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Abstract

Background Members of the Klebsiella pneumoniae species complex (KpSC) are opportunistic pathogens that cause
severe and difficult-to-treat infections. KpSC are common in non-human niches, but the clinical relevance of these
populations is disputed.

Methods In this study, we analysed 3255 whole-genome sequenced isolates from human, animal and marine
sources collected in Norway between 2001 and 2020. We used population genomics in a One Health context

to assess the diversity of strains, genes and other clinically relevant genetic features within and between sources. We
further explored niche-enriched traits using genome-wide association studies and investigated evidence of spillover
and connectivity across the KpSC populations from the three niches.

Results We found that the KpSC populations in different niches were distinct but overlapping. Overall, there

was high genetic diversity both between and within sources, with nearly half (49%) of the genes in the accessory
genome overlapping the ecological niches. Further, several sublineages (SLs) including SL17, SL35, SL37, SL45, SL107
and SL3010 were common across sources. There were few niche-enriched traits, except for aerobactin-encoding
plasmids and the bacteriocin colicin a, which were associated with KpSC from animal sources. Human infection iso-
lates showed the greatest connectivity with each other, followed by isolates from human carriage, pigs, and bivalves.
Nearly 5% of human infection isolates had close relatives (<22 substitutions) amongst animal and marine isolates,
despite temporally and geographically distant sampling of these sources. There were limited but notable recent
spillover events, including the movement of plasmids encoding the virulence locus juc3 between pigs and humans.

Conclusions Our large One Health genomic study highlights that human-to-human transmission of KpSC is more
common than transmission between ecological niches. Still, spillover of clinically relevant strains and genetic features
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between human and non-human sources does occur and should not be overlooked. Infection prevention measures
are essential to limit transmission within human clinical settings and reduce infections. However, preventing transmis-
sion that leads to colonisation, e.g. from direct contact with animals or via the food chain, could also play an impor-

tant role in reducing the KpSC disease burden.

Keywords One Health, Klebsiella pneumoniae species complex, Genomics, GWAS, AMR, Transmission, Zoonotic

transmission, Ecology

Background

Klebsiella pneumoniae are a frequent cause of difficult-
to-treat multidrug-resistant (MDR) infections. Addition-
ally, strains with acquired virulence factors can cause
severe hypervirulent infections, and convergent strains
displaying both MDR and hypervirulent traits are rap-
idly emerging [1]. The K. pneumoniae species complex
(KpSC) consists of seven species/subspecies that can be
further divided into sublineages (SLs), comprising groups
of closely related core-genome sequence types (STs) [2—
4]. The KpSC are opportunistic pathogens that often col-
onise people before subsequently causing infections [5].
They can also be found in environmental sources, includ-
ing terrestrial and marine animals and food, which could
provide a source of transmission to humans [6, 7]. How-
ever, it has been unclear to what extent KpSC popula-
tions isolated from humans are distinct from those found
in other niches, and whether non-human sources serve as
reservoirs for clinically relevant strains, contributing to
the pool of bacteria that cause colonisation and infection
in humans. For example, depending on the availability of
nutrients and exposure to substances such as antibiotics
and heavy metals, KpSC from different niches may dis-
play distinct metabolic traits and antimicrobial resistance
(AMR) levels due to selective pressures and niche adap-
tation [8, 9]. By identifying niche-specific traits, we may
better understand the ecological distribution of strains,
and distinguish which KpSC niches represent clinically
relevant reservoirs of infections in humans versus those
with little relevance to human health.

To study the emergence, dynamics and spread of KpSC
within and between niches, a One Health approach can
be applied, using whole-genome sequencing to char-
acterise and compare bacterial isolates from diverse
sources. A One Health perspective considers the health
of people, animals and environments as a whole, rec-
ognising that changes in one can greatly affect another.
Recognising the critical role of this approach, the Quad-
ripartite Joint Secretariat on AMR has launched a global
One Health Joint Action Plan, signalling its importance
in addressing AMR on an international scale [10]. The
results from such studies have the potential to guide pub-
lic health interventions, by identifying routes of transmis-
sion that could be interrupted to reduce infections, or by

identifying niches where selection for clinically relevant
AMR or virulence determinants is occurring.

Only a few One Health studies of KpSC have previously
been reported, and few (if any) have assessed niche-adap-
tation in KpSC. These largely concluded that short-term
transmission of KpSC is more common within clini-
cal settings than between clinical and other sources,
although transmission to humans from other sources
does occasionally occur [6, 11, 12]. This is in contrast
to classic foodborne bacterial pathogens such as Salmo-
nella enterica or Campylobacter jejuni, where human
infections tend to result from short-chain transmission
from animal reservoirs via consumption of contami-
nated food [13]. Still, even if KpSC spillover events occur
only rarely, they can have significant impacts on human
health. To take some well-known examples from virol-
ogy, the COVID- 19 pandemic and MERS epidemic are
thought to stem from very rare but high-impact zoonotic
transmission from animals to humans, followed by sus-
tained human-to-human transmission [14, 15]. Given
that KpSC—unlike S. enterica or C. jejuni—can cause
persistent colonisation of humans and can easily spread
between humans, at least in healthcare settings, it is rea-
sonable to propose that even occasional transmission of
AMR or hypervirulent KpSC strains from animal reser-
voirs to humans could have sustained impacts on human
health by introducing new clinically relevant strains that
subsequently become established in humans.

Since the vast majority of publicly available KpSC
genome sequences are derived from humans, there is
insufficient data to ascertain whether any of the line-
ages that are common in humans have an animal origin.
However, there are known examples of recent spillover
of clinically relevant mobile genetic elements (MGEs)
from animals to humans, which have since spread within
human-associated KpSC populations. For instance, the
mcr-1 gene, which confers resistance to the last-line anti-
biotic colistin, is believed to have originated in animals
and subsequently spilled over to humans, where it now
contributes to difficult-to-treat KpSC and other Entero-
bacterales infections [16]. Another example is the pig-
associated aerobactin virulence locus iuc3, which has
been found in multiple KpSC lineages colonising humans
and causing infections [17, 18]. It is therefore important
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to understand how clinically relevant KpSC strains and
MGEs enter and circulate among people to inform and
support public health intervention measures to prevent
disease, health care burdens and mortality.

Investigation of transmission between niches requires
sympatric sampling, which has been extremely limited for
KpSC [6, 11, 19, 20]. Through national surveillance pro-
grams in the human and veterinary sectors, and screen-
ing of human community carriage, animals and marine
samples, >3000 KpSC isolates from across Norway over
20 years have been collected and sequenced [17, 21-25].
The isolates were originally sampled to quantify the bur-
den of infection or carriage in distinct niches, without
bias towards AMR or hypervirulence phenotypes. Due to
the low prevalence of AMR in Norway [26], this provides
a unique opportunity to study niche connectivity in a
population largely unaffected by antibiotic selection pres-
sures. Here, we report on the diversity and niche-associa-
tion of strains, genes and other clinically relevant genetic
features across a collection of 3255 KpSC genomes from
human, animal and marine niches, and explore evidence
for the separation and connectivity of KpSC populations
isolated from these niches.

Methods

Sample selection and whole-genome sequencing

We included 3255 KpSC isolates collected between 2001
and 2020 in this study. Isolates from human infections
(n= 1920 blood; 252 urine) were collected as part of two
nationwide surveillance studies covering all 22 clinical
microbiology laboratories across Norway, between 2001
and 2018 [21, 25]. Human faecal carriage isolates (n=
484) were collected from a general adult population in
the Tromse municipality in Norway during 2015-2016
[22]. From marine environments, KpSC isolates (n= 99)
were recovered from 7 surface seawater samples and 92
bivalves and sea urchins (in 2016, 2019 and 2020), but
none were recovered from fish or sediment [24, 27]. The
samples were collected from across the Norwegian coast,
from 77 production areas and 5 non-rearing locations.
For bivalves and sea urchins, batches of 10-20 individu-
als were pooled to obtain an isolate. The samples from
fish, surface seawater and sediment were from unique
individuals or samples. The animal samples were col-
lected from farms across the country, to represent the
Norwegian populations of the sampled animals. Car-
riage (caecal or faecal) samples from pigs (n= 146, col-
lected in 2019), turkey flocks (= 113 in 2018, n= 60 in
2020), broiler flocks (= 90 in 2018 and #= 55 in 2020),
wild boars (n= 27 in 2020), dogs (n= 16 in 2019) and
cattle (n= 12 in 2019) were collected via the Norwegian
monitoring program for AMR in the veterinary sector
(NORM-VET) [17, 23, 28]. From turkeys and broilers, ten
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caecal samples were pooled from each flock to obtain one
sample for screening. From pigs, dogs and cattle, only
one animal was sampled per herd. For wild boars, indi-
vidual animals were sampled. Additionally, 20 infection
isolates were included from individual dogs, turkeys and
broilers. Although KpSC carriage rates for cattle and wild
boar are reported, their isolates were not whole-genome
sequenced and were excluded from further analyses. Not
all KpSC-positive carriage isolates from the turkey and
broiler flocks were whole-genome sequenced, however,
those that were included covered the whole sampling
year. The dataset was divided into eight source types for
comparison throughout the study: KpSC from human
infections, community carriage, dogs, pigs, turkeys, broil-
ers, marine bivalves and seawater.

The isolates were short-read sequenced using the Illu-
mina MiSeq (n= 3218) or HiSeq 2500 (n = 37) platforms
as described previously [21-23, 27], adapter- and quality
filtered with TrimGalore v0.6.7 [29] and assembled with
SPAdes v3.15.4 [30]. We additionally performed Oxford
Nanopore Technologies long-read sequencing of 16.9%
(n= 550/3255) of the collection (see Additional file 1:
Supplementary Methods for selection approach), to pro-
duce closed hybrid genomes, as described in [31]. All
genomes were quality controlled as described in Addi-
tional file 1: Supplementary Methods and in Additional
file 2: Table S1.

Genotyping and annotation

Kleborate v2.4.0 [32] was used to identify species, STs,
virulence and AMR genes. K and O loci were identified
with Kaptive v2.0.8 [33]. The presence of the rmpADC
locus (with/without truncated rmpA) was used to define
a likely hypermucoid phenotype [34]. Plasmid replicon
markers were identified with plasmidfinder-db v2023-
01-18 [35] using abricate v1.0.1 [36]. Life identification
number (LIN) codes based on core genome multilocus
sequence type (cgMLST) profiles were assigned to define
and name KpSC SLs according to the 3-level LIN code
prefixes [4], using the Klebsiella BIGSdb-Pasteur web
tool [37]. This approach allows for more precise clas-
sifications than STs, as cgMLST-based LIN codes have
been shown to be highly concordant with phylogenetic
relationships [4]. For most isolates, the ST and SL identi-
fiers align, as described in [2] and shown in Additional
file 2: Table S1. SLs were compared to globally prevalent
clonal groups (CGs) [1] with the same number, except
for SL17 which was considered equivalent to CG20.
Bakta v1.8.1 [38] with database v5.0 was used to anno-
tate all assembled genomes, using the complete flag for
circularised hybrid-assembled genomes and otherwise
default settings. Bakta was run with NCBI's AMRFinder
database v2023-04-17.1, from which heavy metal- and
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thermoresistance genes were identified (see Additional
file 1: Supplementary Methods). The genotyping results
are available in Additional file 2: Table S1.

