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Results: Nineteen GCs harboring carbapenemases were identified. The blagpc.3 gene was the most preva-
lent carbapenemase, linked to strains circulating in both hospital and community settings, with dissem-
ination patterns at regional, interregional, and international levels. ST15 was the most established se-
quence type in Portugal, with nine distinct GCs identified in both clinical and environmental samples.
Towards the end of 2010s, ST147 and ST13 were responsible for significant outbreaks associated with

blagpc 3.

Conclusions: This study underscores the value of genomic-based surveillance in understanding the evo-
lution of high-risk clones coupled with the spread of AMR determinants. The data obtained highlights
a shift in ST predominance across the country from an ST15-dominated period and strongly associated
with ESBL dissemination, to the emergence of ST147 and ST13 CRKP clones, the latter associated with
international transmission. This work further stresses the importance of cross-border surveillance efforts
to monitor the emergence and dissemination of CRKP strains and inform risk assessment and prevention.

© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Estimates suggest that by 2050, multidrug-resistant (MDR) in-
fections could become the leading cause of death, resulting in 10
million fatalities annually if no decisive action is taken [1]. On
May 2024, the World Health Organization (WHO) reinforced the
carbapenem-resistant (CR) Gram-negative bacteria as the top pri-
ority in the global fight against MDR. This critical group includes
Acinetobacter baumannii, and Enterobacterales species resistant to
both carbapenems and third-generation cephalosporins (3GC), such
as Klebsiella spp. and Escherichia coli [2]. On December 2017, Por-
tugal’s Infection and Antimicrobial Resistance Prevention and Con-
trol Program (PPCIRA) issued a national surveillance report iden-
tifying carbapenem-resistant Klebsiella pneumoniae (CRKP) as the
most prevalent CR species in the country. Since 2010, the incidence
of CRKP has quadrupled (from 1.6% to 6.4%), with a notable 73%
surge between 2015 and 2016, despite a 23.3% reduction in car-
bapenem consumption during this period [3]. The upward trend
continued into 2022, with Portugal recording the 7th highest in-
crease in CRKP infections (from 1.6% to 11.6%) among the 29 Eu-
ropean countries participating in the European Antimicrobial Re-
sistance Surveillance Network (EARS-NET) [4]. Additionally, nearly
half (47.6%) of K. pneumoniae strains exhibited resistance to 3GCs,
with half of these strains also resistant to fluoroquinolones and
aminoglycosides [4]. In addition to the chromosomally encoded
class A B-lactamases from the blasyy family, K. pneumoniae is in-
creasingly recognised as a major reservoir and hub for a variety of
ESBLs from the blasyy, blatgy, and blacrx.m gene families, as well
as carbapenemases such as blagpc and blagxa [5,6].

The clinical concern surrounding K. pneumoniae lies in its ex-
tensive diversity and rapid evolutionary dynamics, highlighting
the critical role of genomics in understanding and combating this
pathogen. Genome-wide studies have revealed that K. pneumoniae
has a highly diverse population, with a genome size ranging from
5 to 6 Mbp, encoding over 5000 genes. Despite this diversity, the
K. pneumoniae genome is well-structured, with approximately 1700
core genes providing a robust framework for investigating genetic
variation [7]. Nevertheless, K. pneumoniae has a complex epidemi-
ology demanding for high-resolution phylogenetic and population
analyses to effectively manage its spread. This study aims to char-
acterise the evolutionary history and dynamics of K. pneumoniae
strains in Portugal over a 40-year period, with a particular focus
on CRKP epidemiology.

2. Methods
2.1. Bacterial isolates

This study includes a convenience sample of 474 K. pneumoniae
isolates from the Faculdade de Farmacia of Universidade de Lis-

boa’s collection, obtained between 1980 and 2019 (Table S1), rep-
resentative of historical healthcare-associated outbreaks and/or re-
sistant isolates. The majority of the isolates (n = 425) are clinical
samples obtained from 16 hospitals and laboratories located across
northern (n = 43) and central (n = 382) regions of Portugal. The
remaining isolates were sourced from two community settings: (I)
wastewater treatment plants in the southern (WWTP1) and central
(WWTP2) regions (n = 10), and (II) veterinary-associated samples
(n = 39) from a previous study, which included 23 companion an-
imals (dogs and cats) and 16 co-habiting humans [8].

