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ABSTRACT The environmental bacterium Pseudomonas aeruginosa, particularly mul-
tidrug-resistant clones, is often associated with nosocomial infections and outbreaks.
Today, core genome multilocus sequence typing (cgMLST) is frequently applied to
delineate sporadic cases from nosocomial transmissions. However, until recently, no
cgMLST scheme for a standardized typing of P. aeruginosa was available. To establish
a novel cgMLST scheme for P. aeruginosa, we initially determined the breadth of the
P. aeruginosa population based on MLST data with a Bayesian approach (BAPS).
Using genomic data of representative isolates for the whole population and all 12
serogroups, we extracted target genes and further refined them using a random
data set of 1,000 P. aeruginosa genomes. Subsequently, we investigated reproducibil-
ity and discriminatory ability with repeatedly sequenced isolates and isolates from
well-defined outbreak scenarios, respectively, and compared clustering applying two
recently published cgMLST schemes. BAPS generated seven P. aeruginosa groups. To
cover these and all serogroups, 15 reference strains were used to determine genes
common in all strains. After refinement with the data set of 1,000 genomes, the
cgMLST scheme consisted of 3,867 target genes, which are representative of the P.
aeruginosa population and highly reproducible using biological replicates. We finally
evaluated the scheme by reanalyzing two published outbreaks where the authors
used single-nucleotide polymorphism (SNP) typing. In both cases, cgMLST was concord-
ant with the previous SNP results and the results of the two other cgMLST schemes. In
conclusion, the highly reproducible novel P. aeruginosa cgMLST scheme facilitates out-
break investigations due to the publicly available cgMLST nomenclature.

KEYWORDS whole-genome sequencing, Pseudomonas aeruginosa, cgMLST, health
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The natural habitats of the Gram-negative bacteria Pseudomonas aeruginosa are
water and soil, including sanitation and water installations in hospitals, and P. aeru-

ginosa forms part of the normal flora in many healthy adults (1). P. aeruginosa is also
an opportunistic human pathogen commonly associated with nosocomial infections
(2). It can cause severe infections, especially in patients with underlying immunosup-
pressing conditions, and is well known in cystic fibrosis patients (3, 4). Besides sporadic
infections, the environmental sources are frequently the source of nosocomial out-
breaks (5–7).

The ubiquitous occurrence of this pathogen demands a high-resolution typing
method to accurately identify the source of a possible outbreak and routes of transmis-
sion within a given setting. In the past, pulsed-field gel electrophoresis (PFGE) has
been considered the standard method of bacterial typing, including P. aeruginosa.
Driven by the technological advances of next-generation sequencing, however, whole-
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genome sequence (WGS)-based typing nowadays has become the gold standard for
molecular subtyping. Besides the high interlaboratory reproducibility of WGS-based
typing (8) and the higher discriminatory power (9, 10), PFGE is labor intensive and of-
ten challenging to implement (11). Whereas the technical challenges to generate WGS
data were solved during recent years, data analysis is still a matter of debate, and two
general principles are used to extract typing information from WGS data. Initially,
extraction of single-nucleotide polymorphisms (SNPs) after mapping of read data on
reference genomes was used to derive typing information. Whereas SNP typing is
highly discriminatory, different sequencing platforms with different systematic
sequencing biases and the use of different reference sequences for SNP detection
complicate the establishment of a consistent nomenclature (12, 13). In analogy to the
multilocus sequence typing (MLST) approach, which is based on the extraction of usu-
ally seven predefined housekeeping genes and subsequent gene-by-gene comparison
with a central internet-based nomenclature database to determine an allelic profile
(14), the core genome (cg)MLST was developed (15, 16). It relies on the comparison of
hundreds to thousands of predefined target genes, the cgMLST scheme, thereby com-
bining the ability to create a central nomenclature with the high discriminatory power
of WGS-based typing.

Whereas WGS-based typing has already been successfully applied in investigating
P. aeruginosa outbreaks using SNPs (17) and an ad hoc cgMLST scheme (18, 19), until
recently (20, 21), there was no public cgMLST scheme for P. aeruginosa available. In
this study, we therefore defined and evaluated a novel cgMLST scheme for WGS-based
typing of P. aeruginosa that can serve as a basis for a central typing nomenclature.

