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Objectives: To use the nationwide Norwegian surveillance programme on resistant microbes in humans (NORM)
to address longitudinal changes in the population structure of Klebsiella pneumoniae isolates from 2001-15,
focusing on the emergence and dissemination of ESBL-producing K. pneumoniae in Norway.

Methods: Among blood (n=6124) and urinary tract (n=5496) surveillance isolates from 2001-15, we used
Illumina technology to whole genome sequence 201 ESBL-producing isolates from blood (n=130) and urine
(n=71), and 667 non-ESBL isolates from blood. Complete genomes for four isolates were resolved with Oxford

Nanopore sequencing.

Results: In a highly diverse collection, Klebsiella variicola ssp. variicola caused 24.5% of Klebsiella pneumoniae
species complex (KpSC) bacteraemias. ESBL production was limited to K. pneumoniae sensu stricto (98.5%). A di-
verse ESBL population of 57 clonal groups (CGs) were dominated by MDR CG307 (17%), CG15 (12%), CG70 (6%),
CG258 (5%) and CG45 (5%) carrying blactx-m-15. Yersiniabactin was significantly more common in ESBL-positive
(37.8%) compared with non-ESBL K. pneumoniae sensu stricto isolates (12.7%), indicating convergence of viru-
lence and resistance determinants. Moreover, we found a significantly lower prevalence of yersiniabactin (3.0%,
37.8% and 17.3%), IncFIB (58.7%, 87.9% and 79.4%) and IncFII plasmid replicons (40.5%, 82.8% and 54.2%) in
K. variicola ssp. variicola compared with ESBL- and non-ESBL K. pneumoniae sensu stricto isolates, respectively.

Conclusions: The increase in Norwegian ESBL-producing KpSC during 2010-15 was driven by CG307 and CG15
carrying blacrx-m-1s. K. variicola ssp. variicola was a frequent cause of invasive KpSC infection, but rarely carried ESBLs.

Introduction

Klebsiella pneumoniae is an important human pathogen® and
acknowledged as a key host for the spread of antimicrobial resist-
ance (AMR).** The global spread of MDR* K. pneumoniae is closely
linked to the spread of extended-spectrum B-lactamases (ESBLs)
and carbapenemases. This has been facilitated by successful

clonal lineages or clonal groups (CGs) such as CG258, CG15 and
(G307, and horizontal gene transfer (HGT),>® fuelled by
antibiotic selection.’

While K. pneumoniae typically causes severe infections in
vulnerable hospitalized patients,’ some hypervirulent (HV) clones
cause community acquired invasive infections, often in healthy
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individuals.'® HV clones cluster in CG23, CG65 and CG86, and
harbour capsular loci K1 or K2, siderophores and other virulence
factors supporting colonization, tissue invasion and immune
evasion.'®'! High-risk K. pneumoniae clones, categorized as either
MDR or HV, rarely display both traits.'? However, in recent years,
convergence of the two traits has been reported."?

K. pneumoniae is a highly diverse species, and the term
K. pneumoniae species complex (KpSC) has been introduced to en-
compass seven closely related taxa,** of which K. pneumoniae
sensu stricto, Klebsiella variicola and Klebsiella quasipneumoniae
are the most frequently reported in human clinical samples.*>*®

Most molecular epidemiological studies of KpSC have focused
on outbreaks or isolates with particular characteristics such as AMR
or virulence, most often with a cross-sectional study design. Thus,
there is a need for longitudinal studies, including both resistant
and susceptible isolates, to improve our understanding of the
population dynamics in clinical KpSCisolates.

In this study, we used the Norwegian surveillance programme
on resistant microbes (NORM) from 2001-15. The aim of this study
was to address the longitudinal dynamics of KpSC clinical isolates,
dominant CGs and their associations with clinically important
AMR and virulence determinants, with a particular focus on the
emergence and dissemination of ESBLs.