Assessing niche enrichment

To assess differences in genetic diversity between
the three ecological niches, and enrichment of genetic
features within each niche, we first estimated the pange-
nome with panaroo v1.3.3 using the strict mode [39],
using the annotations from Bakta as input. Panstripe
v0.1.0 [40] was then used to compare gene gain and loss
rates between the niches. To assess niche-enrichment
of genes, unitigs and single nucleotide polymorphisms
(SNPs), we performed genome-wide association studies
(GWAS) with pyseer v1.3.11 [41] as described in Addi-
tional file 1: Supplementary Methods.

Inferring cross-talk between niches

There were 107 SLs represented by >1 genome in >2
ecological niches. To assess the relatedness of strains
within these SLs across the niches, we created reference
genomes for each and ran whole-genome SNP align-
ments using RedDog vlbeta.11 [42], as described previ-
ously [43], aligning all short-read genomes belonging
to that SL against the reference genome (overall mean
chromosomal coverage was 96.9% (range 88.6—100%),
Additional file 2: Table S2). Pairwise SNP distances were
identified from the alignments with snp-dists v0.8.2 [44].
We identified an optimal cutoff-point of <22 SNPs using
cutpointR v1.1.2 [45] (see Additional file 3: Fig. S1). To
record strain-sharing events, networks were created
using a similar method as in [6]: using a SNP threshold
of <22 SNPs, and counting each source-pair (includ-
ing same-source pairs) only once per cluster. We also
inferred dated phylogenies of SLs that had >20 genomes
and were sampled over at least a 5-year period, to ensure
sufficient temporal signal (Additional file 2: Table S3 and
S4); in total 15 SLs, of which eight converged and had
significant clock signal. Verticall distance v0.4.2 [46] was
used to filter recombinations and BactDate v1.1.1 [47] to
infer the phylogenies (see Additional file 1: Supplemen-
tary Methods).

Definitions

Multidrug resistance was defined based on the pres-
ence of AMR genes or mutations identified by Kleborate
v2.4.0: num_resistance_classes count > 3.

Statistical analyses

Statistical analyses were performed with R version 4.4.0
(2024-04-24). Comparisons of proportions were ana-
lysed with chi-squared tests, ranges with Kruskal-Wallis
test (for overall groups) and Mann—Whitney U test (for
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each pair of groups), and distributions with Kolmogo-
rov—Smirnov test. Binomial tests with Bonferroni correc-
tion were used to test whether features found in humans
or non-human sources were overrepresented in the other.
All tests were two-tailed. P-values <0.05 from these tests
were considered statistically significant, and significance
was reported as follows: * P< 0.05, ** P< 0.01, *** P<
0.001, ns P> 0.05. Significance thresholds for the GWAS
results were decided by inspecting QQ-plots (Additional
file 3: Fig. S2).

Results

KpSC were present among all sources collected on land
and in coastal waters

We analysed 3255 KpSC genomes in this study (Table 1),
which, with the exception of human carriage isolates,
were collected to represent nationwide sampling. Of
those, 2172 (66.7%) were from human infections (n=
1920 blood; 252 urine) from nationwide surveillance
studies covering all 22 Norwegian clinical microbiology
laboratories between 2001 and 2018 [21, 25]. Twenty
genomes (0.6%) were from animal infections (2018-—
2020; 13 dog, 4 turkey, 3 broiler). Isolates from 2015 to
2020 from human and animal carriage studies and from
marine samples in Norway were also included (n= 1063,
32.7%). The human community carriage samples were
collected from a general adult population in the Tromse
municipality. The animal and marine samples were col-
lected to represent the populations across Norway and
the Norwegian coast, respectively (see Methods for
sampling details). As previously reported, carriage rates
estimated in these studies were 16% in humans [22] and
0-69% in different animals, with the highest rates in
poultry flocks and pigs (Table 1) [17, 23, 24]. In addi-
tion, KpSC were found in 41.2% (7/17) of surface seawa-
ter samples. All isolates were short-read sequenced and
16.9% (n= 550) were additionally long-read sequenced.
The genomes were divided into three ecological niches
(human, animal and marine) and eight source types for
comparisons (Fig. 1A).

K. pneumoniae is the major species within the KpSC
in clinical settings [1]. In our collection, it was the most
common species within all sources ranging from 62.6 to
100% (Fig. 1B). The 3255 genomes belonged to 857 SLs
(Additional file 2: Table S2), the majority of which were
represented by only a few genomes each: 87.8% (752/857)
by <5 genomes; 59.0% (506/857) were singletons. Simp-
son’s diversity indices of SLs were 0.99 for the human,
0.98 for animal and 0.96 for marine niche. Despite high
diversity, there was considerable overlap between the
niches: 12.5% (107/857) were found in at least two niches
and accounted for nearly half (48.5%, 1578/3255) of the
genomes. These SLs belonged to K. pneumoniae (n=91),
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Table 1 Klebsiella pneumoniae species complex (KpSC) infection and carriage in Norway
Host (infection status) Collection years KpSC positive carriage (%)/number of KpSC genomes
samples tested * included in this
study **

Human niche

Blood (infection) [21, 25]

Urine (infection) [21]

Community carriage (carriage) [22]

2001, 2004-2018
2003, 2009, 2012-2015
2015,2016

Animal niche

Turkey flocks (carriage) [23, 28] 2018, 2020
Turkeys (infection) [23, 28] 2018, 2020
Broiler flocks (carriage) [23, 28] 2018, 2020
Broilers (infection) [23, 28] 2018,2019
Dogs (carriage) 2019

Dogs (infection) 2018-2020
Pigs (carriage) [17] 2019
Cattle (carriage) 2019

Wild boars (carriage) 2020
Marine niche ***

Bivalves [24] 2016, 2019, 2020
Surface seawater [24] 2019

Sea urchin 2019

Fish 2019, 2020
Sediment 2019

Total

NA 1920
NA 252
484 (16.3%)/2975 484
191 (69.2%)/276 173
NA 4
158 (25.2%)/627 145
NA 3

16 (6.5%)/246 16
NA 13
146 (48.8%)/299 146
12 (4.0%)/299 0

27 (21.4%)/126 0

92 (15.9%)/578 92

7 (41.2%)/17 7
0(0%)/7 0
0(0%)/53 0

0 (0%)/24 0
1133 (20.5%)/5527 3255

KpSC Klebsiella pneumoniae species complex, NA Not applicable

*Some of the animal samples were pooled before assessing KpSC presence; see Methods for sampling details

**Not all KpSC-positive isolates from turkey and broiler flocks were whole-genome sequenced, however, those included covered the whole sampling year

***|nfection status was not available for the marine samples. References are provided in the table for the sources whose carriage rates or isolates were previously

reported

K. variicola subsp. variicola (n= 12) and K. quasipneu-
moniae subsp. similipneumoniae (n=4).

AMR was concentrated in human KpSC isolates

We observed low levels of acquired AMR, reflecting the
low use of antibiotics in Norway in humans and animals
[26]. Still, AMR determinants were much more common
in humans (24.4% with acquired AMR, 15.8% MDR, 9.6%
extended-spectrum B-lactamase (ESBL)) than in animals
(12.2% AMR, 1.0% MDR, 0.2% ESBL) and marine sources
(7.1% AMR, 3.0% MDR, 1.0% ESBL) (P< 0.001, see Addi-
tional file 2: Table S5, Fig. 1C, Additional file 3: Figs. S3
and S4). Only two isolates from non-human sources
encoded ESBLs: SL1035 with blacry .5 (from a bivalve),
and SL1583 with blacx. 15 (from a canine infection).
Neither the strains nor plasmids from these isolates were
present elsewhere in our collection.

AMR determinants were distributed across SLs, found
among 24.4% (189/776) of SLs in isolates from humans,
16.2% (24/148) in animals and 13.5% (7/52) in the marine
niche. Of eight recognised MDR-associated clones

(SL101, SL147, SL15, SL258, SL29, SL307, SL37 and
SL17) [1], all were found among the human infection iso-
lates. SL17, SL37 and SL29 were also seen in community
carriage, animal and marine isolates, and one SL258 iso-
late in community carriage. Of 488 genomes with these
eight SLs, only 34.8% (n= 170) were MDR and 25.8% (n=
126) encoded ESBLs or carbapenemases. The isolates in
these SLs in the community carriage, animal and marine
isolates were not MDR (except one marine SL37) and did
not encode any ESBLs or carbapenemases (Additional
file 3: Fig. S5A).

Animals as reservoirs for virulence factors

Known acquired virulence factors were not as con-
centrated in the human niche as AMR determinants
(Fig. 1C, Additional file 3: S4 and S6). There were
no significant differences in yersiniabactin preva-
lence across the niches, ranging from 6.9 to 28.6% per
source. Aerobactin-encoding loci were present in 6.0%
(194/3255) of genomes, the majority in animals: 10.8%
(21/194) belonged to a clonal expansion of an SL290
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Fig. 1 Key characteristics of the 3255 Klebsiella pneumoniae species complex (KpSC) isolates. A Distribution of genomes by source, with bars
coloured by niche (inset legend), and shaded to indicate sequencing type (lighter for short-read only, darker for short- and long-read). Note
that the x-axis is broken due to the large number of genomes from human infections. B KpSC species (inset legend) distribution by source.

C Summary of clinically relevant features, showing the presence (bubble) of antimicrobial resistance determinants, virulence determinants,
heavy metal- and thermoresistance operons/genes, and plasmid replicon markers across the sources. In B and C, the bubble size corresponds
to the percentage of isolates with these features, with the number of isolates shown beside each bubble. Abbreviations: AMR Antimicrobial

resistance, MDR multidrug resistance

strain that carried an IncFIB/IncFII plasmid encoding
iuc5 and iro5 in turkey isolates, described previously
[23]; neither the chromosome nor plasmid were seen
elsewhere in our dataset. Accounting for 52.1% of the
aerobactin-encoding genomes, IncFIB(K)/IncFII iuc3-
encoding plasmids (and one chromosome) were seen
in 101 pig isolates, in 50 SLs, as previously reported
[17]. iuc3 was rare in human isolates (8 infections, 2
carriage). A comparison with publicly available iuc3-
encoding genomes [18] showed that two of these had

close relatives with the Norwegian pig isolates: one
community carriage and one pig isolate were clonally
related (SL10332, O iuc3 plasmid SNPs, 100% repli-
con sequence coverage), the other pair belonged to
SL35 (human blood) and SL10334 (pig) and shared 4
iuc3 plasmid SNPs and 99.9% iuc3 plasmid coverage,
consistent with local sharing between humans and
pigs (e.g. via food or direct contact with pigs). The
remaining iuc3-encoding plasmids in humans had no
local relatives amongst human or pig isolates in our
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collection (> 20 SNPs), but were related to human clin-
ical iuc3 isolates from Asia or Europe (closest pairwise
relatives shared 1-46 SNPs, median 12.5), as previ-
ously noted [18], which may reflect imported strains
(e.g. via imported food or human travel).

