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4 N
Abstract
Background:Proteus mirabilis is a major opportunistic pathogen and a leading cause of urinary tract infections (UTIs). The
emergence of multidrug resistance, particularly PB-lactamase-mediated mechanisms, including extended-spectrum -
lactamases (ESBLs), AmpC B-lactamases, and carbapenemases, complicates treatment efficacy worldwide.

Objectives: This study aimed to determine the genotypic prevalence of B-lactamase genes as the primary outcome and to
assess their statistical association with phenotypic resistance profiles. Secondary objectives included evaluating MDR
prevalence and clonal diversity.

Methods: Sixty P. mirabilis isolates were confirmed by PCR of the urea gene. Antimicrobial susceptibility testing was performed
according to CLSI guidelines. Phenotypic screening for ESBL, AmpC, and carbapenemase production was conducted. Multiplex
PCR targeted blargy, blagyy, blayypc, blapgy, and blagpc. As an exploratory analysis, ERIC-PCR was used to assess genetic

relatedness. Statistical associations were evaluated to identify key molecular drivers of resistance.

Results: The primary outcome showed a high prevalence of blaggy (98.3%), followed by blagyy (23.3%), blagox (s.3%), and blakpc
(5%). Significant associations were observed between blayp- and carbapenem resistance (P < 0.001). Phenotypic ESBL, AmpC, and
carbapenemase production (secondary outcomes) were detected in 68.3%, 51.6%, and 10% of isolates, respectively. Overall, 55% of
isolates were MDR. ERIC-PCR identified 15 clusters, indicating high genetic diversity.

Conclusions: Our findings confirm that specific B-lactamase genotypes are strongly associated with clinical resistance
patterns. The high prevalence of MDR strains harboring diverse resistance genes underscores the need for molecular
surveillance and optimized stewardship to control resistance dissemination.

Keywords: Proteus Mirabilis, Urinary Tract Infections (UTIs), B-lactamases, ESBLs, AmpC, Carbapenemases, ERIC-PCR,
Multidrug Resistance (MDR)
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1. Background

Antibiotic resistance has escalated into a major
global health concern over recent decades,
complicating the effective treatment of infectious
diseases. Proteus mirabilis, a member of the
Enterobacteriaceae family, is an opportunistic pathogen
frequently implicated in urinary tract infections (UTIs).
Although it typically resides harmlessly in the human
gastrointestinal tract, P. mirabilis can cause infection

under conditions such as immunosuppression or the
presence of indwelling medical devices, including
urinary catheters (1). Its flagella-mediated motility
facilitates ascent within the urinary tract, often leading
to severe complications, including pyelonephritis (2). P.
mirabilis is also characterized by remarkable phenotypic
adaptability, which contributes to its ability to persist
and cause infections in diverse and often hostile
environments. Its distinctive motility and capacity for
morphological modification enhance its virulence,
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facilitating colonization and infection, particularly
within the urinary tract (3).

The increasing resistance of P. mirabilis to B-lactam
antibiotics poses a major challenge in treating
infections caused by this pathogen. This resistance
primarily results from the production of B-lactamase
enzymes, including extended-spectrum p-lactamases
(ESBLs), AmpC pB-lactamases, and carbapenemases,
which hydrolyze B-lactam antibiotics and render them
ineffective. ESBLs and plasmid-mediated AmpC enzymes
are widely documented in P. mirabilis as key mediators
of resistance to expanded-spectrum cephalosporins and
other B-lactams (2, 4, 5). Carbapenemase enzymes, such
as class A Klebsiella pneumoniae carbapenemase (KPC),
class B metallo-B-lactamases (e.g., Verona integron-
encoded metallo-B-lactamase [VIM], Imipenemase [[MP],
and New Delhi metallo-B-lactamase [NDM] types), and
class D oxacillinases, have been increasingly reported in
clinical P. mirabilis isolates, compromising even last-
resort carbapenem antibiotics. The spread of these
resistance traits is facilitated by mobile genetic
elements such as integrons, which enable horizontal
gene transfer among bacteria, thereby amplifying
resistance dissemination in hospital and community
settings (3). Collectively, these mechanisms substantially
complicate treatment and infection control strategies,
leading to multidrugresistant or extensively drug-
resistant P. mirabilis phenotypes that threaten patient
outcomes worldwide (4, 6).

Numerous studies have investigated the mechanisms
underlying B-lactam resistance in P. mirabilis. Clinical
isolates frequently harbor multiple resistance
determinants, and the coexistence of ESBLs and AmpC f-
lactamases has been commonly reported (2). The
distribution and prevalence of these resistance genes
can vary considerably between catheter-associated and
non-catheter-associated UTIs, reflecting heterogeneity in
infection sources and clinical settings (1). Mobile genetic
elements, particularly integrons, play a central role in
facilitating horizontal gene transfer, thereby promoting
the spread of multidrug resistance within and between
bacterial populations (7). In addition, the release of
outer membrane vesicles enables P. mirabilis to evade
antibiotic action and enhances its ability to persist in
the host, complicating infection management (8).

From a global perspective, the emergence of P.
mirabilis strains carrying metallo-B-lactamases, such as
VIM-4 and VIM-75 detected in Germany, is particularly
concerning because these enzymes confer resistance to
carbapenems and pose substantial treatment
challenges in clinical practice (9). The evolutionary
pathway of B-lactam resistance in this species has

progressed from the initial emergence of ESBLs to the
more recent and problematic development of
carbapenemase-mediated resistance, further limiting
available therapeutic options (4). Comprehensive
laboratory and microbiological studies have provided
essential insights into the adaptive behaviors and
resistance mechanisms of this organism, which are
critical for guiding future research and clinical
interventions (3).

2. Objectives

Despite substantial advances in understanding [-
lactamase-mediated resistance in P. mirabilis, important
knowledge gaps remain. Regional variation in
antimicrobial resistance patterns continues to emerge,
and novel resistance determinants are frequently
identified, underscoring the dynamic nature of this
threat. Accordingly, the present study aims to
investigate ~ the  phenotypic and  molecular
characteristics of ESBLs, AmpC [-lactamases, and
carbapenemases in P. mirabilis isolates recovered from
UTIs. Through detailed molecular profiling and
assessment of genetic diversity, this work seeks to
provide critical insights to inform more effective
therapeutic strategies and guide efforts to curb the
spread of antimicrobial resistance.

