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ABSTRACT The Pseudomonas aeruginosa population has a nonclonal epidemic structure.
It is generally composed of a limited number of widespread clones selected from a
background of many rare and unrelated genotypes recombining at high frequency. Due
to the increasing prevalence of nosocomial infections caused by multidrug-resistant/
extensively drug-resistant (MDR/XDR) strains, it is advisable to implement infection control
measures. Pulsed-field gel electrophoresis (PFGE) and multilocus sequence typing (MLST)
are considered the gold standard methods in bacterial typing, despite being limited by
cost, staff, and instrumental demands. Here, we present a novel mini-MLST scheme for
P. aeruginosa rapid genotyping based on high-resolution melting analysis. Using the pro-
posed mini-MLST scheme, 3,955 existing sequence types (STs) were converted into 701
melting types (MelTs), resulting in a discriminatory power of D = 0.993 (95% confidence
interval [CI], 0.992 to 0.994). Whole-genome sequencing of 18 clinical isolates was performed
to support the newly designed mini-MLST scheme. The clonal analysis of STs belonging to
MelTs associated with international high-risk clones (HRCs) performed by goeBURST software
revealed that a high proportion of the included STs are highly related to HRCs and have
also been witnessed as responsible for serious infections. Therefore, mini-MLST provides a
clear warning for the potential spread of P. aeruginosa clones recognized as MDR/XDR
strains with possible serious outcomes.

IMPORTANCE In this study, we designed a novel mini-MLST typing scheme for
Pseudomonas aeruginosa. Its great discriminatory power, together with ease of perform-
ance and short processing time, makes this approach attractive for prospective typing of
large isolate sets. Integrating the novel P. aeruginosa molecular typing scheme enables the
development and spread of MDR/XDR high-risk clones to be investigated.

KEYWORDS Pseudomonas aeruginosa, high-resolution melting, mini-MLST, molecular
epidemiology, strain typing

P seudomonas aeruginosa is a pathogen with high clinical relevance, including life-threat-
ening infections in immunocompromised patients and patients with cystic fibrosis. It is

also a common cause of health care-associated infections (HCAIs), such as ventilator-associated
pneumonia, urinary tract infections, and surgical site infections (1). Its large and plastic genome
comprises multiple virulence and resistance determinants and also facilitates its remarkable
adaptability to unfavorable environments, including hospital environments with possible con-
sequent transmission (2, 3). In addition, cross-transmission from patient to patient and endoge-
nous sources have been regarded as relevant routes of P. aeruginosa acquisition as well (4).
Pseudomonadal infections are difficult to treat because the pathogen is intrinsically resistant
to many antibiotics due to low outer membrane permeability and readily acquired multi-
drug resistance that further complicates treatment (5). A significant proportion of multidrug
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resistance or even extensive drug resistance (MDR/XDR) in P. aeruginosa strains have been
witnessed in increasing prevalence in the last few decades (6). However, in the period of
2016 and 2020, European Union/European Economic Area surveillance showed decreasing
trends in P. aeruginosa antimicrobial resistance, although with major geographical differen-
ces (7). Still, at the global level, carbapenem-resistant P. aeruginosa has been listed as a
pathogen of critical priority requiring research and development of new antibiotics (8).

Genotyping represents an important process that enables clinically important bacterial
strain characterization and surveillance. Understanding pathogen relatedness is essential
for studying HCAI epidemiology and designing rational pathogen control methods. For P.
aeruginosa genotyping, various molecular methods have been used (9). These include pulsed-
field gel electrophoresis of SpeI-restricted genomic DNA (PFGE-SpeI) (10), multiple-locus vari-
able number of tandem repeat analysis (MLVA) (11), and multilocus sequence typing (MLST)
(12), followed by the technologically advanced whole-genome sequencing (WGS)-based
methods, such as single nucleotide variant (SNV) analysis and core genome MLST (cg-MLST)
and accessory genome MLST (ag-MLST) (13). Among those, possibly the most popular
approach for studying P. aeruginosa populations is MLST.

For proper genotyping interpretation, the evolution dynamics typical for each bacterial
species is important to consider. As for P. aeruginosa, the population structure is referred to
as a nonclonal epidemic structure composed of a large quantity of rare strains and a limited
number of highly successful epidemic clones (14, 15). It has been stated that MDR and espe-
cially XDR strains have a low clonal diversity and belong to so-called high-risk clones (HRCs),
contrary to susceptible isolates that are mostly represented by numerous different genotypes
(16, 17). Despite the highest level of standardization, MLST is demanding on both time and
staff and high in cost. Methods including PCR followed by high-resolution melting (HRM)
instead of sequencing have become popular in epidemiology (18) because they are easily
accessible for routine use. HRM has been used to modify MLST, known as “mini-MLST” or
“minim typing.” Mini-MLST targets the same genes as MLST, but sequencing is replaced by
HRM. The acquired divergent melting curves represent individual melting alleles, and a combi-
nation of individual loci’s alleles enables the isolate to be assigned as a melting type (MelT). So
far, mini-MLST schemes have been published for Staphylococcus aureus (19), Klebsiella pneumo-
niae (20), Streptococcus pyogenes (21), Enterococcus faecium (22), Campylobacter jejuni (23), and
Escherichia coli (24). Here, we describe a novel mini-MLST scheme for P. aeruginosa as an alter-
native method for rapid genotyping suitable for routine clinical practice.