Hypervirulence-associated clones [1] were detected
only in the human niche (SL23, SL25, SL380, SL66 and
SL86), except for one SL25 genome (ybt6; ICEKpS, K
locus KL2 and MDR) in the marine niche which was
closely related to an isolate from the human niche (see
Additional file 3: Fig. S5B and below). The genomes
belonging to these clones had capsule locus KL1 or KL2
and carried aerobactin loci iucl or iuc2, salmochelin
irol or iro2 and the hypermucoidy loci rmpl or rmp2
(except 44/45 SL25 genomes that encoded no iuc, iro or
rmp loci).

Heavy metal and thermoresistance associated with human
and marine sources

Heavy metal and thermoresistance loci, which may facili-
tate survival and/or maintenance of antibiotic resistance
mechanisms, were present in all niches (Fig. 1C), but
the frequencies of different operons varied significantly
between niches (Fig. 2). The most common heavy metal
resistances for all niches were to chromium and cobalt/
nickel (typically chromosomally encoded; Additional
file 3: Figs. S7 and S8). However, these showed distinct
niche distributions, with chrA/BI (chromium resistance)
significantly less prevalent in animal isolates (45.4% vs
68.5% in humans, P< 0.001) and rcnAR (cobalt/nickel
resistance) less prevalent in human isolates (65.1% vs
77% in animals, P< 0.001). Silver (sil), copper (pco), arse-
nic (ars) and thermoresistance (clpK, hsp20) operons/
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genes were also more prevalent in human and marine
isolates (> 25%) compared to animals (< 15%; P< 0.001,
see Fig. 2), and were typically plasmid-encoded (Addi-
tional file 3: Fig. S7). We note a correlation between the
two most common plasmid replicon markers (IncFIB(K)
and IncFII(pKP91)) and genes encoding resistance to sev-
eral antibiotic classes (aminoglycosides, sulfonamides,
trimethoprim, ESBLs) as well as to heavy metals (si/,
pco) and thermoresistance (Additional file 3: Fig. S9). In
total, 93 genomes from the human niche carried all of
these determinants (Additional file 3: Fig. S10), together
with IncFIB and IncFII plasmid replicon markers. They
belonged to 28 SLs, the most common were SL307 (n=
36), SL15 (n=7), SL45 (n=7), SL17 (n=5), SL258 (n=
5) and SL35 (n= 5). Additionally, several genomes in
all three niches carried these plasmid replicon markers,
heavy metal and thermoresistance genes without the
AMR determinants.

Large pangenome overlap with few niche-enriched traits
We next investigated the pangenome of our genome col-
lection, which consisted of 44,614 unique genes, of which
the majority (81.7%; n= 36,453) were rare (i.e. present
in <5% of genomes), 9.8% (n= 4364) were variably pre-
sent (in 5-95% of genomes) and 8.5% (n= 3797) were
core (in >95% of genomes). Nearly half of the accessory
(< 95% of genomes) genes (48.9%; 19,951/40,817) were
niche-overlapping. The human niche had a much larger
accessory genome, which was expected due to the larger
sample size and collection time. However, the gene con-
tent diversity and gain/loss rates were similar across the
niches, as estimated by comparing Jaccard distances and
gene gain/loss rates (Fig. 3).

We performed GWAS to look for genetic features of
the 2,465 K. pneumoniae isolates associated with the ani-
mal (n= 477) or human (n= 1988) niches. The marine
niche and other KpSC members could not be assessed
due to low sample sizes. Overall, 43 genetic features were
positively associated with the animal niche and 39/43
(90.7%) were also negatively associated with the human
niche: 22 genes (of 36,771 unique among the K. pneumo-
niae genomes), 5 structural genes (of 54,261; i.e., groups
of three consecutive genes), 16 unitigs (of 5,688,601), and
no SNPs (of 959,726) (Additional file 2: Table S6). These
genetic features were enriched in animals, but were also
present at low frequencies in some isolates from humans
(Fig. 4), indicating that strains, MGEs or plasmids with
these features in the human niche may have originated
from the animal niche or have become associated with
the animal niche once introduced there (we could not
infer directionality).

Many of the features were linked to the aerobac-
tin iuc locus, which has previously been identified as
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pig-associated (see above) [17, 18]. Most of the genes and
unitigs were co-distributed with iuc genes and similarly
associated with animals in the GWAS, presumably due
to physical linkage on the iuc-encoding plasmids (Addi-
tional file 3: Fig. S11A), although they were not all exclu-
sively found in iuc-encoding genomes (see Additional
file 3: Fig. S11B). These features were likely enriched in
the animal niche by the increased prevalence of the pig-
associated iuc3-encoding plasmids. The genes enriched
in the animal niche not associated with iuc plasmids were
two encoding the bacteriocin colicin a and colicin immu-
nity protein (group_20025 and group_15670; see Addi-
tional file 2: Table S6), and phage portal protein BeeE
(group_15639), which were frequently found together
on plasmids, although beeE was also found separately on
several chromosomes (Additional file 3: Fig. S11B). The
colicin genes were found in 27.7% (49/177) of K. pneu-
moniae isolates from turkeys, 26.6% (34/128) pigs, 15.2%
(22/145) broilers, and 11.1% (3/27) dogs, compared to
1.6% (27/1685) human infection and 3.6% (11/303) com-
munity carriage. There was no clear association with par-
ticular clones, except for 15 genomes belonging to SL35
with KL22. Inspection of 14 closed genomes with these
features revealed that colicin a, colicin immunity protein
and the phage portal protein were co-located on highly
similar plasmids (Additional file 3: Fig. S12).

Lack of niche restriction of KpSC sublineages
Some SLs were broadly distributed across sources: SL17
(n=177), SL37 (n= 144), SL45 (n= 81), SL200 (n= 34),
SL29 (n= 32), SL34 (n= 30) and SL111 (n= 21) were
identified in all niches (Additional file 2: Table S2). SL107
(n= 103), SL35 (n= 78), SL641 (n= 36) and SL290 (n=
35) were found in humans and animals but not marine
samples, and SL3010 (n= 123), SL10 (n= 48), SL25 (n=
45) and SL461 (n= 33) in humans and marine samples
but not animals. The detection of these SLs across niches
cannot be interpreted as direct transmission between
niches; however, it argues against niche restriction of SLs.
Dated phylogenies showed that these clones have existed
for a long time: estimated dates for the most recent com-
mon ancestors (MRCAs) of isolates of each SL from Nor-
way ranged from 1313 to 1972, with variable uncertainty
(Additional file 3: Fig. S13 and Additional file 2: Table S3).
Further, a search of publicly available genomes at Patho-
genwatch [48] showed that these SLs are widely distrib-
uted over time, geography and sources: 4—58 countries,
10-23 years, and at least one genome per SL was found
in animal, food, environmental or wastewater samples
(Additional file 2: Table S4).

The most prevalent SLs identified in a single niche were
found in humans only: SL307 (n= 62), SL14 (n= 46),
SL1562 (n= 28), SL15 (n= 26), SL268 (n= 25), SL2004
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Fig. 3 Comparison of the pangenome across niches. A Overall counts of core and accessory genes, in total and by niche. A panstripe analysis
indicated no significant differences in gene gain or loss rates across the niches, but the human niche had a higher rate of rare genes observed

at the tips of the phylogeny (tip; P< 0.001 when compared with animal genomes, and P < 0.05 compared with marine genomes), which could be
driven by a combination of an increased number of highly mobile or singleton genes present in the human niche in addition to technical variation
of the annotation algorithm. B Euler diagram showing presence and overlap of the 44,614 unique genes in the pangenome across the niches.

C Pairwise Jaccard distances of accessory genes within each source. D Between-source pairwise Jaccard distances of accessory genes. For each
source, the Jaccard distance of each genome was compared with the distance in human infection genomes to compare diversity between sources.

In € and D, black points indicate median values

(n=25), SL359 (n=23), SL258 (n=22), SL70 (n=21) and
SL23 (n= 20). This was not surprising as the sample size
for humans was much larger than for other niches. How-
ever, there was evidence to support that the prevalence of
these SLs in non-human samples is actually lower: if the
SLs with >23 human isolates were present in the other
niches at the same prevalence as in humans, we would
expect to observe them at least once among the animal
and marine samples (assessed using a binomial test with
the alternative hypothesis that they are less prevalent, see
Additional file 2: Table S7A). Therefore, these SLs may be

present in the animal and marine sources, but at signifi-
cantly lower frequencies than among human isolates.
Most capsule biosynthesis (K) (79/131, 60.3%) and
lipopolysaccharide (O) loci (10/12, 83.3%) were observed
across niches. However, some loci were enriched: O1/
02v2, 03/03a, O4 and OL103 were enriched in the
human niche, whilst O3b and OL13 were enriched in the
animal niche (see Additional file 2: Table S7B). Of K loci,
KL2, KL10, KL25, KL102 and KL103 were enriched in the
human niche; KL14, KL21, KL22, KL30, KL31, KL55 and
KL57 in the non-human niche. Several of these K and O
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Fig. 4 Niche-associated genetic features identified through genome-wide association studies (GWAS). A A heatmap showing the presence

of significantly associated genetic features (rows), among the 2456 Klebsiella pneumoniae genomes from humans and animals (columns), coloured
by niche (inset legend). All features were positively associated with the animal niche. B Proportions of genomes with genetic features by niche
and C source. The total number of K. pneumoniae genomes per niche and source are indicated on top of the columns. D Annotation of genetic
features. See Additional file 2: Table S6 and Additional file 3: Fig. S11 for more detail. Genes annotated with more than one name are separated

by a semicolon, unitigs found in multiple genes are separated by a slash

loci were associated with particular strains, e.g. SL107,
KL103 and O1/02vl1 were found in 86 genomes that
were part of a clonal expansion (see below and Additional
file 2: Table S7C). K and O loci were relatively stable
within SLs, and most SLs were associated with a single
K/O combination (82.6%; 708/857), and the same SLs
from different sources shared the same K/O loci (Addi-
tional file 3: Fig. S14).

Cross-niche strain-sharing rare, but of potential impact

To assess the relatedness of strains within and between
niches, we enumerated pairwise SNPs within the 107
niche-overlapping SLs (Fig. 5A). Isolates from the same
niche were more closely related (P< 0.001, see Fig. 5B),
consistent with within-niche transmission. However, we
also observed closely related pairs of isolates from dif-
ferent niches. The SNP distances between isolates from
human infections and those from other sources showed

that human infection isolates shared more recent ancestry
with isolates from human community carriage, followed
by pigs and bivalves (Fig. 5C). At <22 SNPs (selected
using cutpointR as the optimal threshold for defining
strain-sharing genome pairs in this study [see Methods],
and in line with thresholds identified in hospital-based
studies to identify transmission clusters [5, 49, 50]), 1.9%
(41/2172) of human infection isolates were linked to
community carriage isolates in our sample (which were
restricted to individuals living in the Tromse municipality,
isolated 2015-2016, compared with clinical isolates which
were sampled across all Norwegian clinical microbiology
laboratories during 2001-2018). At the same genetic dis-
tance (< 22 SNPs), 4.0% (86/2172) of human infection iso-
lates were linked to pig isolates (n= 5; collected in 2019
from 5 farms across the country) and 0.8% (18/2172) to
bivalves (n= 3; collected in 2016 and 2019 from different
locations, two from food production sites).
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Fig.5 Strain-sharing within and between ecological niches and sources. A Venn-diagram showing the distribution of 857 sublineages (SLs)
across human, animal and marine niches. In total, 107 SLs were present in > 2 niches. B Distribution of pairwise single nucleotide polymorphism
(SNP) distances, grouped by genome-pairs within the same niche (orange) and between niches (purple), showing distances up to 1000 SNPs.