MATERIALS ANDMETHODS
cgMLST target gene definition. The first step in defining a stable cgMLST scheme for P. aeruginosa

consists of defining a genome set representing the genetic diversity within the population of P. aerugi-
nosa. We did this using the information available from the MLST database. However, choosing one rep-
resentative for each MLST sequence type (ST) is not recommendable since many strains with different
STs are closely linked to each other, resulting in an overrepresentation of some lineages. To overcome
this issue, we applied the Bayesian analysis of population structure (BAPS) as previously described
(22–24) with one minor modification, the maximum likelihood tree based on the concatenated sequen-
ces of all known STs (n = 3,309, as of 15 July 2019) that were downloaded from the MLST website
(https://pubmlst.org) revealed that ST610 has a great phylogenetic distance from all other sequence
types (data not shown). Since such outliers can interfere with BAPS analysis, this ST was excluded from
the analysis, and partitioning was performed with data of the remaining 3,308 STs. Representative
genomes of partitions far away from the center of the tree (assuming that these isolates were a different
species) were checked by applying the fastANI algorithm (25) between them and the P. aeruginosa type
strain DSM50071. If the identity was ,95%, the partition was excluded (suggesting the ST of the respec-
tive partition represents a different species than P. aeruginosa) (26). Furthermore, to ensure that our
data set represents the whole breadth of the P. aeruginosa population, we ran in silico genomic serotyp-
ing with the Pseudomonas aeruginosa serotyper (PAst) program (27) to check whether we had to add
representative genomes for the total of 12 serogroups (27) not covered by the found BAPS partitions.
Subsequently, we selected the representative genomes covering all BAPS partitions and serogroups by
querying the NCBI database with the highest possible NCBI genome status (in the order “complete,”
“chromosome,” “scaffold,” “contig”). In the case of alternative genomes within the same genome status,
we chose the data set that showed the best percentage of found targets that passed the target scan
and target quality control (i.e., sequence identity $90% and 100% overlap of the found targets to the
corresponding genes of the reference genome) implemented in SeqSphere1 software (Ridom GmbH,
Muenster, Germany).

During the second step of the cgMLST scheme definition, we extracted all genes that were present
in all representative genomes found in the first step using the MLST1 target definer (version 1.5 [win])
function of SeqSphere1 software version 6.0.92 (Ridom GmbH) in default mode using the finished ge-
nome sequence of P. aeruginosa strain PAO1 (GenBank accession no. NC_002516.2 [24 January 2019]) as
seed genome, i.e., starting point for target definition and naming. Available P. aeruginosa plasmid
sequences were excluded (28 NCBI entries as of 30 July 2019). All genes of the reference genome that
were common in all query genomes with a sequence identity $90% and 100% overlap formed the pre-
liminary target gene set.

In the last step, we further optimized this preliminary target gene set by applying it to a randomly
chosen set of P. aeruginosa genomes to determine whether these targets were actually found within
most of the genomes. We therefore queried the NCBI SRA for P. aeruginosa data sets with the NCBI SRA
filters “DNA,” “genome,” “paired,” and “Illumina” and removed all duplicates, which resulted in 6,124
data sets (as of 19 August 2019). Of these, 1,000 data sets were randomly chosen by generating a
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random number for each data set using Microsoft Excel and ordering the data sets according to the
value of this random number. To ensure high-quality sequencing data, we then performed a fastANI
quality control (QC) (25) (i.e., confirmation of the species P. aeruginosa) and Mash Screen (28) to detect
potential contamination with other species and excluded the data sets not fulfilling the requirements.
The remaining data sets (fastq file format) were subsequently de novo assembled using SKESA (29) fol-
lowed by a read mapping onto the contigs using the software package BWA (30) (included in the
SeqSphere1 software) with the option “mem” for mapping. Only records with an assembled coverage
$70-fold were kept to ensure optimal assembly conditions (31). Using this final data set, we determined
the presence of the preliminary cgMLST target gene set and moved all targets that were found in ,95%
of the SKESA-assembled data sets from the preliminary cgMLST scheme to the accessory gene set, which
contains all genes from the seed genome PAO1 either not present in all scheme-defining sequences or
present only in ,95% of the randomly chosen set of genome sequences. A complete list of all used data
sets can be found in Table S5 in the supplemental material.