RESULTS
Method design. The candidate regions for mini-MLST design identified by EasyPrimer

were subjected to in silico analyses. We assumed an optimal amplicon length of 70 to 200 bp.
For aroE locus, no appropriate conserved sites available for primer design were detected; thus,
this region was excluded from future analyses. Simpson’s Index of Diversity (D) was calculated
for each predesigned locus, and those with the highest discriminatory ability were chosen for
the following laboratory experiments. Finally, a set of six loci containing highly informative sin-
gle nucleotide polymorphisms (SNPs) meeting our criteria were found in six different MLST
loci (Table 1). The D values calculated for the designed mini-MLST loci calculated against MLST
sequence variability were (locus name plus first and last position of mini-MLST locus within
MLST sequence): acsA325-393 (n = 274; m = 9; D = 0.764; 95% confidence interval [CI], 0.732
to 0.795), guaA88-225 (n = 219;m = 10; D = 0.734; 95% CI, 0.705 to 0.763),mutL18-82 (n = 305;
m = 8; D = 0.688; 95% CI, 0.661 to 0.715), nuoD23-95 (n = 153;m = 6; D = 0.656; 95% CI, 0.596
to 0.716), ppsA85-136 (n = 209; m = 6; D = 0.679; 95% CI, 0.646 to 0.712), and trpE270-378
(n = 315; m = 7; D = 0.757; 95% CI, 0.738 to 0.776), where n stands for the total number of
MLST alleles, andm stands for the total number of predicted mini-MLST alleles.

Mini-MLST scheme completion. A conversion key was generated to enable mini-MLST
allele numbers to be combined with the final MelT and also to convert between sequence
types (STs) and MelTs. In July 2022, 3,955 existing STs were converted into 701 MelTs. The
D expressing the total mini-MLST discriminatory power against the MLST database yielded
D = 0.993 (95% CI, 0.992 to 0.994).
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Method validation and typing of collected isolate set. The HRM curves for each six
mini-MLST loci were obtained for 191 of 200 P. aeruginosa isolates. Two isolates were repeat-
edly not amplifying properly, and the HRM curves from seven isolates had a nonstandard
shape and differed from the remaining HRM curves in at least one mini-MLST locus. These
nine isolates were excluded from further analyses. The set of positive controls we observed
during scheme design is shown in Fig. 1. Of 191 P. aeruginosa isolates, 74 different MelTs
were determined as summarized in Table 2.

Whole-genome sequencing. Mini-MLST’s discriminatory ability was tested using WGS
on a subset of 18 P. aeruginosa isolates belonging to the dominating MelTs and MelTs that
refer to international HRCs. For WGS analysis, we used allelic difference comparison with cg-
and ag-MLST since it takes homologous recombination into consideration, contrary to SNV
analysis that counts every single nucleotide change as an additional evolutionary event. Fig. 2
shows a minimum spanning tree (MST) based on 18 isolates’ allelic profiles. The distances
between different MelTs were higher than 2,000 allele differences. Within one MelT, closely
related STs were present (ST2326 and ST207 in MelT491 differ in one MLST allele). On the
other hand, we observed distant STs grouped together (ST262 and ST244 in MelT127, and
ST267 and ST274 in MelT375).

HRC investigation. The BURST analysis of all STs revealed significant heterogeneity
among STs characteristic for P. aeruginosa population structure (Fig. S1). First, clusters contain-
ing international HRCs as cluster founders and related single-loci variant STs were inspected.
Within those clusters, MelTs corresponding to founder HRC STs were color coded (Fig. 3).
Single-loci variant STs affiliated with other MelTs than the founder remained color free. The pro-
portion of single-loci variant STs belonging to the same MelT as the cluster founder was deter-
mined (Table 3). Second, it was determined whether MelTs associated with HRCs contained non-
related STs. Those were depicted as singletons with no connection lines to cluster founders.

DISCUSSION

Despite MLST currently being considered an effective method to study bacteria’s molecular
epidemiology and population structure, it is actually far from routinely used in local hospital lab-
oratories, mainly due to the time and cost demands. Contrary to sequencing-based methods,
incorporating HRM analysis promises an inexpensive, fast, and robust alternative approach (18).

In this study, we have proposed a novel mini-MLST scheme for prospective P. aeruginosa
molecular typing. It includes six multi-SNPs targeting PCR followed by HRM analysis, resulting
in a great discriminatory ability. Among the major advantages of this typing approach are
its cost-effectiveness, rapid performance, robustness, and good reproducibility. Moreover,
we optimized the reaction mixture and run parameters to existing K. pneumoniae and E. coli
mini-MLST schemes that enable simultaneous typing for these clinically important bacterial