C Connections between sources. The proportion of human infection genomes (y-axis) that were connected to one of the other sources,

by the number of pairwise SNPs (x-axis). D Strain-sharing links (clusters of genomes sharing <22 SNPs) between source pairs, as indicated

on the x- and y-axes. The yellow shading highlights within-source clusters, and the purple highlights the cross-niche clusters

Using the <22 SNP threshold, there were 130 within-
niche sharing events (60 within the human niche, 61 ani-
mal and 9 marine), compared to only nine between the
niches (Fig. 5D). Isolate pairs with <22 SNPs were col-
lected within short time periods (mean 0.7 years, range
0-11). The nine cases of cross-niche strain-sharing were
between humans and pigs (1 SL37, 2 SL107), humans and
broilers (1 SL200), humans and bivalves (2 SL25, 1 SL461,
1 SL3010), and pigs and bivalves (1 SL3676) (Additional
file 3: Fig. S15). Dated phylogenies of SL25, SL107 and
SL3010 showed that the cross-niche pairs had MRCAs
<3.8, <5.5 and <14.5 years ago, respectively (Additional
file 3: Fig. S13).

Discussion

KpSC infections in humans can be caused by strains cir-
culating within the human population or introduced
from animals or the environment as a result of contami-
nated food or direct contact. Using population genomics

in a One Health context, we have shown that the KpSC
populations isolated from human, animal and marine
sources from Norway are distinct but overlapping. In
particular, pigs and marine bivalves appear as potential
reservoirs for strains and plasmids that interact with
human KpSC populations, by contributing to colonisa-
tion and infection in humans, or by being contaminated
by human sources via direct or indirect transmission
chains. Our study was conducted in a low AMR preva-
lence context. In the Norwegian surveillance programme
for AMR in 2023, only 6.6% of human clinical KpSC
isolates were resistant to third-generation cephalospor-
ins and 0.4% to carbapenems [26, 51]. This provided an
opportunity to investigate the interactions of KpSC pop-
ulations without the interference of strong selective pres-
sures from antibiotics.

In total, we identified nine cases of recent strain-
sharing between the niches. This national collection
spanned a 20-year period, but the samples in the three
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niches were not matched by year or location. We there-
fore did not expect to capture direct transmission links.
However, the detection of genetically related isolates
implies shared ancestry, and thus movement of bac-
terial strains between niches, although we could not
ascertain directionality nor confirm whether move-
ment occurred directly between the sampled niches,
via intermediate niches or from a common source.
Contemporaneous sampling in a localised area would
likely capture more sharing events, however, given the
ubiquity and diversity of KpSC within sources it would
be difficult to capture evidence of transfer without sam-
pling directly linked sources (e.g. humans and the spe-
cific food sources they were recently exposed to).

We found that spillover of strains and clinically rel-
evant genes was more common between sources
within the same niche. In the human niche, we found
an overlap between carriage and infection. This was
not unexpected, as it has been shown that as many as
half of hospital-acquired KpSC infections are caused by
a patient’s own colonising strain upon admission [5].
There were several strain-sharing events within and
between different food-producing animals (pigs, tur-
keys and broilers). Strain-sharing within the same host
may be due to vertical dissemination in animal produc-
tion pyramids, and sharing both within and between
sources may be explained by unsampled transmission
from other animals or people, or from e.g. tools, feed or
fertiliser [52]. The marine niche was the most underrep-
resented in our collection (see Table 1). Yet, five of the
nine cross-niche events were linked to marine bivalves,
and the marine isolates were more similar to the human
isolates in terms of heavy metal- and thermoresist-
ance genes compared to the animal isolates. No com-
parable collections of marine KpSC samples have been
published, however, a recent study [53] of the mussel
microbiota along the coasts of the Yellow Sea and the
East China Sea showed that all samples (n= 36) con-
tained species in the Enterobacteriaceae family as well
as AMR genes typically harboured by these. They noted
that the species (alpha) diversity varied by sample loca-
tion, likely due to biotic and abiotic variables such as
water quality, sediment competition and temperature,
and that the microbiota richness and composition
can affect colonisation resistance. These variables can
influence how well pathogens like KpSC can persist or
grow in the mussels, indicating that KpSC prevalence
in marine environments in other geographical loca-
tions may vary based on these factors. Bivalves are filter
feeders that can accumulate pathogens from their sur-
rounding environment. Agricultural runoff or sources
of human pollutants, such as wastewater effluent, are
likely transmission routes from humans to bivalves [54,
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55], and they may also feed back to the human niche via
food consumption [56].

Individual events of ecological spillover may be very
rare, as our data and other recent studies of KpSC suggest
[6, 11, 12, 19]. However, it is arguable that none of these
studies have sampled sufficiently from within direct-con-
tact chains to measure the incidence of such events. Still,
even rare events can have major consequences in the
long term. It is clear that at least some strains of KpSC
can transmit easily between humans in hospital set-
tings [25, 57]. Therefore, upon a new strain entering the
human niche (e.g. via food consumption), it is possible
that it may spread, adapt and evolve depending on expo-
sures, e.g. to other microbes by sharing of MGEs, or to
selection dynamics including antibiotics. For example, we
observed diverse SL107 isolates in pigs (consistent with
persistent circulation in pigs over a decade, see Addi-
tional file 3: Fig. S13), as well as a rapid clonal expansion
of SL107 in humans (86 cases in 1.6 years, with <43 pair-
wise SNPs [median 13], MRCA <6 years and accounting
for 4.5% of the human bloodstream infections). Whilst
our data does not tell us about the directionality of move-
ment of SL107 between humans and pigs (the clonal
expansion detected in humans was sister to, not emer-
gent from within, the pig clade, see Additional file 3: Fig.
S13), it does demonstrate that the same strain can both
persist in pigs and spread rapidly in humans. The SL107
strain was largely without AMR or virulence factors, but
six human blood isolates had acquired either AMR deter-
minants or virulence factors, likely reflecting shifting
selective pressures in the human niche.

There was overall high genetic diversity throughout
the dataset, but most prominent in the human niche,
which accounted for 43.1% of the unique genes including
a wider range of AMR and virulence determinants. This
is likely reflective of the larger size of the human niche
collection, and that people tend to travel and interact
with other people, animals, and environments, thereby
facilitating the spread of bacteria. In our previous study
of human K. pneumoniae carriage, travel was associated
with a higher prevalence of carriage [22]. Still, the animal
and marine KpSC populations greatly overlapped with
those in the human niche.

Whilst only 2.6% of the genes were unique to the ani-
mal niche, we did identify niche-associated traits that
were positively associated with animals. They were largely
linked with aerobactin-encoding plasmids which were
frequent in animals, particularly izc3 in pigs. Aerobactin
is a siderophore that increases iron acquisition and can
enhance bacterial growth and/or virulence [58]. Aerobac-
tin iuc3 is associated with pigs, as previously reported [6,
17, 18, 59], and as confirmed by the GWAS in this study.
iuc3 is typically located on a conserved transposon on
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diverse IncFIB(K)-IncFII(K)-plasmids, from many differ-
ent clonal backgrounds [17, 18]. Although much rarer in
clinical cases than the classical KpVP-1/KpVP-2 hyper-
virulence-associated plasmids encoding iucl or iuc2,
KpSC with iuc3-encoding plasmids have been reported
in invasive human infections [6, 18, 21, 25, 58]. We could
not infer directionality, however, the high similarity of
plasmids (up to 100% sequence coverage and 0 SNPs) in
KpSC isolates from pigs and humans in our study sug-
gests a public health risk potential from animal reser-
voirs. The mechanisms of adaptation and significance of
iuc3 in KpSC in pigs remain unclear, and the IncFIB(K)-
IncFII(K)-plasmids are largely uncharacterised, but some
genes have been described, including genes likely con-
tributing to immune evasion, biofilm formation, arsenic
resistance and other genes facilitating iron uptake [17,
18, 58] —many of which we also identified in our GWAS
(see Additional file 2: Table S6). Further, the iuc3 locus
itself may through iron sequestering promote survival in
the pig gut by outcompeting other microorganisms in its
shared environment. There were also animal-associated
genes linked to colicins and phages, which we hypoth-
esise may reflect niche adaptation as a result of inter-
actions with specific bacteria or phages unique to the
animal gut microbiomes. Bacteriocins like colicin are
peptides that can kill or inhibit the growth of compet-
ing species, offering an advantage to the colicin-produc-
ing bacteria for surviving in environments with limited
nutrients or space [60]. The colicin immunity protein,
which was co-located with colicin on the same plasmids,
encodes proteins that prevent self-destruction by neu-
tralising the effects of its own colicin, as well as protect-
ing against similar toxins from neighbouring cells [60].
The role of the phage portal protein BeeE in niche adap-
tation remains unclear. While its presence may suggest
adaptation of some form through horizontal gene trans-
fer, all closed plasmid instances of BeeE were co-located
with the colicin and colicin immunity proteins (see Addi-
tional file 3: Fig. S11B), which could mean that it acts as a
passenger rather than a driver of adaptation.

In our collection of 857 SLs, 107 were present in at
least two niches. SL17, SL35, SL37, SL45, SL107 and
SL3010 were the most common niche-overlapping SLs.
SL107 was inflated due to a clonal expansion among
human infection isolates [25], whereas SL17, SL37 and
SL45 appeared more generalist, being common in all
eight source types (except seawater for SL45). SL17 has
previously been described as a generalist clone with a
wide range of AMR and virulence determinants that
can colonise and cause opportunistic infections in both
humans and animals [43]. Based on our data, similar
conclusions may be drawn for SL35, SL37 and SL45,
which were present across the niches, with varying levels
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of both AMR and virulence. These SLs have also been
reported in animals and food products in other studies
from Germany, Italy, Thailand, Ghana, Australia and the
USA [6, 19, 59, 61-63]. SL107 may also be a generalist
clone, it has been observed encoding AMR and/or iuc3 in
animals, food products and humans in the Netherlands,
Germany, Norway, Italy and China [7, 17, 25, 59, 64, 65].
While some clones were more generalist, there were also
potential specialist clones within our dataset: SL14, SL15,
SL23, SL70, SL147, SL258 and SL307 were highly preva-
lent and only present in the human niche. These have all
been described previously as MDR- or hypervirulence-
associated clones that disproportionately contribute
to the global burden of hospital-associated disease and
nosocomial outbreaks [1].