Reproducibility and evaluation of the novel cgMLST scheme. To investigate the reproducibility of
the novel cgMLST scheme, we used 24 P. aeruginosa isolates from our routine surveillance efforts (19)
that were detected at the University Hospital Muenster, Germany, during September and December
2019. We cultured these isolates twice and sequenced them independently. For repeated sequencing,
we cultivated the 24 P. aeruginosa isolates that were frozen at 270°C and extracted the DNA for subse-
quent library preparation and sequencing either on an Illumina MiSeq or NextSeq platform (Illumina
Inc., San Diego, CA, USA) as described previously (19). Isolates used for reproducibility testing are listed
in Table S1.

To evaluate the novel scheme, we searched the PubMed database using the keywords “Pseudomonas
aeruginosa,” “whole genome sequencing,” “molecular typing,” and “outbreak” with the search option “most
recent” (as of 7 April 2020). We screened the results for suitable publications where an outbreak of P. aerugi-
nosa in a hospital setting using genome data was analyzed and where the raw data and sufficient metadata
were publicly available. We downloaded the fastq files, de novo assembled them using SKESA followed by
using BWA for mapping as we did in the target gene definition, and finally analyzed the resulting contig
sequences using the novel cgMLST scheme. The combination of the alleles of the found target genes in
each strain formed an allelic profile that was used to generate minimum spanning trees (MST) by mutual
comparison of each allele of the found target genes and summing up the number of different alleles
between two isolates where possible (missing target genes were ignored by choosing the parameter “pair-
wise ignore missing values”). If possible (i.e., there are enough isolates left for a meaningful reanalysis), we
aimed to only include isolates with an average sequencing coverage$50 to ensure sufficient sequence qual-
ity of the downloaded data sets (23).

The MST was compared to the phylogenetic tree given in the publications. To facilitate comparison
with historical data, we also extracted the MLST ST from the genomic data.

Comparison of the novel cgMLST scheme with the two recently published cgMLST schemes.
Very recently, two other cgMLST schemes were published (20, 21). The schemes of Stanton et al. and de
Sales et al. comprised 4,440 and 2,653 target genes, respectively. We imported the target genes of these
two schemes into SeqSphere1 for comparison with our novel cgMLST scheme and determined cluster-
ing using the same methodology as for our novel scheme.

Software. For MLST, cgMLST, and subsequent graphical representation of the results, we used
SeqSphere1 software version 6.0 (Ridom GmbH).

Data availability. All raw reads generated were submitted to the European Nucleotide Archive
(http://www.ebi.ac.uk/ena/) under accession no. PRJEB38241.

RESULTS
cgMLST target gene definition. For BAPS analysis, we included, in total, 3,308 STs.

Their phylogenetic relationship is shown in Fig. 1. Overall, 10 different partitions could
be identified; whereas the center of the maximum likelihood tree contains the parti-
tions 1 to 4 and 6 to 8, the partitions 5, 9, and 10 required further analysis since they
were farther away from the center. To confirm or exclude their affiliation with the spe-
cies P. aeruginosa, we performed a fastANI analysis of 27 available data sets of BAPS
partition 9 (e.g., PA7 [GenBank accession no. NC_009656; ST1195] is assigned to BAPS
partition 9). This analysis revealed ,94.15% identity compared to the type strain ge-
nome DSM50071, suggesting that isolates from this partition belong to a different spe-
cies than P. aeruginosa. No genome data were available for the STs of BAPS partitions 5
and 10, but since they were phylogenetically equal or even more distant from the cen-
ter of the tree, fastANI values should be similar or even lower than those of the BAPS
partition 9 representatives. As a consequence, we excluded representatives of the
BAPS partitions 5, 9, and 10 from this study and subsequent scheme definition. The
largest resulting partition 7 was further subdivided by visual inspection of the phylo-
gram into the subpartitions 7A, 7B, and 7C, resulting in nine genomes representing the
included BAPS (sub)partitions (1 to 4 and 6 to 8). Moreover, we added six representa-
tives for the serogroups O1, O7, and O10 to O13 found by the in silico serotyping since
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they were neither assigned by a BAPS partition (serogroup O12) nor found within the
same BAPS partition (serogroups O1, O7, O10, O11, and O13). Overall, we determined
15 genome data sets covering the fastANI-checked BAPS partitions and the 12
serogroups (Table 1), which were defined as query genomes to determine the prelimi-
nary cgMLST target genes.