3. Methods

3.1. Ethical Considerations and Source of Clinical Isolates

Following approval by the Ethics Committee of
Islamic Azad University, East Tehran Branch (Approval
No. IR.IAU.ET.REC1402.027), 60 consecutive, non-
duplicate P. mirabilis isolates were collected over a 7-
month study period from November 2023 to May 2024.
The source population comprised patients referred for
urine culture at Milad Hospital (n = 35) and Pasargad
Research Laboratory (n = 25). To ensure a representative
sampling frame, approximately 900 clinical urine
samples were initially screened, yielding 110 P. mirabilis
candidates. From this pool, 60 isolates were selected
strictly according to the following inclusion criteria:
adults (= 18 years), presentation of clinical UTI
symptoms (e.g., fever, dysuria, and flank pain), and no
antibiotic exposure within 48 hours before sampling. All
samples were transported to the laboratory at 4°C
within 2 hours of collection. After initial identification,
pure isolates were maintained in Tryptic Soy Broth (TSB)
supplemented with 20% glycerol and stored at -80°C for
subsequent molecular analysis. The sample size was

validated using the prevalence formulan=27?x P (1-
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P)/E? (with P = 0.175 and E = 0.10), confirming that 60
isolates provide sufficient statistical power. Written
informed consent was obtained from all participants (1,
10).

3.2. Bacterial Isolation and Culture Media

Identification and characterization of P. mirabilis
clinical isolates were performed using a combined
phenotypic and molecular approach. A total of 60 P.
mirabilis isolates were recovered from patients with
urinary tract infections. Cultivation on selective media
revealed typical colony morphologies, including
swarming motility with concentric rings on blood agar
and smooth, colorless colonies on MacConkey agar,
consistent with a non-lactose-fermenting phenotype.
Molecular confirmation was achieved by PCR
amplification targeting the species-specific urea gene,
which yielded the expected 362 bp product in all
isolates, as visualized by agarose gel electrophoresis.
Gram staining was performed to determine the Gram
reaction and cellular morphology of the isolates (11).

3.3. Biochemical and Diagnostic Identification Tests

Phenotypic identification of P. mirabilis isolates was
performed using a comprehensive panel of standard
biochemical tests. For the catalase test, a colony was
transferred to a glass slide with 3% hydrogen peroxide;
immediate effervescence indicated positivity. For the
oxidase test, colonies were smeared on filter paper
saturated with 1% tetramethyl-p-phenylenediamine; no
color change within 10 seconds indicated negativity. For
the urease test, isolates were inoculated into a urea agar
slant (Christensen's method) and incubated at 37°C for
24 - 48 h; a pink color change indicated positivity. For the
methyl red test, MR-VP broth was grown for 48 h at 37°C
and 0.02% methyl red was added; a red color indicated
positivity. For the citrate utilization test, Simmons
citrate agar slants were streaked and incubated at 37°C
for 24 - 48 h; a blue color change indicated positivity.
Hydrogen sulfide (H,g) production was assessed using
Triple Sugar Iron (TSI) agar; a black precipitate in the
butt indicated positivity. For the nitrate reduction test,
nitrate broth was incubated for 48 h at 37°C and
reagents A (sulfanilic acid) and B (a-naphthylamine)
were added; a red color or gas indicated positivity. For
the TSI test for glucose fermentation, slants were
inoculated by stab and incubated for 18 - 24 h at 37°C; an
acid butt (yellow) with an alkaline slant (red) indicated
glucose fermentation. For the motility test, semi-solid
medium was stabbed and incubated for 24 h at 37°C;
diffuse growth away from the stab line indicated
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positivity. For the indole test, tryptone broth was
incubated for 24 h at 37°C and Kovac's reagent was
added; the absence of a cherryred ring indicated
negativity. For the Voges-Proskauer (VP) test, MR-VP
broth was grown for 48 h at 37°C, and a-naphthol and
40% KOH were added; no red color within 30 minutes
indicated negativity. These phenotypic characteristics
were consistent with the established diagnostic profile
of P. mirabilis. Following confirmation of genus and
species, non-duplicate P. mirabilis isolates (n = 60) were
preserved by transferring colonies to Tryptic Soy Broth
(TSB) supplemented with 15% glycerol for long-term
storage at-80°C.

3.4. Antibiotic Susceptibility Testing

Antimicrobial susceptibility testing of P. mirabilis
isolates was conducted using the Kirby-Bauer disk
diffusion method on Mueller-Hinton agar, in accordance
with Clinical and Laboratory Standards Institute (CLSI)
guidelines. A panel of antibiotic discs (Padtanteb) was
used to assess resistance profiles, including piperacillin
(PIP, 100 pg), amoxicillin/clavulanic acid (AMC, 10/20 ug),
aztreonam (ATM, 30 ug), imipenem (IPM, 10 pg),
cefoxitin (FOX, 30 pg), ceftazidime (CAZ, 30 ug),
cefotaxime (CTX, 30 ug), ciprofloxacin (CIP, 5 pg),
cotrimoxazole (SXT, 25 pg), gentamicin (GM, 10 yg), and
amikacin (AK, 30 pg). Bacterial suspensions were
prepared to match the 0.5 McFarland turbidity standard

(~1.5 x 108 CFU/mL) and uniformly spread onto Mueller-
Hinton agar plates using sterile swabs. Antibiotic discs
were aseptically placed on the agar surface
approximately 2 - 2.5 cm apart and at least 1-1.5 cm from
the plate edge. Plates were incubated at 37°C for 18 - 24
hours. After incubation, inhibition zone diameters were
measured with a ruler and interpreted according to CLSI
2024 breakpoints. Swarming growth of P. mirabilis
within inhibition zones was disregarded during
measurements, as recommended by CLSL. Multidrug-
resistant (MDR) isolates were defined according to
internationally accepted criteria as those exhibiting
resistance to > 1 agent in > 3 antimicrobial categories.

Antimicrobial  categories  included  penicillins,
cephalosporins, fluoroquinolones, aminoglycosides,
folate pathway inhibitors, monobactams, and

carbapenems, based on CLSI breakpoint guidelines for
MDR classification in Enterobacteriaceae.

