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Abstract: Antibiotics like colistin can save patients infected with carbapenem-resistant Pseudomonas
aeruginosa. However, patients can succumb to such infections even if they undergo colistin therapy.
This prompted us to investigate the probable antimicrobial resistance mechanisms and virulence
determinants involved in colistin- and carbapenem-resistant P. aeruginosa (CCRPA). Of the 448 P. aerug-
inosa clinical strains, 19 isolates were resistant to both colistin and carbapenem. Carbapenemases
and efflux pump encoding genes were assessed by multiplex PCR and qPCR, respectively. blaVIM
was detected among six CCRPA isolates and blaIMP in one strain. The expression levels of pmrA
and phoP, as well as pmrB genes and their association with colistin resistance, were assessed by
qPCR and semi-quantitate PCR, respectively. pmrA and phoP genes were significantly enhanced in
three and nine CCRPA isolates, respectively. We also phenotypically evaluated biofilms, pyocyanin,
and alginate production among CCRPA strains. Alginate production was observed in 15 isolates,
followed by biofilm (n = 8) and pyocyanin (n = 5). Our results highlighted the coexistence of colistin
and carbapenem resistance and biofilm formation among clinical isolates of CCRPA. Further studies
are required to trace the source and the origin of colistin and carbapenem resistance in this specific
environment.
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1. Introduction

Pseudomonas aeruginosa causes severe nosocomial infections in cystic fibrosis (CF)
and immunocompromised patients [1,2]. The spread of carbapenem-resistant P. aeruginosa
(CARPA) and the infections it causes are a burgeoning problem, particularly for hospitalized
patients. The World Health Organization (WHO) considers CARPA to be one of the most
high-priority and concerning drug-resistant organisms. Patients infected with CARPA
can be saved by antibiotics like polymyxin (colistin or polymyxin B). However, patients
succumb to such infections even when receiving polymyxin therapy [3]. The spread of
colistin- and carbapenem-resistant P. aeruginosa (CCRPA) isolates has become a severe
problem associated with high morbidity and mortality rates worldwide. The recurrent
usage of polymyxin against CARPA has resulted in the emergence of colistin resistance in
P. aeruginosa worldwide [4,5].

Colistin is considered to be a last-line treatment against P. aeruginosa, showing resis-
tance to multiple classes of antimicrobial agents, including polymyxin B, aminoglycosides,
carbapenems, cephalosporin, and fluoroquinolones. Colistin is a cationic polypeptide that
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binds at the anionic lipopolysaccharide (LPS) region and causes cell death by displacing
the Mg2+ and Ca2+ ions [6]. Bacteria can encounter these interactions by expressing and
adding an enormous amount of phosphoethanolamine and/or 4-amino4-deoxy-l-arabinose
to the anionic region of LPSs. In colistin-resistant isolates, the electrostatic interactions
between colistin and LPSs might be reduced due to the masking of anionic regions of LPSs
with phosphoethanolamine and/or 4-amino4-deoxy-l-arabinose. The activated expression
of two-component regulatory systems (pmrAB and phoPQ) mediates colistin resistance by
adding an enormous amount of 4-amino-4-deoxy-L-arabinose (L-Ara4N) and/or phospho-
ethanolamine (PEtn) to the lipid A component of the outer membrane of lipopolysaccha-
rides (LPSs). This interaction blocks the binding of cationic colistin with anionic LPSs and
allows bacteria to survive in the presence of colistin [4–6]. However, plasmid-mediated
colistin resistance has been found worldwide, and in India, it is called MCR (mobile colistin
resistance) [7–9]. MCR is a phosphoethanolamine transferase that catalyzes the addition
of a phosphoethanolamine group to lipid A, leading to a decreased affinity of colistin
for the lipopolysaccharide. MCR-1 is located on plasmid pHNSHP45 and can be easily
transferable within E. coli or other species. This plasmid is highly prone to transfer MCR-1
to K. pneumonia and P. aeruginosa via transformations [10,11]. This indicates the plasmid’s
ability to confer colistin resistance in non-fermentative bacilli. A study by Liu et al. found
MCR-1-harboring K. pneumonia isolates in patients admitted to a hospital [8]. From that
study onwards, several studies have confirmed MCR-1-harboring Gram-negative isolates
in animals, humans, and environments [12,13].