2.2. Whole-genome sequencing

Genomic DNA was extracted from overnight growth at 37°C
on Mueller-Hinton agar using the NZY Tissue gDNA Isolation kit
(NZYTech, Portugal). WGS was performed by preparing indexed
sequencing libraries using Covaris and the New England Bio-
labs (NEB) NEBNext Ultra DNA Library Prep Kit (NEB Inc., Mas-
sachusetts, USA E7370) following the manufacturer’s recommended
protocol. Sequencing was performed on an Illumina HiSeq 4 K high
throughput platform (paired end 2 x 151 base pair reads) by The
Applied Genomics Centre for Infectious Diseases at the London
School of Hygiene and Tropical Medicine (genomics.Ishtm.ac.uk;
LSHTM).

2.3. Assembly and quality control of WGS data

The resulted reads were assembled by two strategies, de novo
assembly and reference-based assembly using the K. pneumoniae
NTUH-K2044 strain (GenBank Accession: NC_012731.1) as the ref-
erence genome. De novo assembly was carried out using the Uni-
cycler pipeline (v0.4.4), and SPAdes (v.3.8) for selection optimiza-
tion of the k-mer length [9]. Assembly completeness and contam-
ination were evaluated by CheckM (v1.1.3), using 1 359 Klebsiella
marker genes grouped in 348 sets [10]. The genomes were re-
tained if completeness were >90% and contamination <5%. General
assembly quality indexes were generated by QUAST (v5.0.2) [11]:
N50, 101 150-740 541 bp; contig count, 31-218; largest contig, 1
594 573 bp; total length, 5 173 900 bp-5 929 545 bp.

Regarding mapping, raw sequencing reads were trimmed us-
ing Trimmomatic (v0.36). Subsequently, reads were mapped to
the reference genome using the Burrows Wheeler Aligner tool
(BWA-MEM algorithm) [12]. Following deduplication and local in-
del realignment by Picard Tools and GATK (v.3.6), variant call-
ing was performed by both SAMtools/BCFtools and GATK (Uni-
fiedGenotyper) software (mapping quality >23, depth of coverage
>10) [13]. We retained only concordant variants between SAM-
Tools/GATK, and an additional coverage validation step was per-
formed where a missing call was assigned if the coverage depth
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did not reach a minimum of 20 reads or none of the nucleotides
reached 75% of the total coverage. SNP positions were removed if
they: (i) showed an excess of 10% missing calls; (ii) were within
10 bp of other SNP positions; and (iii) yielded <49 bp unique
k-mers.

2.4. Annotation and phylogenetic reconstruction

Two genome-wide phylogenetic trees were constructed using
two distinct methodologies. First, all the 474 de novo assemblies
were annotated using Prokka software (v1.14.6) [14]. The total core
genome was assessed by Roary (v.3.13.0) using the GFF files gener-
ated by Prokka, with a 95% identity cut-off [15]. The core genome
of STs comprising at least 12 isolates were also obtained. The num-
ber of conserved and total genes detected across the K. pneumoniae
dataset, as well as for each of the STs with >12 isolates were plot-
ted, and the images generated were modified in R (v4.2.2) using
the ggplot2 package. A maximum likelihood phylogenetic tree was
constructed from core genome SNP alignment, obtained by snp-
sites (v.2.4.1) with 153 697 sites using the IQ-TREE (v2.1.3) and the
statistical robustness of each clade was assessed by the approxi-
mate likelihood ratio test (aLRT) with 1,000 replicates [16]. The In-
teractive Tree of Life online tool was used to annotate and visualise
the tree (iTOL, https://itol.embl.de/).

Additionally, the reference-based assembly approach produced
an alignment of 272 899 sites across all 475 genomes (includ-
ing reference genome) used to construct a second phylogenetic
tree subsequently annotated with iTOL. The pairwise SNP distances
based on the mapping alignment were calculated and genomic
clusters (GC) were defined by using a 21 SNPs cut-off as estab-
lished by the EuSCAPE Working Group and the ESGEM Study Group
in the David et al. (2019) study [17], and contextualized within
the relevant phylogenetic and epidemiological framework to en-
sure that clusters reflect true transmission dynamics. Population
structure was carried out by Principal Component analysis (PCA)
using the adegenet package in R.