3.5. Phenotypic Detection of B-Lactamases

3.5.1. Double Disk Synergy Test for Extended-Spectrum p-
Lactamases
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ESBL production was screened using the double disk
synergy test (DDST). Fresh bacterial cultures of P.
mirabilis isolates (18 - 24 hours old) were adjusted and
uniformly inoculated onto Mueller-Hinton agar plates.
Ceftazidime (CAZ, 30 pg) and cefotaxime (CTX, 30 pg)
discs were placed 15 mm (center to center) from a
centrally positioned amoxicillin/clavulanic acid (AMC,
10/20 pg) disc. Plates were incubated aerobically in an
inverted position at 37°C for 24 hours. Enhancement of
the inhibition zones of the cephalosporin discs toward
the AMC disc, characterized by a distinctive “champagne
cork” or “keyhole” shape, was interpreted as positive for
ESBL production (2).

3.5.2. Disc Approximation Test for AmpC B-Lactamases

AmpC B-lactamase activity was evaluated using the
disc approximation method. A bacterial suspension

equivalent to the 0.5 McFarland standard (~1.5 x 10%
CFU/mL), prepared from overnight cultures, was
uniformly streaked onto Mueller-Hinton agar plates.
Four inducer antibiotic discs—imipenem (IPM, 10 ug),
cefoxitin (FOX, 30 ug), amoxicillin/clavulanic acid (AMC,
10/20 pg), and piperacillin/tazobactam (PTZ, 110 ug)—
were placed radially around a central ceftazidime (CAZ,
30 ug) disc, each at a distance of 2 cm from the CAZ disc.
Plates were incubated aerobically at 37°C for 24 hours.
Indentation or blunting of the inhibition zone between
the CAZ disc and any inducer disc was indicative of
AmpC B-lactamase production (12).

3.5.3. Modified Hodge Test for Carbapenemase Detection

Carbapenemase production was confirmed using the
Modified Hodge Test (MHT) according to CLSI 2024
guidelines. A reference strain of Escherichia coli ATCC
25922, cultured overnight in peptone water, was
adjusted to a 0.5 McFarland turbidity standard and
evenly swabbed onto Mueller-Hinton agar plates. A
meropenem disc (10 pg) was placed at the center of the
plate. Isolates under investigation, previously identified
as non-susceptible to imipenem by disk diffusion, were
streaked as a single thin line from the edge of the
meropenem disc to the periphery of the plate using a
sterile inoculation loop. Plates were incubated
aerobically, inverted, at 37°C for 24 hours. A positive test
was defined by the presence of a cloverleaflike
indentation pattern of E. coli growth toward the
meropenem disc, indicating carbapenemase activity (2,
10).

3.6. Molecular Detection Methods

3.6.1. DNA Extraction Protocol

Genomic DNA was extracted from P. mirabilis isolates
using a commercial bacterial DNA extraction Kkit
designed specifically for Gram-negative bacteria
(Pishgaman Gene Transfer Company), according to the
manufacturer’s protocol. The quality and concentration
of extracted DNA were evaluated using fluorometric
quantification and confirmed by agarose gel
electrophoresis.

3.6.2. PCR Confirmation of P. mirabilis (Urea Gene)

Molecular confirmation of P. mirabilis isolates was
achieved by PCR amplification of the species-specific
urea gene, which yields a 362 base pair fragment and
serves as a reliable molecular marker for identification.
The primers used for this assay were Forward (5-
GATCTGGGCGACATAATCGT-3") and Reverse (5"
CACCGGGGATCATGTTATT-3'). The PCR reaction was
prepared in a total volume of 20 pL, comprising 10 uL of
2x Master Mix (containing Taq DNA polymerase, MgCl,,
and dNTPs), 1.5 pL of template DNA (~50 ng), 0.7 uL of
each primer (10 pmol), and 1.7 pL of nuclease-free water.
Thermal cycling conditions included an initial
denaturation at 94°C for 5 minutes, followed by 35 cycles
of denaturation at 94°C for 30 seconds, annealing at
58°C for 30 seconds, and extension at 72°C for 60
seconds, with a final extension at 72°C for 5 minutes.
Each PCR run included positive (P. mirabilis ATCC 1209)
and negative controls to ensure assay validity (10).

3.6.3. Multiplex PCR for Detection of B-Lactamase Genes

A  multiplex PCR assay was performed to
simultaneously detect key B-lactamase genes (blagyy,
blatgm, blaAmpC, blaggy, and blagpc) in P. mirabilis
isolates. Among carbapenemase genes, only blagp- was
included because KPC-type enzymes have been
previously documented in regional Enterobacterales
surveillance and represent the most clinically relevant
carbapenemase in our setting. Resource constraints
precluded screening for additional targets such as
blaypy or blayyy. The PCR reaction was prepared in a
total volume of 20 pL, consisting of 10 uL of 2x Master
Mix (containing Taq DNA polymerase, MgCl,, and
dNTPs), 1.5 uL of template DNA (~50 ng), 0.6 uL of each
forward and reverse primer (10 pmol each), and
nuclease-free water adjusted to the final volume
(approximately 2.5 uL). Specific primers for each target
gene (Table 1) were combined in a single reaction
mixture to enable concurrent amplification of ESBLs,
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Table 1. Primer Sequences Used for Multiplex PCR Detection of 5 f-Lactamase Genes in 60 P. Mirabilis Clinical Isolates (N =60)

Gene Amplicon Size (bp) Primer Sequence (5'=3') Reference

blaSHV 747 F: TTCGCCTGTGTATTATCTCC | R: TTTGCTGATTTCGCTCGG

blaTEM 445 F: CAGCGGTAAGATCCTTGAGA | R: TTCATCCATAGTTGCCTGACT

blaAmpC 489 F: CCTGACCCAGGACAAGATGC | R: AGGTTGGCATCGACGAAGCGC 10

blaFOX 162 F: CTACAGTGCGGGTGGTTT | R: CTATTTGCGGCCAGGTGA

blaKPC 86 F: GTCACCCATCTCGGAAAAATATCTG | R: CGGCGTTATCACTGTATTGCACG

AmpC-type B-lactamases, and carbapenemases. Thermal
cycling was conducted in a thermocycler under the
following conditions: initial denaturation at 95°C for 3
minutes; 35 cycles of denaturation at 95°C for 30
seconds, annealing at 58.5°C for 30 seconds, and
extension at 72°C for 60 seconds; and a final extension at
72°C for 5 minutes. Amplification products were
separated by agarose gel electrophoresis, and band sizes
were compared with a molecular weight marker to
confirm the presence of target genes. Each PCR run
included positive controls harboring known (-
lactamase genes and negative controls to ensure assay
specificity and reliability.