The production of carbapenemases and their occurrence and colistin resistance mech-
anisms represent a challenge for clinical management. Carbapenemases are β-lactamase
enzymes that play an essential role in the hydrolysis of carbapenems, penicillins, and
cephalosporins. According to their Ambler classification, carbapenemases are differenti-
ated into classes A, B, and D based on the hydrolytic mechanisms at their active sites. Class
A and D carbapenemases have serine amino acids at the active site (serine-dependent);
hence, they are called serine carbapenemases [14]. Class B carbapenemases are called
metallo-β-lactamases (MBLs) because they have zinc (zinc-dependent). In the active site
of MBLs, the zinc-binding motif histidine-X-aspartic acid synchronizes the arrangement
of water molecules, which play an important role in hydrolysis. Class A carbapene-
mases encoding genes are plasmid-mediated or chromosomal. Class A carbapenemases
include blaKPC, blaIMI, blaSME, blaGES, and blaNMC families, and they are more fre-
quently identified in Klebsiella pneumonia. MBL encoding genes are plasmid-mediated or
chromosomal in some cases. The most common MBL enzymes are blaNDM (New Delhi
metallo-β-lactamases), blaIMP (imipenemase), blaVIM (Verona imipenemase), blaSPM (São
Paolo metallo-β-lactamase), and blaGIM (German imipenemase) [14,15]. The class D car-
bapenemases are referred to as OXA-type carbapenemases, and they are subdivided into
blaOXA-23, blaOXA-24/40, blaOXA-48, and blaOXA-58 [16]. OXA-type carbapenemases are
oxacillinases, which hydrolyze isoxazolyl penicillin oxacillin much more commonly and
faster than classical penicillins. Penicillin is the preferred substrate for blaOXA [16,17]. The
activated expression of efflux pump systems contributes to multidrug resistance, which
expels various antimicrobial agents and chemicals, including metabolic products, organic
solvents, dyes, detergents, and biocides [18]. In P. aeruginosa, efflux pump transporters
belong to the RND (resistance–nodulation–cell division) family, which consists of three
parts: a transporter, linker, and outer membrane pore. The RND-type efflux pumps en-
coded by mexAB-oprM, mexCD oprJ, mexEF-oprN, and mexXY(oprA) genes contribute to
dangerous multi-drug resistance phenotypes. Meropenem was sensitive to the overex-
pression of MexAB-OprM, MexCD-OprJ, or MexXY-OprM, whereas imipenem was not
significantly affected. It was evident from several studies that the overexpression of mexAB
plays a vital role in the extrusion of meropenem, which acts as a last-line treatment against
multi-drug-resistant P. aeruginosa [19–21]. In addition to mexAB, mexCD also shows an
important role in effluxing meropenem antibiotics. Hence, targeting the expression of both
genes in pan-drug-resistant P. aeruginosa isolates is crucial.
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To invade and enhance its pathogenicity against host defense mechanisms, P. aeruginosa
uses several virulence mechanisms, including biofilm formation, alginate, and pyocyanin
production [22]. The coexistence of multiple virulence factors (biofilm, alginate, and
pyocyanin) and colistin and carbapenem resistance mechanisms in the same strain is a cause
for concern. Biofilms are organized communities of bacteria enclosed in a matrix of self-
secreted extracellular polymeric substances (EPSs) [23]. Compared to planktonic bacteria,
the formation of mature biofilms mediates resistance to several antimicrobial agents and
host immune defense. P. aeruginosa forms biofilms more effectively on the surface of
medical devices. Biofilm formation is clinically important in CF patients. Notably, the
biofilm-forming isolates harboring multi-drug resistance mechanisms and the production
of exopolysaccharide alginate are causes of concern. Alginate is responsible for the growth
and maturity of the biofilm and related protective mechanisms against environmental
stresses [23]. Alginate is a polysaccharide composed of polyuronic acid, and in capsule
form, alginate is exposed outside of the cell. Studies have reported that polymorphonuclear
neutrophils produce hydrogen peroxide, which converts the non-mucoid phenotype to the
mucoid phenotype [24]. Alginate production inhibits antibiotic penetration and allows the
bacteria to survive persistently in the respiratory tract [25]. The activated production of
alginate helps P. aeruginosa to survive successfully in cystic fibrosis patients. Pyocyanin
is the only pigment synthesized by P. aeruginosa. The antibiotic property of pyocyanin
allows P. aeruginosa to eradicate competing bacteria. Pyocyanin is toxic to cells and plays
an important role in inhibiting cellular respiration and lymphocyte proliferation [26].