Subsequent analysis of these genomes using the cgMLST target definer resulted in
4,378 target genes present in all query genomes with a sequence identity .90% and
100% overlap. These 4,378 genes cover 68.7% of the genome of P. aeruginosa strain
PAO1. To further optimize the preliminary cgMLST scheme, we used 1,000 randomly

FIG 1 Partitions as determined by BAPS mapped on a maximum likelihood (ML) tree generated by FastTree2. Coloring of the tree
corresponds to the partitions determined by BAPS using aligned concatenated sequences of 3,308 P. aeruginosa MLST sequence
types (ST). BAPS partition 7 was further subdivided manually into three subpartitions (7A to 7C) according to the branching of the
tree. STs with significant admixture are given and colored in black.

TABLE 1 P. aeruginosa reference strains used for cgMLST scheme definition

BAPS partition no. Strain Serogroupa FastANI similarity (%)b MLST ST
NCBI genome status
(no. of contigs) GenBank accession no.

1 PA-VAP-2 O3 99.28 2960 Chromosome (1) NZ_CP028331.1
2 PAO1 O5 99.34 549 Complete (1) NC_002516.2
3 97 O4 99.27 234 Complete (1) NZ_CP031449.2
4 ENV-567 O9 97.50 1763 Contig (68) NZ_QZXH00000000.1
6 PA1RG O6 99.29 782 Complete (1) NZ_CP012679.1
7a W45909 O1 99.28 27 Complete (1) NZ_CP008871.2
7a AR442 O6 99.30 395 Complete (1) NZ_CP029090.1
7b AR_0360 O6 99.34 1712 Complete (1) NZ_CP027165.1
7c LESB58 O6 99.30 146 Complete (1) NC_011770.1
8 PA8281 O2 99.29 277 Complete (1) NZ_CP015002.1
2 IOMTU 133 O7 99.20 1047 Complete (1) NZ_AP017302.1
2 PA14Or O10 98.68 253 Complete (1) NZ_LT608330.1
2 Ocean-1175 O11 98.70 316 Complete (1) NZ_CP022525.1
n.a.c Carb01 63 O12 99.20 111 Complete (1) NZ_CP011317.1
1 ATCC 33360 O13 98.09 3039 Scaffold (318) NZ_LJZG00000000.1
aDetermined in silico using the Pseudomonas aeruginosa serotyper (PAst) program (27).
bCompared with genome sequence of P. aeruginosa type strain DSM50071 (GenBank accession no. NZ_CP012001).
cn.a., not assigned.
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chosen genome data sets to test for representativeness of the target gene set. Of the
1,000 data sets, 84 were excluded due to a failed Mash Screen contamination check,
and, after SKESA assembly, another 426 isolates were excluded due to low coverage.
Applying the preliminary cgMLST scheme on the remaining 490 quality-filtered ge-
nome data sets resulted in 511 targets that were found in ,95%. These target genes
were moved from the preliminary cgMLST scheme into the accessory gene set, result-
ing in 3,867 target genes as the final cgMLST scheme (Table S2 in the supplemental
material).