Another important aspect of One Health is the trans-
fer of MGEs between strains and across niches [66].
As this is a major topic, it will be addressed in a sepa-
rate study. Here, we focused on the mobility of known
clinically relevant features, including virulence and
resistance to third-generation cephalosporins and car-
bapenems. The majority of AMR spread occurred within
the human KpSC population. Genes encoding ESBLs or
carbapenemases were nearly exclusively in the human
niche, except for two ESBL-encoding plasmids iden-
tified in a dog and a marine bivalve, which were not
related to other strains or plasmids in our dataset. We
observed a correlation between the presence of AMR,
heavy metal- and thermoresistance genes with spe-
cific plasmid replicon markers in the human niche and
found the same feature combinations without AMR pre-
sent in all niches. Further data and analysis are needed
to understand if these are the same or similar plasmids
with/without the AMR encoding genes. A previous study
hypothesised that exposure to antibiotics is the major
driver behind co-occurrence of AMR and heavy metal
resistance determinants in bacteria from humans and
domestic animals [67]. We detected a lower prevalence
of these determinants among animal isolates, particularly
of plasmid-encoded arsenic, copper and silver-resistance
genes, which may play a role in limiting innate immune
responses [68, 69]. In contrast, a recent Portuguese study
observed that >60% of poultry KpSC strains from sev-
eral farms were MDR and resistant to copper and silver
with genetic similarities to isolates from human infec-
tions [70], showing the potential for animals to be reser-
voirs for these features if they are exposed. We observed
increased levels of cobalt/nickel resistance (rcmAR) in
animal and marine KpSC compared to human KpSC,
which might indicate environmental influences on its dis-
tribution. This was the only heavy metal resistance deter-
minant with higher prevalence in animals than humans.
rcnAR is an efflux system for nickel and cobalt [71], and
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its presence could be linked to metal exposure in soil or
water, although this association has not been described.
Further research incorporating environmental data
would be needed to clarify the selective pressures shap-
ing its distribution across niches.

Known virulence-encoding genes were most frequent
in the animal niche, but consisted of only two lineages:
(1) a clonal expansion in turkeys with an iuc5 +/—iro5-
encoding plasmid [23], and (2) the pig-associated aero-
bactin lineage iuc3, which we observed in pigs [17], a
dog, human infections and community carriage. Global
epidemiological analyses of the iuc3 lineage previously
revealed that most of the iuc3-encoding plasmids recov-
ered from humans in our study were related to plasmids
originating from Asia or Europe, but two of the plasmids
were likely the result of spillover of strains between pigs
and humans in Norway [17, 18]. Several reports have
shown the emergence of convergent KpSC strains car-
rying both AMR genes and hypervirulence traits [1, 72].
We observed only six such cases, but the recent findings
of plasmids harbouring both iuc3 and ESBLs in Thailand
in both humans and animals [18] calls for concern given
the high prevalence of iuc3 in our dataset.

Our overall findings are similar to a KpSC One Health
study from Italy and confirm on a much broader scale
those from the UK, the USA, the Caribbean, Ghana and
India [6, 11, 12, 19, 20, 73]. These studies suggested that
infection prevention measures should be focused on
clinical settings to limit the spread of MDR and to break
nosocomial transmission chains. While we agree, we also
emphasise that a One Health surveillance framework
remains important. KpSC classically causes opportunistic
nosocomial infections, however, hypervirulent and spo-
radic classic infections also occur in healthy individuals
in the community, which cannot be prevented by hospital
infection control measures [1, 25]. Therefore, other inter-
ventions that prevent or limit transmission and subse-
quent colonisation from the food chain or direct contact
with animals are also important.

Ecological barriers such as geographical distance or
physical barriers are likely limiting exposure (opportu-
nity for frequent strain transmission) between niches
more than the genetic make-up of the KpSC themselves.
We have here shown that approximately half the genes in
the pangenome overlap the three ecological niches, and
a recent study also found considerable overlap of acces-
sory genes between the community carriage isolates in
Norway and isolates from Ghana [19]. One Health stud-
ies of KpSC to date have found limited overlap of AMR
between humans and animals [6, 11, 12, 19, 20, 73], how-
ever, whilst the prevalence may be low, MDR and/or
ESBL KpSC strains have been found in animals, vegeta-
bles and animal food products from several geographical
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regions, with similarities to clinical strains, including
global MDR-associated clones [20, 70, 74—80]. A study
performed in six countries in Europe found little over-
lap of AMR between food items and human-polluted
environments [81]. In contrast, a systematic review of 38
studies from low- and middle-income countries showed
that food-producing animals are important reservoirs for
clinically relevant resistance determinants and urged that
increased surveillance is necessary for aiding preven-
tion in a similar manner to that developed by the USA
and countries in the European Union [82]. Another study
found that AMR-encoding bacteria were distributed
among humans, animals and the environment in Tanza-
nia [83], noting that the amount of direct or indirect con-
tact between food-animal reservoirs and people affects
the amount of transmission and that this varies based on
socio-economic, cultural and ecological contexts. Thus,
the low rates of AMR, virulence and strain transmis-
sion across niches in our study and in other high-income
countries likely reflect the efficiency of existing preven-
tative measures, highlighting the success of One Health
initiatives rather than diminishing their importance.

Conclusions

Our findings, together with One Health studies in other
settings, indicate that human-to-human transmission of
bacterial strains and AMR is more frequent than between
ecological niches, and even more so within clinical set-
tings. However, our study also identified the animal niche
as a reservoir for virulent strains that may spill over to
humans and cause highly pathogenic infections. Taken
together with growing evidence of convergent plasmids
also in non-human niches, these observations reinforce
the notion that the potential for public health implica-
tions from even rare zoonotic transmission must not be
underestimated. Our findings support the case for sur-
veillance of bacteria in a One Health perspective even in
a low AMR setting like Norway, as it enables the detec-
tion of emergence and spread of resistant or pathogenic
strains that could have significant public health impacts.
Increased population densities and environmental
changes will likely lead to more frequent interactions
within and between human, animal and environmental
niches, which will facilitate zoonotic transmission and
the formation of new reservoirs, underscoring the need
for One Health surveillance approaches globally.

Abbreviations

AMR Antimicrobial resistance

CG Clonal group

cgMLST  Core genome multilocus sequence type
ESBL Extended-spectrum f-lactamase

GWAS Genome-wide association studies

KpSC Klebsiella pneumoniae species complex
LIN Life identification numbers



Hetland et al. Genome Medicine (2025) 17:42

MDR Multidrug-resistant

MGE Mobile genetic element

MRCA Most recent common ancestor
SL Sublineage

SNP Single nucleotide polymorphism
ST Sequence type

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513073-025-01466-0.

Additional file 1. Supplementary methods.

Additional file 2. Supplementary tables. Table S1: Genotyping results and
QC. Table S2: Source-overlap by sublineage. Table S3: BactDating results.
Table S4: Genomes included in BactDating analyses. Table S5: Chi-squared
tests of AMR presence by niche. Table S6: GWAS results. Table S7: Binomial
tests of SLs, KLs and OLs by human vs non-human sources. Table S8:
Genome accessions and metadata.

Additional file 3. Supplementary figures. Fig. S1. Strain-sharing pairs by
single nucleotide polymorphism (SNP) thresholds. Fig. S2. QQ-plots of the
pyseer results. Fig. S3. Antimicrobial resistance (AMR) genes and mutations
by source. Fig. S4. Comparison of clinically relevant features across niches.
Fig. S5. Recognised multidrug resistance (MDR)- and hypervirulence-
associated clones. Fig. S6. Virulence factors by source. Fig. S7. Distribution
of heavy metal- and thermoresistance genes by replicon type. Fig. S8.
Distribution of heavy metal- and thermoresistance operons/genes by
source. Fig. S9. Plasmid replicon markers associated with clinically relevant
features. Fig. S10. Co-occurrence of genetic features within genomes. Fig.
S11. Presence of niche-associated genetic features by niche and replicon
type. Fig. S12. Distribution of colicin genes. Fig. S13. Dated trees of preva-
lent niche-overlapping SLs. Fig. S14. Capsule (K) and O loci by source and
sublineages (SLs). Fig. S15. Strain-sharing clusters by source.

Acknowledgements

We wish to thank the Norwegian Study Group on Klebsiella pneumoniae, the
NOR-KLEB-NET and KLEB-GAP partners, the Institute of Marine Research in
Norway, the Norwegian Veterinary Institute, the Norwegian National Advisory
Unit on Detection of Antimicrobial Resistance, the Tromsg?7 population
survey, and the NORM/NORM-VET programs for their efforts in collecting and/
or providing samples of KpSC, that were whole-genome sequenced at the
Department of Medical Microbiology, Stavanger University Hospital, Norway.
We thank the Institut Pasteur teams for the curation and maintenance of
BIGSdb-Pasteur databases at http://bigsdb.pasteurfr/. We also thank Ed Feil,
Erkison Odih, Zoe Dyson, Hassan Al-Mana, Ingvild Dalen, Anna Bjerheim and
Benjamin Silvester for valuable discussions. The source icons in Figs. 1, 3,4, 5,
Additional file 3: Figs. S3, S5, S6, S8, S12 and S14 were created with BioRender.
com (Created in BioRender. Hetland, M. [2024] BioRender.com/x91j569).

Author Contribution

Conceptualisation: MAKH, SB, BTL, @S, MS, AS, AMU, IHL, KEH. Methodology:
MAKH, KEH. Software: MAKH, MAW, MMCL, RRW, KEH. Formal analysis: MAKH,
MAW, HK, AC, RRW, KEH. Investigation: RJB, EB. Resources: HK, FH, AF, BTL, NPM,
NR, @S, MS, AS, AMU, IHL. Data Curation: MAKH, MAW, HK, FH, MMCL, JFD, SB.
Writing—Original Draft: MAKH, MAW. Visualisation: MAKH, MAW. Supervision:
@S, IHL, KEH. Project administration: MAKH, IHL. Funding acquisition: MAKH, SB,
BTL, @S, MS, AS, AMU, IHL, KEH. All authors contributed to data interpretation,
reviewed and edited the manuscript, and all authors have read and approved
the final manuscript.

Funding

Open access funding provided by University of Bergen. This study was
supported by grants from the Western Norway Regional Health Authority
(F-12508 to MAKH) and by the Trond Mohn Foundation (TMF2019TMT03). The
collection of human carriage and human infection isolates were supported
by grants from the Northern Norway Regional Health Authority (HNF1415-18
to @S and NR) and Western Norway Regional Health Authority (912119 to

AF, 912037 to IHL). The collection of animal isolates was supported by the

Page 150f 18

Norwegian Veterinary Institute, and the collection of marine samples by the
Institute of Marine Research.

Data and availability

All lllumina and Oxford Nanopore Technologies reads are available under the
umbrella project PRJEB74192 on the European Nucleotide Archive. The hybrid-
assembled genomes have been deposited in GenBank. See Additional file 2:
Table S8 for read and biosample accessions and metadata, and Additional

file 2: Table S1 for the genotyping results. The code used for analyses and to
create figures, as well as the nucleotide sequences of the significant GWAS
genes and unitigs, are available in: Hetland MAK, et al,, https://github.com/
marithetland/KGWP1_crossniche; https://doi.org/10.5281/zenodo.15112620
(2025).