3.6.4. Gel Electrophoresis

PCR amplicons were resolved on 1.5% agarose gels
prepared in either Tris-Borate-EDTA (TBE) or Tris-Acetate-
EDTA (TAE) buffer. Agarose powder was dissolved by
heating and cooled to 50 - 60°C before casting in gel
trays fitted with combs. After solidification, gels were
submerged in 1x running buffer (700 - 800 mL). Five
microliters of each PCR product, premixed with loading
dye, was loaded into individual wells alongside a 100 bp
DNA ladder (molecular  weight  standard).
Electrophoresis was conducted at 120 V for 45 - 60
minutes. After separation, gels were stained with 0.5
pg/mL ethidium bromide for 10 - 15 minutes, briefly
rinsed with distilled water, and visualized under
ultraviolet illumination using a gel documentation
system. Amplicons were identified as bright fluorescent
bands, and their sizes were determined by comparison
with the DNA ladder.

3.6.5. Sequencing Confirmation

To validate the PCR amplification results,
representative amplicons were submitted to Codon
Genetic Laboratory for nucleotide sequencing using the
same specific primers employed during PCR
amplification. The resulting sequences were edited,
aligned, and processed using MEGA software (Version 11).
Final sequences were converted to FASTA format and
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analyzed using the Basic Local Alignment Search Tool
(BLAST) available at the National Center for
Biotechnology Information (NCBI) database to confirm
gene identity and phylogenetic relatedness.

3.7. Genotyping by ERIC-PCR

3.7.1. Primer Sequences and PCR Conditions

Genotyping of P. mirabilis isolates was performed
using Enterobacterial Repetitive Intergenic Consensus-
PCR (ERIC-PCR) to determine genetic relatedness and
epidemiological relationships (2, 13). The primers used
were ERICIR: 5-ATG TAA GCT CCT GGG GAT TCA C-3' and
ERIC2: 5-AAG TAA GTIG ACT GGG GTIG AGC G-3'. PCR
amplification was performed in a 25 yL reaction mixture
containing 1x PCR buffer, 2.5 mM MgCl,, 200 uM of each
deoxynucleotide triphosphate (dNTP), 1 uM of each
primer, 1.25 U Taq DNA polymerase, and approximately
50 ng of extracted genomic DNA. Thermal cycling
conditions consisted of an initial denaturation at 94°C
for 5 minutes; 30 cycles of 94°C for 1 minute
(denaturation), 52°C for 1 minute (annealing), and 72°C
for 2 minutes (extension); followed by a final extension
at 72°C for 10 minutes. This protocol aligns with
published methodologies for P. mirabilis ERIC-PCR
genotyping studies.

3.7.2. Dendrogram Construction and Phylogenetic Analysis

PCR products were separated by electrophoresis on
1.5% agarose gels prepared with Tris-Borate-EDTA (TBE)
buffer. Electrophoresis was conducted at 100 - 120 V for
60 minutes to achieve clear band separation. Gels were
stained with ethidium bromide (0.5 ug/mL) and
visualized under UV light using a gel documentation
system.

Banding patterns were documented and analyzed
using Gel] software version 2.0, a reference tool for gel
image analysis and DNA fingerprint profiling. Bands
were scored as present = 1 or absent = 0 to create a
binary matrix. Genetic similarities were calculated
using the Dice similarity coefficient, and cluster analysis
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was performed using the Unweighted Pair Group
Method with Arithmetic Mean (UPGMA) algorithm. The
resulting dendrograms were interpreted to assess
phylogenetic relationships and genetic diversity among
isolates and to explore epidemiological linkages based
on their source.

3.8. Statistical Analysis

Data analysis was performed using SPSS software
version 28.0 (IBM Corp., Armonk, NY, USA). Antibiotic
susceptibility results were categorized as susceptible or
resistant, with intermediate susceptibility interpreted
as resistant to ensure conservative classification. The
presence of B-lactamase-encoding genes (blatgy, blagyy,

blaympe, blapox, and blagpc), individually and in

combination, was analyzed for associations with
resistance phenotypes. To maintain analytical rigor in
accordance with STROBE guidelines, chi-square tests
were used for general comparisons. However, for low-
frequency variables with expected cell counts of less
than five—specifically involving blagpc (5%), blagmpc
(6.7%), and blaggy (8.3%)—Fisher's exact test was applied.

Effect sizes for key associations were estimated using
odds ratios (OR) with 95% confidence intervals (CI).
Owing to the small sample size (N = 60) and the
multiple comparisons performed, P values for rare
genotypes were interpreted as exploratory rather than
confirmatory. Statistical significance was set at a P value
< 0.05. Finally, the ERIC-PCR dendrogram analysis was
treated as an exploratory epidemiological tool to
investigate clonal diversity, without prior hypothesis
testing regarding specific cluster-resistance
correlations.

4.Results

4.1. Identification and Characterization of P. mirabilis
Clinical Isolates

Overall, 60 non-duplicate clinical isolates were
confirmed as Proteus mirabilis by conventional
biochemical tests and urea gene-targeted PCR (Figure S1
in the Supplementary File).

4.2. Antibiotic Resistance Profile of P. mirabilis Isolates by
Disk Diffusion

Antibiotic susceptibility testing of 60 P. mirabilis
clinical isolates was performed using the disk diffusion
method. Detailed zone diameter data and susceptibility
interpretations are provided in Tables S1-S3 in the
Supplementary File. Resistance rates by antibiotic are

summarized in Figure 1. The highest resistance was
observed to amoxicillin/clavulanic acid (55%), followed
by ciprofloxacin (46.7%) and cotrimoxazole (35%). In
contrast, cefoxitin and gentamicin were the most
effective antibiotics, with susceptibility rates of 93.33%
and resistance rates of only 5% and 6.7%, respectively.
Resistance to other antibiotics ranged from 5% to 30%.
Overall, 33 isolates (55%) were classified as multidrug-
resistant (MDR), exhibiting resistance to three or more
antibiotic classes.

