct from 
Pseudomonas (data not shown).

To show that the carP-specific primes can be used to detect 
P. aeruginosa strains in clinical samples, we tested a variety of 
laboratory and clinical isolates. Positive amplification of carP 
was obtained for all 60 tested P. aeruginosa strains, including 
laboratory, clinical and environmental isolates (Table 1, Fig. 
S3). Despite the potential impact of the mutations detected 
within the 5′ and 3′ regions of the gene on recognition by the 
primers, all the P. aeruginosa isolates tested produced ampli-
cons, supporting our confidence in the designed primers.

Finally, we aimed to explore the conservation of carP 
sequences among CF sputa isolates collected at the clinic from 
ten patients of different ages ranging from 6 to 55. For this, 
for each of the ten patients, we pooled either 96 individual 
Pseudomonas isolates or the entire PIA plate of colonies, 
extracted their DNA, amplified by using carP specific primers, 
and sequenced the amplicons (Table 1, Fig S3). Considering 
the amplicons from mixed cultures were sequenced, to iden-
tify all possible variations in the sequences, the spectra were 
analysed closely for multiple calls of nucleotides potentially 
representing sequences of different strains. Similar to the 
sequences retrieved from the Pseudomonas database, most 
sequence variations occurred within the TMH domain with 
sequence identity dropping to 96.8 and 98.4 % in two of the 
samples (Table 5). The rest of the sequence showed similar 
conservation to that of previously sequenced CF isolates. Only 
four of the mutations altered the protein sequence (Fig. 7). No 
correlation was observed between the number of mutations 
and the age of the patients. A larger sample pool is required 
for such correlative analysis.

Overall, these data illustrate the conservation of carP sequence 
in P. aeruginosa that presents an opportunity for this gene to 
serve as a biomarker for detecting P. aeruginosa in clinical and 
environmental samples.
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