Reproducibility of the novel cgMLST scheme. To test reproducibility of the novel
cgMLST scheme, we compared typing results of independently sequenced 24 P. aerugi-
nosa isolates using the novel cgMLST scheme. Here, the pairwise comparison resulted
in 19 isolates exhibiting the identical allelic profile. In four pairs, the pairs differed in
#2 alleles (Fig. 2). One isolate was excluded, as it exhibited contamination with
another bacterial species. Overall, the analysis underlined the high reproducibility of
WGS-based typing and, in particular, of the novel cgMLST scheme.

Evaluation of different outbreak scenarios and comparison with other cgMLST
schemes. The PubMed search yielded only four publications. Of these, only two studies
fulfilled our search criteria and made their genomic data available (17, 32). No genomic
data were provided by the other two studies (33, 34).

The first suitable publication described a P. aeruginosa outbreak where six patients
isolates and six environmental isolates positive for P. aeruginosa collected from to the
intensive care unit at Ninewells Hospital, Dundee, Scotland, between 2012 and May
2013, were analyzed using variable-number tandem repeats (VNTR), PFGE, and SNP
typing (17). After assembling the isolates, we observed a generally low sequencing
coverage. If we had followed the rule of excluding isolates with coverage below 50, we
would have had to exclude 13 isolates out of 16. We therefore decided to initially
include all isolates where at least 95% of the target genes were found, independent of

FIG 2 Reproducibility testing of P. aeruginosa cgMLST. Minimum spanning tree of 23 isolates that were
sequenced twice as biological replicates. Each circle represents the genotype based on a unique allelic profile
of up to 3,867 cgMLST genes (ignoring missing values in pairwise comparisons), and the numbers on
connecting lines display the number of differing alleles. The circles are named according to the isolates and
colored according to the status. Red dotted circles mark pairs of isolates that did not exhibit identical
genotypes.
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the coverage. With the exception of one isolate (patient D), all isolates met this modi-
fied criterion. Indeed, this isolate exhibited the lowest coverage (12-fold) among all
data sets, thereby explaining the low number of target genes found (see Table S3). We
therefore decided to reanalyze the whole data set using the novel cgMLST scheme
except for this one isolate (patient D).

In some cases, there were two P. aeruginosa isolates collected from the same
patient or the same environmental site (e.g., “patient C,” “domestic service room,” and
“ice machine”) (Table S3). Since these pairs from the same site did not differ in their
allelic profile, we included only the isolate with the higher average coverage in the
reanalysis (apparently, in the original paper, they did the same without explicitly men-
tioning it). Furthermore, one isolate was labeled to be collected from the “kitchen sink”
(SRA accession no. ERR2022356; see Table S3). In the original publication, however, it
was stated that “no P. aeruginosa was found there” (see Table 1 in reference 17), and
no isolate labeled with “kitchen sink” appeared in the phylogenetic tree. We therefore
decided to exclude this isolate as well, leaving, in total, 11 isolates for reanalysis.

Five isolates with the same MLST ST and the same VNTR profile, according to the
paper, required further analysis to determine whether they form a single outbreak clus-
ter. The P. aeruginosa isolates from patient B and the handwash basin of bed 8 exhib-
ited an identical allelic profile, indicating a nosocomial transmission. They were, how-
ever, only distantly related (difference of $32 alleles) to the isolates of the handwash
basins of beds 4 and 7 and to the isolate of the ice machine (Fig. 3). Therefore, it is
unlikely that these isolates belong to the same outbreak. These results are in agree-
ment with the genomic analysis from the authors and achieved the same level of dis-
crimination (17).

The second study analyzed in detail the P. aeruginosa epidemiology (environmental
and patient isolates, follow-up isolates in case of long-term stay) at five different inten-
sive care units (ICUs) of the University Hospital of Lausanne, Switzerland, between
2010 and 2014 with respect to possible outbreaks and epidemiological links between
isolates using double-locus sequence typing and MLST for a broad overview and WGS
for more detailed clustering, respectively (32). The whole WGS data set of this study
consists of 153 different isolates in total. Almost all isolates exhibited sufficient cover-
age; only one isolate was excluded due to a coverage of 46. Two more isolates had to
be excluded due to less than 95% of the target genes found. Another 7 isolated could
not be included due to download issues, leaving 143 isolates for our reanalysis using