Material and methods

Bacterial isolates

NORM monitors AMR in Klebsiella spp. isolated from blood and urine iso-
lates. Antimicrobial susceptibility testing is performed and interpreted
according to EUCAST guidelines and breakpoints.?” Isolates with reduced
susceptibility to cefotaxime and/or ceftazidime are verified as ESBL carriers
with phenotypic ESBL testing.'® Isolates are stored locally at —80°C at the
participating laboratories.'®

All putative ESBL-producing KpSC blood (n=149) and urine isolates
(n=91) from 2001-15 registered in the NORM database were included in
the study. For comparison, a subset of non-ESBL blood culture isolates
(n=815) were included. As the number of isolates per year increased during
the study period, we took measures to achieve similar sized sample sets for
each year. Consecutive isolates were selected from each laboratory for
each year according to the following key: 2001, all isolates; 2005, every 2
out of 3; 2009, every 1 out of 2; and 2015, every 1 out of 3 (Figure S1, avail-
able as Supplementary data at JAC Online).

Isolates registered as either K. pneumoniae or Klebsiella spp. were
included. Species identification was confirmed by MALDI-TOF MS (MBT
Compass Library DB-6903, Bruker Daltonik), and subsequently by whole
genome sequencing. Only KpSC isolates were included for further analyses.
Antimicrobial susceptibility profiles, laboratory, year and source of isolation
were retrieved from the NORM database. For isolates with discordant ESBL
genotype and phenotype, the phenotype was confirmed using the com-
bined disc method (Becton Dickinson, New Jersey, USA).?® Colistin MICs
were determined by broth microdilution using Sensititre FRCOL plates
(Thermo Fisher Scientific, East Grinstead, UK) according to manufacturer’s
instructions.

Whole genome sequencing

DNA was extracted using the MagNAPure 96 system (Roche Applied
Science, Manheim, Germany) and sequencing libraries were prepared using
Nextera XT DNA Library preparation protocol (Illumina, San Diego, CA, USA).
Paired-end reads (2 x 150, 2 x 250 or 2 x 300 bp) were generated for all

isolates using Illumina MiSeq with v3 chemistry. For isolates where only
FASTQ files were received, sequencing was performed on an Illumina HiSeq
2500 at Eurofins Genomics (Eurofins Genomics Europe, Konstanz,
Germany) generating 2 x 125 bp paired-end reads.

To achieve closed genomes, selected isolates were also long-read
sequenced. DNA was extracted manually using the Beckman Coulter Life
Science GenFind V3 kit (C34881) according to the supplemental protocol
‘DNA extraction from Bacteria using GenFind v3’ (Beckman Coulter, Breaq,
CA, USA). DNA libraries were prepared using the 1D Ligation sequencing kit
(SQK-LSK108) and the Native barcoding kit (EXP-NBD103) [Oxford
Nanopore Technologies (ONT), Oxford, UK] according to the ONT protocol
‘native barcoding genomic DNA’ or ‘genomic DNA by ligation” without
shearing to maximize the sequencing read length. Finally, libraries were
loaded onto a R9.4.1 MIinION flow cell (FLO-MIN106) or a R9.4.1 Flongle
flow cell (FLO-FLGOO1) and sequenced on an ONT MIinION Mk1B device
(MIN-101B).

In silico analysis

Short-read sequences were trimmed based on quality and adapter content
with TrimGalore v0.6.4°° and de novo assembly was performed with
Unicycler v0.4.8,°" which uses SPAdes v3.13.1?? for assembly and Pilon
v1.2323 for polishing. Kleborate v2.0.4°* was used to identify species and
determine multilocus sequence type (ST), virulence loci and AMR genes
(CARD database v3.0.82%) from assembled genomes. Kaptive?® was used to
identify capsule (K) biosynthesis loci reporting calls with confidence level
‘Good’ or higher. Putative ESBL carriers with no definite ESBL gene had their
read sets investigated using SRST2 v.0.2.0?” with CARD database v3.0.8, as
some reads may have been discarded in the assembly process. Only ESBL
gene matches with 100% sequence coverage and identity were included in
further analyses. Plasmid replicons were identified with SRST2 v0.2.0 using
the Plasmidfinder database version 2021-01-13.28