4.3. Phenotypic Identification of B-Lactamase Production

As a secondary descriptive objective, phenotypic
enzyme production was evaluated. Using the Double
Disk Synergy Test (DDST), 41 of 60 P. mirabilis isolates
(68.33%) were identified as producers of extended-
spectrum B-lactamases (ESBLs) (Figure 2). Additionally,
screening with the disk approximation method showed
that 31 isolates (51.66%) produced AmpC-type B-
lactamases. Isolates exhibiting an inhibitory distortion
zone between the ceftazidime disk and inducer disks
were classified as AmpC producers (Figure 3). Among the
inducers tested, imipenem demonstrated a stronger
induction effect than cefoxitin and
amoxicillin/clavulanic acid. Based on disk diffusion
susceptibility results, 16 isolates (numbers 3, 7, 9, 11 - 14,
17, 24, 28, 38, 47 - 49, 56, and 60) were non-susceptible to
imipenem and were  considered  potential
carbapenemase producers. These isolates were further
evaluated using the Modified Hodge Test (MHT), which
identified 6 isolates exhibiting characteristic cloverleaf-
like growth around the meropenem disk, confirming
carbapenemase production (Figure 4). In total, 49
isolates (81.66%) produced p-lactamases. Within this
group, 23 isolates co-produced ESBL and AmpC, 6
isolates produced ESBL and carbapenemase, 5 produced
AmpC and carbapenemase, and another 5 produced all
three enzyme types. Among the 49 p-lactamase-
producing isolates, 24 produced either ESBL or AmpC
alone. The distribution of B-lactamase-producing P.
mirabilis isolates is summarized in Figure 5.

4.4. Detection of B-Lactamase Genes by Multiplex PCR
Multiplex PCR was performed to investigate the

distribution of five key p-lactamase genes—blagyy,

blagy, blagmpc, blagoy, and blagpc—among P. mirabilis

clinical isolates. The distribution and prevalence of
these genes are summarized in Table S4 in the
Supplementary File and Figure 6, respectively. The
blagy gene showed a notably high prevalence, detected

in 98.33% of isolates, with only one isolate (1.67%) testing

Arch Clin Infect Dis. 2026; 21(2): €169794
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Antibiotic resistance rates of P. mirabilis isolates

601

Resistance (%)

%55

Figure 1. Antibiotic resistance rates among 60 P. mirabilis clinical UTI isolates (N = 60): Phenotypic susceptibility testing by disk diffusion method (CLSI guidelines). Resistance
percentages for 11 antibiotics: amikacin (AK), gentamicin (GEN), cotrimoxazole (SXT), ciprofloxacin (CIP), cefotaxime (CTX), ceftazidime (CAZ), cefoxitin (FOX), imipenem (IPM),
aztreonam (ATM), amoxicillin/clavulanic acid (AMC), and piperacillin (PIP). Resistance was determined by the disk diffusion method. Detailed susceptibility data are provided in

the supplementary material.

negative. In contrast, blagy, was identified in 23.33% of
isolates. The blayypc and blaggy genes were detected in
6.67% (4/60) and 8.33% (5/60) of isolates, respectively. The
blagpc gene was the least frequent, present in only 5%
(3/60) of cases.

Multiplex PCR analysis also revealed a substantial
occurrence of co-existing B-lactamase genes. Specifically,
23.33% of isolates (14/60) carried both blagyyy, and blatgy.
Additionally, 5% (3/60) of isolates simultaneously carried
blatgy and blagy,c, while 3.33% (2/60) possessed both

blagyy and blayypc. Triple-gene co-occurrence was

observed in 1.67% of isolates (1/60), which
simultaneously carried blagyyy, blatgy, and blaAmpC. The

presence of blaggy and blagpe in  multi-gene

combinations was rare, occurring in only a few
instances. Assay specificity was confirmed by distinct
amplification bands at the expected sizes (Figure 7): 747
bp (blagyy), 489 bp (blaympc), 445 bp (blargy), 162 bp

(blagpx), and 86 bp (blagpc). Furthermore, sequence

Arch Clin Infect Dis. 2026; 21(2): 169794

analysis of representative PCR products followed by
BLAST comparison against the NCBI database validated
the identity of the amplified genes (Figure S2 in the
Supplementary File). These results confirm the
specificity and accuracy of the multiplex PCR assay for
detecting these B-lactamase determinants in P. mirabilis
isolates.

4.5. Multidrug Resistance Profile and Associated Resistance
Genes

The MDR profiles of 60 clinical P. mirabilis isolates
were characterized based on their antibiotic resistance
patterns and associated B-lactamase gene carriage
(Table 2). Among the isolates, 33 (55%) exhibited MDR
phenotypes, defined as resistance to three or more
antibiotic classes. The most prevalent MDR pattern was
Pattern 10, identified in 6 isolates, characterized by
resistance to amoxicillin/clavulanic acid (AMC),
ciprofloxacin (CIP), and trimethoprim-sulfamethoxazole
(SXT), with all isolates carrying the blarg, gene. Pattern

5, found in 5 isolates, showed resistance to AMC, CIP, SXT,
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Figure 2. Double disk synergy test (DDST) results for ESBL detection in P. mirabilis isolates (N = 60): Phenotypic screening. Representative plates showing enhanced inhibition

zones indicating ESBL-positive isolates.

cefotaxime (CTX), and ceftazidime (CAZ), with carriage
of blargy and blagyy. Pattern 7, documented in 4
isolates, exhibited resistance to AMC, CIP, SXT, and CTX
and was associated with blatgy.

Additional resistance patterns included Pattern 1 (2
isolates), which was resistant to eight antibiotics (AMC,
CIP, SXT, CTX, CAZ, imipenem (IPM), aztreonam (ATM),
and piperacillin (PIP)) and harbored blaggy, blagyy, and
blagpc, and Pattern 4 (2 isolates), which was resistant to
AMC, CIP, SXT, CTX, CAZ, and ATM and carried blargy and
blagpc. Patterns 2, 3, 6, 8, and others exhibited varied

combinations of resistance to extended-spectrum

cephalosporins, carbapenems, and other agents,
accompanied by corresponding B-lactamase genes,
including blargyy, blagyy, blaympc, and blagpc.

4.6. Associations Between B-Lactamase Genes and Antibiotic
Resistance Profiles in Clinical P. Mirabilis Isolates

Antibiotic resistance among 60 clinical P. mirabilis
isolates was analyzed in relation to the presence of
specific B-lactamase genes, including blargy, blagyy,

blasmpc, blapox, and blagpc. Intermediate susceptibility

results were classified as resistant to facilitate
conservative categorical comparisons (Table 3).
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Figure 3. Disc approximation test for AmpC B-lactamase detection in P. mirabilis isolates (N = 60): Phenotypic screening.Representative plates showing zone flattening

indicating AmpC producers.