FIG 3 Minimum spanning tree based on the allelic profiles of the novel P. aeruginosa cgMLST scheme of the genomic sequence data
(n= 11 isolates) from Parcell et al. (17). Each circle represents the genotype based on a unique allelic profile of up to 3,867 cgMLST
genes (ignoring missing values in pairwise comparisons), and the numbers on connecting lines display the number of differing
alleles. The circles are named by the isolate labels and colored according to the status.
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the novel cgMLST scheme and the subsequent comparison with the previous findings
(Table S3).

MLST separated the isolates into the following four STs: ST1076 (n=67), ST17
(n=44 isolates), ST253 (n=31 isolate), and ST845 (n=1 isolate), which corresponded to
the DLST types used in the publication as follows: all DLST isolates 1 to 18 belonged to
ST1076, DLST isolates 1 to 21 belonged to ST253, and DLST isolates 6 and 7 belonged
to ST17 except for one isolate, which was found to be ST845.

Among the 68 ST1076 isolates, cgMLST resulted in high genetic similarities (the dis-
tance matrix between all of these isolates yielded 9 alleles as maximum value [Table
S4]) between almost all of these isolates (collected from patients and the environment)
with the exception of isolates H26798 and H26795 (both isolates belong to patient 1;
samples taken on 24 April 2010 and 31 March 2010), which clustered apart with an
allelic distance of 58 alleles to the next closest isolate (Fig. 4). Based on these findings,
respecting the epidemiological information, a clonal transmission of ST1076 excluding
the isolates above is very likely, since the pairwise allelic differences of the other iso-
lates are, at most, three. These results corroborate the findings of the original publica-
tion based on SNP typing (see Fig. 2 in reference 32).

In contrast to the ST1076 isolates, cgMLST of the ST17 isolates revealed a much
greater diversity between the isolates (Fig. 5). Since the allelic distance varied from 0 to
48 pairwise allelic differences, a single chain of transmission seems unlikely.

FIG 4 Minimum spanning tree based on the allelic profiles of the genome data of all isolates (n=67) with the MLST ST1076
gathered from Magalhães et al. (32). Each circle represents the genotype based on a unique allelic profile of up to 3,867 cgMLST
genes (ignoring missing values in pairwise comparisons), and the numbers on connecting lines display the number of differing
alleles. The circles are named according to the isolates and colored according to the status. If more than two isolates belong to the
same node, the node is marked with an asterisk, and they comprise the following isolates: H24445, H25328, H25469, H25525,
H25624, H25689, H25692, H25716, H25727, H25776, H25841, H25905, H25913, H25954, H26060, H26069, H26071, H26073, H26076,
H26078, H26410, H26927, H26928, H26929, H26932, H26934, and H26935 in node 1; H25179, H25509, H25524, and H25791 in node
2; H25162, H25163, H25784, and H25883 in node 3; H25305, H25471, H26166, and H26188 in node 4; and H25570, H25792, and
H26413 in node 5.
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Nonetheless, two clusters of similar isolates were found; cluster 1 includes isolates from a
single patient (H26247, H26416, and H25508 from patient 11) and environmental isolates
(H27791, H26524, H25961, and H25200) from the same ICU. It is worth noticing that the
samples taken from the patient are dated November and December 2011, whereas the
samples from the environment were taken in April, July, and November 2012 and March
2013. Cluster 2 was composed of 10 different isolates retrieved from 5 different patients
between April 2010 and September 2010 with suspected epidemiological links and 5 dif-
ferent environmental isolates collected from ICU 3 and ICU 4, suggesting a local cluster.
Similar to cluster 1, the environmental isolates were collected 2 years later in 2012. No fur-
ther epidemiological information was given in the publication. Isolates recovered from the
same patients are, as expected, highly similar (for example, H27846 and H27995 from
patient 15 and H25718, H25723, and H25908 from patient 7). These results corroborate
the findings of the original publication based on SNP typing (see Fig. 4 in reference 32).