TABLE 1 Details of the six loci used in P. aeruginosamini-MLST typing schemea

Name Primer sequence (59 to 39) Amplicon length (bp) Predicted mini-MLST allele (no. of associated STs)b

acsA CCTGCCTGATGACCCCG 107 47 (1); 48 (5); 49 (42); 50 (34); 51 (107); 52 (56); 53 (18); 54 (10); 55 (1)
GTGGACAACCTCGGCAACCTc

guaA CCAACTGACCTGCGTGTTC 177 73 (1); 84 (1); 85 (1); 88 (3); 90 (1); 91 (11); 92 (41); 93 (75); 94 (73); 95 (12)
GAGAAGCGCAAGATCATCGG

mutL AGACCGAGTTCGACCATc 96 28 (1); 36 (8); 37 (1); 38 (13); 39 (113); 40 (48); 41 (118); 42 (3)
ATGGTCTTGCCGTTGTG

nuoD TTCCTCAACCTCGGCCCGA 110 46 (2); 47 (13); 48 (30); 49 (80); 50 (26); 51 (2)
GGAGATCGGCTACCACCA

ppsA CTGCTGAAAGAGAAGGGGAC 92 30 (1); 36 (22); 37 (78); 38 (84); 39 (1); 40 (23)
AAGGTGATCAACGACGTGTC

trpE ACTCCAACGTCATGCACATC 149 75 (4); 76 (26); 77 (80); 78 (86); 79 (98); 80 (7); 81 (14)
AGATCATCGACGAGCTGGAG

aMLST, multilocus sequence typing; ST, sequence type.
bBy July 13, 2022, n = 3,955 STs.
cPrimer for MLST used (12).
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species and a significant decrease in the laboratory work and analysis time demands. The
design based on MLST loci enables results comparable with MLST data to be generated
through the translation MelT key.

To validate mini-MLST for routine clinical practice, we tested the novel scheme on 191
clinical isolates of different sites of origin collected at University Hospital Brno, Brno, Czech
Republic. The typing revealed a heterogenous population containing 74 MelTs supporting the
consensus of nonclonal epidemic population structure (15). Isolate WGS with subsequent cg-
and ag-MLST proved a long allelic distance among different MelTs, as well as a shorter dis-
tance between isolates of the same MelTs and STs (Fig. 2). Within MelT491, closely related STs
were present: single loci variants ST2326 and ST207 with a WGS allelic distance of 60. On the
other hand, we observed distant STs grouped together by mini-MLST. MelT127 cluster isolates
belonging to ST262 and ST244. Those STs are triple-loci variants; however, their WGS allelic

FIG 1 Normalized melting curves for six mini-multilocus sequence typing (MLST) loci detected during method validation. The allele numbers are assigned to the
associated melting curves according to the G 1 C content. (A) Locus acsA, 5 of 9 predicted alleles (alleles 49 to 53). (B) Locus guaA, 3 of 10 predicted alleles
(alleles 92, 93, and 94). (C) Locus mutL, 4 of 8 predicted alleles (alleles 36 and 39 to 41). (D) Locus nuoD, 4 of 6 predicted alleles (alleles 47 to 50). (E) Locus ppsA,
3 of 6 predicted alleles (alleles 36 to 38). (F) Locus trpE, 4 of 7 predicted alleles (alleles 76, 77, 78, and 79). RFU show the relative fluorescence unit values.
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distance reaches 4,016. MelT375 contains ST267 and ST274 isolates; these differ in six MLST
genes, and their WGS allelic distance is 4,101. This disparity is caused by the fact that different
MLST alleles can share the same G1 C content and produce the same HRM curve despite
having a different sequence.

TABLE 2 Summary of mini-MLST typing of 191 P. aeruginosa isolatesa

MelT
No. of
isolates

Proportion
(%)

MelT associated
with HRC

Used for WGS
(no. of used isolates)

MelT127 11 5.8 ST244 Yes (4)
MelT306 11 5.8 No Yes (3)
MelT384 11 5.8 No Yes (2)
MelT375 10 5.2 No Yes (3)
MelT491 9 4.7 ST308 Yes (3)
MelT417 7 3.7 No No
MelT247 6 3.1 ST235 No
MelT355 6 3.1 No No
MelT524 6 3.1 No No
MelT76 4 2.1 ST111/ST654 Yes (3)
MelT78 4 2.1 ST175 No
MelT251 4 2.1 No No
MelT308 4 2.1 No No
MelT418 4 2.1 No No
MelT425 4 2.1 No No
Othersb 59 47.1 NAc No
aTable shows a summary of mini-MLST typing of 191 P. aeruginosa isolates obtained at University Hospital Brno,
Czech Republic, between March 2020 and October 2021. HRC, high-risk clone; MelT, melting type; NA, not
available; WGS, whole-genome sequencing.

bIncludes MelTs with less than 2% of isolates.
cAmong less abundant MelTs, MelTs associated with HRCs were present: MelT602 associated with ST233 (n = 1),
MelT618 associated with ST357 (n = 2), and MelT340 associated with ST298 (n = 3). MelT52 associated with
ST277 was not present in our set of isolates.