The presence of blargy, was significantly associated

with resistance to amoxicillin/clavulanic acid (P < 0.01),
cefotaxime (OR: 12.4, 95% CI: 3.1 - 49.2; P < 0.01), and
ceftazidime (P < 0.01). Similarly, blagyy, carriage showed
significant  associations ~ with  resistance  to
amoxicillin/clavulanic acid (P = 0.02), cefotaxime (P =

Arch Clin Infect Dis. 2026; 21(2): €169794

0.02), and ceftazidime (P = 0.04). Among the less
frequent genes, blayy,c carriage was significantly
associated with resistance to cefoxitin (P = 0.01, Fisher's
exact test) and imipenem (P = 0.04). In contrast, no
significant associations (P > 0.05) were observed for
blaggy across any of the tested antibiotics. The
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Figure 4. Modified Hodge test (MHT) for carbapenemase detection in P. mirabilis isolates (N = 60): Phenotypic screening. Representative plates showing cloverleaf growth

indicating carbapenemase activity.

carbapenemase gene blagpc correlated strongly with

resistance to amoxicillin/clavulanic acid (P < 0.001),
cefotaxime (P < 0.001), ceftazidime (P = 0.001), and
imipenem (P < 0.001). No significant associations were
observed between gene presence and resistance to
aminoglycosides, cotrimoxazole, or ciprofloxacin.
Isolates harboring multiple B-lactamase genes (blatgy +

blaggyy, blaggy + blaAmpC, or blatgy + blagyy + blaAmpC)
demonstrated broader resistance profiles, with
significant differences compared with isolates lacking
these combinations (P values < 0.01 for most B-lactams).

Because of the small sample size for certain
genotypes, these P values are interpreted as exploratory.
Detailed contingency data for all five genes, including
the number of resistant isolates among gene-positive
versus gene-negative groups, are provided in Table S5 in
the Supplementary File.

4.7. Genotypic Profiling of P. mirabilis Isolates by ERIC-PCR

ERIC-PCR genotyping was used to evaluate clonal
relationships among the 60 P. mirabilis isolates. The
dendrogram, constructed using the UPGMA method
(Figure 8), revealed substantial genetic diversity. At a 58%
similarity cutoff, the isolates were segregated into 15
distinct clusters. Seven clusters (1, 2, 3, 4, 7, 9, and 10)

10

comprised singletons, whereas clusters 6 and 11 each
included three isolates, and cluster 15 contained two
isolates. Larger clusters were also identified, including
cluster 8 (n =7), cluster 12 (n = 8), clusters 5and 14 (n =9
each), and the largest, cluster 13, which contained 12
isolates. The calculated discriminatory index for ERIC-
PCR was 0.89, indicating high discriminatory power.
These findings underscore the utility of ERIC-PCR as a
robust molecular typing tool for the epidemiological
surveillance of P. mirabilis.

5. Discussion

The emergence and rapid dissemination of
antimicrobial resistance in P. mirabilis represent a
significant global public health challenge. This
opportunistic pathogen, commonly associated with
complicated urinary tract infections and healthcare-
associated infections, has developed increasing
resistance to multiple antibiotic classes, thereby
limiting therapeutic options (1, 14, 15). The widespread
production of extended-spectrum B-lactamases (ESBLs),
AmpC p-lactamases, and carbapenemases has been
documented worldwide, presenting major obstacles to
effective clinical management and contributing to
increased morbidity, mortality, and healthcare costs.
Surveillance efforts have confirmed the escalating
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Figure 5. Distribution of B-lactamase enzyme production phenotypes among 60 P. mirabilis isolates (N = 60): Bar chart showing phenotypic prevalence: ESBL (68.3%), AmpC

(51.6%), carbapenemase (10%), and co-producers.

prevalence of multidrugresistant (MDR) P. mirabilis
strains across diverse geographic regions, emphasizing
the critical need for molecular epidemiological studies
and prudent antimicrobial stewardship to curb the
dissemination of resistance (1-2, 4, 14-16).

In this study, clinical P. mirabilis isolates
demonstrated substantial resistance to several
antibiotics. Resistance rates were highest against
amoxicillin/clavulanic acid (55%), ciprofloxacin (46.7%),
and trimethoprim-sulfamethoxazole (35%). These
findings, particularly the notable ciprofloxacin
resistance, align with recent reports of increasing
plasmid-mediated resistance in  uropathogenic
Enterobacteriaceae. In contrast, cefoxitin and
gentamicin retained high efficacy, with susceptibility
observed in over 90% of isolates. These resistance
profiles necessitate reconsideration of empirical
therapy, as fluoroquinolones and trimethoprim-
sulfamethoxazole may no longer be reliable first-line
options for UTIs, consistent with rising trends in ESBL-
producing E. coli in various clinical settings.
Aminoglycosides, such as gentamicin, remain effective

Arch Clin Infect Dis. 2026; 21(2): €169794

alternatives but require cautious use because of their
toxicities (1-2).

The observed resistance patterns are broadly
consistent with data reported from other clinical
settings in Iran (17). Previous studies of clinical P.
mirabilis isolates across various Iranian provinces have
reported similar resistance to commonly used
antibiotics, supporting our finding that B-lactams and
fluoroquinolones may have limited empirical utility in
local settings (17, 18). Furthermore, molecular studies of
uropathogenic P. mirabilis isolates from Iran have
detected blacpyy and other resistance-related
determinants, confirming the circulation of p-
lactamase-mediated resistance in Iranian clinical
isolates (19). These similarities suggest that the
resistance phenotype observed in our isolates reflects a
broader regional pattern rather than an isolated local
event.

Phenotypic detection revealed high frequencies of -
lactamase enzymes: 68.3% of isolates produced ESBLs
and 51.6% produced AmpC enzymes, with a considerable
proportion co-producing both. These enzymes

11
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hydrolyze broad-spectrum p-lactams, compromising
treatment efficacy and potentially leading to
therapeutic failure and prolonged hospitalization.
Carbapenemase activity was detected phenotypically in
six isolates, indicating resistance to last-resort
carbapenems. Although carbapenemase activity was
screened using the Modified Hodge Test (MHT), this
assay is no longer recommended by CLSI because of its
limited specificity and risk of false-positive results;

12

therefore, these findings should be interpreted
cautiously. Our findings align with contemporaneous
reports highlighting the global rise in carbapenemase
producers, including variants such as NDM, VIM, and
OXA-48-like  enzymes. Notably, detection of
carbapenemases such as OXA-48-like is challenging in
routine diagnostics, often leading to misinterpretation
of susceptibility profiles (20).
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Table 2. Multidrug Resistance (MDR) Patterns and Associated B-Lactamase Genes in 60 P. Mirabilis Clinical UTI Isolates (N = 60): Phenotypic Resistance Profiles by Disk Diffusion ?