Declarations

Ethics approval and consent to participate

The study collecting the human faecal carriage isolates was approved by the
Regional Committee for Medical and Health Research Ethics, North Norway
(REC North reference: 2016/1788). The two studies collecting human infec-
tion isolates were approved by the Regional Committee for Medical and
Health Research Ethics, Western Norway (REC West reference 2017/1185 and
2016/1093). No additional approvals were required for using the human faecal
carriage and infection KpSC genomes for this study as we did not collect
any additional samples or data. The three studies are published ?'*%?* and
the genomes included in the studies are publicly available (in BioProjects:
PRJEB42350, PRJEB48268 and PRJEB27256). The research conformed to the
principles of the Helsinki Declaration.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Medical Microbiology, Stavanger University Hospital, Stavan-
ger, Norway. 2Department of Biological Sciences, Faculty of Science and Tech-
nology, University of Bergen, Bergen, Norway. *Department of Medical Biol-
ogy, Faculty of Health Sciences, UiT the Arctic University of Norway, Tromsg,
Norway. *Research Section Food Safety and Animal Health, Department

of Animal Health and Food Safety, Norwegian Veterinary Institute, As, Norway.
*Institute of Marine Research, Bergen, Norway. ®Biodiversity and Epidemiology
of Bacterial Pathogens Unit, Institut Pasteur, Université Paris Cité, Paris, France.
’Department of Infection Biology, Faculty of Infectious and Tropical Diseases,
London, School of Hygiene & Tropical Medicine, London, UK. 8Department

of Clinical Science, Faculty of Medicine, University of Bergen, Bergen, Norway.
Department of Infectious Diseases, School of Translational Medicine, Monash
University, Melbourne, Australia. '°Department of Microbiology and Infection
Control, University Hospital of North Norway, Tromsg, Norway. ''Norwegian
National Advisory Unit on Detection of Antimicrobial Resistance, Department
of Microbiology and Infection Control, University Hospital of North Norway,
Tromse, Norway. '“Section for Bacteriology, Department for Analysis and Diag-
nostics, Norwegian Veterinary Institute, As, Norway. >Department of Microbi-
ology and Immunology, University of Melbourne at the Peter Doherty Institute
for Infection and Immunity, Melbourne, Australia.

Received: 15 October 2024 Accepted: 1 April 2025
Published online: 28 April 2025

References

1. Wyres KL, Lam MMC, Holt KE. Population genomics of Klebsiella pneu-
moniae. Nat Rev Microbiol. 2020;18(6):344-59. https://doi.org/10.1038/
s41579-019-0315-1.

2. Hennart M, Guglielmini J, Bridel S, et al. A Dual Barcoding Approach to
Bacterial Strain Nomenclature: Genomic Taxonomy of Klebsiella pneumo-
niae Strains.Mol Biol Evol. 2022;39(7):msac135. https://doi.org/10.1093/
molbev/msac135


https://doi.org/10.1186/s13073-025-01466-0
https://doi.org/10.1186/s13073-025-01466-0
http://bigsdb.pasteur.fr/
https://github.com/marithetland/KGWP1_crossniche
https://github.com/marithetland/KGWP1_crossniche
https://doi.org/10.5281/zenodo.15112620
https://doi.org/10.1038/s41579-019-0315-1
https://doi.org/10.1038/s41579-019-0315-1
https://doi.org/10.1093/molbev/msac135
https://doi.org/10.1093/molbev/msac135

Hetland et al. Genome Medicine

20.

21.

(2025) 17:42

Holt KE, Wertheim H, Zadoks RN, et al. Genomic analysis of diversity,
population structure, virulence, and antimicrobial resistance in Klebsiella
pneumoniae, an urgent threat to public health. Proc Natl Acad Sci U S A.
2015;112(27):E3574-81. https://doi.org/10.1073/pnas.1501049112.
Palma F, Hennart M, Jolley KA, et al. Bacterial strain nomenclature in

the genomic era: Life Identification Numbers using a gene-by-gene
approach. 2024. Preprint at bioRxiv. https://doi.org/10.1101/2024.03.11.
584534

Gorrie CL, Mirceta M, Wick RR, et al. Gastrointestinal Carriage Is a Major
Reservoir of Klebsiella pneumoniae Infection in Intensive Care Patients.
Clin Infect Dis. 2017;65(2):208-15. https://doi.org/10.1093/cid/cix270.
Thorpe HA, Booton R, Kallonen T, et al. A large-scale genomic snapshot
of Klebsiella spp. isolates in Northern Italy reveals limited transmission
between clinical and non-clinical settings. Nat Microbiol. 2022;7(12):2054—
2067. https://doi.org/10.1038/s41564-022-01263-0

Crippa C, Pasquali F, Rodrigues C, et al. Genomic features of Klebsiella
isolates from artisanal ready-to-eat food production facilities. Sci Rep.
2023;13(1):10957. https://doi.org/10.1038/541598-023-37821-7.

Blin C, Passet V, Touchon M, Rocha EPC, Brisse S. Metabolic diversity of
the emerging pathogenic lineages of Klebsiella pneumoniae. Environ
Microbiol. 2017;19(5):1881-98. https://doi.org/10.1111/1462-2920.13689.
Seiler C, Berendonk TU. Heavy metal driven co-selection of antibiotic
resistance in soil and water bodies impacted by agriculture and aqua-
culture. Front Microbiol. 2012;3:399. https://doi.org/10.3389/fmicb.2012.
00399.

FAO, UNEP, WHO, and WOAH. 2022. One Health Joint Plan of Action
(2022-2026). Working together for the health of humans, animals, plants
and the environment. Rome. https://doi.org/10.4060/cc2289%n

. Ludden C, Moradigaravand D, Jamrozy D, et al. A One Health Study of the

Genetic Relatedness of Klebsiella pneumoniae and Their Mobile Elements
in the East of England. Clin Infect Dis. 2020;70(2):219-26. https://doi.org/
10.1093/cid/ciz174.

Dereeper A, Gruel G, Pot M, et al. Limited Transmission of Klebsiella pneu-
moniae among Humans, Animals, and the Environment in a Caribbean
Island, Guadeloupe (French West Indies). Microbiol Spectr. 2022;10(5):
e0124222. https://doi.org/10.1128/spectrum.01242-22.

Kirk MD, Pires SM, Black RE, et al. World Health Organization Estimates

of the Global and Regional Disease Burden of 22 Foodborne Bacterial,
Protozoal, and Viral Diseases, 2010: A Data Synthesis [published correc-
tion appears in PLoS Med. 2015 Dec 23;12(12):21001940. https://doi.org/
10.1371/journal.pomed.1001940]. PLoS Med. 2015;12(12):e1001921. https://
doi.org/10.1371/journal.pmed.1001921

Dudas G, Carvalho LM, Rambaut A, Bedford T. MERS-CoV spillover at the
camel-human interface. Elife. 2018;7: €31257. https://doi.org/10.7554/
elife.31257.

Boni MF, Lemey P, Jiang X, et al. Evolutionary origins of the SARS-CoV-2
sarbecovirus lineage responsible for the COVID-19 pandemic. Nat Micro-
biol. 2020;5(11):1408-17. https://doi.org/10.1038/541564-020-0771-4.
Liu YY,Wang Y, Walsh TR, et al. Emergence of plasmid-mediated colistin
resistance mechanism MCR-1 in animals and human beings in China:

a microbiological and molecular biological study. Lancet Infect Dis.
2016;16(2):161-8. https://doi.org/10.1016/51473-3099(15)00424-7.
Kaspersen H, Franklin-Alming FV, Hetland MAK, et al. Highly conserved
composite transposon harbouring aerobactin iuc3 in Klebsiella pneumo-
niae from pigs. Microb Genom. 2023;9(2):ngen000960. https://doi.org/10.
1099/mgen.0.000960

Gibbon MJ, Couto N, Cozens K, et al. Convergence and global epidemiol-
ogy of Klebsiella pneumoniae plasmids harbouring the iuc3 virulence
locus. 2024. Preprint at bioRxiv. https://doi.org/10.1101/2024.01.05.
574329

Calland JK, Haukka K, Kpordze SW, et al. Population structure and antimi-
crobial resistance among Klebsiella isolates sampled from human, animal,
and environmental sources in Ghana: a cross-sectional genomic One
Health study. Lancet Microbe. 2023;4(11):e943-52. https://doi.org/10.
1016/52666-5247(23)00208-2.

Davis GS, Waits K, Nordstrom L, et al. Intermingled Klebsiella pneumoniae
Populations Between Retail Meats and Human Urinary Tract Infections.
Clin Infect Dis. 2015;61(6):892-9. https://doi.org/10.1093/cid/civ428.
Fostervold A, Hetland MAK, Bakksjg R, et al. A nationwide genomic
study of clinical Klebsiella pneumoniae in Norway 2001-15: introduc-
tion and spread of ESBLs facilitated by clonal groups CG15 and CG307. J

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

Page 16 of 18

Antimicrob Chemother. 2022,77(3):665-74. https://doi.org/10.1093/jac/
dkab463.

Raffelsberger N, Hetland MAK, Svendsen K, et al. Gastrointestinal carriage
of Klebsiella pneumoniae in a general adult population: a cross-sectional
study of risk factors and bacterial genomic diversity. Gut Microbes.
2021;13(1):1939599. https://doi.org/10.1080/19490976.2021.1939599.
Kaspersen H, Urdahl AM, Franklin-Alming FV, et al. Population dynam-
ics and characteristics of Klebsiella pneumoniae from healthy poultry in
Norway. Front Microbiol. 2023;14:1193274. https://doi.org/10.3389/fmicb.
2023.1193274.

Hakonsholm F, Hetland MAK, Svanevik CS, Sundsfjord A, Lunestad BT,
Marathe NP. Antibiotic Sensitivity Screening of Klebsiella spp. and Raoul-
tella spp. Isolated from Marine Bivalve Molluscs Reveal Presence of CTX-
M-Producing K. pneumoniae. Microorganisms. 2020;8(12):1909. https://doi.
org/10.3390/microorganisms8121909

Fostervold A, Raffelsberger N, Hetland MAK, et al. Risk of death in
Klebsiella pneumoniae bloodstream infections is associated with specific
phylogenetic lineages. J Infect. 2024,88(5): 106155. https://doi.org/10.
1016/}jinf2024.106155.

NORM/NORM-VET 2023. Usage of Antimicrobial Agents and Occur-
rence of Antimicrobial Resistance in Norway. Tromse / As / Oslo 2024.
ISSN:1502-2307 (print) / 1890-9965 (electronic).

Hakonsholm F, Hetland MAK, Svanevik CS, Lunestad BT, Lohr IH, Marathe
NP. Insights into the genetic diversity, antibiotic resistance and patho-
genic potential of Klebsiella pneumoniae from the Norwegian marine
environment using whole-genome analysis. Int J Hyg Environ Health.
2022;242: 113967. https://doi.org/10.1016/j.ijheh.2022.113967.
Franklin-Alming FV, Kaspersen H, Hetland MAK, et al. Exploring Klebsiella
pneumoniae in Healthy Poultry Reveals High Genetic Diversity, Good
Biofilm-Forming Abilities and Higher Prevalence in Turkeys Than Broilers.
Front Microbiol. 2021;12: 725414. https://doi.org/10.3389/fmicb.2021.
725414.