FIG 2 Minimum spanning tree showing core genome MLST (cg-MLST) and accessory genome MLST (ag-MLST) of 18 P.
aeruginosa isolates. Each isolate is represented by a unique node. Lines between circles show the number of allelic differences
with those representing distance among different melting types (MelTs) highlighted in red. Sequence types (STs) are color coded,
and MelTs are indicated by frame. The gray dotted line numbers show the distance among distant STs clustered into one MelT.
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Incorporating mini-MLST to prospective P. aeruginosa hospital monitoring allows strains
that arise from rare heterogenous population to be focused on. The successful clones
associated with defined MDR/XDR profiles have been described and denominated
international HRCs. In our study, we tested whether the identification of the MelTs associated
with HRCs suggests a high possibility of HRC presence or whether the presence of STs closely
related to them. BURST analysis showed the ST relationships among clusters that include
HRCs (Fig. 3). In those clusters, single-loci variant STs belonging to the same MelT as cluster
founder ST were appointed. Also, single-loci variant STs classified into different further nonspe-
cified MelTs due to different melting profile were included. The proportion of single-loci vari-
ant STs belonging to a founder MelT compared to the all single-loci variant STs, including
those assigned to other MelTs, was determined (Table 3). We inspected all STs clustered by
mini-MLST to the same MelTs; however, they are not parts of HRC clusters (they differ in 2
MLST loci or more). The results differed significantly between different HRC clusters. ST235 is
the most relevant HRC that has been identified as a highly successful MDR clone worldwide.

FIG 3 Genetic relationships among different STs that belong to MelTs associated with international high-risk clones (HRCs) (produced by goeBURST
algorithm). Each circle corresponds to an individual ST. HRC STs as defined by del Barrio-Tofiño et al. (17) are represented by large circles with a red halo.
Single-loci variant STs are connected with its founder ST with a solid line. Colors are assigned according to the MelT. Gray indicates that the ST is assigned
to an MelT other than the founder.
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There are many diverse single-loci variant STs that have independently arisen from ST235 (25);
63.6% of them belong to MelT247. However, identifying this MelT indicates CC235 in only
54.7%; in 45.3%, it indicates singleton STs that are not related to ST235. In CC298, 100% of sin-
gle-loci variant STs belong to associated MelT340. However, this MelT gathers STs unrelated to
ST298 in 71.4%, thus determining that an isolate belonging to this MelT is not highly indicative
to the presence of HRC. On the other hand, identifying MelT78 is indicative of CC175 in 81.8%.
Only two STs belonging to this MelT are not related to ST175. Within CC175, STs of MelT78
represent 45.0% in proportion to other nonspecified MelTs. The BURST analysis summary
(Table 3) may serve to advise whether or not the detected MelT warns us about the possible
occurrence of dangerous of P. aeruginosa clones.

To conclude, mini-MLST represents an effective method for P. aeruginosa molecular
typing. Its good reproducibility and easy performance allow prospective typing for
large sets of isolates while reaching a great discriminatory power. Integrating a novel
P. aeruginosa mini-MLST scheme enables monitoring and limiting the occurrence and
spread of newly arisen clones within health care facilities. The detection of MelTs asso-
ciated with HRCs is also indicative of the presence of MDR/XDR HRCs.

MATERIALS ANDMETHODS
Method design: mini-MLST loci identification and primer design. The P. aeruginosa MLST scheme

for 3,955 STs (by July 13, 2022) including acsA, aroE, guaA, mutL, nuoD, ppsA, and trpE allele sequences was
obtained from the PubMLST.org website using BIGSdb software (26). All alleles within each gene were aligned
using MEGA7 software (27). The informative MLST gene regions with high sequence variability were identified
using EasyPrimer tool (28), taking into consideration AÆT and CÆG nucleotide changes that cannot be
detected by HRM analysis. Subsequently, the primers were designed to flank the selected informative
regions using Primer3 (29).

Mini-MLST scheme completion: establishing MelT key. An in-house MELT2MELT algorithm based
on MATLAB software was used to generate a MelT key as described by Bezdicek et al. (24). The final MelT key
is available at www.cmbgt.cz/mini-mlst/t6353 and is regularly updated as new STs are consistently released.

Statistical analysis. To measure the discriminatory ability of the novel mini-MLST scheme, Simpson’s
index of diversity (D) was defined (30) using the Comparing Partitions website (www.comparingpartitions.info).

Isolate collection and DNA isolation. In total, 200 P. aeruginosa clinical isolates were subjected to
the newly designed mini-MLST method. All of the isolates were collected throughout the University Hospital Brno,
Brno, Czech Republic, between March 2020 and October 2021 and were identified using matrix-assisted laser de-
sorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). The pure culture colonies were suspended
in sterile water and stored at 220°C. The genomic DNA was isolated using Chelex 100 resin (Bio-Rad, USA). The
bacterial cultures were homogenized in 100mL of 5% wt/vol Chelex 100 resin with vortex. The suspensions were
incubated for 10 min in 99°C and centrifuged for 2 min at 15,500 relative centrifugal force. The supernatants con-
taining genomic DNA were transferred into clean microtubes and stored at220°C for further analyses.