A core chromosomal single-nucleotide polymorphism (SNP) alignment
of the verified ESBL and non-ESBL genomes was generated to assess
their relatedness. The short-reads were mapped to the chromosome of
the ST23 reference genome NTUH-K2044 (NC_01273.1) with the RedDog
Vlbeta.11?° pipeline, using Bowtie2 v2.3.4.2%C for read mapping and
SAMtools v1.9°! for SNP calling. RedDog was used with default parameters
as described previously,'® except for the read depth threshold which was
set to >8 (default >10) to include all genomes. A maximum likelihood (ML)
phylogeny was inferred from the resulting alignment (868 genomes,
867 815 SNPs) using FastTree v2.1.10 (gamma distribution of rate hetero-
geneity among sites).>?

CGs were defined by patristic distances. This method was chosen as it
has previously been used to cluster CGs in KpSC'? and a distance threshold
of 0.04 was used as it grouped STs that have previously been identified as
belonging to clinically distinct CGs. The CGs dominated by ST14 and ST340
were denoted CG15 and CG258, as these names are more commonly
used.”*?

Long-read sequences were base called and de-multiplexed high-accur-
acy mode using Guppy Basecalling Software v3.2.43 followed by quality fil-
tering with Filtlong v0.2.0.3° To resolve the complete genome sequence of
these isolates, hybrid assembly with the corresponding short-read
genomes using Unicycler v0.4.8 was performed. The completed genomes
were subsequently annotated with the NCBI Prokaryotic Annotation
Pipeline v5.13¢ using default parameters.

To assess the clonal relatedness of the ST307 genomes, an alignment
was generated with RedDog, using the hybrid-assembled closed ST307
genome (Genbank accession CP073627) as the mapping reference. The
resulting alignment with 391 variant sites was screened for recombination
events using Gubbins v2.3.4% with convergence method ‘weighted
Robinson-Foulds’. This alignment was passed to RAXML v8.2.10%8 to infer
ML phylogeny. The best-scoring ML tree was chosen from five independent
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runs with the GTR+ nucleotide substitution model, followed by a rapid
bootstrap analysis (100 replicates) to estimate branch support.

Data availability

The 868 KpSC short-read and four long-read sequence files have been
deposited in the European Nucleotide Archive under BioProject PRJEB27256
(Table S1). The four hybrid-assembled completed genomes have been
deposited in GenBank (Table S1) under accession numbers CP073791-
CP073796, CP073627-CP073629, CP073783-CP073787 and CP073788-
CP0O73790.

Definitions

MDR was defined as phenotypic resistance to agents in three antimicrobial
classes.” HV was defined as either (a) the presence of rmpA or rmpA2; and/
or (b) the presence of aerobactin (iuc) and salmochelin (iro).>® ESBL isolates
were defined as either having known ESBL genes (i.e. blacrx-m, blasay-2,
blasyy-s, blasyy-12, blasyy-1g and blasyy-»4), or in absence of known ESBL
genes, a confirmed ESBL phenotype. Isolates with plasmid-mediated AmpC
genes only or carbapenemase-encoding genes (regardless of ESBL gene
presence) were excluded from further analysis.

Data handling and statistical analysis

Data analysis and statistics were done using R version 4.0.2 (2020-06-
22).40 Distribution differences were calculated with Fisher exact test, with
Benjamini-Hochberg correction for multiple testing when necessary.
P<0.05 was considered statistically significant.

Ethics

The study was approved by the Regional Committee for Medical and Health
Research Ethics (Reference: 2017/1185-3).