2.5. Surface antigen biosynthesis, multilocus sequence type and
resistome

Capsular locus (KL) and O-antigen locus (OL) types were
inferred from the obtained assemblies with Kaptive as im-
plemented in Kleborate [18]. To determine the sequence type
(ST), genome assemblies were submitted to the institute Pas-
teur’s website (https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?
db=pubmlst_klebsiella_seqdef) for in silico MLST. Genetic determi-
nants of antimicrobial resistance were detected by the abritAMR
pipeline that runs the AMRFinderPlus along with NCBI Bacterial
Antimicrobial Resistance Reference Gene Database (Accession PR-
JNA313047) using 60% coverage and 90% identity thresholds [19].
The genomic context of the most common ESBL and carbapene-
mase genes were investigated using the contig-puller script (https:
//github.com/kwongj/contig-puller/) followed by a BLAST run. The
detection of blagyy genes in the chromosome was inferred using
Abricate (v0.8.13) by accessing the contig location of three core al-
lelic profiles: MLST, rRNA and the strict cgMLST (downloaded from
to the institute Pasteur’s website), herein used as a proxy for chro-
mosome contigs. blasyy genes mapping to these contigs were con-
sidered as chromosomally encoded.

2.6. Molecular clock dating

BEAST software (v2.6.7) was used to estimate the divergence
years of the most abundant STs in this dataset (>12 isolates) using
isolates’ year of isolation as tip dates [20]. Initial runs of 100 mil-
lion iterations were carried out for the different molecular clock
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models and the Relaxed Clock Log Normal under a constant tree
prior distribution, was the model to best fit our data. Using this
molecular clock along with the HKY site substitution model, three
independent runs for each ST were carried out by BEAST with 100
million (ST147 and ST231) or 200 million (ST13, ST14 and ST15)
iterations and sampling at each 1000 iterations. Tracer was used
to monitor the convergence of the independent runs, as well as
the compliance of the minimum effective sample size threshold
(ESS = 200), particularly for the likelihood statistics (tree and co-
alescent model). Due to lack of convergence of ST70, ST11, ST45,
and ST348's independent runs, we were unable to proceed with
BEAST estimations. The log and tree files produced for each ST
were merged by LogCombiner. Final maximum clade credibility
trees were produced from the combined trees using TreeAnnotator
with median node heights, which were then annotated with GCs,
carbapenemases and ESBL genes in iTOL.

3. Results and discussion
3.1. Surface antigen distribution and genetic diversity

A total of 79 distinct STs were identified across the 474 isolates,
with the most prevalent being ST15 (n = 151; 31.9%), followed by
ST147 (n = 34; 7.2%), ST13 (n = 27; 5.7%), and ST14 (n = 23; 4.9%).
However, the majority of STs (n = 45, 57.0%) were represented by
only a single isolate. Overall, a significant proportion of isolates
(n = 187; 39.5%) belonged to STs previously associated with mul-
tidrug resistance (MDR), such as ST15 [21], and ST147 [22]. Among
the 46 identified capsular K serotypes, the most prevalent were
KL24 (n = 91; 19.2%), KL112 (n = 66; 13.9%), and KL64 (n = 34;
7.2%). In terms of O-antigens, 10 different OL types were identified,
with the predominant ones being O1vl (n = 204; 43.0%), O1v2
(n = 103; 21.7%), and 02v2 (n = 55; 11.6%) (Table S1, Fig. 1).

The pan-genome of this dataset consists of 25 428 genes, in-
cluding 4061 which are very common (present in at least 95% of
strains), 1771 shell genes (found in 15%-95% of strains), and 19 596
cloud genes (prevalence <15%). On average, each genome contains
5162 genes (ranging from 4797 to 5616), with 3593 genes consti-
tuting the core genome (shared by >99% of the strains). In larger
STs (>12 isolates), gene content was conserved, leading to a reduc-
tion of approximately 60% in pan-genome size (from 9920 genes
in ST15 to 5659 genes in ST348). Meanwhile, the core genome ex-
panded by around 1000 genes (from 3966 genes in ST15 to 4884
genes in ST348) (Table 1, Fig. S1).