The isolates of ST253 were likewise diverse with clusters of highly similar isolates
(Fig. 6). A single chain of transmission seems unlikely again since the allelic distance var-
ied from 0 to 173 alleles (Table S4). Some isolates, however, were closely related or even
identical in cgMLST, suggesting sporadic transmissions, e.g., isolates H25634 (isolated
from patient 11), H25209 (isolated from patient 10), and H25532 (an environmental sam-
ple from ICU 2, where both patients were hospitalized at the same time) forming cluster
1. Moreover, as expected, isolates collected from the same patient at different days were
highly similar, such as patient 2 with isolates H25882 (collection date, 29 April 2010) and

FIG 5 Minimum spanning tree based on the allelic profiles of the genome data of all isolates (n=31) with the MLST
ST253 gathered from Magalhães et al. (32). Each circle represents the genotype based on a unique allelic profile of up to
3,867 cgMLST genes (ignoring missing values in pairwise comparisons), and the numbers on connecting lines display the
number of differing alleles. The circles are named with the isolates and colored according to the status. If more than two
isolates belong to the same node, the node is marked with an asterisk, and they comprise the following isolates: H25209,
H25532, and H25634 in node 1 and H25167, H26591, H26926, H26930, and H26933 in node 2.
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H26031 (collection date, 3 May 2010) and patient 6 with isolates H25581 (collection date,
28 February 2011) and H25601 (collection date, 31 December 2011).

There were two further clusters of interest, cluster 2, consisting of eight environ-
mental isolates that were retrieved between 23 March 2012 and 25 January 2013 in
ICU 3, and cluster 3. In cluster 2, the isolates were all collected from the same environ-
ment, but during a relatively long period of time.

Interestingly, in cluster 3 (H26049 from patient 5 [27 October 2010], hospitalized in
ICU 2, and H26615 from patient 12 [7 November 2012], hospitalized in ICU 4), the isolates

FIG 6 Minimum spanning tree based on the allelic profiles of the genome data of all isolates (n= 45) with the MLST ST17 (including
isolate H24436 with MLST ST845) gathered from Magalhães et al. (32). Each circle represents the genotype based on a unique allelic
profile of up to 3,867 cgMLST genes (ignoring missing values in pairwise comparisons), and the numbers on connecting lines display
the number of differing alleles. The circles are named according to the isolates and colored according to the status. If more than two
isolates belong to the same node, the node is marked with an asterisk, and they comprise the following isolates: H26036, H26084,
H26086, H26202, and H26203 in node 1; H25200, H25508, H25961, H26247, H26524, and H27791 in node 2; and H25718, H25723,
and H25908 in node 3.
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originated from two patients who were admitted on two different ICUs 2 years apart, rul-
ing out, as stated by the authors, an evident epidemiological link, e.g., by a common envi-
ronmental source. Nevertheless, cgMLST and SNP typing grouped these two isolates to-
gether. These results corroborate the findings of the original publication based on SNP
typing (see Fig. 3 in reference 32).

Using the schemes of Stanton et al. and de Sales et al., we created—similar to Fig. 3
to 6—MSTs to enable a visual comparison of the trees and the clustering of genotypes
(Fig. S1 to S8). Although the numbers of different alleles and the number of genotypes
varied among the different schemes, clustering of genotypes was concordant in all
three cgMLST schemes.

DISCUSSION

In this study, we successfully defined a novel cgMLST scheme for P. aeruginosa com-
prising 3,867 targets. In a stepwise definition process, we were able to create a robust
scheme that is highly representative of the P. aeruginosa population and highly repro-
ducible using biological replicates. Moreover, we could demonstrate that cgMLST-
based typing provides comparable results to SNP-based typing when applied to differ-
ent outbreak scenarios and sporadic cases.