Method validation: real-time PCR and HRM. The mini-MLST laboratory protocol was designed to
be applicable for K. pneumoniae (31), E. coli (24), and P. aeruginosa typing simultaneously in the same PCR run.
Real-time PCRs contained 10mL 2� SensiFAST HRM mix (Bioline, UK), 0.4mM each primer, 1mL of DNA (30 ng/
mL), and deionized water to a final volume of 20 mL. The thermal cycling parameters were 95°C for 3 min; 40
cycles of 95°C for 5 s, 65°C for 10 s, and 72°C for 20 s; 95°C for 2 min; and 50°C for20 s, followed by HRM ramping
from 70 to 95°C, increasing by 0.2°C at each step. For the analyses, a Bio-Rad CFX96 real-time PCR detection sys-
tem (Bio-Rad, USA) was used. Samples with unique HRM curves were subjected to Sanger sequencing using
MLST primers to obtain G 1 C content in the mini-MLST region. For acsA, guaA, mutL, ppsA, and trpE genes,

TABLE 3 Overview of international HRCs examined by BURST analysis

HRC
Associated
MelT

No. of STs in
HRC clustera

No. (proportion) of STs in HRC
cluster belonging to HRC MelTb

No. of STs
in MelT

No. (proportion) of singletons
belonging to MelT

ST235 MelT247 55 35 (63.6%) 64 29 (45.3%)
ST111 MelT76c 25 18 (72.0%) 44 17 (38.6%)
ST233 MelT602 18 14 (77.8%) 24 10 (41.7%)
ST244 MelT127 45 31 (68.9%) 57 26 (45.6%)
ST357 MelT618 23 6 (26.1%) 11 5 (45.5%)
ST308 MelT491 16 10 (62.5%) 31 21 (67.7%)
ST175 MelT78 20 9 (45.0%) 11 2 (18.2%)
ST277 MelT52 15 7 (46.7%) 16 9 (56.3%)
ST654 MelT76c 14 9 (64.3%) 44 17 (38.6%)
ST298 MelT340 6 6 (100.0%) 21 15 (71.4%)
aThe HRC represents the founder of the cluster. All STs that differ in one allele are included in the cluster.
bIncluding founder ST.
cST111 and ST654 belong to the same MelT: MelT76.
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MLST was performed as previously described by Curran et al. (12). For aroE and nuoD genes, protocol by van
Mansfeld et al. (32) was used. PCR products were purified using ExoSAP-IT (Thermo Fisher Scientific, USA) and
sequenced using BigDye Terminator version 1.1 (Thermo Fisher Scientific, USA) with an ABI3130 genetic analyzer
(Thermo Fisher Scientific, USA) and sequencing analysis version 5.4 software. In total, 32 isolates were subjected
to complete conventional MLST analysis and used as positive controls during mini-MLST. Melting curves of
unknown samples were allocated to the positive controls with the same melting profile, and the allele number
was assigned according to the G1 C content.

Whole-genome sequencing. WGS was used to support the mini-MLST discriminatory ability. The
WGS library was prepared using KAPA HyperPrep kits (Roche, Switzerland). The Illumina MiSeq platform was
used for WGS, and 250-bp paired-end sequencing was performed. The obtained reads were quality checked
using FastQC version 0.11.5 (Babraham Bioinformatics, UK) and assembled using Burrows-Wheeler Aligner ver-
sion 0.7.17 (33). Ridom SeqSphere1 (Ridom, Germany) P. aeruginosa seed genome strain PAO1 (NC_002516.2)
was used as the reference genome. To remove unmapped reads, reads with poor quality, and duplicates,
SAMtools version 1.9 was used (34). After reference mapping, all positions with less than 10% coverage, and all
ambiguous positions (less common bases represented at least 10% of bases in the target position) were
removed from further analyses. SAMtools version 1.9 was used together with BCFtolls version 1.9 software to
obtain consensus sequences (35). With SeqSphere1 version 7.8 (Ridom, Germany), the genomes were com-
pared with a gene-by-gene approach using an incorporated P. aeruginosa cg-MLST scheme and P. aeruginosa
ag-MLST scheme comprising 3,867 cg- and 1,647 ag-genes, respectively (13). A MST was constructed to visual-
ize the allelic differences between the isolates.

Clonal analysis. All STs profiles (3,955 STs, by July 13, 2022) were obtained from the PubMLST website
(https://pubmlst.org/organisms/pseudomonas-aeruginosa). To identify groups of related STs, we compared the
STs by the global optimal based upon the related ST algorithm (goeBURST) (36) at the level of single-loci variants
to create clonal clusters (CCs). To provide a graphical representation of the evolutionary relationships between
them, we used Phyloviz 2.0 software (37). The top 10 international HRCs as stated by del Barrio-Tofiño et al.
(17) were identified, and their CCs were obtained. Only STs with one allele difference to the founder HRC were
included in each CC.

Data availability. The raw sequencing data were deposited in the SRA database under the BioProject
accession number PRJNA855568.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 5.1 MB.

ACKNOWLEDGMENTS
This study was supported by grant NV19-09-00430 from the Ministry of Health of the

Czech Republic; grant MHCR- DRO (FNBr, 65269705), FNBr; and grant MUNI/A/1224/
2022 fromMasaryk University.

REFERENCES
1. Reynolds D, Kollef M. 2021. The epidemiology and pathogenesis and

treatment of Pseudomonas aeruginosa infections: an update. Drugs 81:
2117–2131. https://doi.org/10.1007/s40265-021-01635-6.

2. Mathee K, Narasimhan G, Valdes C, Qiu X, Matewish J, Koehrsen M, Rokas
A, Yandava C, Engels R, Zeng E, Olavarietta R, Doud M, Smith R, Montgomery
P, White J, Godfrey P, Kodira C, Birren B, Galagan J, Lory S. 2008. Dynamics of
Pseudomonas aeruginosa genome evolution. Proc Natl Acad Sci U S A 105:
3100–3105. https://doi.org/10.1073/pnas.0711982105.