Results

We received 954/1055 (90.4%) of requested isolates, of which 223
putative ESBL-producing isolates (blood, n=144; urine,n=79) and
667 non-ESBL blood isolates were confirmed as KpSC by MALDI-
TOF MS and WGS (Figure S1). Known ESBL genes were detected in
192/223 (86%) putative ESBL isolates. ESBL phenotype was
confirmed in nine additional isolates, resulting in an ESBL group con-
sisting of 201 isolates (blood, n=130; urine, n=71). Six isolates with
carbapenemase genes and one isolate with a plasmid-mediated
AmpC gene only were excluded (Figure S2). The dataset can be
explored at https://microreact.org/project/4dBcaZsZmKoAzvatz
PaGds.

Phylogenetic diversity in ESBL and non-ESBL KpSC
populations

The species distributions in the ESBL and non-ESBL groups were dif-
ferent (P<0.0001) (Table 1). The ESBL group consisted of 98.5%
K. pneumoniae sensu stricto. In contrast, the non-ESBL group iso-
lates comprised K. pneumoniae sensu stricto (69.1%), K. variicola
ssp. variicola (24.5%), K. quasipneumoniae ssp. similipneumoniae
(3.3%) and K. quasipneumoniae ssp. quasipneumoniae (3.1%).
K. variicola ssp. tropica, K. africana or K. quasivariicola were not
detected (Table 1, Figure 1).

The 868 KpSC isolates were phylogenetically highly diverse with
a total of 413 different STs assigned to 261 CGs (Table S1).
The Simpson’s diversity indices for STs were 0.95 for the ESBL group
and 0.99 for the non-ESBL group, respectively.

The ESBL group (n=201) consisted of 73 STs assigned to 57 CGs
(mean number of isolates per CG 3.53, range 1-34). CG307 was
the most prevalent (16.9%, n=34; ST307) followed by CG15
(12.4%, n=15; comprising ST14, ST15 and ST627), CG70 (6.5%,
n=13; ST70), CG258 (5.0%, n=10; ST11, ST340 and ST437) and
CG45 (5.0%, n=10; ST45 and ST2954). The remaining CGs repre-
sented <5% of ESBL isolates each (Figure 1).

Among the 667 non-ESBL blood culture isolates there were 377
STs assigned to 246 CGs (mean number of isolates per CG 2.71,
range 1-42). CG26 (6.3%, n=42; comprising 11 STs) and CG20
(5.2%, n=35; comprising 6 STs) were the most prevalent. In the
remaining 244 CGs (88.5%, n=590 isolates) each CG represented
<5% of the isolates. Ten (1.5%) non-ESBL HV-associated isolates,
CG23 (n=7) and CG86 (n = 3), were observed. CG307 was absent in
the non-ESBL group, while the other major ESBL CGs were present
in low numbers; CG15 (2.1%, n=14), CG70 (0.7%, n=7), CG45
(1%, n=7) and CG258 (0.4%, n=3). In total, 33 of 57 CGs (57.9%)
in the ESBL group were present in the non-ESBL group.

Temporal trends

The first occurrence in this study of an ESBL-producing isolate was
the globally successful ESBL CG15 in 2003 in a urine specimen.
Between 2009 and 2012 it was the most prevalent CG among our
blood culture samples. From 2012, the increase in ESBLs was asso-
ciated with the emergence of CG307. Urine isolates exhibited
greater diversity of CGs compared with blood, but all prevalent
urine CGs were also represented in blood cultures isolates, albeit
several in low numbers (Figure 2). There were no apparent CG
trends in the non-ESBL group.