Based on this information and background, we aimed to address the colistin and
carbapenem resistance mechanisms together with the production of various virulence
factors, including alginate, biofilms, and pyocyanin production in CCRPA isolates collected
from patients hospitalized in a South Indian tertiary care hospital.

2. Materials and Methods
2.1. Pseudomonas aeruginosa Isolates

A total of 448 P. aeruginosa isolates were collected from clinical specimens of patients
admitted in different wards and ICUs of a tertiary care hospital in South India during the
study period (January 2014 to February 2016). Ethical approval for this study was received
from the Institutional Ethics Committee (project no. JIP/IEC/2014/5/325). The samples
were collected randomly from different clinical specimens. Antimicrobial susceptibility test
(AST) was performed with a battery of antimicrobial agents, such as ceftazidime (30 µg),
amikacin (30 µg), gentamycin (10 µg), ciprofloxacin (5 µg), piperacillin/tazobactam (PTZ),
imipenem (10 µg), meropenem (10 µg), colistin (10 µg), and polymyxin B (10 µg) using disk
diffusion method. AST tests were carried out according to the guidelines of CLSI 2014 [27].
The P. aeruginosa isolates were considered as colistin- and carbapenem- resistant if the MIC
of colistin (Sigma) and meropenem (Orchid, Chennai) was ≥4 µg/mL and >32 µg/mL,
respectively, using the broth microdilution method. Colistin- and polymyxin-B-resistant
patterns were re-confirmed with colistin and polymixin B E-Strips (bioMérieux). Of 448
P. aeruginosa isolates, 19 strains were resistant to all tested antimicrobial agents, including
colistin and carbapenem. P. aeruginosa ATCC 27853 was employed as a reference strain.

2.2. Transcriptional Analysis of pmrA, phoP, mexA, and mexC

Total RNA was extracted from the mid-log phase of bacterial culture (optical density
at 600 nm of approximately 0.5) of 19 CCRPA and 5 CCSPA (colistin- and carbapenem-
sensitive P. aeruginosa) isolates using Roche total RNA extraction kit. Total RNA was
quantified using NanoDrop spectrophotometer (Thermo Scientific). First-strand cDNA
was synthesized using reverse transcription kit (Roche). According to the manufacturer’s
protocol (Roche), reverse transcription reactions were carried out. Quantitative Real-
Time PCR (qRT-PCR) was optimized to evaluate the expression levels of pmrA and phoP
(two-component regulatory systems) and mexA and mexC (efflux pump) genes using
ABI StepOne Real-Time PCR machine. TaqMan Master Mix was used during qRT-PCR
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experiments. The expression of 30S ribosomal gene, rpsL, was evaluated in parallel to
normalize the transcriptional levels of pmrA, phoP, mexA, and mexC. The data obtained
were compared with the rpsL gene using the threshold cycle (∆∆CT) method (relative). The
obtained values were then normalized against the values of CCSPA isolates. The qRT-PCR
experiments were conducted in triplicate. The primers and probes are listed in Table 1.

2.3. Semi-Quantitative PCR of pmrB

We evaluated the expression of pmrB using semi-quantitative PCR. The first-strand
cDNA of CCRPA isolates was used as a template for pmrB amplification. PCR cycle
parameters for pmrB amplification were as follows: initial denaturation at 95 ◦C for 10 min,
followed by 30 cycles of denaturation at 94 ◦C for 1 min, annealing at 81 ◦C for 30 s, and
extension at 72 ◦C for 2 min, with a final extension at 72 ◦C for 10 min. The amplified
cDNA of pmrB and rpsL was purified using gel purification kit (Nucleospin extract II,
Macherey-Nagel, Dueren, Germany) and confirmed by sequencing (ABI sequencer). The
rpsL gene was used as an internal control. The expressions of pmrB and rpsL genes were
visualized by 1.5% agarose gel electrophoresis.