The large accessory genome is partly attributed to the acqui-
sition of antimicrobial resistance (AMR) determinants. Using Abri-
tAMR, 107 acquired resistance genes and 13 chromosomal muta-
tions were identified (n = 120), conferring resistance to 11 antibi-
otic classes. The most common were S-lactams (n = 50, 41.7%),
followed by aminoglycosides (n = 19, 15.8%), fluoroquinolones
(n = 13, 10.8%), trimethoprim (n = 11, 9.2%), chloramphenicol
(n = 8, 6.7%), tetracyclines (n = 5, 4.2%), sulphonamides (n = 5,
4.2%), polymyxins (n = 4, 3.3%), macrolides (n = 4, 3.3%), ri-
fampicin (n = 2, 1.7%), and streptomycin (n = 1, 0.8%). All isolates
carried, at least fosfomycin resistance (fosA) and a multidug efflux
pump (0gxAB). Chromosomal narrow-spectrum B-lactamases from
the blasyy family were detected in 73.0% (n = 346) of the isolates,
including blaSH\/_28 (n = 135; 39.0%), blaSHv_u (n = 89; 25.7%),
and blasyy.q (n = 58; 16.8%), all previously reported [23]. Addi-
tionally, three blasyy alleles with extended-spectrum S-lactamase
(ESBL) activity, blaSHv_wG (n = 7), blaSHv_ss (n = 3), and blaSHv_z
(n = 1), were detected in the chromosome [23]. Overall, more
than half of the isolates (n = 277; 58.4%) carried ESBL genes, with
blacrx.v variants being the most prevalent (n = 235; 84.8%). More-
over, carbapenemase genes were found in a quarter of the isolates
(n = 110; 23.2%), including bla[(pc_3 (n = 100), blao)(A_181 (Tl = 6),
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Figure 1. Genome-wide phylogenetic tree for the 474 Kiebsiella pneumoniae isolates. The tree was annotated using the Interactive Tree of Life online tool (iTOL) with
sequence type (ST), sample origin, collection date, genomic clusters (GC), KL and OL serotypes. The most relevant GCs are highlighted in the outer ring: GC3/ST11, GC4/ST15,

GC10/ST147, GC18/ST231, GC35/ST11, GC37/ST15, GC82/ST13 and GC112/ST13.

blaggs.s (n = 6), blaypm-1 (n = 2), and blagyxa-4g (n = 1). Dissemi-
nation of blagpc.3 was primarily driven by Tn4401d (n = 93; 97.9%),
with Tn4401b (n = 2; 2.1%) contributing to a lesser extent. All
blacrx.m-15 were linked to the insertion sequence ISEcpl, blagxa-1s1
were associated with 1S3000, and blaggs.s were found in a class III
integron (intl3) co-translocating blagg;_; (Table S1, Figure S2) [24].
Mutations in the ompK35/ompK36 porins impair the activity of car-
bapenems by reducing their diffusion across the outer membrane.
Partial or total deletion of ompK35 (10 to 94%) and/or ompK36 (21
to 100%) was observed in 19.0% of the isolates (n = 90). Among
these, 31 isolates were carbapenemase producers, predominantly
from ST147 (n = 10; 31.25%) (Table S1). A two-amino acid insertion
in ompK36 (Gly115-Asp116; OmpK36GD) was identified in an ST13
isolate (Kp5519) carrying blagpc.3, a combination previously asso-
ciated with a 16-fold increase in meropenem minimum inhibitory
concentration [25].

3.2. Population structure and phylogenetic reconstruction

Two genome-wide phylogenetic trees were constructed—one
based on a core genome alignment (153 697 SNPs) (Figure S3) and
the other using 272 899 genome-wide SNPs (Fig. 1). Both phylo-
genies exhibited similar topologies, with Sequence Types aligned
with monophyletic branches, consistent with Bayesian population
structure analysis (Fig. S4). A 21-SNP cut-off was used to define 53
genomic clusters (GCs), all but GC56 (ST6004 and ST1138) consist-
ing of strains from the same ST. Carbapenemase genes were found
in 19 GCs, while ESBL genes were detected in 37 GCs.

ST11 was distributed across two major clusters, GC3 and GC35.
GC35/ST11 (n = 5, 2009-2011) isolates expressed the KL111 and
03b serotypes and carried blagpc.3 and a 63% deletion of ompK35.
Among these, two isolates from the same patient (Kp3719 and
Kp3725) were collected 14 days apart (data not shown), indicating
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Table 1

Number of total, core, soft core, shell and cloud genes across all 474 studied K. pneumoniae genomes and for the most predominant STs (>12 isolates).