Table 1. ESBL and non-ESBL groups: species distribution, clonal groups (CGs), and sequence types (STs) numbers

ESBL isolates

Non-ESBL isolates

Species identification No. (%) CGs/STs No. (%) CGs/STs P value®
K. pneumoniae sensu stricto 198 (98.5) 54/70 461 (69.1) 136/222

K. variicola ssp. variicola 1(0.5) 11 163 (24.5) 80/115

K. quasipneumoniae ssp. similipneumoniae 2(1.0) 2/2 22 (3.3) 20/20

K. quasipneumoniae ssp. quasipneumoniae - - 21(3.1) 10/20

K. pneumoniae species complex 201 57173 667 246/377 <0.0001

Fisher exact test for difference in species distributions between groups.
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Tree tips

® Klebsiella pneumoniae sensu stricto

® K quasipneumoniae ssp. quasipneumoniae

® K quasipneumoniae ssp. similipneumoniae
K. variicola ssp. varicola

CG258
Highlight Bars
| Prevalent ESBL CG I Predominant ST
Prevalent non-ESBL CG  ESBL
Hypervirulence associated B Hypervirulent

Figure 1. Maximum likelihood tree of the 868 Klebsiella pneumoniae species complex genomes. Tips are coloured according to the Klebsiella species.
Prevalent CGs representing >5% of isolates, either in the ESBL or the non-ESBL group, are highlighted in green and grey, respectively. CGs commonly
associated with hypervirulence are highlighted without colour. The highlighted areas include all genomes on the most recent common ancestor
node of the CG indicated. The circles from inner to outer show genomes with the predominant sequence type (ST, blue bars) within the CG, presence
of ESBL-encoding genes (black bars) and isolates meeting the study definition of hypervirulence (red bars).

CG307 was first observed in 2012 in two of the six NORM surveil-
lance regions, and was present in five regions by 2014 (Figure 3a),
representing 44.4% of blood ESBL isolates and 34.6% of urine ESBL
isolates in 2015. CG70, CG258 and CG45 emerged in the same
period, but did not expand to the same degree. Chromosomal
SNPs, temporal and geographical distribution of the most preva-
lent CGs are shown in Table S2. A core genome phylogenetic
analysis of CG307 indicated unrelated occurrences of isolates in
2012-13, while isolates from 2014-15 seem to represent two clo-
nal expansions (red and blue boxes in Figure 3b). This is supported
by the Bayesian phylodynamic analysis of global CG307 (including
30 of the genomes reported here), adapted from Wyres et al.®
showing that the most recent common ancestor for the two
proposed clonal expansions dates back to 2009 (Figure S3).

Antimicrobial resistance: phenotype and genotype

All ESBL group isolates had an ESBL phenotype, whereas five iso-
lates had no detectable ESBL genotype.

Overall, blactx-m-15 Was the most prevalent genotype (n=146;
72.6%), and was more dominant in high prevalence CGs (93.5%)

compared with other CGs (55%, P<0.001). The remaining ESBL
genotypes comprised blargm-3 (n =2; 2.0%) and variants of blacrx-m
(n=22;10.9%) and blasyy (n=22; 10.9%) (Figure 4 and Table S3).
Reduced susceptibility to meropenem was found in two ESBL iso-
lates (CG258) and one non-ESBL isolate (CG515), all without carba-
penemase genes.

Prevalent AMR determinants are shown in Figure 4 and Table
S3. Of note, armA (n=1) and rmtG (n=1) encoding 16S-rRNA
methylases were rare, while aac(6’)-Ib-cr, which may reduce sus-
ceptibility to both aminoglycosides and quinolones was found in
48.3% (n=97) of the ESBL isolates. Interestingly, aac(6’)-Ib-cr was
frequently found along with other determinants, in particular in
82.5% (n=66) and 84.0% (n=68) of isolates carrying aac(3)-Ila
and gnrB1, respectively. Colistin resistance determinants were
rare. Three ESBL isolates carried mcr-9.1 (n=2) or a truncated
chromosomal mgrB gene (n=1) of these only the isolate with
truncated mgrB showed an elevated MIC of 16 mg/L for colistin.