2.4. DNA Extraction and 16SrRNA PCR

DNA extraction from 19 CCRPA cultures was performed by using boiling lysis method.
The extracted DNA was subjected to PCR as recommended by Igbinosa et al. [28]. The
16SrRNA was amplified and confirmed by sequencing by using Pseudomonas species
primers (Table 2).

Table 1. Primers and probes used for qPCR assays.

Gene Left Primer (5′ to 3′) Probe Right Primer (5′ to 3′) Reference

rpsL CTTCCGGGTGTGCGTTAC CTGGACAC CCCTGCTTACGGTCTTTGAC [29]

pmrA GTCGAGAGCAACGCCATC CCACCACC CAACTGGTTGCCGAGCTT This study

phoP TGCTGGTAGTGGAAGACGAG CCACCACC GTTCACCCAGGCGGGTAT This study

mexA CTGGAGGACGGTAGCCAATA GCTGGAAG GACGGAAACCTCGGAGAAT [29]

mexC AGCCAGCAGGACTTCGATAC CCTGGAGA CAGTGACCGAGGCGTAGC [29]

Table 2. List of primers used for conventional and semi-quantitative PCR.

Gene Sequence (5′ → 3′′) Length (bp) References

rpsL-F GTGGTGAAGGTCACAACCTG
135 [4]

rpsL-R CCTGCTTACGGTCTTTGACA

pmrB-F GGATCCATGTCCCGTGCCGCCGTCCC
1400 This study

pmrB-R AAGCTTGCCGGCGGCCGCGTCGCGT

16SrRNA-F GACGGGTGAGTAATGCCTA
618 [28]

16SrRNA-R CACTGGTGTTCCTTCCTATA

2.5. Plasmid Extraction and MCR-1 PCR

All 19 CCRPA isolates were subjected to plasmid extraction as recommended by the
manufacturer (NucleoSpin Plasmid, Macherey-Nagel). The extracted plasmid from the
study isolates was subjected to MCR-1 PCR as described by Elnahriry et al. [13]. The primer
pairs used for the MCR-1 gene amplification are F: 5′CTCATGATGCAGCATACTTC3′ and
5′CGAATGGAGTGTGCGGTG3′.

2.6. Detection of Carbapenemases’ Genes

Multiplex PCR was optimized to detect carbapenemases’ (blaNDM-1, blaVIM, blaIMP,
blaKPC, and blaOXA48) genes in the study isolates. The primers used to detect carbapen-
emases’ encoding genes were selected from our previous study [29]. The parameters of
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multiplex PCR were initial denaturation for 10 min at 95 ◦C, followed by 30 cycles of
denaturation for 1 min at 94 ◦C, annealing for 30 s at 59 ◦C, and extension for 2 min at
72 ◦C, with a final extension at 72 ◦C for 10 min [29].

2.7. Virulence Assay
2.7.1. Quantitative Biofilm Assay

Mueller–Hinton Broth (MHB) supplemented with glucose (0.5%) was used for biofilm
formation analysis. The overnight cultures were inoculated in MHB and left in a microtiter
plate for two days at 37 ◦C. After two days, the plate was washed rapidly with tap water,
dried, and stained with 0.2% crystal violet for 10 min. After staining, the plates were
washed, air-dried, and treated with ethanol (95%). After 15 min, the absorbance was
measured spectrophotometrically at 570 nm. The experiments were conducted in triplicate.
Both positive (P. aeruginosa ATCC27853) and negative (uninoculated sterile broth) controls
were run concurrently. An optical density (OD) value > 0.2 was considered to indicate
biofilm formation [30,31].

2.7.2. Alginate Production Assay

Carbazole assay was carried out to evaluate alginate production in the study iso-
lates [32,33]. The cultures grown in Luria–Bertani (LB) broth were centrifuged (14,000× g,
30 min), and the supernatant was treated with ethanol (95%). After 15 min of centrifugation,
the alginate solution was treated with borate-sulphuric acid and carbazole reagent (0.1%)
(Himedia, Mumbai, India). The reaction mixture was heated at 55 ◦C for 30 min, and
absorbance was measured spectrophotometrically at 500 nm. Alginate (sigma) was used as
standard, and uninoculated sterile broth was used as negative control.