Pattern no. Antibiotic Resistance Patterns No. of Isolates Cumulative MDR (n =33/60) B-lactamase Genes
1 AMC, CIP, SXT, CTX, CAZ, IPM, ATM, PIP 2 33/60 (55%) blaygyy, blagyy, blagpe
2 AMC, CIP, SXT, CTX, CAZ, IPM, FOX 2 33/60 (55%) blaggy, blagyy, blagypc
3 AMC, CIP, SXT, CTX, CAZ, IPM 3 33/60 (55%) blaggy, blagy

4 AMC, CIP, SXT, CTX, CAZ, ATM 2 33/60 (55%) blaggy, blagpc

5 AMC, CIP, SXT, CTX, CAZ 5 33/60 (55%) blaygy, blagyy

6 AMC, CIP, SXT, CTX, FOX 2 33/60 (55%) blaggy, blagyy

7 AMC, CIP, SXT, CTX 4 33/60 (55%) blargy

s AMC, CIP, SXT, IPM 2 33/60 (55%) blaygy

9 AMC, CIP, SXT, ATM 1 33/60 (55%) blaggy

10 AMC, CIP, SXT 6 33/60 (55%) blagpy

1 CIP, SXT, CTX, CAZ, IPM 2 33/60 (55%) blaggy, blagypc

12 CIP, SXT, CTX, IPM 3 33/60 (55%) blagay

13 CIP, CTX, CAZ, IPM 3 33/60 (55%) blaygy, blayype

14 CIP, CTX, CAZ 2 33/60 (55%) DlaT

15 CIP, SXT, CTX 2 33/60 (55%) blargy

16 CIP, SXT, CAZ 1 33/60 (55%) blaygy

2 1In this table, the antibiotic resistance patterns of 60 P. mirabilis isolates are presented alongside their corresponding bla genes abbreviations: AMC, Amoxicillin-Clavulanic acid;
CIP, Ciprofloxacin; SXT, Sulfamethoxazole-Trimethoprim; CTX, Cefotaxime; CAZ, Ceftazidime; IPM, Imipenem; ATM, Aztreonam; PIP, Piperacillin; FOX, Cefoxitin.

Table 3. Association Between B-Lactamase Gene Carriage and Phenotypic Antibiotic Resistance in 60 P. Mirabilis Clinical Isolates (N = 60): P-Values from Chi-Square Analysis

Antibiotics bla blagy, blay; e blagyy blay,. Gene Combinations
Amikacin (AK) 030 0.50 0.40 0.70 0.25 035
Gentamicin (GEN) 0.45 0.55 0.42 0.60 0.40 0.48
Cotrimoxazole (SXT) 0.25 030 0.28 0.50 032 0.25
Ciprofloxacin (CIP) 0.13 0.40 0.32 0.48 0.55 030
Cefotaxime (CTX) <o0.01? 0.02° 0.04? 0.18 <0.001? <0.01?
Ceftazidime (CAZ) <0.01? 0.04? 0.06 0.20 0.001? <0.01?
Cefoxitin (FOX) 0.10 0.20 0.01? 0.22 0.052 0.02°2
Imipenem (IPM) 015 0.25 0.04° 0.21 <0.001? <0.001?2
Aztreonam (ATM) 035 0.40 038 0.50 033 037
Amoxicillin/clavulanic acid (AMC) <o0.01? 0.02? 015 0.22 <0.001? <0.01?
Piperacillin (PIP) <o0.01? 0.09 0.17 030 0.18 0.15

@ p-values represent the significance of resistance differences, with values < 0.05 indicating statistical significance. Intermediate susceptibility treated as resistant.

The present study investigated the prevalence and
distribution of key B-lactamase genes among clinical P.
mirabilis isolates using multiplex PCR, providing
important insights into the genetic basis of antibiotic
resistance in this pathogen. Detection of blargy, in
98.33% of isolates confirms its widespread
predominance in P. mirabilis populations, consistent
with earlier reports identifying blargy as the most

Arch Clin Infect Dis. 2026; 21(2): 169794

common f-lactamase gene conferring resistance to
penicillins and cephalosporins globally. This pervasive
presence underscores the critical role of blagy, in
driving broad-spectrum f-lactam resistance and its
clinical relevance for treatment failure. In contrast,
blagyy was identified in a smaller yet significant

proportion of isolates (23.33%), paralleling recent studies
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Figure 8. Dendrogram based on ERIC-PCR genotyping of 60 P. mirabilis clinical isolates. The clustering was performed using the unweighted pair group method with arithmetic
mean (UPGMA) at a 58% similarity cutoff. The fifteen distinct clusters are indicated on the right, reflecting the genetic diversity and relatedness within the sampled population.

in which blagyy is less prevalent than blatgy, but

contributes substantially to extended-spectrum f-
lactamase (ESBL) phenotypes, often complicating
antimicrobial therapy (21). Co-carriage of blargy and
blagyy in nearly one-quarter of isolates indicates

potential synergistic effects in enhancing resistance
phenotypes, as previously suggested by molecular
epidemiological investigations (22). The occurrence of
blagmpc in 6.67% of isolates aligns with recognition that
AmpC B-lactamases, often plasmid-mediated, contribute
to resistance against cephamycins and reduce

14

susceptibility to broad-spectrum cephalosporins.
Although less frequent, their identification is clinically
significant given their inducible and often covert
expression, which can lead to treatment failure if
unrecognized. Similarly, detection of blaggy in a minor
fraction (833%) supports the heterogeneous
distribution of AmpC-type enzymes among clinical
isolates and their role in cephalosporin resistance (23).
Of particular concern is the presence of the
carbapenemase gene blagpc in 5% of isolates.

Carbapenemases such as KPC are notorious for
mediating high-level resistance to carbapenems—
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critical last-resort antibiotics—and their emergence in P.
mirabilis heralds a serious public health threat (6). These
findings resonate with global surveillance data
reporting sporadic but increasing identification of
blagpc and other carbapenemase genes in

Enterobacterales. The low frequency observed here may
reflect early-stage dissemination within the local
clinical setting but warrants vigilant molecular
surveillance to prevent widespread loss of carbapenem
efficacy (24).