(%)

(%) ST13 (%) ST14 (%) ST307 (%) ST231 (%) ST70 (%) ST11 (%) ST45 (%) ST348
16 (3.4)
4790 (83.2)

ST147

ST15 (%)

Total (%)

(2.5)
4884 (86.3)
0 (0.0)

12

(2.5)
4686 (73.7)

0 (0.0)

12

13 (2.7)

(3.2)
4648 (82.0)

0 (0.0)

15

(4.4)

34 (7.2) 26 (5.5) 23 (4.9) 21

152 (32.1)
3966 (40.0)

501 (5.1)

474 (100.0)
3593 (14.1)

No. of genomes

4693 (73.8)
0 (0.0)

4701 (75.6)
116 (1.9)
592 (9.5)

4587 (67.4)
25 (0.4)

4420 (60.7)
186 (2.6)

4598 (61.4)
122 (1.6)

%)
99% < strains > 95%

strains >99

Core genes (

0 (0.0)

) 468 (1.8)

< strains > 15%

Soft core genes (
Shell genes (95%

431 (7.6)
344 (6.1)

1129 (17.8)

539 (8.5)

1168 (18.4)
500 (7.9)

590 (10.3) 511 (9.0)
509 (9.0)

371 (6.5)

1226 (18.0)
966 (14.2)

1051 (14.4)
1628 (22.3)

980 (13.1)

1051 (10.6)
4402 (44.4)

1771 (7.0)

)

807 (13.0)

19 596 (77.1) 1790 (23.9)

Cloud genes (15% < strains)

Total genes

7490 (100.0) 7285 (100.0) 6804 (100.0) 6216 (100.0) 5751 (100.0) 5668 (100.0) 6361 (100.0) 6354 (100.0) 5659 (100.0)

9920 (100.0)

25428 (100.0)
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a single infection episode that progressed to a bloodstream infec-
tion. The second cluster, GC3/ST11/KL105/02v2 (n = 6), included
four clinical isolates from hospitals A (n = 2, 2004-2011) and ]
(n = 2, 2016-2017), as well as two veterinary-associated samples
(n = 2, 2007), one from a cat and the other from a co-habiting
human. In fact, eleven genomic clusters encompass both hospital
and community samples, GC4/ST15/KL112/01v1 (n = 65) high-
lights dissemination across seven hospitals in Lisbon and Coimbra
(2005-2017) and, further encompasses isolates from veterinary
studies (n = 2, 2014-2015), and one from wastewater treatment
plants (2017). Clinical isolates within this cluster frequently car-
ried blactx.m-15 (n = 64) and, in six cases, blagpc.3. In general,
carbapenemase coding genes were present exclusively in hospital
isolates. Of the 110 carbapenemase-producing K. pneumoniae
strains analysed, only three recovered from wastewater samples,
and none from animal-associated sources. All isolates from the
GC63/ST17 (n = 6, 2017-2019) cluster, including the wastewater
treatment sample (KpAFB), carried the blagxa.1g7 gene. Notably,
G(C37/ST15 include two isolates from wastewaters carrying both
blanpu-1, @ rare carbapenemase in Portugal, and blacrxm.15 fur-
ther highlighting the spread of highly resistant strains beyond
clinical settings. The GC112/ST13/KL3/O1v1 (n = 12, 2018-2019)
isolates, all harbouring blagpc.3, represent a concerning example
of cross-border transmission (Fig. 1, Table S1). We recently linked
these strains to patients from the Netherlands and France with
prior hospitalizations in Portugal [26]. The analysis estimated the
emergence of this clone around 2008 in Portugal, supporting the
hypothesis of Portugal as the origin, underlining the critical need
for strict infection control measures to prevent the dissemination
of MDR strains between hospitals, communities, and countries.