2.7.3. Pyocyanin Assay

The cultures grown in LB broth were centrifuged (10,000 rpm, 10 min), and the
supernatant was filtered (2 µm filter, Millipore). The filtrate treated with chloroform was
centrifuged at 10,000 rpm for 10 min. The chloroform phase was collected separately and
mixed with hydrochloric acid (0.2 M). The total reaction mixture was centrifuged, and the
samples were measured spectrophotometrically at 530 nm. The above experiments were
carried out in triplicate [34,35]. Both positive (P. aeruginosa strain blue-green colonies) and
negative (uninoculated sterile broth) controls were run concurrently.

2.8. Statistical Analysis

The demographic profiles, carbapenemases’ gene positivity, and virulence factors
(biofilms, alginate, and pyocyanin) are expressed as percentages. The differential expression
of mexA, mexC, pmrA, and phoP genes among CCRPA and CCSPA strains were analyzed
using Student’s t-test with the normal significance level (p ≤ 0.05). IBM SPSS Statistics
v.20.0 (IBM Corp., Armonk, NY, USA) was used for statistical analyses.

3. Results

During the study period, most of the strains were collected from wound swabs (30%,
n = 136), followed by blood (21%, n = 92), urine (15%, n = 65), pus (10%, n = 46), sputum
(6%, n = 27), tracheal aspirate (6%, n = 26), tissue (5%, n = 22), peritoneal fluid (4%, n = 16),
CSF (2%, n = 10), and bronchial wash (2%, n = 8) (Figure 1).

The actual sites of origin for the wound swabs were a carbuncle, pemphigus vulgaris,
dermatitis, non-healing ulcer, wound gap, bullous pemphigoid, and umbilical swab. Those
for pus were cervical lymph nodes, cellulitis, a paraspinal abscess, a gluteal abscess, an
appendicular perforation, a hydatid cyst, pyoderma, perforation peritonitis, an abscess
in the back, and vasculitis. And those for tissue were a diabetic foot, necrotizing fasciitis,
Fournier’s gangrene, PVD, cellulitis, an infected stump, and necrotizing pancreatitis. Of the
total of 448 P. aeruginosa isolates, 89% of the strains were found to be ceftazidime-resistant,
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followed by gentamycin (60%), ciprofloxacin (59%), PTZ (56%), amikacin (50%), imipenem
(37%), meropenem (35%), polymyxin B (6%), and colistin (4%) (Figure 2).
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About 19 (4%) of the CCRPA strains were found to be resistant to all tested antibiotics,
including colistin and carbapenem. Colistin and Polymyxin B resistance was confirmed
using E-Strips (Table 3 and Figure 3).

All 19 CCRPA isolates were confirmed as P. aeruginosa by 16SrRNA gene sequencing
(Table 2). Most of the CCRPA strains were collected from wound swabs (n = 15), followed by
blood (n = 2), pus (n = 1), and urine (n = 1). In this study, ten CCRPA strains were collected
from male patients and nine from female patients (Table 3). Overall, the expression levels
of the pmrA and phoP genes in the CCRPA isolates were significantly enhanced in three
and nine CCRPA isolates, respectively, compared to the CCSPA strains (Figure 4). Figure 5
depicts that the transcript level of the pmrB gene in a CCRPA isolate (MIC, 8 µg/mL)
was enhanced promisingly as compared to colistin-sensitive strains in a semi-quantitative
PCR analysis. The rpsL gene was used as the control gene. In this study, we observed
that six strains were found to be have an enhanced expression of the pmrB gene. The
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16SrRNA sequences obtained from these six strains were subjected to a phylogenetic tree
analysis by the maximum-likelihood algorithm MEGA-X (Figure 6). The phylogenetic tree
demonstrated two main branches from the root. One branch includes PA456, PA330, PA399,
and PA282 isolates, and the other consists of two strains—PA306 and PA461.

Table 3. Specimen, resistance, and virulence profiles of colistin-resistant P. aeruginosa isolates collected
during the study period from 2014 to 2016.