Phenotypic MDR was frequent in the ESBL group, (70.1%,
n=141) compared with the non-ESBL group (0.3%, n=2),
(P<0.001). Notably, 83.0% (n=117) of MDR ESBL isolates were
carrying blacrx-m-15. Only 11.2% (n=18) of ESBL isolates
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Figure 2. Temporal distribution of Klebsiella pneumoniae species complex (KpSC) ESBL clonal groups (CGs) in blood (a) and urine (b) as proportion of
the surveillance for each year. Distribution of CGs in blood and urine separated by most prevalent CGs and other CGs. *The surveillance starts in

January each year.

were susceptible to all three of gentamicin, ciprofloxacin and
trimethoprim/sulfamethoxazole.

Diversity in capsule loci and virulence determinants

Capsule loci (KLs) were identified in 73.6% (n=148, 38 KLs) of the
ESBL isolates and 54.3% (n =362, 87 KLs) of the non-ESBL isolates.
KL102 (13.4%, n=27) was the most prevalent KL among the ESBL
isolates, mainly associated with CG307 (n=25). The HV-associated
KL1 and KL2 were rare, being detected in 5.5% of ESBL (KL2,
n=11) and 3.7% of non-ESBL (KL1, n=11; KL2, n=14) isolates, re-
spectively (Table S4).

Eighteen isolates (2.1%), all K. pneumoniae sensu stricto,
met the HV definition, of which 7 of 15 non-ESBL HV isolates
belonged to CG23 (Table S5). However, hypervirulence was
found in three ESBL isolates. Long-read sequencing of one
CG133 (ST420) (Genbank accession CP073783-CP073787)
ESBL isolate showed blactx-m-15 to be situated on an IncFII
plasmid without any of the virulence loci, while the remaining
two ST15 isolates (Genbank accession CP034045-CP034052
and CP034053-CP034057) have previously been reported by
Lam et al.“ to carry virulence genes and blacrx-m-15 Situated
on the same plasmid.

The distribution of virulence determinants is shown in Figure 4,
Table S3 and Table S5. Yersiniabactin was the most prevalent
acquired siderophore in K. pneumoniae sensu stricto isolates, and
more dominant in ESBL isolates (37.8%, n=75) compared with
non-ESBL isolates (17.3%, n=80) (P<0.001). Notably, among
K. pneumoniae sensu stricto non-ESBL isolates, there was higher
prevalence of yersiniabactin in CGs that were also found in the

ESBL group compared with other CGs (29.4% and 11.0% respect-
ively, P<0.0009). Only 5/163 (3.1%) non-ESBL K. variicola spp. varii-
cola had yersiniabactin. While no ESBL isolates had the genotoxin
colibactin, it was present in 11 non-ESBL isolates (CG23, n=7,
CG133,n=2;CG417; CG643).

Plasmid replicon patterns in ESBL and non-ESBL KpSC
populations

Fifteen plasmid replicon families were identified in the ESBL group.
INcFIB (87.9%, n=176) and IncFII (82.8%, n=164) were the most
common. In the non-ESBL group, fourteen plasmid replicon
families were identified dominated by IncFIB (72.0%, n=480),
IncFII (48.7%, n=325), IncFIA (15.0%, n=100), and IncR (14.5%,
n=97). Twelve plasmid replicon families were found in both
groups (Table S6).

Interestingly, IncFIB and IncFII were more abundant in
K. pneumoniae sensu stricto in the ESBL group compared with
the non-ESBL group (P<0.001 and P<0.001, respectively).
Additionally, in the non-ESBL group IncFIB and IncFII were signifi-
cantly more common in K. pneumoniae sensu stricto compared
with the other species (P<0.001 and P<0.03, respectively,
Table 2).

Discussion

We have used the nationwide Norwegian AMR surveillance
framework to perform a population structure analysis of
all ESBL-producing KpSC blood and urine isolates as well as a
representative collection of non-EBSL blood isolates from
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A study isolate from blood was used as reference isolate (Genbank accession CP073627).