Krueger F. TrimGalore. Accessed 07 Jul 2022. https://github.com/Felix
Krueger/TrimGalore

Bankevich A, Nurk S, Antipov D, et al. SPAdes: a new genome assembly
algorithm and its applications to single-cell sequencing. J Comput Biol.
2012;19(5):455-77. https://doi.org/10.1089/cmb.2012.0021.

Hetland MAK, Winkler MA, Kaspersen H, et al. Complete genomes of 568
diverse Klebsiella pneumoniae species complex isolates from humans,
animals and marine sources in Norway from 2001-2020. 2024. Preprint at
SciELO Preprints. https://doi.org/10.1590/SciELOPreprints.9670.

Lam MMC, Wick RR, Watts SC, Cerdeira LT, Wyres KL, Holt KE. A genomic
surveillance framework and genotyping tool for Klebsiella pneumoniae
and its related species complex. Nat Commun. 2021;12(1):4188. https://
doi.org/10.1038/541467-021-24448-3.

Lam MMC, Wick RR, Judd LM, Holt KE, Wyres KL. Kaptive 2.0: updated
capsule and lipopolysaccharide locus typing for the Klebsiella pneumo-
niae species complex. Microb Genom. 2022;8(3):000800. https://doi.org/
10.1099/mgen.0.000800

Lam MMC, Salisbury SM, Treat LP. et al. Genomic and functional analysis
of rmp locus variants in Klebsiella pneumoniae. 2024. Preprint at bioRxiv.
https://doi.org/10.1101/2024.05.28.596137

PlasmidFinder database. Accessed 23 Aug 2023. https://bitbucket.org/
genomicepidemiology/plasmidfinder_db.git

SeemannT. Abricate. Accessed 23 Aug 2023. https://github.com/tseem
ann/abricate

BIGSdb-pasteur KpSC database. Accessed 11 Dec 2023. https://bigsdb.
pasteur.fr/klebsiella

Schwengers O, Jelonek L, Dieckmann MA, Beyvers S, Blom J, Goesmann
A. Bakta: rapid and standardized annotation of bacterial genomes via
alignment-free sequence identification. Microb Genom. 2021;7(11):
000685. https://doi.org/10.1099/mgen.0.000685.

Tonkin-Hill G, MacAlasdair N, Ruis C, et al. Producing polished prokaryotic
pangenomes with the Panaroo pipeline. Genome Biol. 2020;21(1):180.
https://doi.org/10.1186/513059-020-02090-4.

Tonkin-Hill G, Gladstone RA, Pontinen AK, Arredondo-Alonso S, Bentley
SD, Corander J. Robust analysis of prokaryotic pangenome gene gain and
loss rates with Panstripe. Genome Res. 2023;33(1):129-40. https://doi.org/
10.1101/gr.277340.122.

Lees JA, Galardini M, Bentley SD, Weiser JN, Corander J. pyseer: a
comprehensive tool for microbial pangenome-wide association studies.


https://doi.org/10.1073/pnas.1501049112
https://doi.org/10.1101/2024.03.11.584534
https://doi.org/10.1101/2024.03.11.584534
https://doi.org/10.1093/cid/cix270
https://doi.org/10.1038/s41564-022-01263-0
https://doi.org/10.1038/s41598-023-37821-7
https://doi.org/10.1111/1462-2920.13689
https://doi.org/10.3389/fmicb.2012.00399
https://doi.org/10.3389/fmicb.2012.00399
https://doi.org/10.4060/cc2289en
https://doi.org/10.1093/cid/ciz174
https://doi.org/10.1093/cid/ciz174
https://doi.org/10.1128/spectrum.01242-22
https://doi.org/10.1371/journal.pmed.1001940
https://doi.org/10.1371/journal.pmed.1001940
https://doi.org/10.1371/journal.pmed.1001921
https://doi.org/10.1371/journal.pmed.1001921
https://doi.org/10.7554/eLife.31257
https://doi.org/10.7554/eLife.31257
https://doi.org/10.1038/s41564-020-0771-4
https://doi.org/10.1016/S1473-3099(15)00424-7
https://doi.org/10.1099/mgen.0.000960
https://doi.org/10.1099/mgen.0.000960
https://doi.org/10.1101/2024.01.05.574329
https://doi.org/10.1101/2024.01.05.574329
https://doi.org/10.1016/S2666-5247(23)00208-2
https://doi.org/10.1016/S2666-5247(23)00208-2
https://doi.org/10.1093/cid/civ428
https://doi.org/10.1093/jac/dkab463
https://doi.org/10.1093/jac/dkab463
https://doi.org/10.1080/19490976.2021.1939599
https://doi.org/10.3389/fmicb.2023.1193274
https://doi.org/10.3389/fmicb.2023.1193274
https://doi.org/10.3390/microorganisms8121909
https://doi.org/10.3390/microorganisms8121909
https://doi.org/10.1016/j.jinf.2024.106155
https://doi.org/10.1016/j.jinf.2024.106155
https://doi.org/10.1016/j.ijheh.2022.113967
https://doi.org/10.3389/fmicb.2021.725414
https://doi.org/10.3389/fmicb.2021.725414
https://github.com/FelixKrueger/TrimGalore
https://github.com/FelixKrueger/TrimGalore
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1590/SciELOPreprints.9670
https://doi.org/10.1038/s41467-021-24448-3
https://doi.org/10.1038/s41467-021-24448-3
https://doi.org/10.1099/mgen.0.000800
https://doi.org/10.1099/mgen.0.000800
https://doi.org/10.1101/2024.05.28.596137
https://bitbucket.org/genomicepidemiology/plasmidfinder_db.git
https://bitbucket.org/genomicepidemiology/plasmidfinder_db.git
https://github.com/tseemann/abricate
https://github.com/tseemann/abricate
https://bigsdb.pasteur.fr/klebsiella
https://bigsdb.pasteur.fr/klebsiella
https://doi.org/10.1099/mgen.0.000685
https://doi.org/10.1186/s13059-020-02090-4
https://doi.org/10.1101/gr.277340.122
https://doi.org/10.1101/gr.277340.122

Hetland et al. Genome Medicine

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

(2025) 17:42

Bioinformatics. 2018;34(24):4310-2. https://doi.org/10.1093/bioinforma
tics/bty539.

Holt KE. RedDog. Accessed: 10 Jul 2023. https://github.com/katholt/
RedDog

Hetland MAK, Hawkey J, Bernhoff E, et al. Within-patient and global
evolutionary dynamics of Klebsiella pneumoniae ST17. Microb Genom.
2023;9(5):mgen001005. https://doi.org/10.1099/mgen.0.001005
Seemann T. Snp-dists. Accessed: 17 Feb 2024. https://github.com/tseem
ann/snp-dists

Thiele C, Hirschfeld G. cutpointr: Improved Estimation and Validation of
Optimal Cutpoints in R. J Stat Softw. 2021;98(11):1-27. https://doi.org/10.
18637/jss.v098.i11.

Wick RR. Verticall. Accessed: 10 Jan 2024. https://github.com/rrwick/Verti
call

Didelot X, Croucher NJ, Bentley SD, Harris SR, Wilson DJ. Bayesian infer-

ence of ancestral dates on bacterial phylogenetic trees. Nucleic Acids Res.

2018;46(22): e134. https://doi.org/10.1093/nar/gky783.
Argimon S, David S, Underwood A, et al. Rapid Genomic Characterization

and Global Surveillance of Klebsiella Using Pathogenwatch. Clin Infect Dis.

2021;73:5325-35. https://doi.org/10.1093/cid/ciab784.

Sherry NL, Lane CR, Kwong JC, et al. Genomics for Molecular Epide-
miology and Detecting Transmission of Carbapenemase-Producing
Enterobacterales in Victoria, Australia, 2012 to 2016. J Clin Microbiol.
2019;57(9):e00573-e619. https://doi.org/10.1128/JCM.00573-19.

David S, Reuter S, Harris SR, et al. Epidemic of carbapenem-resistant Kleb-
siella pneumoniae in Europe is driven by nosocomial spread. Nat Micro-
biol. 2019;4(11):1919-29. https://doi.org/10.1038/541564-019-0492-8.
European Centre for Disease Prevention and Control (ECDC). Surveil-
lance Atlas of Infectious Diseases. Stockholm: ECDC. 2016. Available from:
http://atlas.ecdc.europa.eu/public/

Husdyrnaeringens koordineringsenhet for smittebeskyttelse ved import,
Animalia. Biosecure. 2013. Available from: https:.//www.animalia.no/conte
ntassets/9008c25e37a340c7ba82e834e73d62d7/173211-engelsk-web.
pdf

Fu P, Zhai J, Yang X, et al. Distribution and influencing factors of antibiotic
resistance genes in two mussel species along the coasts of the East China
Sea and the Yellow Sea. J Hazard Mater. https://doi.org/10.1016/j. jhazmat.
2025.137399

Lees D. Viruses and bivalve shellfish. Int J Food Microbiol. 2000;59(1-
2):81-116. https://doi.org/10.1016/50168-1605(00)00248-8.

Radisic V, Grevskott DH, Lunestad BT, @vreds L, Marathe NP. Sewage-
based surveillance shows presence of Klebsiella pneumoniae resistant
against last resort antibiotics in the population in Bergen. Norway Int J
Hyg Environ Health. 2023;248: 114075. https://doi.org/10.1016/jijheh.
2022.114075.

Potasman |, Paz A, Odeh M. Infectious outbreaks associated with

bivalve shellfish consumption: a worldwide perspective. Clin Infect Dis.
2002;35(8):921-8. https://doi.org/10.1086/342330.

Gorrie CL, Mirceta M, Wick RR, et al. Genomic dissection of Klebsiella pneu-
moniae infections in hospital patients reveals insights into an opportun-
istic pathogen. Nat Commun. 2022;13(1):3017. https://doi.org/10.1038/
$41467-022-30717-6.

Lam MMC, Wyres KL, Judd LM, et al. Tracking key virulence loci encod-
ing aerobactin and salmochelin siderophore synthesis in Klebsiella
pneumoniae. Genome Med. 2018;10(1):77. https://doi.org/10.1186/
$13073-018-0587-5.

Klaper K, Hammerl JA, Rau J, Pfeifer Y, Werner G. Genome-Based Analysis
of Klebsiella spp. Isolates from Animals and Food Products in Germany,
2013-2017. Pathogens. 2021;10(5):573. https://doi.org/10.3390/patho
gens10050573

Arbulu S, Kjos M. Revisiting the Multifaceted Roles of Bacteriocins: The
Multifaceted Roles of Bacteriocins. Microb Ecol. 2024;87(1):41. https://doi.
0rg/10.1007/500248-024-02357-4.

Leangapichart T, Lunha K, Jiwakanon J, et al. Characterization of Klebsiella
pneumoniae complex isolates from pigs and humans in farms in Thailand:
population genomic structure, antibiotic resistance and virulence genes.
J Antimicrob Chemother. 2021;76(8):2012-6. https://doi.org/10.1093/jac/
dkab118.

Zheng Z, Gorden PJ, Xia X, Zheng Y, Li G. Whole-genome analysis of Kleb-
siella pneumoniae from bovine mastitis milk in the U.S. Environ Microbiol.
2022;24(3):1183-1199. https://doi.org/10.1111/1462-2920.15721

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 17 of 18

Vezina B, Judd LM, McDougall FK; et al. Transmission of Klebsiella strains
and plasmids within and between grey-headed flying fox colonies. Envi-
ron Microbiol. 2022,24(9):4425-36. https://doi.org/10.1111/1462-2920.
16047.