Overall, a single carbapenemase was detected per GC or iso-
late, although exceptions were noted in ST147, ST231, and ST15,
where two carbapenemases were identified. The most recent iso-
lates from GC10/ST147 (n = 5, 2016), linked to a polyclonal out-
break [24], both blagpc.3 and blaggs.s, both class A carbapenemases.
In line with findings by Perdigdo et al. (2019) [24], four of these
clones were associated with rectal colonisation rather than active
infections. However, one of these patients subsequently developed
a urinary tract infection with the same clone 17 days after the
rectal swab. Similarly, blagpc.3 and blaggs.s were identified among
GC18/ST231 isolates, some derived from rectal swabs. However,
unlike GC10/ST147, these genes were not present together in the
same strain. GC18/ST231 included multiple clones from the same
patient (data not shown), with isolates such as Kp2454, Kp2705,
and Kp2741 responsible for recurrent bloodstream infections over
a nine-month period (31/12/2008; 20/07/2009; 04/09/2009). In
2018, carbapenemase genes from two distinct classes were found
in GC102/ST15 isolates, specifically blagpc.3 (n = 5, class A) and
blagxa-4g (n = 1, class D). These isolates were collected from pa-
tients at hospital O and were frequently linked to invasive infec-
tions, including hepatic abscesses and septicaemia (Fig. 1, Table
S1).

The extensive diversity of antibiotic resistance genes identified
in K. pneumoniae strains is highly concerning. Not only is this
pathogen a frequent coloniser of human tracts capable of causing
opportunistic and life-threatening infections, but these strains can
also serve as reservoirs for the lateral transfer of AMR genes across
different bacterial species, further exacerbating the public health
threat.

3.3. Evolutionary dynamics and molecular dating of the ESBL and
carbapenemase genomic clusters

The earliest ESBL genes identified in this dataset date back to
the early 1990s. Specifically, in 1991, two isolates from northern
(Kp5196; GC100/ST14) and central (Kp4287; GC85/ST25) regions
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of Portugal were identified carrying blasyy.10s and blargyp.10, Te-
spectively (Figure S5, Table S1). The first description of blargm-19
was made by Quinn et al. in 1989, in K. pneumoniae clinical
isolates from Chicago, dating back to 1988 [27]. Interestingly,
blagyy.10s Was first reported in a Portuguese study in Northern
Portugal in 2006, in three isolates, one of which also carried the
blatgy.1 gene, similar to Kp5196, despite a 15-year gap between
the isolates (1991-2006) [28]. Notably, GC100/ST14 includes nine
older isolates (1991-1996) bearing blasyy-106 Or the closely related
blasyy.ss [23]. Phylogenetic analysis estimates that GC100 emerged
in 1983 (1982.9; 95% HPD interval [1975.7-1990.2]), suggesting
that blasyy.106 circulated in northern Portugal long before its first
formal report in 2006 (Fig. 3D, Table S2). Since these early re-
ports of ESBLs, the prevalence of these resistance genes in Por-
tugal rose for two decades (n = 118; 73.8%) before declining in
the 2010s (n = 136; 55.1%). This decline coincided with the rise
of carbapenemase-producing isolates, which became more preva-
lent during the same period (n = 108; 43.7%). According to PPCIRA
data from 2010 to 2020, the incidence of ESBLs in Portugal was
47.6%, comparable to our findings (55.1%). However, the incidence
of CRKP strains was significantly lower (10.0%) compared to our
estimates (43.7%), likely due to the broader geographic distribu-
tion and higher number of laboratories participating in the PPCIRA
surveillance (n = 100) compared to our study (n = 16, primarily
from central Portugal) [3,4].

The older lineages circulating in Portugal, since the 1980s, have
been ST15, ST14, and ST13. Previous studies on the global dy-
namics of ST15 and ST14 support this long-standing prevalence
[29]. Our analysis estimates that the ancestral ST15 emerged in
1924 (1924.1; 95% HPD interval [1875.4-2004.7]), with the old-
est genomic cluster, GC71/ST15, dating back to 1965 (1965.2; 95%
HPD interval [1952.0-1975.6]; Table S2). Over time, eight addi-