2001-15 for comparison. The combined use of WGS and
national registry data allowed the analysis of temporal and
geographical trends in the species distribution, phylogeny,
AMR and virulence determinant content in KpSC clinical iso-
lates during a period when ESBL-producing Enterobacterales
gained a foothold in Norway.

Firstly, we noted a significant difference in species distribu-
tion between the ESBL and non-ESBL group. While the ESBL
group was essentially dominated by K. pneumoniae sensu
stricto, K. variicola ssp. variicola accounted for 24.5% of the
non-ESBL group. This is in line with findings in ESBL-producing
or MDR KpSC strain collections from the USA*? and the British
Isles,“>*> dominated by K. pneumoniae sensu stricto. Two
studies (Sweden 2007-09, single centre'® and Japan 2014-17,
two centre**) of consecutive blood KpSC isolates, both with

low prevalence of ESBL, showed similar species distributions
compared with our results.

As gastrointestinal colonization is considered the primary
source of the majority of KpSC bloodstream infections,*>*® we
expect that the observed proportion of K. variicola ssp. variicola
among blood isolates reflects the ratio of gut colonization in the
patient population. This is supported by a recent Norwegian study
where 16.3% of 2975 healthy adults had KpSC in faecal screening
samples, of which 28% were K. variicola spp. variicola.”” While
K. pneumoniae sensu stricto is the predominant KpSC species
reported in other gut carriage studies, carriage rates in the range of
10%-20% of K. variicola have been shown for intensive care
patients*> and pregnant women in low-income countries.>® As a
frequent gut resident, one could expect K. variicola spp. variicola
to acquire ESBL-encoding plasmids and genes in vivo. To our
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Table 2. Distribution of prevalent replicon types in Klebsiella pneumoniae sensu stricto and K. variicola ssp. variicola

ESBL Non-ESBL P value®
(A) (B) (@]
K. pneumoniae K. pneumoniae K. variicola ssp.
Replicon type sensu stricto (n=198) sensu stricto (n=461) variicola (n=163) AvsB BvsC
Col 63.1% (125) 63.3% (292) 47.9% (78) NS 0.006
IncFIA 6.1% (12) 14.3% (66) 17.8% (29) 0.004 NS
IncFIB 87.9% (174) 79.4% (366) 58.3% (95) 0.001 0.001
IncFII 82.8% (164) 54.2% (250) 40.5% (66) 0.001 0.03
IncR 18.2% (36) 14.1% (65) 12.3% (20) NS NS

Fisher exact test with Benjamini & Hochberg correction for multiple testing. NS, not significant.

knowledge there are no experimental studies supporting any were rare among non-ESBL isolates in our study. This observation
mechanisms explaining the low abundance of ESBL in K. variicola  strongly suggests that the overall increase in Norwegian MDR
spp. variicola compared with K. pneumoniae sensu stricto. KpSCis driven by the expansion of ESBL-producing K. pneumoniae
ESBL rates increased in clinical KpSC isolates during the study  sensu stricto, in particular blacrx-m-15 carrying CGs, such as CG15
period, from 0% in 2001 to 3.1% in 2015.® Our temporal data show — and CG307.
an increasing predominance of blacrx-m-15 accompanied by an Our KpSC strain collection is characterized by a large clonal di-
increasing co-resistance to other clinical important antibiotics. An  versity, both in the ESBL and non-ESBL groups, throughout the
overall increase in ESBL and MDR rates in clinical isolates of KpSC  study period. The most striking shift in the temporal data, in add-
was observed in other European countries in the same period.® ition to increasing ESBL rates, is the introduction and subsequent
AMR determinants, as well as phenotypic resistance against spread of CG307 since 2012. The CG307 phylogenetic analyses
gentamicin, ciprofloxacin and trimethoprim-sulfamethoxazole, based on our dataset reveal nationwide expansion of this clone,

671

2202 YoIBN +0 U0 150nB AQ 0965.79/599/€/LL/8101E/0EI/W0d"dN0"0lWepEo.)/:Sdyy WOy papeojumoq


https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkab463#supplementary-data

Fostervold et al.

which seems to be closely related to international isolates as
previously shown by Wyres et al.® Notably, we have not observed
non-ESBL CG307. In contrast, clinical isolates of CG15, a frequent
carrier of ESBLs, were also present without ESBLS.