The definition and evaluation of the novel scheme warrant some additional com-
ments. In contrast to previous studies, where we established cgMLST schemes for dif-
ferent pathogens, e.g., for Staphylococcus aureus (35), Listeria monocytogenes (22), or
Clostridioides difficile (23), we have added an additional step during the development
of the novel scheme: using 1,000 randomly chosen P. aeruginosa genome sequences,
we were able to further improve the representativeness of the scheme in addition to
the preceding BAPS analysis. Although this resulted in the removal of more than 500
target genes, which were only infrequently present in the query strains in comparison
to the reference genomes, from the preliminary target gene set, the scheme still exhib-
ited a discriminatory power similar to SNP-based typing approaches (Fig. 3 and 6).

In this study, we also tested the reproducibility of the novel scheme using a diverse
set of P. aeruginosa isolates. This investigation was motivated by a recent study of Eyre
and colleagues (36), where repeated typing of identical C. difficile DNA or isolates
resulted in different typing results depending on the assembly algorithm used. We
therefore decided to test our scheme with biological replicates, i.e., repeated cultiva-
tion from a frozen culture and subsequent DNA extraction, library preparation, and
sequencing prior to the cgMLST analysis. Indeed, the whole process was highly repro-
ducible with, at maximum, two alleles’ difference in a pairwise comparison.

The analysis of different outbreak scenarios and sporadic cases corroborated previ-
ous findings based on SNP typing. In-depth analysis of the outbreaks showed the need
of a sophisticated and discriminatory method to accurately resolve complicated out-
break scenarios. As shown in Results, the analysis using the novel scheme delivers
equal conclusions to the published literature, even for “high-risk clones” like ST253
that are frequently detected during nosocomial clusters (37).

At the first glance, some results may seem surprising. Within the isolates of ST253,
cluster 3 was formed of isolates where no epidemiological link was found. However,
this could be explained either by the fact that ST253 belongs to the group of high-risk
clones that spread successfully under strong selection due to antibiotic resistance,
thereby reducing genomic diversity, or by the fact that the epidemiological link is so
hidden or complex that it cannot be discovered. Moreover, the environmental isolates
of cluster 2 were very closely related, although they were collected within a period of 1
year. It is known that certain environmental conditions, such as during adaptation in
cystic fibrosis patients (38) or under antibiotic pressure (39), could enhance the muta-
tion rate in P. aeruginosa in comparison to wild-type strains under laboratory condi-
tions (39); we therefore hypothesize that, in this case, the environmental conditions
led to a reduced mutation rate resulting in very stable genotypes.

Most recently, two other cgMLST schemes were published (20, 21). Interestingly,
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this is the first time that, in parallel, different cgMLST schemes were available for the
same pathogen. We have seen a similar situation for the classical MLST, for example, in
Escherichia coli, where different schemes were used by the scientific community
(40–42). We showed that all three schemes were, in principle, equally capable of resolv-
ing the analyzed outbreak scenarios. However, we believe that, in comparison to the
two recently published schemes, our approach has two major advantages. First, we
performed a statistical analysis, i.e., BAPS, to determine the population structure of the
species to further substantiate the representativeness of our scheme and demon-
strated the reproducibility of our scheme. Second, the allelic database is publicly avail-
able on the cgMLST server (https://www.cgMLST.org) (43). This enables not only users
of the SeqSphere1 software but also any researcher worldwide to compare their allelic
sequences to all known alleles of our scheme. This will ultimately facilitate interlabora-
tory comparisons of typing data. We therefore believe that there is room for more than
one scheme and that the scientific community will decide which scheme is most suita-
ble and convenient to use in the long run.

Our study is limited by the fact that isolates with highly similar cgMLST types do
not necessarily mean that transmission took place. We saw examples of completely
unrelated isolates with highly similar cgMLST types, e.g., isolates H26049 and H26615,
as described above. Epidemiological information will always be needed to correctly
interpret the detected clusters. This is, however, an intrinsic fact and valid for all typing
results, irrespective of the applied typing method. Nevertheless, highly discriminatory
methods like cgMLST enable a secure delineation of unrelated isolates and facilitate
concentration on infection control measures (19).

In summary, we successfully established a novel cgMLST scheme for P. aeruginosa
that can be used for detailed outbreak investigations, showed its reproducibility, and
successfully evaluated it by reanalyzing published outbreaks.
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