tional GCs diverged, and ST15 strains predominantly acquired ES-
BLs (n = 120; 80.0%), particularly blacrx.m.15. A diverse set of car-
bapenemase coding genes, blaxpc.3 (n = 11), blaypy-1 (n = 2),
and blagyxp4g (n = 1) were also identified but at a lesser extent
(Fig. 2, Table S1). Among the 19 GCs identified with carbapene-
mases, blaxpc.z was found in 17 of them. The first carbapenemase-
producing isolate (Kp2564) in this study was detected in April
2009, carrying the blagpc.3 gene and belonging to GC35/ST11, a
single-locus allelic variant of ST258, which is widely recognized
as a major driver in the dissemination of blagpc [30]. Notably,
ST11 is the ancestral lineage of ST258, with the latter emerg-
ing through recombination of ST11 with ST442, involving approx-
imately 1.1 Mbp of exchanged genetic material [30]. The first re-
port of blagpc.s dates back to an outbreak at a New York Medi-
cal Centre (2000-2001), involving a KPC-3-producing K. pneumo-
nige strain [31]. During the early 2010s (2010-2012), GC35/ST11
(n = 5), GC7/ST14 (n = 8), and GC48/ST416 (n = 7) were the
most prevalent carbapenemase-producing GCs, all of which exclu-
sively harboured blagpc_3. GC7/ST14, the second major GC of ST14,
is estimated to have emerged in 2001 (2000.7; 95% HPD interval
[1995.8-2005.3]), 19 years after GC100/ST14/SHV-106 and without
the blasyy.106 gene (Fig. 3D).

In the subsequent years, the predominant GCs shifted to
GC4/ST15 (n = 65, 2005-2017) and GC18/ST231 (n = 16, 2008-
2019), both of which spanned over a decade of collection, how-
ever, only 6 (GC4/ST15) and 7 (GC18/ST231) isolates bore car-
bapenemase genes. BEAST analysis suggests that GC18/ST231 and
GC4/ST15 emerged in 2005 and between 1990 and 1995, respec-
tively (Fig. 3A, Figure S6, Table S2). In 2016, GC10/ST147 (n = 5)
caused an outbreak at hospital E [24], with all isolates carrying
blaKpc_3, blaGE5_5, and an ESBL gene (blaBEH) (Flg 2) BEAST anal-
ysis estimated that GC10 emerged between 2004 and 2005, while
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the GC10/KPC-3/GES-5/BEL-1 clone diverged about a decade later
(2015.2; 95% HPD interval [2014.1-2015.9]; Table S2), consistent
with the timing of the outbreak [24].

Towards the end of the decade, five additional GCs emerged,
introducing less common carbapenemases in Portugal (blagxa-4s,
blaOXA_181, and blaNDm_]): GC97/ST147, GC112/5T13, GC63/ST17,
GC102/ST15, and GC37/ST15. Notably, the emergence of ST13 is
particularly striking, as the temporal gap between GC112/ST13
(2018-2019) and the older GC82/ST13 (1980-1982) spans the
entire collection period of this dataset. No carbapenemase or ESBL
genes were detected in the older GC82/ST13, whereas all members
of GC112/ST13 carried the blagpc.s gene. Dating analysis suggest
that GC82/ST13 emerged in 1975 (1975.9; 95% HPD interval
[1967.7-1981.2]), while GC112/ST13 emerged in 2013 (2013.4; 95%
HPD interval [2009.0-2016.9]) (Figs. 2, and 3B, Table S2), which
aligns with our previous study [26].

4. Conclusion

This genome-wide analysis has provided valuable insights into
the dissemination of K. pneumoniae in Portugal, identifying both
regional (e.g., GC3/ST11), interregional (e.g., GC4/ST15), and in-
ternational (e.g., GC112/ST13) transmission events. These events
involve isolates predominantly carrying the blagpc.3 carbapene-
mase, which was the most prevalent resistance determinant in this
dataset. In terms of population dynamics, ST15 stands out as the
oldest and most established sequence type in Portugal, with nine
distinct GCs detected over the entire study period. ST15 was identi-
fied in both clinical and environmental samples and was associated
with a broader diversity of carbapenemases in this study, although
the number of such isolates was limited (blanpy.1 [n = 2] and
blagxa-4g [n = 1]). Towards the end of the 2010s, a marked decline
in ST15 carbapenemase-producing GCs followed a concomitant rise
in ST13 and ST147 strains, both sequence types causing distinct
outbreaks. While ST15 was well established during the early intro-
duction of carbapenem therapy in Portugal, our data suggest that
ST13 and ST147 may have a selective advantage under current an-
timicrobial pressures, particularly in disseminating blagpc_3.

This study underscores the power of genomic surveillance in
tracking the evolutionary dynamics of K. pneumoniae and the
spread of AMR determinants. It also highlights the critical need
for stringent infection control measures to prevent the transmis-
sion and emergence of high-risk clones across healthcare facilities,
community settings, and even international borders.
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