The observed clonal diversity within the ESBL group and the
increasing abundance of CG307 and CG15, is in line with results
reported by Moradigaravand et al.** in the British isles (2001-11)
and Long et al.*% in the USA (2011-15). In contrast to their findings,
CG258 was less frequently detected in our study. CG307 is still
playing an important role in the dissemination of ESBL KpSC in
Norway, as confirmed by WGS of blood culture ESBL isolates
reported to NORM in 2019, where CG307 (29.2%) remains the
dominant CG.'®* While the prevalence of carbapenemase-
producing KpSC in Norway is still low,'® the establishment of ESBL
CG307 is a cause for concern, as this clone has proved to be a well
prepared host for carbapenemase genes in other settings.”

Our results suggest that HV KpSC, including CG23 and CG86, are
rare in clinical isolates in Norway. This is also in line with the recent
population structure analysis of Norwegian KpSC faecal carrier iso-
lates.*’ Yersiniabactin, usually transferred by integrative conjuga-
tive elements (ICEs),* is the most prevalent virulence-associated
gene, mainly found in K. pneumoniae sensu stricto isolates.
Notably, we observed a significantly higher prevalence of yersinia-
bactin in ESBL (37.8%) compared with non-ESBL (17.3%)
K. pneumoniae sensu stricto isolates, in contrast to previously pub-
lished results.”® Other virulence determinants were uncommon
and played no dominant role in the examined KpSC population.
Convergence of ESBL and hypervirulence were found in only three
isolates.

Our data demonstrate that the replicon families IncFIB and
IncFIl, frequently associated with ESBL genes,”® were common
both in ESBL-carrying (87.9% and 82.8%) and non-ESBL-carrying
(79.7% and 54.2%) K. pneumoniae sensu stricto isolates. These
replicons were also present in K. variicola ssp. variicola (58.3% and
40.5%), but were significantly less prevalent compared with non-
ESBL K. pneumoniae sensu stricto.

Importantly, our data support the notion that there seems to
be a higher propensity for certain K. pneumoniae sensu stricto clo-
nal groups to acquire mobile genetic elements, represented by
ESBL-encoding plasmids and yersinabactin-linked ICEs, compared
with K. variicola ssp. variicola. This is concordant with Wyres et al.*?
showing some KpSC clones to be generally better at acquiring
genetic material via horizontal gene transfer than others. These
observations need further investigation, including experimental
studies on the underlying mechanisms.

The strengths of this study lie in the use of the comprehen-
sive unselected national surveillance data collected over a
15 year period, encompassing the introduction of ESBLs, and
the use of WGS to gain detailed insight into genomic epidemio-
logical features. As we opted for temporal and geographical
diversity, we have not done a randomized selection of non-
ESBL isolates, which may have introduced a bias in estimating
the prevalence of significant CGs or genetic determinants in
recent years. The lack of urine ESBL isolates in the periods
2004-08 and 2010-11 may also conceal the early appearance
of significant CGs.

In conclusion, the increase of ESBLs and clinically relevant
co-resistance in K. pneumoniae sensu stricto in Norway during the
study period is closely linked to blacrx-m-15-carrying CGs, where

CG307 and CG15 have played key roles. Yersinabactin and ESBL-
encoding mobile genetic elements are uncommon in clinical iso-
lates of K. variicola ssp. variicola compared with K. pneumoniae
sensu stricto. Susceptible K. variicola ssp. variicola, however, is a sig-
nificant pathogen causing one out of every four cases of KpSC bac-
teraemiain Norway.
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