Isolate Specimen Age/Sex Year Colistin
(µg/mL)

Polymyxin B
(µg/mL) MBLs Biofilms Alginate Pyocyanin

PA456 Blood 24/M 2016 8 12 - - + +
PA330 WS 46/M 2015 8 12 blaIMP + + -
PA306 WS 59/M 2015 8 12 - - + -
PA282 WS 45/F 2015 8 12 - + + -
PA461 Pus 56/M 2016 6 12 - - - +
PA405 WS 65/F 2015 6 8 - - + +
PA399 WS 60/F 2015 6 8 blaVIM + - -
PA419 WS 32/F 2015 4 8 - - + +
PA397 WS 48/F 2015 4 12 blaVIM + + -
PA312 WS 51/M 2015 4 8 - + + -
PA305 WS 39/M 2015 4 12 - + - -
PA298 Blood 56/F 2015 4 8 blaVIM - + -
PA280 WS 55/F 2015 4 12 blaVIM + + -
PA246 WS 65/M 2014 4 6 blaVIM - - -
PA56 Urine 52/F 2014 4 8 - - + -

PA120 WS 27/M 2014 4 8 - - + +
PA167 WS 60/M 2014 4 6 - - + -
PA186 WS 61/M 2014 4 8 blaVIM - + -
PA201 WS 37/F 2014 4 6 - + + -
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Figure 3. E-Strips showing colistin and Polymyxin B resistance in P. aeruginosa isolates.

In addition, a PCR assay was carried out to detect the presence of MCR-1-mediated
colistin resistance in CCRPA isolates (Table 2). No MCR-1 gene was detected in this study.
In the multiplex PCR test, six CCRPA isolates were found to have blaVIM, and one isolate
possessed blaIMP (Table 3). None of the study isolates showed an activated expression of
mexA and mexC genes. Of the 19 CCRPA isolates, alginate, biofilm, and pyocyanin were
produced in fifteen, eight, and five strains, respectively. Both biofilm formation and alginate
production were observed in six CCRPA strains (Table 3). A CCRPA isolate (PA330, Colistin
MIC (8 µg/mL)) with blaIMP was found to be have an enhanced expression of both pmrA
and phoP genes together with the production of alginate and biofilms (Table 3).
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4. Discussion

The spread of carbapenem-resistant Pseudomonas aeruginosa causes severe infection
in hospitalized patients. Antibiotics like colistin can save these patients. However, the
emergence of colistin resistance among such infections has become an alarming threat. In
the present study, we have characterized two-component regulatory systems (pmrAB and
phoP) and their association with colistin resistance; carbapenemases’ and RND efflux pumps’
(mexA and mexC) activities in mediating carbapenem resistance; and the co-occurrence of
virulence factors (biofilms, alginate, and pyocyanin) among CCRPA clinical strains isolated
from a tertiary care hospital in South India. In this study, we observed that the expression
levels of pmrA and phoP genes were significantly enhanced in three and nine CCRPA
isolates, respectively, compared to colistin-sensitive strains. Similar to our study, Lee et al.
highlighted that the enhanced expression of pmrA and phoP may affect colistin resistance
in P. aeruginosa [4]. They observed that seven and eight colistin-resistant P. aeruginosa
isolates displayed an increased expression of pmrA and phoP, respectively. Our study also
highlighted that phoP was enhanced in more isolates (n = 9) than pmrA (n = 3). Similar
to our research, Ramedani et al. reported that phoP expression was upregulated in 15
colistin non-susceptible isolates compared to pmrA [36]. In addition, our semi-quantitative
PCR testing highlighted that the expression level of the pmrB gene in colistin-resistant
P. aeruginosa (MIC, 8 µg/mL) was enhanced promisingly compared to colistin-sensitive
strains (Figure 5).

In our study, we observed that the association of pmrA and phoP among the 10 CCRPA
strains was not related to colistin’s MICs, suggesting the involvement of additional mech-
anisms contributing to colistin resistance in P. aeruginosa. Studies have reported that other
two-component regulatory systems, like ParPS and CprRS, mediate polymyxin resistance
in P. aeruginosa [4]. However, it has been suggested that the enhanced expression of pmrA
and phoP plays a significant role in mediating colistin resistance compared to ParPS and
CprRS systems [37]. Although several studies have reported colistin-resistant P. aeruginosa
worldwide, it is pertinent to point out that similar studies and data are lacking from this
country. Very few studies from this geographical area have reported colistin resistance and
its mechanisms in Gram-negative pathogens [38–40]. An investigation from India identified
MCR-1 harboring E. coli for the first time [9]. Worryingly, MCR-1 has been found in CTX-M
and carbapenemases producing Enterobacteriaceae [41]. Distribution studies of MCR-1 have
reported that MCR-1 possessing plasmids is present in different incompatibility groups such
as IncI2, X4, HI2, P, and F [42]. Animals are a reservoir of MCR-1, which is evidenced by the
insertion sequence (ISApl1) originating from Pasteurella multocida [42,43]. Our present study
did not observe the MCR-1 gene among the study CCRPA isolates.