Collectively, these molecular findings underscore the
imperative for comprehensive genotypic
characterization alongside phenotypic resistance
profiling. Timely detection of P-lactamase genes can
inform clinicians about appropriate antibiotic selection
and guide infection control practices to curb
dissemination. Moreover, the diverse distribution and
co-occurrence patterns of bla genes emphasize the
dynamic nature of P. mirabilis resistance evolution (2, 4,
16). Future work incorporating whole-genome
sequencing will be invaluable for mapping the genetic
contexts of these bla genes, elucidating their
mobilization via plasmids or integrons, and clarifying
transmission pathways within healthcare
environments.  Strengthening  surveillance and
integrating molecular diagnostics into routine
workflows remain critical to address the escalating
antimicrobial resistance threat posed by P. mirabilis.

Our study revealed substantial multidrug resistance
(MDR) among clinical P. mirabilis isolates, highlighted
by 33 (55%) isolates exhibiting simultaneous resistance

to eight key antibiotics, including
amoxicillin/clavulanic acid, ciprofloxacin,
trimethoprim-sulfamethoxazole, cefotaxime,

ceftazidime, imipenem, aztreonam, and piperacillin.
These isolates possessed blatgy, blagyy, and blagpc
genes, indicating the convergence of multiple
resistance mechanisms within a single strain. These
diverse MDR profiles, with resistance to five to eight
antibiotics, parallel patterns reported globally and
underscore the role of combinations of B-lactamase
genes in facilitating extensive antimicrobial resistance.
In particular, the presence of blagpc and other
carbapenemase-encoding genes signifies the alarming
rise of high-level carbapenem resistance, a major
concern in hospital settings (21).

Statistical analysis confirmed significant associations
between blatgy and resistance to amoxicillin/clavulanic
acid, cefotaxime, and ceftazidime, consistent with the
established role of blagy in broad p-lactam resistance.

Similarly, blagyy also exhibited significant relationships
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with resistance to these agents, reinforcing its
contribution to the ESBL phenotype. The presence of
blaympc was notably associated with resistance to

cefoxitin and imipenem, aligning with studies
illustrating the role of AmpC in altering cephalosporin
and carbapenem susceptibility. Notably, blagp: was
strongly associated with resistance to multiple [-
lactams, including carbapenems, consistent with its
known function as a potent carbapenemase facilitating
therapeutic failure. Resistance to aminoglycosides,
cotrimoxazole, or ciprofloxacin was not significantly
associated with the presence of these pB-lactamase genes,
implying that alternative resistance mechanisms, such
as efflux pumps or target gene mutations, may underlie
resistance to these antibiotic classes, as also reported by
others in the field (25).

Moreover, isolates harboring multiple B-lactamase
genes (e.g., blaggy + blagyy, blargy + blayypc, or blargy
+ blagyy + blaAmpc) showed broader resistance profiles
than those carrying single genes, demonstrating the
synergistic effect of multiple enzymes on resistance
severity. This phenomenon accelerates the evolution of
extensively drug-resistant strains and challenges
current antimicrobial stewardship efforts (26).

ERIC-PCR genotyping revealed notable genetic
heterogeneity, clustering isolates into 15 groups at a 58%
similarity cutoff, with a high discriminatory index of
0.89. This pattern indicates that resistance
dissemination is driven by multiple clonal lineages and
horizontal gene transfer rather than expansion of a
single clone, consistent with observations from Hassuna
etal. (1).

Clinically, these findings underscore the critical
importance of routine local antimicrobial susceptibility
testing before initiating empirical therapy for UTIs
caused by P. mirabilis (21, 27). The high frequency of MDR
isolates and the presence of multiple B-lactamase
determinants suggest that commonly used agents may
be ineffective in a substantial proportion of patients,
increasing the risk of treatment failure (15, 21, 28).
Therefore, ongoing molecular surveillance and strict
infection control measures are essential to limit the
spread of resistant strains within healthcare settings
and to improve patient outcomes (14).

This study has several limitations that should be
considered when interpreting the findings. First, it was
conducted at a single center with a relatively small
number of isolates, which may limit the generalizability
of the results to other geographical regions. Second,
while we identified blagpc in a subset of isolates, our

molecular screening focused exclusively on this gene.
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Consequently, our carbapenemase-negative PCR results
do not exclude the presence of other clinically
significant determinants, such as blaypy, blaypy, blapyp,

or OXA-type enzymes, which were not included in our
assay panel. This creates an interpretive gap, as the
phenotypic resistance or positive MHT results observed
in some isolates might be driven by these unscreened
mechanisms. Furthermore, although the Modified
Hodge Test was used for phenotypic screening, we
acknowledge its limitations in sensitivity and
specificity; as it is no longer the primary method
recommended by CLS], it may not reliably distinguish
all carbapenemase producers. Therefore, our findings
should be interpreted as a targeted assessment of KPC
producers rather than a comprehensive
characterization of the local carbapenemase landscape.
Future multicenter studies using broader molecular
panels and whole-genome sequencing (WGS) are
essential to fully elucidate diverse resistance
mechanisms and the clonal relatedness of P. mirabilis
isolates in this setting.

5.1. Conclusions

Clinical isolates of Proteus mirabilis in this study
exhibited high levels of resistance to several commonly
used antibiotics, driven by a high prevalence of blatgy

and a notable distribution of blagyy, blaympc, blagoy,
and blagpc genes, frequently occurring in coexisting

patterns. These findings indicate substantial genetic
diversity among the assessed B-lactamase determinants
in UTl-associated P. mirabilis strains in our setting.
Although our results highlight the role of these specific
determinants in multidrug-resistant (MDR) phenotypes,
interpretation of the carbapenemase landscape remains
preliminary and limited to the blagp: gene investigated.

The potential presence of other major carbapenemase
families not included in our molecular panel, such as
NDM, VIM, or OXA-type enzymes, cannot be excluded
and warrants further comprehensive investigation. The
circulation of these multiple determinants may
compromise the effectiveness of empirical therapy.
Therefore, integrating routine susceptibility testing
with broader molecular surveillance is essential to
guide antibiotic stewardship and inform infection
control strategies.

Supplementary Material

Supplementary material(s) is available here [To read
supplementary materials, please refer to the journal
website and open PDF/HTML].
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