3. Moradali M, Ghods S, Rehm B. 2017. Pseudomonas aeruginosa lifestyle: a
paradigm for adaptation, survival, and persistence. Front Cell Infect Microbiol
7:39. https://doi.org/10.3389/fcimb.2017.00039.

4. Venier A, Leroyer C, Slekovec C, Talon D, Bertrand X, Parer S, Alfandari S,
Guerin J, Megarbane B, Lawrence C, Clair B, Lepape A, Perraud M, Cassier
P, Trivier D, Boyer A, Dubois V, Asselineau J, Rogues A, Thiébaut R, DYNA-
PYO study group. 2014. Risk factors for Pseudomonas aeruginosa acquisi-
tion in intensive care units: a prospective multicentre study. J Hosp Infect
88:103–108. https://doi.org/10.1016/j.jhin.2014.06.018.

5. Breidenstein E, de la Fuente-Núñez C, Hancock R. 2011. Pseudomonas aer-
uginosa: all roads lead to resistance. Trends Microbiol 19:419–426. https://
doi.org/10.1016/j.tim.2011.04.005.

6. Horcajada J, Montero M, Oliver A, Sorlí L, Luque S, Gómez-Zorrilla S, Benito N,
Grau S. 2019. Epidemiology and treatment of multidrug-resistant and exten-
sively drug-resistant Pseudomonas aeruginosa infections. Clin Microbiol Rev
32:e00031-19. https://doi.org/10.1128/CMR.00031-19.

7. Antimicrobial resistance surveillance in Europe 2022 – 2020 data. 2022.
WHO Regional Office for Europe/European Centre for Disease Prevention
and Control, Copenhagen.

8. Tacconelli E, Carrara E, Savoldi A, Harbarth S, Mendelson M, Monnet D, Pulcini C,
Kahlmeter G, Kluytmans J, Carmeli Y, Ouellette M, Outterson K, Patel J, Cavaleri M,
Cox E, Houchens C, Grayson M, Hansen P, Singh N, Theuretzbacher U, Magrini N,
WHO Pathogens Priority List Working Group. 2018. Discovery, research, and de-
velopment of new antibiotics: the WHO priority list of antibiotic-resistant bacteria
and tuberculosis. Lancet Infect Dis 18:318–327. https://doi.org/10.1016/S1473
-3099(17)30753-3.

9. Chen J, Lau Y, Krishnan T, Chan K, Chang C. 2018. Recent advances in mo-
lecular diagnosis of Pseudomonas aeruginosa infection by state-of-the-art
genotyping techniques. Front Microbiol 9:1104. https://doi.org/10.3389/
fmicb.2018.01104.

10. Römling U, Wingender J, Müller H, Tümmler B. 1994. A major Pseudomonas
aeruginosa clone common to patients and aquatic habitats. Appl Environ
Microbiol 60:1734–1738. https://doi.org/10.1128/aem.60.6.1734-1738.1994.

11. Onteniente L, Brisse S, Tassios P, Vergnaud G. 2003. Evaluation of the poly-
morphisms associated with tandem repeats for Pseudomonas aeruginosa
strain typing. J Clin Microbiol 41:4991–4997. https://doi.org/10.1128/JCM.41
.11.4991-4997.2003.

12. Curran B, Jonas D, Grundmann H, Pitt T, Dowson C. 2004. Development of a
multilocus sequence typing scheme for the opportunistic pathogen Pseudo-
monas aeruginosa. J Clin Microbiol 42:5644–5649. https://doi.org/10.1128/JCM
.42.12.5644-5649.2004.

13. Tönnies H, Prior K, Harmsen D, Mellmann A. 2021. Establishment and evaluation
of a core genome multilocus sequence typing scheme for whole-genome
sequence-based typing of Pseudomonas aeruginosa. J Clin Microbiol 59:e01987-
20. https://doi.org/10.1128/JCM.01987-20.

Novel HRM-Based Typing Scheme for P. aeruginosa Microbiology Spectrum

January/February 2023 Volume 11 Issue 1 10.1128/spectrum.03571-22 8

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

20
 M

ar
ch

 2
02

3 
by

 1
47

.2
29

.1
17

.1
44

.

https://www.ncbi.nlm.nih.gov/nuccore/NC_002516.2
https://pubmlst.org/organisms/pseudomonas-aeruginosa
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA855568
https://doi.org/10.1007/s40265-021-01635-6
https://doi.org/10.1073/pnas.0711982105
https://doi.org/10.3389/fcimb.2017.00039
https://doi.org/10.1016/j.jhin.2014.06.018
https://doi.org/10.1016/j.tim.2011.04.005
https://doi.org/10.1016/j.tim.2011.04.005
https://doi.org/10.1128/CMR.00031-19
https://doi.org/10.1016/S1473-3099(17)30753-3
https://doi.org/10.1016/S1473-3099(17)30753-3
https://doi.org/10.3389/fmicb.2018.01104
https://doi.org/10.3389/fmicb.2018.01104
https://doi.org/10.1128/aem.60.6.1734-1738.1994
https://doi.org/10.1128/JCM.41.11.4991-4997.2003
https://doi.org/10.1128/JCM.41.11.4991-4997.2003
https://doi.org/10.1128/JCM.42.12.5644-5649.2004
https://doi.org/10.1128/JCM.42.12.5644-5649.2004
https://doi.org/10.1128/JCM.01987-20
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.03571-22


14. Pirnay J, De Vos D, Cochez C, Bilocq F, Vanderkelen A, Zizi M, Ghysels B,
Cornelis P. 2002. Pseudomonas aeruginosa displays an epidemic population
structure. Environ Microbiol 4:898–911. https://doi.org/10.1046/j.1462-2920
.2002.00321.x.