The co-occurrence of colistin resistance in carbapenem-resistant isolates and its ability
to produce multiple virulence factors cause severe life-threatening infections in hospital-
ized patients. Hence, efforts were made to analyze carbapenemases, RND efflux pump
expression, and virulence factor production among clinical P. aeruginosa isolates found to
be resistant to all tested antimicrobial agents, including colistin and carbapenem. Here,
we have also highlighted the coexistence of metallo-β-lactamases (MBLs) among clinical
P. aeruginosa strains that are resistant to colistin. Six CCRPA strains were harbored in
blaVIM, and one isolate in blaIMP. A study from North India revealed the coexistence of
blaNDM among colistin-resistant P. aeruginosa harboring the MCR-1 gene [9]. A study from
Turkey by Vatansever et al. highlighted the coexistence of OXA-48 and NDM-1 in CCRPA
isolates and suggested the importance of the continuous surveillance of high-risk clones of
colistin-resistant P. aeruginosa strains harboring carbapenemases [44]. Additionally, qPCR
assays from our study revealed that the expression levels of the mexA and mexC genes
(efflux pumps) remained steady among the CCRPA strains.

P. aeruginosa biofilms cause chronic lung infections in CF patients, and treating such
biofilm-associated infections remains challenging, especially for the infections induced by
MDR bacteria. Studies have shown that biofilm production may enhance colistin resistance
through modifications in LPSs via the activation of TCSs like PmrAB and PhoPQ [45]. A
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recent study by Ramedani et al. revealed that all 18 colistin-resistant P. aeruginosa strains
were biofilm producers [36]. They also observed alginates encoding gene- algD expression
in all biofilm-producing colistin-resistant isolates. Another recent study from Bangladesh
by Kabir et al. reported that biofilm-forming P. aeruginosa strains were significantly resistant
to colistin [46]. In our study, we observed that among the 19 CCRPA strains, eight strains
were found to be forming biofilms. Additionally, we observed that fifteen and five CCRPA
isolates produce alginate and pyocyanin, respectively. Worryingly, we found that six
CCRPA strains were found to be producing both biofilms and alginate. The ability of
colistin-resistant P. aeruginosa to produce biofilms and alginate poses a significant challenge
when choosing a treatment against such infections. A study from Azimi et al. reported that
52% of colistin-sensitive P. aeruginosa isolates were found to be potent producers of biofilm;
however, none of the colistin-resistant P. aeruginosa strains were strong producers [47].
Heidari et al. observed that 95% of Carbapenem-resistant P. aeruginosa isolates were found
to be producing biofilms, of which 23.3% were strong biofilm producers [48]. A study from
Iran by Davarzani et al. reported a significant relationship between the amount of alginate
production and biofilm formation levels [49]. Hence, our study may help clinicians look
into the further dissemination of such isolates in this geographical area. Moreover, the
current study warrants the inclusion of more colistin-resistant P. aeruginosa strains and
the characterization of other two-component regulatory systems that might play roles in
colistin resistance in P. aeruginosa.

5. Conclusions

Our results shed light on the spread of the coexistence of MBLs among clinical isolates
of colistin-resistant P. aeruginosa together with biofilm and alginate production in a South
Indian population. We strongly recommend that further attention is required to screen
the high-risk clones of colistin- and carbapenem-resistant P. aeruginosa strains, as well
as their probable dissemination and resistance mechanisms, in this geographical area.
Future studies highlighting the mutations in PmrAB and PhoPQ genes will advance our
understanding of colistin resistance mechanisms in P. aeruginosa and improve our clinical
understanding of and the rational use of polymyxin.
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