Bello Gonzalez TDJ, Kant A, Dijkstra Q, et al. Changes in Fecal Carriage of
Extended-Spectrum -Lactamase Producing Enterobacterales in Dutch
Veal Calves by Clonal Spread of Klebsiella pneumoniae. Front Microbiol.
2022;13: 866674. https://doi.org/10.3389/fmich.2022.866674.

Liu D, Yang Y, Gu J, et al. The Yersinia high-pathogenicity island (HPI) car-
ried by a new integrative and conjugative element (ICE) in a multidrug-
resistant and hypervirulent Klebsiella pneumoniae strain SCsl1. Vet Micro-
biol. 2019;239: 108481. https://doi.org/10.1016/j.vetmic.2019.108481.
Castafeda-Barba S, Top EM, Stalder T. Plasmids, a molecular cornerstone
of antimicrobial resistance in the One Health era. Nat Rev Microbiol.
2024;22(1):18-32. https://doi.org/10.1038/541579-023-00926-x.

Pal C, Bengtsson-Palme J, Kristiansson E, Larsson DG. Co-occurrence of
resistance genes to antibiotics, biocides and metals reveals novel insights
into their co-selection potential. BMC Genomics. 2015;16:964. https://doi.
org/10.1186/512864-015-2153-5.

Vornhagen J, Roberts EK, Unverdorben L, et al. Combined compara-

tive genomics and clinical modeling reveals plasmid-encoded genes

are independently associated with Klebsiella infection. Nat Commun.
2022;13(1):4459. https://doi.org/10.1038/541467-022-31990-1.

Djoko KY, Ong CL, Walker MJ, McEwan AG. The Role of Copper and Zinc
Toxicity in Innate Immune Defense against Bacterial Pathogens. J Biol
Chem. 2015;290(31):18954-61. https://doi.org/10.1074/jbc.R115.647099.
Mouréo J, Magalhdes M, Ribeiro-Almeida M, et al. Decoding Klebsiella
pneumoniae in poultry chain: unveiling genetic landscape, antibiotic
resistance, and biocide tolerance in non-clinical reservoirs. Front Micro-
biol. 2024;15:1365011. https://doi.org/10.3389/fmicb.2024.1365011.
Rodrigue A, Effantin G, Mandrand-Berthelot MA. Identification of rcnA
(yohM), a nickel and cobalt resistance gene in Escherichia coli. J Bacteriol.
2005;187(8):2912-6. https://doi.org/10.1128/JB.187.8.2912-2916.2005.
Chen L, Kreiswirth BN. Convergence of carbapenem-resistance and
hypervirulence in Klebsiella pneumoniae. Lancet Infect Dis. 2018;18(1):2-3.
https://doi.org/10.1016/51473-3099(17)30517-0.

Jacob JJ, Aravind V, Beresford-Jones BS, et al. Limited Evidence of Spillover
of Antimicrobial-Resistant Klebsiella pneumoniae from Animal/Environ-
mental Reservoirs to Humans in Vellore. India J Epidemiol Glob Health.
2024;14(4):1668-77. https://doi.org/10.1007/544197-024-00323-4.

Bldel T, Kuenzli E, Campos-Madueno El, et al. On the island of Zanzibar
people in the community are frequently colonized with the same MDR
Enterobacterales found in poultry and retailed chicken meat. J Antimi-
crob Chemother. 2020;75(9):2432-41. https://doi.org/10.1093/jac/dkaal
98.

Meijs AP, Gijsbers EF, Hengeveld PD, Dierikx CM, de Greeff SC, van Duijk-
eren E. ESBL/pAmpC-producing Escherichia coli and Klebsiella pneumo-
niae carriage among veterinary healthcare workers in the Netherlands.
Antimicrob Resist Infect Control. 2021;10(1):147. https://doi.org/10.1186/
$13756-021-01012-8.

Kurittu P, Khakipoor B, Aarnio M, et al. Plasmid-Borne and Chromosomal
ESBL/AmpC Genes in Escherichia coli and Klebsiella pneumoniae in Global
Food Products. Front Microbiol. 2021;12: 592291. https://doi.org/10.3389/
fmicb.2021.592291.

Butaye P, Stegger M, Moodley A, et al. One Health Genomic Study of
Human and Animal Klebsiella pneumoniae Isolated at Diagnostic Labo-
ratories on a Small Caribbean Island. Antibiotics (Basel). 2021;11(1):42.
https://doi.org/10.3390/antibiotics11010042.

Richter L, Du Plessis EM, Duvenage S, Korsten L. Occurrence, Identifica-
tion, and Antimicrobial Resistance Profiles of Extended-Spectrum and
AmpC (-Lactamase-Producing Enterobacteriaceae from Fresh Vegeta-
bles Retailed in Gauteng Province. South Africa Foodborne Pathog Dis.
2019;16(6):421-7. https://doi.org/10.1089/fpd.2018.2558.

Eibach D, Dekker D, Gyau Boahen K, et al. Extended-spectrum beta-lacta-
mase-producing Escherichia coli and Klebsiella pneumoniae in local and
imported poultry meat in Ghana. Vet Microbiol. 2018,217:7-12. https://
doi.org/10.1016/j.vetmic.2018.02.023.

Munk P, Knudsen BE, Lukjancenko O, et al. Abundance and diversity of the
faecal resistome in slaughter pigs and broilers in nine European countries
[published correction appears in Nat Microbiol. 2018 Oct;3(10):1186.


https://doi.org/10.1093/bioinformatics/bty539
https://doi.org/10.1093/bioinformatics/bty539
https://github.com/katholt/RedDog
https://github.com/katholt/RedDog
https://doi.org/10.1099/mgen.0.001005
https://github.com/tseemann/snp-dists
https://github.com/tseemann/snp-dists
https://doi.org/10.18637/jss.v098.i11
https://doi.org/10.18637/jss.v098.i11
https://github.com/rrwick/Verticall
https://github.com/rrwick/Verticall
https://doi.org/10.1093/nar/gky783
https://doi.org/10.1093/cid/ciab784
https://doi.org/10.1128/JCM.00573-19
https://doi.org/10.1038/s41564-019-0492-8
http://atlas.ecdc.europa.eu/public/
https://www.animalia.no/contentassets/9008c25e37a340c7ba82e834e73d62d7/173211-engelsk-web.pdf
https://www.animalia.no/contentassets/9008c25e37a340c7ba82e834e73d62d7/173211-engelsk-web.pdf
https://www.animalia.no/contentassets/9008c25e37a340c7ba82e834e73d62d7/173211-engelsk-web.pdf
https://doi.org/10.1016/j.jhazmat.2025.137399
https://doi.org/10.1016/j.jhazmat.2025.137399
https://doi.org/10.1016/s0168-1605(00)00248-8
https://doi.org/10.1016/j.ijheh.2022.114075
https://doi.org/10.1016/j.ijheh.2022.114075
https://doi.org/10.1086/342330
https://doi.org/10.1038/s41467-022-30717-6
https://doi.org/10.1038/s41467-022-30717-6
https://doi.org/10.1186/s13073-018-0587-5
https://doi.org/10.1186/s13073-018-0587-5
https://doi.org/10.3390/pathogens10050573
https://doi.org/10.3390/pathogens10050573
https://doi.org/10.1007/s00248-024-02357-4
https://doi.org/10.1007/s00248-024-02357-4
https://doi.org/10.1093/jac/dkab118
https://doi.org/10.1093/jac/dkab118
https://doi.org/10.1111/1462-2920.15721
https://doi.org/10.1111/1462-2920.16047
https://doi.org/10.1111/1462-2920.16047
https://doi.org/10.3389/fmicb.2022.866674
https://doi.org/10.1016/j.vetmic.2019.108481
https://doi.org/10.1038/s41579-023-00926-x
https://doi.org/10.1186/s12864-015-2153-5
https://doi.org/10.1186/s12864-015-2153-5
https://doi.org/10.1038/s41467-022-31990-1
https://doi.org/10.1074/jbc.R115.647099
https://doi.org/10.3389/fmicb.2024.1365011
https://doi.org/10.1128/JB.187.8.2912-2916.2005
https://doi.org/10.1016/S1473-3099(17)30517-0
https://doi.org/10.1007/s44197-024-00323-4
https://doi.org/10.1093/jac/dkaa198
https://doi.org/10.1093/jac/dkaa198
https://doi.org/10.1186/s13756-021-01012-8
https://doi.org/10.1186/s13756-021-01012-8
https://doi.org/10.3389/fmicb.2021.592291
https://doi.org/10.3389/fmicb.2021.592291
https://doi.org/10.3390/antibiotics11010042
https://doi.org/10.1089/fpd.2018.2558
https://doi.org/10.1016/j.vetmic.2018.02.023
https://doi.org/10.1016/j.vetmic.2018.02.023

Hetland et al. Genome Medicine (2025) 17:42

81.

82.

83.

https://doi.org/10.1038/541564-018-0241-4]. Nat Microbiol. 2018;3(8):898—-
908. https://doi.org/10.1038/541564-018-0192-9

Martak D, Guther J, Verschuuren TD, et al. Populations of extended-spec-
trum B-lactamase-producing Escherichia coli and Klebsiella pneumoniae
are different in human-polluted environment and food items: a multi-
centre European study. Clin Microbiol Infect. 2022;28(3):447.e7-447 e14.
https://doi.org/10.1016/j.cmi.2021.07.022.

Ikhimiukor OO, Okeke IN. A snapshot survey of antimicrobial resistance in
food-animals in low and middle-income countries. One Health. 2023;16:
100489. https://doi.org/10.1016/j.onehlt.2023.100489.

Subbiah M, Caudell MA, Mair C, et al. Antimicrobial resistant enteric
bacteria are widely distributed amongst people, animals and the environ-
ment in Tanzania. Nat Commun. 2020;11(1):228. https://doi.org/10.1038/
$41467-019-13995-5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 18 of 18


https://doi.org/10.1038/s41564-018-0241-4
https://doi.org/10.1038/s41564-018-0192-9
https://doi.org/10.1016/j.cmi.2021.07.022
https://doi.org/10.1016/j.onehlt.2023.100489
https://doi.org/10.1038/s41467-019-13995-5
https://doi.org/10.1038/s41467-019-13995-5

	A genome-wide One Health study of Klebsiella pneumoniae in Norway reveals overlapping populations but few recent transmission events across reservoirs
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Sample selection and whole-genome sequencing
	Genotyping and annotation
	Assessing niche enrichment
	Inferring cross-talk between niches
	Definitions
	Statistical analyses

	Results
	KpSC were present among all sources collected on land and in coastal waters
	AMR was concentrated in human KpSC isolates
	Animals as reservoirs for virulence factors
	Heavy metal and thermoresistance associated with human and marine sources
	Large pangenome overlap with few niche-enriched traits
	Lack of niche restriction of KpSC sublineages
	Cross-niche strain-sharing rare, but of potential impact

	Discussion
	Conclusions
	Acknowledgements
	References