15. Pirnay J, Bilocq F, Pot B, Cornelis P, Zizi M, Van Eldere J, Deschaght P,
Vaneechoutte M, Jennes S, Pitt T, De Vos D. 2009. Pseudomonas aerugi-
nosa population structure revisited. PLoS One 4:e7740. https://doi.org/10
.1371/journal.pone.0007740.

16. Mulet X, Cabot G, Ocampo-Sosa A, Domínguez M, Zamorano L, Juan C,
Tubau F, Rodríguez C, Moyà B, Peña C, Martínez-Martínez L, Oliver A, Spanish
Network for Research in Infectious Diseases (REIPI). 2013. Biological markers of
Pseudomonas aeruginosa epidemic high-risk clones. Antimicrob Agents Che-
mother 57:5527–5535. https://doi.org/10.1128/AAC.01481-13.

17. del Barrio-Tofiño E, López-Causapé C, Oliver A. 2020. Pseudomonas aerugi-
nosa epidemic high-risk clones and their association with horizontally-
acquired b-lactamases: 2020 update. Int J Antimicrob Agents 56:106196.
https://doi.org/10.1016/j.ijantimicag.2020.106196.

18. Tong SY, Giffard PM. 2012. Microbiological applications of high-resolution
melting analysis. J Clin Microbiol 50:3418–3421. https://doi.org/10.1128/
JCM.01709-12.

19. Lilliebridge R, Tong S, Giffard P, Holt D. 2011. The utility of high-resolution
melting analysis of SNP nucleated PCR amplicons—an MLST based Staph-
ylococcus aureus typing scheme. PLoS One 6:e19749. https://doi.org/10
.1371/journal.pone.0019749.

20. Andersson P, Tong S, Bell J, Turnidge J, Giffard P. 2012. Minim typing—a
rapid and low cost MLST based typing tool for Klebsiella pneumoniae.
PLoS One 7:e33530. https://doi.org/10.1371/journal.pone.0033530.

21. Richardson L, Tong S, Towers R, Huygens F, McGregor K, Fagan P, Currie
B, Carapetis J, Giffard P. 2011. Preliminary validation of a novel high-resolution
melt-based typing method based on the multilocus sequence typing scheme
of Streptococcus pyogenes. Clin Microbiol Infect 17:1426–1434. https://doi.org/
10.1111/j.1469-0691.2010.03433.x.

22. Tong SY, Xie S, Richardson LJ, Ballard SA, Dakh F, Grabsch EA, Grayson ML,
Howden BP, Johnson PD, Giffard PM. 2011. High-resolution melting genotyp-
ing of Enterococcus faecium based on multilocus sequence typing derived sin-
gle nucleotide polymorphisms. PLoS One 6:e29189. https://doi.org/10.1371/
journal.pone.0029189.

23. Lévesque S, Michaud S, Arbeit RD, Frost EH. 2011. High-resolution melting
system to perform multilocus sequence typing of Campylobacter jejuni.
PLoS One 6:e16167. https://doi.org/10.1371/journal.pone.0016167.

24. Bezdicek M, Nykrynova M, Sedlar K, Kralova S, Hanslikova J, Komprdova A,
Skutkova H, Kocmanova I, Mayer J, Lengerova M. 2021. Rapid high-resolution
melting genotyping scheme for Escherichia coli based on MLST derived single
nucleotide polymorphisms. Sci Rep 11:16572. https://doi.org/10.1038/s41598
-021-96148-3.

25. Maatallah M, Cheriaa J, Backhrouf A, Iversen A, Grundmann H, Do T,
Lanotte P, Mastouri M, Elghmati M, Rojo F, Mejdi S, Giske C. 2011. Population
structure of Pseudomonas aeruginosa from five Mediterranean countries:

evidence for frequent recombination and epidemic occurrence of CC235.
PLoS One 6:e25617. https://doi.org/10.1371/journal.pone.0025617.

26. Jolley K, Bray J, Maiden M. 2018. Open-access bacterial population genomics:
BIGSdb software, the PubMLST.org website and their applications. Wellcome
Open Res 3:124. https://doi.org/10.12688/wellcomeopenres.14826.1.

27. Kumar S, Stecher G, Tamura K. 2016. MEGA7: molecular evolutionary genetics
analysis version 7.0 for bigger datasets. Mol Biol Evol 33:1870–1874. https://
doi.org/10.1093/molbev/msw054.

28. Perini M, Piazza A, Panelli S, Di Carlo D, Corbella M, Gona F, Vailati F, Marone P,
Cirillo D, Farina C, Zuccotti G, Comandatore F. 2020. EasyPrimer: user-friendly
tool for pan-PCR/HRM primers design: development of an HRM protocol on
wzi gene for fast Klebsiella pneumoniae typing. Sci Rep 10:1307. https://doi.org/
10.1038/s41598-020-57742-z.

29. Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth B, RemmM, Rozen S.
2012. Primer3—new capabilities and interfaces. Nucleic Acids Res 40:e115.
https://doi.org/10.1093/nar/gks596.

30. Hunter P, Gaston M. 1988. Numerical index of the discriminatory ability of
typing systems: an application of Simpson’s index of diversity. J Clin Microbiol
26:2465–2466. https://doi.org/10.1128/jcm.26.11.2465-2466.1988.

31. Bezdicek M, Nykrynova M, Plevova K, Brhelova E, Kocmanova I, Sedlar K,
Racil Z, Mayer J, Lengerova M. 2019. Application of mini-MLST and whole
genome sequencing in low diversity hospital extended-spectrum beta-
lactamase producing Klebsiella pneumoniae population. PLoS One 14:
e0221187. https://doi.org/10.1371/journal.pone.0221187.

32. van Mansfeld R, Willems R, Brimicombe R, Heijerman H, van Berkhout F,
Wolfs T, van der Ent C, Bonten M. 2009. Pseudomonas aeruginosa geno-
type prevalence in Dutch cystic fibrosis patients and age dependency of
colonization by various P. aeruginosa sequence types. J Clin Microbiol 47:
4096–4101. https://doi.org/10.1128/JCM.01462-09.

33. Li H, Durbin R. 2010. Fast and accurate long-read alignment with Bur-
rows-Wheeler transform. Bioinformatics 26:589–595. https://doi.org/10
.1093/bioinformatics/btp698.

34. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis
G, Durbin R, 1000 Genome Project Data Processing Subgroup. 2009. The
sequence alignment/map format and SAMtools. Bioinformatics 25:2078–2079.
https://doi.org/10.1093/bioinformatics/btp352.

35. Okonechnikov K, Golosova O, Fursov M, UGENE team. 2012. Unipro UGENE: a
unified bioinformatics toolkit. Bioinformatics 28:1166–1167. https://doi.org/10
.1093/bioinformatics/bts091.

36. Feil E, Li B, Aanensen D, Hanage W, Spratt B. 2004. eBURST: inferring pat-
terns of evolutionary descent among clusters of related bacterial geno-
types from multilocus sequence typing data. J Bacteriol 186:1518–1530.
https://doi.org/10.1128/JB.186.5.1518-1530.2004.

37. Nascimento M, Sousa A, Ramirez M, Francisco A, Carriço J, Vaz C. 2017.
PHYLOViZ 2.0: providing scalable data integration and visualization for multiple
phylogenetic inference methods. Bioinformatics 33:128–129. https://doi.org/10
.1093/bioinformatics/btw582.

Novel HRM-Based Typing Scheme for P. aeruginosa Microbiology Spectrum

January/February 2023 Volume 11 Issue 1 10.1128/spectrum.03571-22 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

20
 M

ar
ch

 2
02

3 
by

 1
47

.2
29

.1
17

.1
44

.

https://doi.org/10.1046/j.1462-2920.2002.00321.x
https://doi.org/10.1046/j.1462-2920.2002.00321.x
https://doi.org/10.1371/journal.pone.0007740
https://doi.org/10.1371/journal.pone.0007740
https://doi.org/10.1128/AAC.01481-13
https://doi.org/10.1016/j.ijantimicag.2020.106196
https://doi.org/10.1128/JCM.01709-12
https://doi.org/10.1128/JCM.01709-12
https://doi.org/10.1371/journal.pone.0019749
https://doi.org/10.1371/journal.pone.0019749
https://doi.org/10.1371/journal.pone.0033530
https://doi.org/10.1111/j.1469-0691.2010.03433.x
https://doi.org/10.1111/j.1469-0691.2010.03433.x
https://doi.org/10.1371/journal.pone.0029189
https://doi.org/10.1371/journal.pone.0029189
https://doi.org/10.1371/journal.pone.0016167
https://doi.org/10.1038/s41598-021-96148-3
https://doi.org/10.1038/s41598-021-96148-3
https://doi.org/10.1371/journal.pone.0025617
https://doi.org/10.12688/wellcomeopenres.14826.1
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1038/s41598-020-57742-z
https://doi.org/10.1038/s41598-020-57742-z
https://doi.org/10.1093/nar/gks596
https://doi.org/10.1128/jcm.26.11.2465-2466.1988
https://doi.org/10.1371/journal.pone.0221187
https://doi.org/10.1128/JCM.01462-09
https://doi.org/10.1093/bioinformatics/btp698
https://doi.org/10.1093/bioinformatics/btp698
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/bts091
https://doi.org/10.1093/bioinformatics/bts091
https://doi.org/10.1128/JB.186.5.1518-1530.2004
https://doi.org/10.1093/bioinformatics/btw582
https://doi.org/10.1093/bioinformatics/btw582
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.03571-22

	RESULTS
	Method design.
	Mini-MLST scheme completion.
	Method validation and typing of collected isolate set.
	Whole-genome sequencing.
	HRC investigation.

	DISCUSSION
	MATERIALS AND METHODS
	Method design: mini-MLST loci identification and primer design.
	Mini-MLST scheme completion: establishing MelT key.
	Statistical analysis.
	Isolate collection and DNA isolation.
	Method validation: real-time PCR and HRM.
	Whole-genome sequencing.
	Clonal analysis.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

